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“The failures and reverses which await men
and one after another sadden the brow of

youth—add a dignity to the prospect of
human life, which no Arcadian success would do.”

Henry David Thoreau
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Probing the unoccupied and partially occupied metal 3d character orbitals involved
in catalysis makes it possible to identify and characterize the reactive sites, e.g., site
symmetry, oxidation state and ligand-field splitting. The metal L-edge (2p — 3d), K
pre-edge (1s — 3d) X-ray absorption spectra (XAS) and 1s2p (1s — 3d followed by 2p —
1s) resonant inelastic X-ray scattering (RIXS) spectra can all be used to investigate the
metal 3d orbitals. Here, the restricted active space (RAS) method is used to successfully
reproduce different types of X-ray spectra by including all important spectral effects:
multiplet structures, spin-orbit coupling (SOC), charge-transfer excitations, ligand field
splitting and 3d — 4p orbital hybridization. In this thesis, the K pre-edge spectra of cen-
trosymmetric complexes [FeClg]"™ in ferrous and ferric oxidation states are discussed
as o and 7w donor model systems, and it is shown that the multiplet structures are well
described. 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 [FeCly]"~. Distortions from centrosymmetry allow for 3d — 4p orbital hybridization,
which gives rise to dipole-allowed transitions in the K pre-edge region. The iron com-
plexes [Fe(CN)g]"~ are adopted as 7 back-donation model systems, its back-donation
charge transfer feature is reproduced both in metal L-edge and K pre-edge XAS. The
RAS method is extended to simulate the two-photon 1s2p RIXS process of [Fe(CN)g|"~
in ferrous and ferric oxidation states. The spectra can deliver ample electronic details
with high resolution. To gain further chemical insight, the origins of the spectral features
have been analyzed with a chemically intuitive molecular orbital picture that serves as a
bridge between the spectra and the electronic structures. These simulations make RAS
an attractive method for modeling and interpreting XAS and RIXS spectra of many

small and medium-sized transition metal catalysts.
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Chapter 1

Introduction

The increasing demand of energy boosts the consumption of coal, oil, and natural gas,
which in turn boosts the emission of carbon dioxide and other greenhouse gases. These
energy sources have limited reserves and will dwindle in the foreseeable future, and the
consumptions are adversely affecting our environment and human health. The urgent
circumstance forces us to find alternative green energies, such as hydro, biofuels, geother-
mal, wind, and solar energy, etc. Among all of these green energies, solar energy is the

most attractive alternative energy source and can replace fossil fuels.[1]

The natural photosynthetic process occurring in plant and algae shows us a perfect
example how to utilize the solar energy. During the photosynthetic process, solar energy
is converted into chemically accessible energy, carbohydrates and molecular Os.[2, 3]
Inspired by the natural photosynthesis process, much effort has been dedicated to using
sunlight directly as the energy source for water splitting.[4] In such process, the water
is oxidised to Oz [Eq.(1.1)], and then the electrons can be used to reduce protons to Ho

[Eq.(1.2)], or reduce COz to methanol, methane, or other fuels.
Hy0 — 1/209 +2H™" + 2¢~ (1.1)

2H' +2¢” — Hy (1.2)

When restricted to Ho and O evolution from water and sunlight, it falls into the cate-
gory of light-driven water splitting.[5, 6] Usually the processes are accelerated by using
expensive noble metals (such as platinum, ruthenium, iridium and rhodium) acting as
water oxidation catalysts and hydrogen reduction catalysts.[7] However, these metals are
not themselves sustainable resources, so the viability of water oxidation and hydrogen
evolution relies on the design of novel, efficient and robust catalytic materials based on

earth-abundant metals. Recently lots of attentions have been attracted to the design
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of catalysts based on the first-row transition metals, including nickel, cobalt, iron, and
manganese.[7, 8] However, none of the present catalysts satisfy the industrial require-
ments of stability, efficiency and speed. The properties of transition metal complexes
involving in catalyst reaction process depends on the orbital interaction between metal
and ligand orbitals. In order to design catalysts that have the potential capacities to
fulfill the above requirements, better knowledge about the electronic structure as well

as geometric information of transition metal complexes is required.

X-ray absorption spectra (XAS) is an essential method taht can offer a unique probe
of the local geometric and electronic structure of the element of interest. An electron
can absorb a particular energy and then be excited to empty or partially filled orbitals
just below the ionisation potential (IP) giving an edge, see Figure 1.1 which contains
information about the unoccupied density of states. The energy of the absorption edge
provides information about the oxidation and spin state of the absorbing atom. The

choice of the energy of the X-ray used determines the specific element being probed.

K edge
7y e
Kpre-edge L, L, Lg 34
N N N A
2p (J=3/2)
2p (J=1/2)
2s(J=0)
1s (J=0)

FIGURE 1.1: The energy level diagram for K edge transitions(1s — 3d/4p), and L-edge
(L1, Lo, and L3) transitions (2s/2p — 3d). The energy levels are not drawn to scale.

Modelling systems with well known structures have been very important to understand
the XAS of catalysts and metallo-proteins.[9-13] As we are interested in 3d transition
metals, the unoccupied and partially occupied metal valence 3d orbitals play an impor-
tant role during the catalytic reactions. To probe the 3d orbital contribution 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 observable in optical spectroscopy. Optical spec-
troscopy 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
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techniques, e.g., electron paramagnetic resonance (EPR), magnetic circular dichroism

(MCD), and resonance Raman (RR). For metal L-edge, a 2p°® core hole is created after

a formally electric dipole allowed 2p—3d transition, which creates a characteristic ab-

sorption peak, see Figure 1.2. The 2p°® core hole has a spin angular momentum S = 1/2
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FIGURE 1.2: Upper: the experimental L-edge XAS of [Fe(CN)g)>~. below: the K-
edge XAS of centrosymmetric complex [FeClg]*~ and non-centrosymmetric complex
[FeCl4]?~, the K pre-edge and rising edge are marked.

which can couple to the orbital angular momentum L = 1 and produce J = 3/2 and

J = 1/2 final states, see Figure 1.2. These final states (2p°3d"*!) are directly observable
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in the L-edge spectrum as two main regions called L3 and Lo edge, see Figure 1.2. For
the first-row transition metals (from scandium to copper), the energies of L-edges lie in
the energy region from ~400 to 1000 eV, which may have strong scattering by lighter
elements (carbon, oxygen or nitrogen). Due to the limitations on the sample environ-
ment caused by the strong scattering, the soft L-edges XAS can not be directly used for

transition metal catalysts in biological or solution systems .

To avoid these limitations in some applications like solar fuel system, we could alter-
natively use hard X-rays at K edge, which provides more freedom with respect to the
sample environment. The main contribution to the K-edge spectrum is from ls—np
transitions, where np represents the unoccupied p orbitals of the targeting element, see
Figure 1.2. For probing the 3d orbital of transition metals, additional insights can be
acquired by examining the features of the K pre-edge. Both the energy and intensity of
the pre-edge features are highly sensitive to the metal 3d orbitals, see Figure 1.2. 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 states.
The intensity of K pre-edge is largely increased when the centrosymmetric environment
is broken (e.g., changing the coordination number) as distortions from centrosymmetry
allow for 4p character to delocalize into metal 3d orbitals through their mutual interac-
tions 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.[14]
The admixture of 3d and 4p largely depends on the site symmetry, which could be easily
interpreted using group point theory.[15] Usually the quadruple transition is ~2 orders
of magnitude weaker than a dipole transition. Que and co-workers showed that the iron
K pre-edge intensity has a near linear correlation with the total amount of 4p orbitals
in the 3d-type molecular orbitals.[16, 17] It is thus essential to be able to estimate the

dipole contributions when a catalyst site changes during a reaction.

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.[18] One possible solution is to
use 1s2p resonant inelastic X-ray scattering (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.[19] The 1s2p RIXS event can be thought of as
a two-step process, The general energy scheme, taking iron as an example is presented in
Figure 1.3. Starting from the initial state, one 1s electron is excited into an unoccupied
3d orbital via a quadruple transition, and subsequent electric dipole allowed decay of a
2p electron into the 1s hole, is detected by its photon emission. In a simplified picture the
absorption process gives information of the empty electronic states, while the emission
gives information about the occupied states. Thus, metal L-edge absorption and 1s2p

RIXS reach the same final state configurations, and allow a direct comparison but with
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Initial states Intermediate states Final states

1s12p63d+t \
2p—1s (Ka)
Emission energy

15-3d (K pre-edge) ~6.4 KeV (hard X-ray)

Incident energy
~7.1 KeV (hard X-ray)

System energy

— "
2p—3d (L edge) 1s22p°3d™
_ ~0.7 KeV (soft X-ray)

1s22p83dn

FIGURE 1.3: The Scheme for atomic iron 1s2p RIXS, where a photon creates 1s core
hole excited states, then the 1s core hole is filled by one 2p electron and generating a
2p core hole.

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-ray.[20-22] With RIXS experiments reaching 0.1 eV resolution in the energy transfer
direction,[23] it becomes important to include both multiplet effects and charge-transfer

states in the analysis.

Although the understanding of the X-ray spectra has matured, a detailed interpretation
requires accurate simulations. X-ray spectra that involve core holes can be described by
a number of different approaches, e.g. multiple scattering,[24, 25] transition-potential
(TP) density-functional theory (DFT),[26] Bethe-Salpeter approach,[27, 28] and com-
plex polarization propagator methods.[29] Recently, time dependent (TD) DFT method
has been used to predict and interpret XAS.[30-33] This provides a framework to cal-
culate 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 inter-
action with singles (DFT/ROCIS) approach was developed to cover all the multiplets
that arise from the atomic terms.[34-36] The limitation is that they are incapable of

handling multiple excitations, which may restrict the descriptions of core hole induced
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charge transfer (CT) features.

Another possibility to properly account for the multiplet effects is to use semi-empirical
charge-transfer multiplet (CTM) model.[37, 38] This method includes all relevant final
states and gives a balanced description of electron repulsion and spin-orbit coupling
(SOC). It often achieves excellent agreement with experimental data for highly symmet-
ric systems through a multi-parameter fit to the experimental spectrum.[39] However,
the number of parameters used to describe the effects of the ligand environment increases
with decreasing symmetry, which makes it difficult to describe complexes with low or

no symimetry.

There is thus a need for a high-level method that can describe the electron correlation,
SOC and charge transfer states of transition metal systems without fitting parameters.
One such class of methods is the multi-configurational self consistent field (MCSCF')
method.[40-42] Among these methds is the restricted active space self consistent field
(RASSCF) method. In calculations, the most important orbitals are included in the
active space, not only the metal character core and 3d molecular orbitals (MOs), but
also the important ligand MOs. The calculation can be further improved by including
correlation with the occupied inactive and virtual orbitals using second order perturba-
tion (RASPT2),[43-45] which is usually important for transition metal systems. The
RAS method can be used to model X-ray processes by including also the core orbitals in
the active space. As the number of excitations from the core orbitals can be restricted,
usually to one, it is convenient to use the RAS.[46] The RAS method method has been
used to model soft XAS and RIXS spectra of several transition-metal systems.[47-54]
The first applications of RAS on the K edge and 1s2p RIXS are also tested.[55] The
ratio between cost and accuracy can be optimized by a proper selection of active space,
basis set and computational algorithms, and the method can potentially be applied to

both small and medium-sized systems.[54]



Chapter 2

Computational framework

The recent experimental X-ray techniques progress can give subtle spectral features,
which implying that the advanced quantum mechanism methods are required to accu-
rately simulate and interpret the core level spectra, as outlined above. In this chapter,
the important approximation and theory used to simulate the X-ray spectroscopies are

introduced.

2.1 Born-Oppenheimer approximation

The nucleus has a much larger mass and much smaller velocity compared to the elec-
tron, assuming the motions of the nuclei can be ignored when describing the electrons
in a molecule, and then the electron wave function depends upon the nuclei posi-
tions but not upon their velocities. This assumption is known as Born-Oppenheimer
approximation,[56] which make it possible to simplify the complicated Schrodinger equa-
tion 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) (2.1)

The molecular wavefunction ¥ can be separated into a product of nuclear and electronic

components:

\I/(I‘,R) = wn(R>¢e(raR) (2'2)

where 1, (R) is a wavefunction in terms of nuclear position, ¥, (r, R) is electronic wave-
function in terms of the positions of electron and nuclei. The quantity r represents the

coordinates of all electrons, and R represents coordinates of all nuclei.

7



Contents 8

Going back to the Eq.(2.1), the total molecular Hamiltonian can be written as

H(r,R) = H,(R) + H.(r,R) (2.3)

where
lﬁIn(R) = Tn + Vnn(R) (2'4)
H.(r,R) =T, 4 Vee(r) + Vo (r, R) (2.5)

Here T}, is kinetic energy operator of the nuclei, V,,,,(R) is nuclei-nuclei repulsion Coulomb
potential, 7. is kinetic energy operator of the electron, V,.(r) is electron-electron repul-
sion Coulomb potential, and V., (r, R) is electron-nuclei attraction Coulomb potential.
Now substitute these terms and the Eq.(2.2) into the Schréding equation the Eq.(2.1),

then obtain
(T, + Vpn(R) + T 4 Vee(r) + Vo (r, R)) U (r, R) = E(r, R)1), (R)tbe(r, R) (2.6)

Consider the nuclei and electron kinetic energy operator acting on the wavefunction,
T,, contains derivatives in terms of nuclei coordinates, it has effects on both nuclei and

electron wavefunction:
Tthn(R)Ye(r, R) = $n(R)Trthe(r, R) + e (r, R) Tthn (R) (2.7)

Here, the 7,1 (r, R) is much smaller than T}, (R), hence the Eq(2.7) can be written

Tthn (R)te(r, R) & te(r, R) T, 00 (R) (2.8)

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

the electron wavefunction,
Tewe(ry R)wn (R) = wn(R)Tewe(ra R) (2'9)

Apply the same fact in the the Schréding equation the Eq.(2.1), it can be written as

A~ ~

¢e(r’ R)Hn(R)¢n(R) + wn(R)He(r’ R)¢e(rv R) = E(I‘, R)d}n(R)we(rv R) (2'10)

Then divide the both sides of Eq. (2.10) by ¥, (R)1e(r, R), which gives

He(r,R)ve(r,R) _ . Hy(R)Yn(R)
te(r,R) ¥n(R)

(2.11)

The right side depends only on the coordinates of nuclei R, and can be written com-

pactly as function e(R). Substitute it in Eq(2.11) and obtain the electronic Schrédinger
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equation:

H.(r,R)tpe(r,R) = e(R)tpe(r,R) (2.12)

2.2 Hartree-Fock theory

The electronic Schroding equation was obtained from the Born-Oppenheimer approx-
imation in section 2.1. The exact solution to the equation can only be reachable for
one-electron systems, such as hydrogen atom or He'. As long as one uses the elec-
tronic Schréding equation to deal with a many-body problem in quantum chemistry,
only approximated solution can be obtained. Hartree-Fock theory is the simplest ap-
proximation method to solve many-body electronic Schréding equation.[57] It simplifies
the N-electron problem into N one-electron problems. Hence, it is reasonable to start

the wavefunction with a general form:

U(ry,re, -, rn) = P1(r1)va(re) - YN (rN) (2.13)

when consider the full set of coordinates including space and spin, the Eq(2.13) can be

rewritten as
U(X1,Xo, -+, Xn) = x1(X1)x2(Xa) - xnv(Xn) (2.14)

Clearly, this wavefunction can not satisfy the Pauli principle, which the wavefunction has
to be antisymmetric. In order to fulfil the antisymmetric requirement, the wavefunction

of the simplest two-electron many-body system can be written like below:

U(X;,Xo) = i[)(1()(1)><2(X2) — x1(X2)x2(X1)] (2.15)

V2

The wavefunction also can be represented using determinants like

X Xe) = % x1(X2) x2(X2) (210
Now it is easy to expand the determinant for N-electron system
x1(X1)  xe(X1) - xw(Xa)
UKy Xy, Xy) = % Xl(?(z) Xz(.X2) XN(‘XQ) (2.17)

x1(Xn) xe(Xn) o xn(Xw)
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The electronic Hamiltonian can be written in a simple way as

He =3 ¢(a)+ 3 @, B) + Van(R) (2.18)

a<f

where ((a) represents a one-electron operator, n(«, 3) represents a two-electron oper-
ator, and V,,,,(R) is a constant for the fixed set of nuclei coordinates R. Similarly,
the electronic energy in terms of integrals can also be expressed using one-electron and

two-electron operators:

=Y (alcla) + 5 Y ([aal8] — [af]sal]) (219)

(03 QB

where (a|(|a) is one-electron integral, [ave| 3] is two-electron Coulomb integral, (o3| 5a]
is exchange integral, these integrals can be easily computed by existing efficient computer
algorithms. Under HF approximation, the electron feels only the average potential of the
other electrons, which means there is no explicit electron correlation energy other than
that of parallel-spin electrons, introduced by the exchange term. The energy difference
between the exact solution of the non-relativistic Schroding equation and the solution
of HF equation using a complete basis is called correlation energy. The electron corre-
lation can be separated into two components namely static correlation and dynamical

correlation.[58]

2.3 Multi-configurational method

The static correlation can be well described by multi-configurational self consistent field
(MCSCF) methods, among which the most widely adopted approaches is complete active
space SCF (CASSCF).[40] The MCSCF wavefunction can be written in a configuration

interaction (CI) form as:

Uyesor = Y Cudy (2.20)
M

where ¢js are Slater determinant or configuration state functions, which can be selected
as all possible ones formed within a given active space. For the 3d transition metal
complexes, there are lots of electronic configurations with very similar energies and the
mixing among these configurations are very strong. In such cases, multi-configurational
based method is required to describe the electronic structure. To describe this strong cor-
relation, one have 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.
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The orbitals included in the active space are called active orbitals, and they can be dou-
bly 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, inactive orbitals and secondary orbitals. The computation of CASSCF becomes
demanding with the increase of the number of active orbitals, especially when the num-
ber of active orbitals is close to the number of electrons. To reduce the computational
cost, the active space can be partitioned into subspaces, namely a restricted active space
SCF (RASSCF) method.[46] In this method, the excitation level is usually limited to

one or two electrons, hence give a limited number of excited configurations.

2.3.1 Second-order perturbation

The CAASCF/RASSCF method can describe correlation well within the chosen refer-
ence space, however, remaining correlation calling dynamic correlation is still neglected.
The dynamical correlation can be treated perturbatively using CASPT2,[59] which uses
a CASSCF reference wavefunction. The Eq(2.1) is a unperturbed equation, and we can

solve it in a parameterized form. The Hamiltonian can be written as:

H(r,R) = Hy(r,R) +vH(r,R) + *Ha(r,R) + - -- (2.21)
the wavefunction can be written as:

U(r,R) = Uy(r,R) + 79 (r,R) + y*Ts(r,R) + - -- (2.22)
and the energy can be written as:

E(r,R) = Ey(r,R) + vE;(r,R) + 72 E5(r,R) + - -- (2.23)

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

A~

Ho(I',R)\I’Q(I’, R) = Eo(I‘,R)\Ifo(I',R) (224)
(Ho(r,R) — Eo(r,R))¥;(r,R) = (Ei(r,R) — H(r,R))¥(r,R) (2.25)
(Hi(r,R) — Ei(r,R))Us(r,R) = (Ey(r,R) — Hao(r,R))¥:(r,R) (2.26)

From Eq. (2.25), the first order waverfunction can be written as a linear combination

of zero-order functions:

Ui (r,R) =) cn¥on(r,R) (2.27)
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*
B Tirg

3dz?,x2-y?
(eg)
RAS2 —

3dxz,yz,xy
(t59)

— G

g

pr,v,z
(t5)
RAS1/RAS3
1s
(alg)

FIGURE 2.1: The active space for [Fe(C'N)g)3>~, the 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 ar included in RAS2. Labels appropriate for Oy
symmetry is used

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

(O} Hy (x, R) )|’
Eo(r, R) - EO,n(ra R)

B(r,R) = (0|Hy(r, R)|0) + ) (2.28)
n#0

2.3.2 RAS method for X-ray spectra

Computations of excited states in the X-ray processes are implemented using state av-
erage (SA) RASSCF.[60] It has been used to model valence excitation and core-hole
excitation by choosing most important orbitals in active space, not only the metal char-
acter 3d molecular orbitals (MOs), but also the important ligand character MOs, as
indicate in Figure 2.1. It allows for a full configuration interaction among the active
orbitals. The full configuration 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. The active space is designated as RAS(n, I, m; i, j, k), where i, j,
and k are the number of orbitals in RAS1, RAS2, and RAS3 spaces respectively, n is
the total number of electrons in the active space, [ is the maximum number of holes

allowed in RAS1, and m is the maximum number of electrons in RAS3. For all systems,
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the important valence orbitals are included in RAS2, where all possible excitations are
allowed. The core orbitals (1s or 2p) are included in RAS1 allowing a maximum of one
hole, or in RAS3, with single and double excitation allowed. Orbital optimization has
been performed separately for ground and excited states. For the calculations of the
core excited states, the weights of all configurations with doubly occupied core orbitals
have been set to zero. To avoid orbital rotation, the core orbitals have been frozen in
the orbital optimization of the final states. In a second step, dynamical correlation is
included using second-order perturbation (RASPT2).[43-45]

Scalar relativistic effects have been included by using a Douglas-Kroll Hamiltonian[61] in
combination with a relativistic atomic natural orbital basis set ANO-RCC-VTZP.[62, 63]
To speed-up calculations without sacrificing accuracy, the density-fitting approximation
of the electron repulsion integrals has been used, using auxiliary basis sets from an

atomic-compact Cholesky decomposition.[64, 65]

SOC is calculated from a one-electron spin-orbit Hamiltonian based on atomic mean
field integrals.[60, 66] 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
m):
& =S ) (2.29)
n

The weight (w) from each SOC free state can acquired from the square of the coefficient
(65)2. These eigenstates are then utilized to calculate the strength of the transitions
using the restricted active space state interaction (RASSI) approach. The correspond-
ing equation for the 1st order cartesian multipole moments (dipole transition moment
operator, fiy5 ) is:

2me .
f(lz_ni) = AEG'5 | Hoé ‘2 (230)

3h2e?
The quadrupole transition intensity ( f(?j N 6)) of the 1s to 3d transition, is consist of elec-
tric quadrupole electric quadrupole contribution f9¢, magnetic dipole magnetic dipole
contribution f™"* the electric quadrupole magnetic dipole contributionf9", electric
dipole electric octupole contribution f#°; and electric dipole magnetic quadrupole con-
tribution f+#=.[67]

Q m

18 5y = s AT Ty P+ | T 2 +2Re(T2 T3+ 2Re (TS5 Tog)+2Re(T2 T3

(2.31)

it can be simplified as

Q — mm m 10} v
Fossy = Flossy T Fo5s) t flossy T flossy T flomss) (2.32)
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where m. and e are the mass and charge of the electron, respectively, A is reduced
Planck constant, c is the speed of light in atomic units, AFE,s is the transition energy,
and T is transition moment. The quadrupole transition intensities were calculated with
a locally developed RASSI module. Vibronic effects have small effects on the K pre-edge
features of these systems and have been neglected. The RIXS calculation is theoretically

described by the Kramers-Heisenberg formula[68]:

P = Y1 3 el s e (233
foon !

where the scattering intensity F' is a function of incident energy (£2) and emitted X-ray
energy (w), the |g), |i), and |f) are ground, intermediate and final states respectively. Ty,
and T, 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.

2.3.3 Orbital contribution analysis

A chemically intuitive molecular orbital picture have been used to analyze the X-ray
spectroscopy.[52] The orbital contribution analysis is based on the changes in orbital
occupation numbers during a excitation multiplying the intensity of that particular
excitation. In metal L-edge and K pre-edge calculations, the numbers of natural oc-
cupation numbers the active orbitals are available for each RASSCF state, and can be
constructed for multi-state (MS)-RASPT2 and RASSI SOC states as they are just linear
combinations of RASSCF states. The differences in occupation numbers between the
ground state and each final state allows for an intuitive interpretation of the spectrum in
terms of orbital excitations. The orbital contribution of orbital ¢ involved in a particular
transition can be expressed as:
>0 W 25w framspy(nf — nk)

Floss) = 6 (2.34)
(70 >0 s 2 pwhfams) (79)

where w is the weight of the SOC free state in the SOC state, n’, and n’ﬂ represents the
natural occupation number of orbital ¢ in @ and 8 SOC free state respectively, fo— g
is the transition intensity between « and 8 SOC free state, and f((A7 ) represents either
dipole transition intensity in L-edge calculation or quadrupole transition intensity in K

pre-edge calculation.
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2.4 Charge transfer multiplet model

To properly account for the multiplet effects, a possibility is to use the semi-empirical
charge transfer multiplet (CTM) model.[38] This method includes all relevant final states
and gives a balanced description of electron-electron interactions and SOC with the
ligand-field splitting introduced as parameters. For a free atom without any influence

from the surroundings, the Hamiltonian for an N-electron atom can be written as:

H—ZPEJFZ_ 62+Zq9( )i - i + ¢ (2.35)
N N 2m N T N )b S T’ij '

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 en-
ergy 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 interac-
tions between the ground state (d") and introduced extra LMCT (LMCT configuration
(d"'L), and MLCT configurations states (additional MLCT configuration d"~1L7).
The CTM model often achieves excellent agreement with experimental data for highly
symmetric systems through a multi-parameter fit to the experimental spectrum. How-
ever, the number of parameters used to describe the effects of the ligand environment
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 describing the amount of mixing are required.
This makes it less straightforward to apply and analyze the results of the CTM method

for low-symmetry complexes.






Chapter 3

Simulation of the metal L-edge
XAS

In this chapter, selected results from the RAS simulations of L-edge XAS are pre-
sented. It has been proved that the RAS can handle a number of different inter-
actions: electron-electron interaction, SOC, and charge transfer between metal and
ligands.[47, 51, 52, 54, 69] The high accuracy of the RAS results make them useful
in fingerprinting the electronic structures of molecular systems without any prior knowl-
edge. The RAS method is firstly used to simulate the atomic Fe3t with charges, then
it is extended to calculate the metal L-edge XAS of [Fe(CN)g]®~ complex. The active

orbital diagram is presented in Figure 3.1.

3.1 Atomic calculation of Fe3*

The RAS and semi-empirical CTM model L-edge XAS of the Fe3* ion a strong field are
displayed in Figure 3.2. Ferric systems with a strong field have a low-spin 2Ty (t24)°(e4)°
ground state. The calculation is completed with active space RASPT2(11,1,0;3,5,0)
using the ANO-RCC...3s2pld basis set. The RAS spectra overlap well with the CTM
model results. To understand the role of SOC from 2p or 3d orbitals and the multiplet
effects on the L-edge spectral features, the spectrum of low-spin Fe3*t ion was analysed
in detail, see Figure 3.3. Without SOC, there is only one edge, split by ligand field and
multiplet effects. The spectrum is split into into Ly (J = 3) and Ly (J = 3) edges
by including 2p SOC, and the mixing of states with different multiplicity can further

change the spectral features.

17
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Fe3* in strong field [Fe(CN)4]* 6CN-
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FIGURE 3.1: Schematic molecular orbital diagrams for low-spin Fe3* and
[Fe(CN)g)>~. The selected active orbitals for [Fe(CN)g]>~ in ground and excited
state are presented below.

L-edge XAS spectrum - low spin ferric

0.4 | | | | | |
Multiplet

RAS ——

Intensity (arb. units)

700 705 710 715 720 725 730 735

Incident energy (eV)

FIGURE 3.2: L-edge XAS spectra of the Fe?t ion, with strong ligand-field splitting
using RAS (blue) and the CTM model (red).

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}F in Bethe double-group

notation, and four-fold degenerate I'y (J = %) states, with the 'Y states lower in energy
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FIGURE 3.3: RAS L-edge XAS spectra of the Fe3t ion with different treatments of 2p
and 3d SOC. (a) Spectrum calculated without SOC. (b) Spectrum with 2p SOC but
using one of the 2Ty, ground states, i.e., without considering splitting from 3d SOC.
(c) Spectrum calculated from the I'7 (J=2%) 3d SOC ground states. (d) Spectrum

calculated from a Boltzmann distribution of I'} (J=3) and I'y (J=2) states.

by 0.086 eV, see Figure 3.4. The changes in spectral shape are connected to differences

=
\‘lml

—
o '

_—— Ty
1=3/2, m=%3/2,ml=+1/2

|| |$ | E=0.086eV

N
—— 7
toe J=1/2,m= +1/2
E=0.000 eV
o, 0, SOC

FIGURE 3.4: Energy levels of the SOC ground states with configuration 2T%,

2p°%(ta4)°(e4)° for the low-spin Fe3* ion. The selection rule of transition is indicated

with arrows, the forbidden transition from F;r ground state to I'g excited state is
marked with a cross.

in selection rules for the different SOC states where e.g., transitions to the L to, peak
(I'y) are electric dipole forbidden. 3d SOC also leads to changes in the broad 2p — e,
resonance, partly because there are I'y states also in this region, and partly because the
change in ground state leads to differences in the intensity mechanisms.[21] This example

shows how a correct description of the multi-reference character of the degenerate ground
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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 different initial states. However, with a splitting of 0.086 eV only a minor fraction
(3.5%) populates the I'y states at room temperature and the effect on the calculated
specrossctrum is relatively small, see Figure 3.3. The intensities of transitions arising
from Fg state will significantly depend on the temperature, since the state will be more

populated at higher temperature.

3.2 Metal L-edges of low spin [Fe(CN)g|*~
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FIGURE 3.5: Metal L-edge of low spin [Fe(CN)g]3~ (black: experiment, green: multi-
plet, red: RAS) and the corresponding orbital contribution analysis to the RAS calcu-
lated spectrum.

The experimental L-edge XAS spectrum of [Fe(CN)g]3~ has three distinct peaks at the
L3 edge, located at 705.8 eV, 710 €V and 712 eV respectively. There are two peaks in
the Ly edge, the main peak at 722.8 eV and a minor peak at 726 eV.[70] The RAS calcu-
lation included two ligand-dominated filled o orbitals, three empty ligand-centered anti-
bonding (7*) orbitals and five metal 3d character orbitals, giving RASPT2(15,1,0;3,10,0)
active space, see Figure 3.1. The RAS calculation captures all the important spectral
features of the experimental spectrum, see Figure 3.5. The RAS calculation overesti-
mated the intensity of the third peak at the L3 edge, and the energy of that peak was
also overestimated by ~1.5 eV. While the energy of Lo edge was underestimated by
~1.0 €V. This is due to an error in the calculation of the strength of the 2p SOC. The
accuracy of the RAS spectrum is comparable to that achieved with the semi-empirical

CTM model.

Through the molecular orbital contributions to the [Fe(C'N)g]3~ L-edge XAS, see Figure
3.5, the first peak at 705.8 eV can be assigned to a 2p — ta, transition. The second
peak at 710 eV is mainly from 2p — e, excitations. The third peak at around 713.2

eV is from 2p — 7 transitions together with ¢, — €4 excitations. There are also large
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changes in the occupation number of the o4 orbitals, which reflects the increased weight
of configurations with less than five o, electrons at this energy. The contributions for

Ly edge are mainly from the 2p — e, excitations, with very small 2p — 7* transitions.






Chapter 4

Simulation of the metal K
pre-edge XAS

The intensities and relative energies of metal K pre-edge features have high sensitivities
to both geometric and electronic structure. It can be used to probe dilute enzymatic
systems and working catalysts.[9, 13] With the emergence of RIXS that can give high-
resolution spectral information, it has become important to find theoretical method that
accurately simulate and interpret spectroscopy in the K edge. It requires a method can
treat the different important effects that shape the spectral features: ligand-field split-
ting, multiplet structures, 3d-4p orbital hybridization, and charge-transfer transitions.
Here the RAS method is introduced for the first time to calculate metal K pre-edge spec-
tra of open-shell transition metal systems. The performance of RAS method is tested by
applying it to six iron complexes; [FeCl6]"~, [FeCl4]"~, and [Fe(CN)6]"" in ferrous
and ferric oxidation states. The RAS calculations reproduces the spectral shape of all
complexes with an average error for the peak splitting of only 0.1 eV, see Table 4.1.[55]
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 environ-
ment. The results for complexes [FeClg]*~, [FeCly]?~, and[Fe(CN)g]>~ will be mainly

discussed in this thesis.

4.1 Multiplet structure

The [FeClg]*~ complex has o and 7 donor ligands. The [FeClg)*~ experimental spec-

trum appears to have two pre-edge peaks, but a closer analysis reveals two close-lying

23
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TABLE 4.1: Energies (in €V) and fitted pre-edge areas from ex-
periment and theory.

Experiment® RAS CTM? TD-DFT*®
[FeCl6)*~
E1(int) 7112.8(2.6) - - -
E2(int) 7114.0(1.4) 7114.1 7114.0 7113.6
E3(int) - 7118.3 7118.7 -
ratio® 3.7:2.0 3.5:2.0:0.7 3.4:2.0:04 -
[FeCl6]*~
E1(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 -
ratio® 2.0:3.0:1.0 1.8:0.9:1.0 1.8:1.0:1.0 -
[FeCl4]'~
E1(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]*~
E1(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]*~
E1(int) 7112.9(4.2) - - -
E2(int) - 7115.6 7115.1 7113.5
ratio” - 2.0:1.0 4.0:1.0 -
[Fe(CN)6]*~
E1(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
ratio® 1.0:4.1 1.0:4.2:1.6  1.0:4.4:0.2 -

* Energies and fitted pre-edge areas (x100) from reference [39].

P Intensity ratio between peaks.

¢ Ratio between electric dipole (D) and electric quadrupole (@) con-
tributions.

4 CTM results.

¢ TD-DFT results (BP86 functional) from reference [30].

states (at 7111.3 and 7111.8 eV), followed by a third state at higher energy (7113.4 eV),
see Figure 4.1 and Table 4.1.

For [FeClg)*~, the ground state has an electronic configuration to,%e 2. After electron
excitation from 1s to metal 3d character orbitals, the excited configuration t295692 can
only give a 4T19 symmetry state. The excited configuration to,%e,® gives rise to 4T19 and
4ng terms, which are split by 3d—3d electron interactions, see Figure 4.1. The difference
between the two e, final states is most easily seen by considering a wavefunction where
the spin-down to, electron is in the d;, orbitals. In that case the 4ng state has the
spin-down e, electron in the d,» orbital, while in the 4T19 state it is in the dy2_,2
orbital, see Figure 4.2.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
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FIGURE 4.1: K pre-edge XAS of [FeClg]*~. Experimental spectra (black), the edge-

subtracted spectra (blue), CTM calculation spectra (light gray), RAS calculations spec-

tra (red). The orbital contribution analyses are shown using dash lines, the main con-
tributions are marked in bold. Contributions from 1s orbital are omitted.

eg states. However, this energy difference does not provide information about individual

covalencies, only the combined effect of both e, and ta.

The two 4T19 states can mix because they belong to the same irreducible representa-
tions, this is visible in the orbital contribution analysis where the two peaks include
contributions from both t2, and e, orbitals, see Figure 4.1. The experimental splitting
between the first 4Tlg state and the 4ng state is around 0.5 eV, the between the two 4Tlg
states, it is 2.1 eV.[39] The splittings are around 0.6 eV and 2.1 eV in the RAS calcula-
tions. 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.[39] 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.[30]
4T2g ‘ d;, Ayaya o 4Tlg

o o OM-

++} Ko/ 44
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FIGURE 4.2: Difference in occupation between 4Ty, and 7T}, valence states after 1s —
3d(ey) excitation of a high-spin d® system.
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4.2 Hybridization of dipole and quadrupole contributions

As we mentioned in the beginning, breaking the centrosymmetry will give rise to dipole
transitions to the hybridized orbitals, which largely increase the K pre-edge intensity.[14,
39] We here take [FeCly4]?~ as a typical instance to disentangle the dipole and quadrupole
contributions when the symmetry distorts from centrosymmetric O to noncentrosym-
metric T;. Comparing the experimental K pre-edge spectra, we could see that the total
intensity for Ty symmetry [FeCly)?>~ is largely increased. The ratio of total intensity
between [FeCly)?~ and [FeClg)*~ is ~3.6:1. The dipole and quadrupole contribution
ratio is ~2.3:1 for [FeCly]?~, see Table 4.1.

0.16 0.094 Total

FeCl ¥ FeCl,I” t
0141 [FeCl] [ A 2

Experiment

0.124 —— Edge subtracted exp
RAS total
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FIGURE 4.3: Left:Iron K pre-edge XAS of [FeCl4]?~ 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 [FeCly)?.

Quadrupole contributions are denoted with solid lines while dipole contributions are
shown with dashed lines.

The evident features of the K pre-edge for [FeCly]?~ are two intense peaks and are split
by ~1.5eV.[39] For [FeCly]?~, the °E ground state has a €333 configuration, electron
transition to the e orbital gives the e*ty? excited configuration and produces A, state.
The excited configuration e3tyt gives 4T, and 4T, states due to the 3d-3d electron in-
teractions, see Figure 4.3. Besides, there is a double-excitation state e?ty* that gives
another #77 located at higher energy region. The T} states can mix, and the double
excitations are also can be confirmed from our orbital contribution analysis, see Figure
4.3. These transitions form two pre-edge features split by 1.5 eV in the RAS calculation,
which well reproduced the experimental split, see Table 4.1. The pre-edge energies 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 to orbitals con-
tributing to the total intensity of the K pre-edge, see Figure 4.3. Compared to the total
intensity of [FeClg]*~, the total intensity of [FeCly)>~ was largely increased. The RAS
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calculated total intensity ratio between [FeCly]?~ and [FeClg]*~ is 3.2:1.0. The cal-
culated intensity ratio between dipole and quadrupole for [FeCly]?>~ 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. TD-DFT (BP86) includes the
effects of orbital hybridization but overestimates the dipole contributions, at least for

the current complexes modeled, see Figure 4.4

B Experiment e
A mRAS
TD-DFT (BP86)

[FeCl,]" [FeCl,J>

Dipole/Quadrupole ratio
o N w (6] a N (o]

FIGURE 4.4: The ratio of dipole to quadrupole contributions to the pre-edge area from
experiment, RAS and TD-DFT.

4.3 Back-donation charge transfer

[Fe(CN)g]>~ has been widely investigated as a o donation and 7 back donation model
system.[21, 70, 71] There are two peaks in the experimental K pre-edge of [Fe(CN)g]3~
with intensity ratio of ~1:4.1,[39] see Figure 4.5. The energy difference between these
two peaks is 3.2 eV,[39] which reflects the ligand-field strength, see Table 4.1. In the
L-edge XAS,[21, 52, 70] [Fe(C'N)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
~3.9eV 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 2Ty, ground state of [Fe(CN)g]>~ has a to,%¢,” configuration. A pre-edge peak
located at lower energy side is present, which comes from 1s electron excited into the
singly occupied to4 orbital, producing a t2g6€g0 configuration and a 1Alg state. Another
excited configuration is t295691 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 Z5,
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orbitals, which can complicate multiplet structures of final states through 3d-3d electron
interactions. The interactions gave us 3T19, 3ng, 1 14 and 1ng states, as labelled in the
Figure 4.5. The difference in energy between the T74, and T, states probe the difference
in attraction between the hole in a d, orbital and the electron in the d,» compared

to the d,2_,2. The RAS calculations not only reproduced the 3.2-eV energy difference
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FIGURE 4.5: Iron 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.

between the t2, 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 to, and e, character peaks of about 3.3 eV, and DFT gave a value
of 3.5 eV. [30]

In addition to these two peaks, the RAS calculations showed a peak located at 4.0eV
higher compared to the e, character peak (1.9eV higher than the 7%, state), which was
assigned to a 7* state. The intensity of the 7* state is high, although the contributions
of direct excitation to 7* orbital is very small, as seen from the graphic orbital analysis,
see Figure 4.5. The enhanced 7* feature comes from the direct 7* excitation mixes with

als — eg + tag — e4 shake-up excitation.[21, 70]. The 7* state was also predicted by

4
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bonding. For the multiplet calculation, the 7* states located at 3.7 eV higher relative

the multiplet calculation using an extra electronic configuration ¢ 62 including 7 back

to the e, character peak with a bit lower intensity compared to RAS calculation. The

DFT gave a separation of ~1.6eV between e, and MLCT states.[30]



Chapter 5

Simulation of the 1s2p RIXS

After successful application of the RAS method on L-edge and K pre-edge XAS simu-

lations, it now is extended to simulate the 1s2p RIXS spectra. 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 1.3, and hence can give high-

resolution X-ray spectra of transition metal complexes. In this chapter, the 1s2p RIXS

spectra of back-donation systems [Fe(CN)g]*~ and [Fe(CN)g]>~ are simulated and dis-

cussed. The calculated and experimental 1s2p RIXS planes are presented in Figure 5.1,

[21] which are plotted in a two-dimensional representation with energy transfer axis and

incident energy axis.

a) Ferrocyanide (exp)

730 0.014
0.012
725
0.01
)
2 720
9] 0.008
®
c
o
5 715 0.006
[0]
&
0.004
710
0.002

705

)770),);">77¢>776‘>]]9

Incident energy (eV)

)7]0 )779)7]« )”6‘ )I;e
Incident energy (eV)

b) Ferrocyanide (calc)

c) Ferricyanide (exp)

)7]0 )779)774 ),76‘ ))'7@
Incident energy (eV)

0.009

0.008

0.007

0.006

0.005

0.004

0.003

0.002

0.001

0

d) Ferricyanide (calc)

0

)770)779),’¢)176‘>]]@
Incident energy (eV)

FIGURE 5.1: The calculated and experimental 1s2p RIXS plane of [FeC Ng|*~.

29

1

0.9

0.8

0.7

0.6

0.5

04

03

0.2

0.1

0



Contents 30

5.1 The 1s2p RIXS spectrum of [Fe(CN)g]*™

In the experimental plane, there is one pre-edge resonance 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 and other more intense peaks at higher
energy,[21] see Figure 5.1. The calculated 1s2p RIXS plane has same the general shape as
the experimental plane, and exhibits a dominant resonance at 7112.9 eV with a second
resonance at 7115.6 eV in the incident energy direction. The second resonance was
assigned as a back-donation transition in the K pre-edge spectrum, which is obscured

by the intense rising edge in the experimental plane.
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FIGURE 5.2: The L-edge XAS and CIE cut of [FeCNg)*~.

The 1s2p RIXS spectrum was further analysed by taking a constant incident energy
(CIE) cut giving an L-edge like spectrum, which can be directly compared to the L-edge
XAS. The L3 edge of the L-edge XAS, has two peaks with similar intensity at ~709.1
eV and ~710.7 eV, which can be assigned to e, and 7* excitation. The Ly edge also has
these two peaks but with smaller intensities, see Figure 5.2.[70] A L-edge like spectrum
was made by a CIE cut through the dominant resonance at 7112.9 eV. The L-edge like
spectrum gives a broader e, character peak and a very weak 7* character peak. 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 2p®3d” configuration final states
have both Ty, and T5, symmetry, but the one-photon L-edge XAS can only reach the
T1, final state while the two-photon RIXS can reach both Ti, and Tb, states. The
excitation to a Th, state give a lower energy because of more favorable 2p — 3d electron
interactions. The 7* character peak gave a weak intensity in the L-edge like spectrum
because the final states corresponding to the 7* transitions are mainly reached through

the intermediate states at ~ 7114.7 ¢V, not the states at 7112.9 eV.[21]
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The CIE cut from the RAS calculated RIXS spectrum nicely reproduces the spectral
difference between RIXS and L-edge XAS, see Figure 5.2. Starting with the L-edge
XAS, the RAS simulation is in excellent agreement with experiment, and the relative
intensities of e, and 7* peaks are very well described in the L3 edge. In the Lo edge,
the e, character peak is a little underestimated. In the CIE cut, the RAS calculation
reproduces the change in the shape of the e, resonance with additional intensity at
the low-energy side. The width is 1.7 eV, an overestimation by 0.2 eV, which is a
reasonable accuracy, see Figure 5.2. 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 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 e.g.,
the density functional BP86 (57%) or the CTM model (45%).[55, 70]

5.2 The 1s2p RIXS spectrum of [Fe(CN)g]3~

The experimental 1s2p RIXS spectrum of [Fe(CN)g|>~ gives several pre-edge features.
The first sharp ¢, 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 1s — e,
excitations, which are split into many different transitions by exchange, multiplet and
spin-orbit interactions, as discussed in chapter 4.3, see Figure 4.5. The rising edge with
its intense resonances is located at ~7117 eV and above, see Figure 5.1. The RAS
calculated RIXS plane contains both pre-edge peaks, and also a higher-lying 7* peak
that appears as part of the rising edge.[52, 55, 70]
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FIGURE 5.3: The L-edge XAS and CIE cut of [FeCNg]>~.



Contents 32

The experimental and RAS calculated L-edge XAS are discussed in Section 3.2. The
CIE cut through the RIXS t5, resonance at 7110.1 eV gives two sharp edges, where the
Lo peak is more intense than in the L-edge XAS. This is again 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. 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 5.3.

Taking the RAS CIE cut through the ¢, correctly predicts the increase in intensity of
the Lo edge in the two-photon process. This shows that the RAS method correctly takes
into account the effects of 3d, as well as 2p, SOC in the RAS simulations. The CIE cut
through the maximum of the e, resonance is also in agreement with the experimental
spectrum. 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.



Chapter 6

Conclusion

In this thesis, the RAS method has been used to simulate and interpret the metal
L-edges, K pre-edges and 1s2p RIXS spectroscopies of different iron complexes. The
experimental spectral features were well reproduced in the RAS simulations by including
a high-level description of ligand-field, multiplet effects, spin-orbit coupling, as well as

configuration interaction between different states.

More specifically, in the case of [FeClg]*~, the K pre-edge XAS is complicated by mul-
tiplet effects and the mixing of final states sharing the same symmetry, and this all well
described in the RAS calculation. The distortion from centrosysmmetry by changing the
coordination number can give arise electric dipole transitions in the K pre-edge region
due to 3d — 4p orbital hybridization. Here [FeCly]?~ is taken as an example to disen-
tangle intensity mechanisms. The intensity ratio has been calculated correctly, giving
~2.4:1 compared to ~2.3:1 in experiment. 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 back-donation charge transfer feature of [Fe(C'N)g]®>~ is observable in
both metal L-edge and K pre-edge XAS, and they are all nicely reproduced in RAS
calculations. The extension of the RAS approach to 1s2p RIXS calculations has also
been implemented and tested for [Fe(CN)g|*~ and [Fe(CN)g]3>~. The RAS method
gives good description of 3d — 3d interactionss and 3d SOC along incident energy axis,
and the 2p — 3d interaction and 2p SOC along the energy transfer axis. The two-photon
spectroscopy provides ample electronic structural information of ground and excited
states, which make it has great potential to directly probe dilute enzymatic systems and

working catalysts.

The orbital contribution analysis of the X-ray spectra based on the RAS calculation

enables a direct connection between spectra and the electronic structure features. The

33
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RAS method can therefore be of great use in the interpretation of a wide variety of

different X-ray experiments.
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