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1.1.

Scope and outline

This thesis covers the study of cobalt containing materials with 2p3d resonant Xray emission spectroscopy (RXES). The application of 2p3d RXES to chemical
problems is largely uncultivated terrain. The question addressed here is what
2p3d RXES can teach us about the chemistry of transition metal compounds.
In this chapter, I set the stage for the research presented. Chapter 2
describes an adapted synthesis method for the synthesis of cobalt-nickel and
cobalt-iron nanoparticles. Chapter 3 covers the first study of inorganic
complexes, a series of cobalt(II) carboxylates, with 2p3d RXES. Chapter 4
contains a 2p3d RXES study of cobalt(II) monoxide nanocrystals and a single
crystal. Here, the particles prepared in chapter 2 are used. In chapters 5 and 6
the cobalt-based nanoparticles of chapter 2 are probed with 2p3d RXES to reveal
the surface sensitivity of the technique when probing the surface of metallic
nanoparticles. Chapters 3, 4 and 5 make use of ligand field or crystal field
multiplet theory and chapter 5 makes additional use of (time-dependent)
density functional theory to interpret the RXES data. Where needed, standard
laboratory techniques are used to underpin the data. In most chapters, 2p X-ray
absorption spectroscopy (XAS) data are additionally presented to discuss the
differences with 2p3d RXES. Chapters 7a, 7b and 8 make primarily use of XAS
and electron energy loss spectroscopy (EELS) data (the electron analog of XAS)
acquired with scanning transmission microscopes. The discussions in chapters 36 on the sensitivity of 2p XAS compared to 2p3d RXES put boundaries on what
one may conclude from XAS/EELS data when treating the chemistry of transition
metal compounds.
In the remainder of this chapter, I place 2p3d RXES within a broader context
of chemistry and catalysis. Overall, 2p3d RXES probes only the empty 3d energy
states of first-row transition metal compounds. When the metal is part of a
chemical bond the technique thus probes the empty, 3d-related parts of the
chemical bond. One could argue that so little information is negligibly relevant to
the field of chemistry, but this thesis hints that we are far from understanding
the role of d-electrons in the chemical bond and catalysis. Future 2p3d RXES
studies will hopefully shed more light on these important bonds.

1.2.

The static chemical bond in chemistry and catalysis

Chemistry can be regarded as the science of interacting valence electrons of
atoms. In chemistry manipulation of the chemical bond is practiced in order to
convert one substance into the other. This can be seen in Figure 1 where
substance A and B are converted to substance P. If an additional, unsacrificial
substance is used to lower the ‘activation energy’ of a chemical conversion we
perform catalysis. The unsacrifical substance that lowers the activation energy is
3
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Figure 1. Potential energy diagram of a chemical conversion of substances A and B to P without
(high energy barrier) and with (low energy barrier) a catalyst. Reproduced from Chorkendorff and
Niemantsverdriet.1
the so-called catalyst. Approximately 85-90% of the products of chemical
industry are made by use of a catalyst.1,2
Traditionally, the field of catalysis is divided into bio, homogeneous and
heterogeneous catalysis. In bio and homogeneous catalysis3,4 for example
enzymes and man-made molecules act as the catalyst, respectively. Such
reactions are often performed in the liquid phase. In heterogeneous catalysis,5-7
the catalyst is a solid or is dispersed on a solid, whilst the reaction is performed
in the gas or liquid phase. All sorts of catalysts are used, such as metals, metal
oxides, mixed metal hydroxides, zeolites (aluminosilicates) or molecular (for
example hydrosulfuric) acid. In this thesis, transition metal compounds are
investigated. Although transition metals are often important ingredients of
catalysts, it is useful to realize that not all catalysts contain them.
Moreover, catalysis touches upon many diverse aspects as shown in Figure 2.
In terms of the catalyst activity, there is no universal rate-limiting step. For each
reaction and each catalyst the rate-limiting step may be different and there
might be several combined limiting steps. From a microscopic point of view one
can revert to electronic structure descriptions of the electrons involved in the
catalytic step. Here, many events influence the reaction and mankind tries to
describe them with, amongst other things, surface dynamics8 and electronic
structure calculations.9 From such descriptions the energies of elementary
reaction steps might be obtained such as adsorption/desorption, reaction and
activation barrier energies. These can then be related to macroscopic kinetic and
thermodynamic properties. Many other events, not directly related to the
catalytically active site, may have a much stronger influence on the catalyst
performance. A reaction rate might be limited due to diffusion-related
processes.10 In other cases, catalyst sintering or formation of unwanted side
products might be the most activation-limiting process.11
4
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Figure 2. Overview of important subjects in catalysis research. Subfigures reproduced from van
Santen et al. (upper left),9 from Kroes (lower left),8 from Mores et al. (middle)11 and from de Jong et
al. (right).10
In addition to all the catalyst activity-related processes, important issues that
are of practical importance are catalyst selectivity, preparation and cost.
The here presented 2p3d RXES studies deal with measuring part of the
electronic structure of a static chemical bond of compounds that contain a
transition metal. The model systems used are no actual catalysts. Its
importance, placed in the context of Figure 2, lies in an improved experimental
observation of part of the electronic structure of a chemical bond.

1.3.

Electronic structure of matter

In section 1.3. I first introduce a basic description of the electronic structure of
matter. Emphasis is placed on single versus many electron descriptions. This
concept is used to discuss a chemical bond that involves a transition metal
within the two frameworks. As an example of how electronic structure
descriptions might be used in catalysis the single electron d-band model for
transition metals is discussed.
The Schrödinger equation
In quantum mechanics the electronic structure of a material can be described by
a wavefunction ( ). The energy of the system is found by solving the timeindependent Schrödinger equation:12
5
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=
Here

(1.1)

is the energy of the system and

the Hamiltonian.

The system Hamiltonian
The Hamiltonian is described by including all physical interactions of the system.
A relevant Hamiltonian that describes a set of nuclei and electrons is:

=

+

+

+

+

+

(1.2)

Here and describe the kinetic and potential energy of the atom nuclei
and
electrons
.
contains the interactions between the nuclei, including
electrostatic interactions and coupling of spin angular momenta among the
describes the
nuclei (which are used in nuclear magnetic resonance - NMR).
interactions between electrons and nuclei. This includes electrostatic interactions
and coupling of electron and nuclear momenta.
includes all electron-electron
interactions, consisting of the electrostatic interactions, the coupling of electron
orbital angular momenta, the coupling of electron spin angular momenta and the
coupling of an electron orbital angular momentum of one electron with the spin
angular momenta of other electrons. The term
consists of the coupling of
the spin angular and orbital angular momenta of one electron. Coupling of spinspin, spin-orbital and orbital-orbital angular momenta are relativistic effects.
Using the fact that protons have a much higher mass than electrons, the
Born-Oppenheimer approximation13 implies that the wavefunctions of the nuclei
can be decoupled from those of the electrons. This means that, in solving the
electron Hamiltonian, the nuclei have fixed positions while the electrons are
dynamic. For the electronic structure of a system we set the nucleic interactions
to a fixed value and the Hamiltonian in equation 1.2. is simplified to:

=

+

+

+

(1.3)

In equation 1.3 the
term describes all electron-electron interactions by
considering the interactions between all possible electron pairs of the system. It
is not possible to solve the electron interactions in a many electron system
exactly. In quantum mechanical calculations use is made of different numerical
approaches to solve the Schrödinger equation.
The system wavefunction
In addition, most quantum mechanical descriptions make use of the single
particle wavefunction formalism of Hartree:14

=

.….

∙

(1.4)
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is rewritten as the
Here the full system or many particle wavefunction
product of wavefunctions
of all single particles. The single particle
wavefunctions can be described by a set of basis functions. The Pauli exclusion
principle,15 which states that the wavefunction of an electron system must be
anti-symmetric for interchanging electrons, was included in the description of
by Fock and Slater.16-18 The wavefunctions are described by matrix calculation
and the resulting numerical approximation of is called the Slater determinant.
Once
and
are defined, the Hartree Fock (HF) method solves the
Schrödinger equation in a self-consistent manner. Here the calculations are
constructed to minimize the energy. It is realized through the ‘variational
principle’ that any approximation of
will always lead to an energy that is
higher than the ground state energy.
Approximations to electron-electron interactions
In order to describe the electron-electron interactions of the system many
methods exist. The HF method only includes direct and exchange electron
Coulomb interactions and obeys the Pauli exclusion principle. However, the socalled electron correlation effects are not included. In order to describe these
effects, the configuration interaction (CI) method can be used, that makes a
linear combination of the Slater determinants. This method is nonetheless
computationally costly and works only exactly for systems consisting of two
electrons. In the following I describe how density functional theory (DFT) and
crystal field multiplet (CFM) calculations describe the electron-electron
interactions.
Single electron interpretation of electronic structure
In DFT it is appreciated that realistic systems consist of very large numbers of
electrons. The Hohenberg-Kohn paper19 states that the ground state energy of a
system can be expressed as a functional of the electron density alone. Using a
local density approximation (LDA), and the Born-Oppenheimer approximation,
the Kohn-Sham expression20 of the energy can be written as:

=
Here the term

+

+

(1.5)

contains the kinetic energy of

non-interacting electrons

with a density chosen to mimic that of the system studied. The term
contains the interactions between nuclei and electrons.
contains both the
sum of average Coulomb interactions and the term
which consists of the
electron exchange and correlation effects. All parts of the expression can be
term that basically contains the quantum
solved exactly, except for the
mechanical effects of the electron interactions. Although many functionals exist
that solve the Kohn-Sham expression, the calculation of the exchange and
7
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correlation functionals fails for parts of the electronic structure that have open
electron shells i.e. not completely filled shells. Especially a high density of open
shells yields a strong deviation from DFT results.
Electronic states, multiplets, many electron interactions and strongly correlated
materials
An electronic state of a given electron configuration is an independent wave
electrons, the
function describing it. For partly filled , -shells containing
number of states is:

4 +2

=

(

)!
)!

!(

(1.6)

where
and
are the principal and orbital angular momentum quantum
numbers.21 These states are inherently split in so-called atomic multiplet terms
or multiplets, each characterized by the spin quantum number S and the orbital
angular momentum quantum number L. The multiplets have a degeneracy of
(2S+1)(2L+1).21 The deviation from a single electron approach as used in DFT,
where this splitting is not explicitly calculated, follows directly from equation
(1.6): a single electron description will give 2, 6, 10 and 14 energy levels for s,
p, d and f shells. One could identify these with spin up and down populated
atomic orbitals. However, equation (1.6) shows that for, for example a d3
configuration, 120 energy states occur. This ‘many electron’ effect is particularly
important for the d and f shells. A second ‘many electron’ effect refers to the
potential energy description of more than two interacting electrons. The many
energy states that are spatially located around a single atom or ion give rise to
strong electron interaction or correlation effects, hence the name ‘strongly
correlated materials’.
Many electron interpretation of electronic structure
Several approaches exist to describe the energies of many electron states. Here,
I only introduce the ideas behind the crystal field multiplet model22-27 used in
this thesis to describe part of the chemical bond of transition metal systems.
The model is an atomic model and describes the electron-electron
interactions of one atom only. More precisely: it only describes the electronelectron interactions of selected electron-shells of one atom. It makes use of an
extended form of equation (1.3):
,

=

+

+ ′

+

+

+

(1.7)

The term ′ now only includes the electron interactions of selected atomic
electron shells, but it considers all many electron states within the shells. The
additional terms
and
describe interactions due to the crystal field (CF),
8
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also called ligand field (LF), and the magnetic field that mimics the magnetic
interactions of the system. Although these are strictly electron-electron
interactions they are inter-atomic in nature and treated as external perturbation
potentials. The model successfully captures the notion that, for strongly
correlated materials, the many electron interactions within an open electron d or
f shell, define the electronic structure to a larger extent than the inter-atomic
electron interactions.
In the model the terms in equation (1.7) are given by:

=∑

(1.7a)

=∑

(1.7b)

( ) ∙

=∑
′

=∑
=−
=

(1.7c)
(1.7d)

/

( )

(1.7e)
(1.7f)

In terms (1.7a-b)
is the momentum vector,
is the electron mass, is the
26
atomic number and is a distance vector. The term (1.7c) accounts for the
electrodynamic and relativistic spin-orbit coupling of a single electron.28 Here
is the Landé multiplet splitting factor, is the orbital angular momentum and
the spin angular momentum of an electron. The term (1.7d) includes the
electrostatic electron interactions within the chosen shell. In the calculation, use
is made of the central field approximation to separate the spherical parts 〈 ′ 〉
of the electron-electron interactions from the non-spherical parts

′′

= ′

−〈 ′ 〉=∑

/

− 〈∑

/

〉

′′ :
(1.8)

This is allowed since in first approximation the spherical parts yield the same
energies for all states.21,26 In the CFM code the ′′ term is then explicitly
calculated for all states and this causes the main energy differences between the
atomic multiplets. Where equation (1.6) showed that many electron states are
not calculated in DFT, here a second important difference with DFT occurs: (part
of) the wavefunctions of the electrons are explicitly calculated. In the calculation
of ′′ , the electron exchange term is calculated by a simplified statistical
exchange term29 and correlation corrections23 were introduced. The many
electron interactions are then calculated by two electron integrals
and
,
which themselves are evaluated using single particle wavefunctions within a
Hartree model. This simplifies ′′ to :
9
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′′

=

=∑

+∑

(1.9)

Here direct Coulomb and Coulomb exchange interactions are introduced as /
and / parameters. The lower case letters describe the angular parts and
depend only on the electron shell configuration. The upper case letters describe
the radial parts of ′′ . They also depend on the electron shell configuration,
but can be scaled in the multiplet code in order to include effects of covalency as
introduced in the idea of the nephelauxetic ratio.21 In the HF based multiplet
program CTM4XAS,22-27 the and values are by standard scaled down to 80%
of their calculated values as a second correction for correlation effects.23 In
many open shell transition metal systems the main energy difference between
multiplet states arises from these Coulomb interactions.
The term (1.7e) of equation (1.7) now contains a first perturbation correction
of the inter-atomic electron interactions. This term can be used to describe
electrostatic fields around a central atom with different symmetries, for example
as created by a crystal or ligand environment. In the multiplet code the potential
( ) is written as a series expansion of spherical harmonics
s:26,30

( )=∑

∑

( , )=∑

| |

/

(1.10)

Here
relates to the radial and
to the angular part of the potential. As for
, the angular and radial part are described independently and
depends
is related to Butler’s
parameters
only on the electron configuration.
that describe the crystal field and
are unit tensors. The three superscripts
describe the branching from spherical SO3 to octahedral Oh to tetragonal D4h
,
and
:
symmetry. They are related to the crystal field parameters

= 6√30 ∙
− 7 2 √30 ∙
= − 5 2 √42 ∙
= −√70 ∙

(1.11a)
(1.11b)
(1.11c)

Many symmetries can effectively be approximated using a tetragonal D4h
symmetry as will be shown in chapter 5.
The term (1.7f) of equation (1.7) contains a second perturbation correction
due to inter-atomic electron interactions. The coupling of electron spin within the
chosen shell with the spin on neighboring atoms is called a (super)exchange
magnetic interaction. Here
is a constant and
an external magnetic
exchange field that only works on the spin angular moment (not on the orbital
moment as would be the case for an external magnetic field).
Overall, the input parameters for the multiplet code are the electron
10
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configuration, the spin-orbit coupling

(1.7c), the Coulomb interactions

and

(1.9), the crystal field parameters
,
,
(1.11a-c) and the external
magnetic exchange field .
Figure 3 shows an overview of what was discussed. Materials can be divided
in strong and weak electron correlated materials depending on the elements that
they contain. Here, I classify only transition metal and rare earth elements to be
strongly correlated. In addition, computational electronic structure methods are
shown in Figure 3 that use many or single electron descriptions in real or
reciprocal space. The final scheme shows how the electronic states of open
electron transition metal shells are most accurately described: for transition
metal atoms, ions and bulk oxides they are best described by multiplet models.
For bulk transition metals, reciprocal DFT codes have been used to describe the
electron d-states. In the ‘d-band model’ this is directly coupled to catalysis.

Figure 3. Strong versus weak electron correlated materials (top left). Computational methods using
many electron, single electron, real and/or reciprocal methods (top right). Practical descriptions of the
transition metal (TM) open electron shell states in TM containing compounds (bottom). The ‘relation
to catalysis’ refers to the d-band model. RE=rare earth. CTM4XAS, ORCA, ADF, FEFF, VASP and
PW SCF are names of computer programs used in electronic structure calculations.
11
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1.3.1. Single electron interpretation
containing chemical bond

of

a

transition

metal

The single electron description of chemical bonds that contain a transition metal
neglect the multiplet states arising from partly filled d shells. Figure 4a gives a
molecular orbital picture of a chemical bond between a cobalt(II) ion and a
methanolate group. Figure 4b gives a band structure interpretation of part of the
chemical bond between an adsorbate and transition metal surface.

Figure 4. Single electron a) molecular orbital and b) band structure view of a chemical bond.
Adapted from Nørskov et al.31 DOS = density of states.
1.3.1.1. Relation to catalytic activity: d-band model
The situation as described in Figure 4b can be directly related to the activity and
selectivity of catalysts where conversion at a transition metal site is the ratelimiting step. This is done in the d-band or Newns-Anderson model, which is
often evaluated by using DFT methods.31,32
In a simplified view the model predicts that the bond strength of an
| .
adsorbate is related to three parameters ,
and |
is the center of the
d-band shown on the right of Figure 4b.

is the Fermi energy, the energy up to

which the d-band is filled, and |

| gives an energy correction for the Pauli
repulsion energy. Figure 5 gives the energetic values of
with respect to
and

| | for the 3d, 4d and 5d transition metals. For a lesser filled d-shell (left side
of the series) the center of the d-band shifts up in energy. This is then related to
|
a lesser filling of anti-bonding adsorbate orbitals, hence a stronger bond. |
increases down and to the left of the series as more overlap between the d-band
electrons and adsorbate orbital electrons occurs. The model has proven to be
valuable for the explanation of many catalytic reactions, but is limited to formal
transition metals and cannot explain the behavior of transition metal oxides.31
12
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Figure 5. Energy of the d-band center and the overlap matrix |
Reproduced from Chorkendorff and Niemantsverdriet.1

| for transition metal series.

Figure 6 now shows a theoretical volcano plot for the formation of methane out
of syngas (a mixture of CO and H2 gas) over stepped 211 surfaces of selected
metals. The bond strength of atomic oxygen and carbon are shown and
calculated by the d-band model. It can be seen that a Ni3Fe alloy is predicted to
have a similar activity (turn over frequency – TOF) as expensive Ru.

Figure 6. Theoretical volcano plot for methane production from syngas. Reaction
conditions are 573 K, 40 bar H2, 40 bar CO. Reproduced from J.K. Nørskov et al.31 ∆EO and
∆EC are the oxygen and carbon binding energy, respectively.
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1.3.2. Many electron interpretation
containing chemical bond

of

a

transition

metal

Figure 7. Energetic values of the main parameters that split the multiplet d-states in the transition
metal series in a) the ground state and b) the p core hole containing excited state. Values were
calculated for 2+ metal oxidation states.
The energetic values of the many electron effects discussed in the beginning of
the section are given in Figure 7 for the transition metal series. In the ground
state direct d-d Coulomb interactions and d spin-orbit coupling interactions are
present and give rise to the splitting of the d-multiplets. It can be seen in Figure
radial Slater integrals as
7a that the energetic effect of the direct Coulomb
given in equation (1.9) is considerably large. The d spin-orbit coupling is of
secondary importance. The calculations are all done for transition metal ions
with a 2+ valence. However, the effects are also present in formal metals. In
light of these results it is somewhat surprising that the d-band model presented
in section 1.3.1.1. is able to relate catalytic activity to the center of the d-band.
The d-band model does not include this important and energetically strong effect
14
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of d-multiplet splitting. This omission could be justified if electron delocalization,
as a result of the metallic character, would effectively reduce the splitting of
intra-shell many electron states. However, this point is normally not addressed
in the literature that makes use of the d-band model.
In this thesis, 2p XAS is also used and Figure 7b gives the energetic values of
the 2p3d direct Coulomb
and 2p3d Coulomb exchange
interactions plus
the p core hole spin-orbit coupling. These are additional parameters, next to
those described in Figure 7a, that determine the multiplet splitting in the p core
hole excited state. In the calculation the p hole is chosen with its main quantum
number one less than the valence d-shell: for 3d, 4d and 5d a 2p, 3p and 4p
core hole is included, respectively. This choice is made to match the type of
transitions occurring in 2p XAS used in this thesis. All Slater integral values in
Figure 7 are scaled down to 80% of their HF values, while the spin-orbit values
are 100% of their HF values.
Given the ground state interactions shown in Figure 7a, I would consider the
role of d-multiplet states in the catalytic transformation of a chemical bond to be
largely unknown, while we certainly observe them in for example ultravioletvisible (UV/Vis) and 2p3d RXES spectroscopy as described in this thesis.

1.4.

Model
systems:
cobalt
nanoparticles and solids

containing

complexes,

Here mainly cobalt containing materials are studied; but much of the work can
be related to other d transition metals. An important reason to work with these
metals is their abundant presence. The earth’s crust consists of 5.63 weight
percent of Fe. Co and Ni, being responsible for 2.5x10-3 and 8.4x10-3 weight
percent, respectively, are 103-104 times more abundant than expensive Pt, Au,
Ru, Pd, Re, Ir and Rh.33 Moreover, 3d transition metals are often catalytically
active and interest exists in their alloys for various reasons as discussed in
chapter 2.34-38

Figure 8. Overview of the cobalt containing materials studied in this thesis.
15
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Figure 8 shows an overview of the materials studied by 2p3d RXES. Chapter 2
is not included in the overview, but describes the synthesis of cobalt containing
nanoparticles used in chapters 4-6.39 Figure 8 shows the increasing complexity
of the electronic structure of the samples when going from molecular complexes
and well-defined single crystals to nanocrystals and heterogeneous catalysts. In
chapter 3 a series of cobalt(II) carboxylates are studied to benchmark the 2p3d
RXES observations. In chapter 4 a cobalt(II) monoxide single crystal and
nanocrystals are studied. In chapters 5 and 6 metallic cobalt containing
nanoparticles are studied. These particles, prepared as colloids in the liquid
phase, are not as well-defined as a single crystal, but they are not as complex
as the industrially relevant heterogeneous catalysts. For the colloidal
nanoparticles, only one or two types of metallic precursor molecules are used
and stabilized by one or two types of molecules, with a functional group that
binds the particles as ligands. In a heterogeneous catalyst often many different
chemical species can form and exist, on and over, the catalytic sites and support
material. Heterogeneous catalysts are not included in the thesis, since their
electronic structure is very diverse and complex and their study with an
immature technique as 2p3d RXES would at this stage be largely speculative.
Working with non-noble transition metals requires special care in preventing
their oxidation. Most such metals easily oxidize or passivate. For the work
described in chapters 2, 5 and 6 precautionary measures were taken to prevent
oxidation.

1.5.

Photon-electron interactions

Figure 9. Some interactions of electromagnetic radiation with matter. Adapted from reference 40.
16
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In this thesis, with the exception of chapter 8, use is made of the interaction of
electromagnetic radiation and matter in order to derive information about the
probed matter. Electromagnetic radiation can cause many perturbations to
atoms and molecules. Figure 4 summarizes some of these effects when infrared
(IR), visible (VIS), ultraviolet (UV) or X-ray photons are used. In section 1.5.1.
such interactions are discussed in the context of spectroscopy. In section 1.5.2.
and 1.5.3. photon-electron interactions that are used in microscopy and
spectromicroscopy are discussed, respectively. Other uses of photon-electron
interactions, such as in diffraction, are not part of this thesis and not treated.

1.5.1. Spectroscopy
Electromagnetic spectroscopic techniques are able to measure part of the
material’s nucleic or electronic structure. The general Hamiltonian describing the
obtained spectrum
is given by:26,41

=

+

+

(1.12)

The material Hamiltonian
may be described in several ways. For a set of
electrons equation (1.3) could be used, which was simplified to equation (1.7)
for the crystal field multiplet model. The radiation field Hamiltonian
describes the quantization of light and has a negligible influence on the obtained
can be related via the
spectra. The interaction Hamiltonian
Lippmann-Schwinger equation to the momentum operator
.26
is given as
the matrix element given in Fermi’s Golden Rule:42

~ 〈
Here

〉

∙ (

−

−

)

is the transition probability between the ground (

(1.13)

) and final (

)

state wavefunction of the probed matter by absorbing the incident photon with
. The delta function takes care of conservation of energy.
and
energy
are the energy of the ground and final state. Fermi’s Golden Rule, in a first order
approximation, dictates that photon-induced electron transitions are allowed if
the electric dipole of the electron state is altered in the process. (Magnetic dipole
transitions and electric quadruple transitions are allowed in the second order
approximation, albeit with lower probability.)
1.5.1.1. Electron transition spectroscopy of empty 3d states
The range of photons that carry enough energy to actually induce electron
transitions within a material spans from the visible, through the UV, vacuum UV
(VUV), extreme UV, soft X-ray to the hard X-ray range (from ~100-105 eV). One
can study both the occupied and empty material density of states (DOS) by
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Figure 10. Adapted form of Figure 4. See text for explanation.
different spectroscopies. In this thesis, mainly the empty 3d-states or DOS are
probed from the transition metal perspective through UV/Vis, 2p XAS and 2p3d
RXES spectroscopy. In Figure 10 this region is indicated with solids ellipses and
an asterisk. The dashed and dotted ellipses show the full en empty adsorbate
states or DOS as can be probed from the adsorbate perspective. Many work on
this has been done by Nilsson and Pettersson and as an example nitrogen XAS
and XES are shown.43 In this thesis, 2p3d RXES spectroscopy is performed from
the metallic perspective in order to see what the effects of strong electron
correlation are.
1.5.1.1.1. 2p X-ray absorption spectroscopy (XAS)
2p XAS44-46 is also called L2,3 XAS. Here L2 and L3 refer to transitions from a 2p1/2
and 2p3/2 core hole, respectively. Figure 11 shows a single and many electron
representation of XAS events in general. In XAS the studied material is
irradiated with X-rays to excite a core electron (a non-valence electron) to
empty electronic states of the material. This is a ‘resonant’ event, implying
excitation at a material-specific core electron binding energy, in contrast to
‘non-resonant’ events where photon energies higher than the binding energy are
used. In 2p XAS at a transition metal site, a metal 2p core electron is
transferred to an empty 3d state. When recording X-ray absorption due to this
process over a range of energy-separated empty 3d states one performs 2p
XAS. In the final state of the XAS event a core hole is present. In 2p XAS this
18

Chapter 1

Figure 11. Schematics of two different, photon-induced electron transitions that occur in XAS in a a)
single electron and b) many electron view. Adapted from Butorin.47
core hole determines the maximum resolution of the spectra to be ~0.4 eV fullwidth-half-max (fwhm) at the L3 edge. Overall, 2p XAS of 3d transition metals
probes empty 3d states in the presence of, or modified by, the 2p core hole.
The energies of different XAS transitions for the first 90 elements of the
periodic system are given in Figure 12. The cobalt L2,3 edges mostly studied in
this thesis have energies between 775-795 eV.

Figure 12. Energies of K, L, and M XAS edges for 90 elements of the periodic system. Reproduced
from Ament et al.48
The core hole in the final XAS state gives rise to extra multiplet states. The
general formula given in equation (1.6) is now extended to:

4 +2

4

+2

=

(

)!
)!

!(
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where 1 and 2 refer to the core hole shell and the valence shell, respectively. So
for CoII, mostly studied here, the ground state 2p63d7 state has 120 d-states,
while the final state has 270 pd-states. These, and the other constituents of the
multiplet Hamiltonian shown in equation (1.7), are used in the multiplet analysis
of 2p XAS spectra.
It should be noted that the theoretical fitting of an experimental 2p XAS
spectrum is often possible with more than one combination of input parameters.
For CoII in CoO the author tried to fit the CoO 2p XAS data presented in chapter
4 for examle with different sets of parameters and found, without extensive
testing, five different reasonable fits for the spectra. The experimental 2p XAS
spectra of cobalt(II) carboxylates in chapter 3 give another example of the
limitation of the sensitivity of 2p XAS. Throughout this thesis attention is given
to the falsification of 2p XAS results and their information content is critically
discussed.
1.5.1.1.2. 2p3d resonant X-ray emission spectroscopy (RXES)
RXES is also known as resonant inelastic X-ray scattering (RIXS) or resonant
Raman X-ray scattering (RRXS). Until now 2p3d RXES has mostly found
application in solid state physics.48-51 Figure 13 shows an extended version of
Figure 11 and shows the single and many electron schematic interpretations of
the XAS plus RXES transitions. In 2p3d RXES the core hole that was created in
the 2p XAS event is filled by an electron from the higher 3d electron-shell.
In fact, many different electron decay paths may lead to the filling of the 2p
core hole. The decay processes may result in emission of photons (radiative
decay) or electrons (for example Auger electrons). Figure 14 shows the
probability of photon and electron emission due to the decay processes at the K
and L3 XAS resonances. For 2p3d RXES performed at the L3 XAS edge, as done

Figure 13. Schematics of two different photon-induced electron transitions that occur in XAS and
RXES in a a) single electron and b) many electron view. Adapted from Butorin.47
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Figure 14. Fluorescence and electron decay yields for the K and L3 shell as a function of atomic
number Z. The word ‘Auger’ refers here to all non-radiative electron decay processes. Adapted from
Attwood.52
in this thesis, the fluorescent decay paths consist of only ~1% of all decay
paths. Measurement of the energies of the emitted X-ray photons yields the
‘resonant’ (see 1.5.1.1.1) X-ray emission spectra. Although the overall 2p3d
RXES event itself is charge neutral, electrons will be removed from the probed
matter due to the simultaneous occurrence of the Auger decay processes.
In the final 2p3d RXES state shown in Figure 13 an excited 3d state might be
present (i.e. if the energy of the emitted photon was lower than that of the
incident photon – else a Rayleigh or anti-Stokes event occurred). As such 2p3d
RXES presents a close analogy to UV/Vis spectroscopy (also called optical
absorption or electronic spectroscopy) of first-row transition metals in which
ultraviolet and visible light are used to excite 3d electrons from filled to empty
3d states. Effectively, both techniques are able to measure d-d transitions.
The probability
of a RXES event is described by the resonant term of
the Kramers-Heisenberg formula53,54 that defines the interference between the
X-ray induced electron excitation and subsequent decay processes:

~∑ ∑

〈

| |

〉〈

| |

〉

×

/
(

)

/

(1.15)

Here
and
are transition operators describing the radiative transitions by
absorbed and emitted photons and are electric dipole in nature for the 2p3d
of equation
RXES transitions. They are related to the momentum operator
(1.13) through correlation functions.55
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Figure 15. Historic development of 2p3d RXES energy resolution at the copper L3 edge at 931 eV.
Adapted from Ament et al.48
intermediate and final state wavefunctions, respectively, and

,

and

the

corresponding energies.
and
are the energies of the incident and
emitted photons.
gives the spectral Lorentzian broadening due to the finite
time of the core-hole existence in the intermediate state. The second term
implies that energy should be conserved in the overall RXES process and that a
further Lorentzian broadening
occurs due the finite life time of the valence
hole in the final state.
The natural resolution of a 2p3d RXES spectrum is set by the 3d valence
hole. This gives a considerably smaller broadening than the 2p core hole in the
2p XAS spectra and the same natural broadening as a d-d peak probed by
UV/Vis spectroscopy. The life time of the 3d states as a function of element,
valency and chemical environment is not well documented and in chapter 4 an
estimation is given for the 3d valence hole life time of CoII in cobalt monoxide.
Unfortunately, however, until date the 2p3d RXES energy resolution is set by the
experiment to be at best ~0.1 eV fwhm at the transition metal L2,3 edges.
Nevertheless, tremendous experimental improvements have been realized over
the last two decades. Figure 15 shows copper 2p3d RXES spectra of La2CuO4
taken at the beamline with the best energy resolution in the given years. The
2008 spectra were taken at the Advanced Resonant Spectroscopies (ADRESS)
beamline of the Swiss Light Source (SLS). In 2012 this remains the beamline
with the world record energy resolution and all 2p3d RXES data in this thesis
were acquired at this beamline.
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Figure 16. Approximate energy scales of elementary material excitations probed by 2p3d RXES.
Adapted from Ament et al.48
Next to d-d excitations, RXES spectroscopies can observe many other
elementary material excitations. Figure 16 shows that 2p3d RXES is able to
probe, amongst others, phonons, magnons, d-d and charge transfer excitations.
In this work, much emphasis is placed on the d-d transitions, while the other
transitions
are not well captured by the presented theory (phonons) or
experimentally found to be spectrally weak or absent (charge transfer and
magnons) in the probed materials.
Relation to the chemical bond and reactivity
As stated in section 1.2. the here presented 2p3d RXES studies deal with
measuring part of the electronic structure of a static chemical bond of
compounds that contain a transition metal. Section 1.5.1.1. revealed that the
‘empty metal 3d part’ of the electronic structure is probed. This part of the
electronic structure is not systematically related to catalysis (for example to
activity) through ‘descriptors’ as given in the d-band model of section 1.3.1.1.
Much of the present experimental information of this part of the electronic
structure comes from UV/Vis and 2p XAS spectroscopy.
2p XAS spectroscopy of a transition metal, in combination with multiplet
theory, allows for the determination of the element, the metal oxidation state
and the strength of the 2p spin-orbit coupling strength of the excited state. With
less certainty the ligand or crystal field, the magnetic superexchange field and
the strength of the 3d spin-orbit coupling can be probed.
In 2p3d RXES the chemical information content is still largely unknown and is
the subject of this thesis, as shortly highlighted in the following sections. An
overriding question, which is not explicitly addressed in the chapters, is what the
effects of strong electron correlation are on the chemical bond.
High sensitivity to the ligand field
In chapter 3, combined UV/Vis, 2p XAS and 2p3d RXES studies show that 2p3d
23

Chapter 1

RXES probes all empty d-states and that these spectra allow for an
unprecedented determination of the transition metal ion ligand field from
spectroscopic data.56 Figure 17 summarizes the electronic states probed by the
three spectroscopies.

Figure 17. Overview of the electronic d-states probed by UV/Vis, metal 2p XAS and metal 2p3d
RXES.
Probing thermally accessible states
In chapter 4 a detailed 2p3d RXES study of cobalt(II) monoxide will show that
thermally accessible d-states can exist at room temperature.57 Figure 18
summarizes the observation.

Figure 18. A typical DOS description for a transition metal bulk oxide adapted from de Groot et al.44
and the location of the 2p3d RXES probed states.
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A probe for the surface-adsorbate bond?
In chapter 5 low energy d-states are observed in 2p3d RXES spectra acquired on
metallic nanoparticles. Two models are discussed that could explain the
observations. Figure 19 summarized the results.

Figure 19. Schematic overview of the experiments described in chapter 5.
High sensitivity to metal oxidation
In chapter 6 2p3d RXES spectroscopy will be shown to be highly sensitive to
metal surface oxidation. Figure 20 summarizes the results.

Figure 20. Overview of the results described in chapter 6.
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1.5.2. Microscopy
In the final chapters of this thesis 2p3d RXES is not used. Instead 2p XAS and
EELS are used in combination with scanning microscopes. Here a few
introductory remarks on microscopy are made, with a focus on soft X-ray
microscopes and electron microscopes.
Contrast formation in a microscope can be based on different processes. The
most basic being attenuation of the probe (for example light or electrons) by the
sample. If light is used the optical density
is given by:

=−
=

(1.16a)

=

(1.16b)

where and
are the intensity of the transmitted and incident beam. In the
linear-absorption regime the Lambert-Beer law, given in equation (1.16b),
’ form
holds. The ‘ ’ equivalent is often used for gasses or liquids and the ‘
for solids. Here and are the molar and mass absorbance coefficient, and
are the path length of the light through the gas/liquid or solid, and and are
the molar concentration and material density, respectively. This form of contrast
formation is also used in the X-ray microscopy images given in chapter 7. Other
forms of contrast formation are for example based on secondary signal being
emitted from the probed matter.
The lateral spatial resolution of a microscope is in general dictated by an
adapted form of Abbe’s diffraction limit:

=

∙

(1.17)

.

Here is the beam diameter in the focal plane of the objective lens, is the
probe wavelength, is the index of refraction of the probed material and
is
the half-angle subtended by the objective lens. To improve the lateral spatial
resolution (decrease ), one can decrease (use electrons or X-rays instead of
visible light), increase (use ‘oil’ lenses), increase sin (use a higher numerical
aperture NA), or decrease the
(done in confocal microscopy and
various forms of ‘super-resolution imaging’ techniques such as stimulated
emission depletion microscopy - STED58). These so-called ‘super-resolution
microscopy’ techniques allow the imaging of features smaller than the
diffraction-limited spot size.59 Alternatively one can remove the lens and use
lensless imaging techniques like, for example, scanning near field optical
microscopy (SNOM).
In X-ray and electron microscopy the lateral spatial resolution is at present
not yet diffraction limited, but optics limited. In soft X-ray microscopy, Fresnel
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Figure 21. Parameters determining lateral spatial resolution in microscopes in general and in soft Xray and transmission electron microscopes in particular.
zone plate lenses are used that set the Rayleigh resolution to approximately ten
times the wavelength.52,60,61 In electron microscopy, to the best of my
knowledge, the spatial lateral resolution is set by aberration correction lenses to
approximately 25 times the probe wavelength. Here the aberration correctors
consist of sextupole Rose correctors for transmission microscopes62-65 and
quadrapole/octapole correctors for scanning transmission microscopes.66,67 The
above situation is summarized in Figure 21.
Other important microscopy parameters include for example the axial
resolving power and the penetration depth of the probe in the sample. In
chapters 7a and 7b the unique combination of X-ray microscopy properties to
image colloidal crystals with a specific size range is used. The situation described
therein is summarized in Figure 22 that shows that only X-ray microscopes have
the correct combination of resolution and penetration depth to probe a certain
size range of matter in three dimensions.

Figure 22. Penetration depth and resolution of visible light, X-rays and electrons in the microscopies
described in chapter 7.
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1.5.3. Spectromicroscopy
In addition to microscopy, one can obtain spectra at each spot of an image. This
then yields spectral images. Figure 23 shows an overview of X-ray and electron
spectromicroscopes. A division is made between transmission microscopes and
microscopes that make use of secondary signal. Another division is based on full
field versus scanning microscopes. The latter microscopes provide in general
spectra with a better energy resolution. In chapter 7, scanning transmission Xray microscopy together with X-ray absorption spectroscopy (STXM-XAS) is
used. In chapter 8 the STXM-XAS electron probe analog is used: scanning
transmission electron microscopy together with electron energy loss
spectroscopy (STEM-EELS). The other acronyms are transmission X-ray
microscopy (TXM), energy filtered transmission electron microscopy (EFTEM), Xray photo-emission electron microscopy (X-PEEM),68 energy dispersive X-ray
spectroscopy (EDX) and scanning photoelectron microscopy (SPEM).69
In both chapters 7 and 8 the spectral features of the spectromicroscopes are
not used to their full ability: the STXM-XAS and STEM-EELS microscopes are
mainly used as element selective probes. Importantly, the statistics of the XAS
and EELS data obtained in scanning microscopes are much less than in the
regular XAS and EELS experiments. As is discussed throughout this thesis the
transition metal 2p XAS information content is mainly limited to element and
oxidation state selectivity and in second degree to crystal or ligand field
parameters. Combining the two pieces of information should provide a warning
to the reader as to what one may conclude from 2p XAS data obtained in a
STXM-XAS experiment.

Figure 23. Overview of X-ray and electron spectromicroscopes.
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1.5.3.1. Scanning transmission X-ray microscopy – XAS (STXM-XAS)
In chapters 7a and 7b, STXM-XAS data were obtained on colloidal crystals with
the aim to reveal the interior of such a crystal where the colloids had diameters
of approximately 200 nm.70,71 Use is made of carbon and silicon contrast in
chapters 7a and 7b, respectively. The data were acquired at beamlines at the
advanced light source (ALS), Canadian light source (CLS) and Swiss light source
(SLS).72-74 A review on the application of STXM-XAS in catalysis is given in
reference 75.
1.5.3.2. The electron analog: scanning transmission electron microscopy
– electron energy loss spectroscopy (STEM-EELS)
In chapter 8 the high lateral spatial resolution of STEM microscopes in
combination with EELS spectroscopy is used to dissect hybrid organic-inorganic
nanoparticles with diameters below 100 nm. More on STEM-EELS can be found
in the following references 76-80. Figure 24 is an image reproduced from the
‘News and Views’ article on the paper presented in that chapter.81,82

Figure 24. Visualization and relative quantification of C, Si, Cd and Gd within a hybrid organicinorganic nanoparticle. Adapted from Leapman.82
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Chapter 2
Composition tunable cobalt–nickel and
cobalt–iron alloy nanoparticles below 10 nm
synthesized using acetonated cobalt carbonyl

A general synthetic route has been developed to prepare CoxNi1-x and CoxFe1-x alloy
nanoparticles with a fully tunable composition and a size of 4 to 10 nm with high yield. In
contrast to previously reported synthesis methods using dicobalt octacarbonyl (Co2(CO)8),
here the cobalt-cobalt bond in the carbonyl complex is first broken with anhydrous acetone.
The acetonated compound, in the presence of iron carbonyl or nickel acetylacetonate, is
necessary to obtain small composition tunable alloys. This new route and insights will
provide guidelines for the wet-chemical synthesis of yet unmade bimetallic alloy
nanoparticles.
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2.1.

Introduction

Two-component alloy nanoparticles based on Fe, Co, and Ni are of great interest
in the catalysis of, for example, the Fischer-Tropsch synthesis or the
decomposition of cellulose.1-3 More than the single metals, bimetallic mixtures
make it possible to tune carbon deposition and carbide formation rates, which
are crucial for catalytic activity and lifetime,4,5 or the adsorbate bond
dissociation energies as a function of the metal d-band center as described by
the Newns-Anderson model.6 With bimetallic nanoparticles, catalytic
performance is often also enhanced by their superior sintering-resistance.7,8
Moreover, an advantage over for example Pt, Pd, or Rh is that 3d transition
metals are abundant and low priced, and can be used to replace expensive noble
metals in catalytic processes.9,10
Ideally, bimetallic catalytic nanoparticles should be prepared with a tunable
composition and as small as possible, below 10 nm, to maximize their surfaceto-volume ratio. Although the preparation of bimetallic nanoparticles has been
widely researched,11,12 no general approach has been reported to synthesize CoNi or Co-Fe particles below 10 nm with a tunable composition. Larger CoxFe1-x
particles in the 10-20 nm range have been prepared by thermal decomposition
of organometallic compounds or metal complexes in high-boiling organic
solvents, for instance using iron pentacarbonyl (Fe(CO)5) and Co(η3-C8H13)(η4C8H12) or Co(N(SiMe3)2)2,13 or iron(III) and cobalt(II) acetylacetonate.14 Smaller
particles of 5-8 nm were synthesized using bimetallic carbonyl clusters that
contain both iron and cobalt, but with a fixed elemental composition of FeCo3.15
30 nm particles of CoNi with a fixed elemental composition were prepared in
triethylene glycol with polyvinylpyrrolidone,16 and smaller particles were made
through a bio-based approach in apoferritine cavities or supported in polymer
films.17,18 Monodisperse 8 nm nanoparticles from cobalt and nickel acetate
hydrates were also reported but only with a ratio of Co40Ni60.19 Besides wetchemical techniques, physical evaporation methods have been used to prepare
Co-Fe nanoparticles, but this too did not lead to particles below 10 nm with a
tunable composition.20-22
Here we report a novel method to synthesize colloidal nanoparticles of Co-Ni
and Co-Fe with a fully tunable composition and a size of 4 to 10 nm. Our
method relies on a straightforward and inexpensive pre-treatment of dicobalt
octacarbonyl in dry acetone before it is thermally decomposed together with iron
carbonyl or nickel acetylacetonate. First, the importance of the acetonation step
will be demonstrated. Second, the tunability of nanoparticle alloy composition
will be examined. Finally, it will be shown how the crystal structure of Co-Ni and
Co-Fe nanoparticles can be controlled through the choice and concentration of
surfactant molecules present during synthesis.
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2.2.

Experimental section

Materials: nickel(II) acetylacetonate (Ni(acac)2; 95%), cobalt(III) acetylacetonate
(Co(acac)3; 99.99%), trioctylphosphine oxide (TOPO; 99%), dioctyl ether (99%), 1,2dichlorobenzene (anhydrous, 99%), 2-propanol (anhydrous, 99%), and cyclohexane
(anhydrous, 99.5%) were purchased from Aldrich. Dicobalt octacarbonyl (Co2(CO)8;
hexane stabilized, 95%), iron pentacarbonyl (Fe(CO)5; 99.5%), oleic acid (OA; 97%),
acetone (anhydrous, 99.8%), and toluene (anhydrous, 99.99%) were obtained from
Acros. Benzene (≥99.5%) was obtained from Fluka. All chemicals were used as received.
CoxNi1-x nanoparticle synthesis: CoxNi1-x particles were made by combining literature
recipes for the preparation of pure Co or pure Ni nanoparticles and by adding an
acetonation step.19,23 Pure Co nanoparticles were prepared using a Co:OA:TOPO molar
ratio of 12.15:2.38:1,23 whereas pure Ni nanoparticles were prepared using a molar ratio
nickel(II) acetate tetrahydrate (Ni(CH3COO)2.4H2O) to OA to tributylphosphine to
tributylamine of 4:2:1:8.19 Based on this, the following interpolating formulas were used to
calculate reactant amounts for a standard synthesis: [OA] = 0.196[Co] + 0.516[Ni] and
[TOPO] = 0.0824[Co]+0.217[Ni], where [i] is the molar concentration of i. First, Co2(CO)8
and Ni(acac)2 were left to dissolve for 30 min in 3 mL of anhydrous acetone in a nitrogenatmosphere glove box, under occasional stirring of the flask by hand. Next, OA and TOPO
were simultaneously added to 12 mL dioctyl ether in an adapted round-bottom synthesis
flask (see Supporting Figure S1) inside the glove box, and the solution was subsequently
heated to 280 °C in a nitrogen Schlenk line outside the glove box. The metal precursor
solution was then injected from airtight vials in the hot, ligand-containing solvent.
Mixtures were refluxed for 30 min, allowed to cool to room temperature, and transferred
back to the glove box before further analysis. No amines were used, since we observed
that amines destabilize ε-Co nanoparticles (they act as a hard Lewis base forming a strong
Co-NH2R bond; see Supporting Figure S2). Synthesis series A1-A4 (see pages 41-43 for
specifications of the series in this chapter) were made in which the Co-to-Ni metal and/or
the metal-to-ligand ((Co+Ni)/(OA+TOPO)) ratios were systematically varied. Essentially,
series A1 and A2 keep the amounts of surfactants constant and series A3 and A4 keep the
amounts of metal precursors constant. Exact amounts of metal precursors and ligands
used for all CoxNi1-x syntheses are given in Supporting Table S1. It was verified with duplo
syntheses for all syntheses in this chapter that the results are reproducible.
CoxFe1-x nanoparticle synthesis: the same procedure as for the CoxNi1-x nanoparticles was
used, but with Ni(acac)2 replaced by Fe(CO)5 and with the following formulas to calculate
the amounts of OA and TOPO: [OA] = 0.196[Co] + 0.75[Fe] and [TOPO] = 0.0823[Co] +
0[Fe]. This was based on literature Fe:OA ratios of 1:1 and 1:3,19,24 and the absence of
TOPO in reported Fe nanoparticle syntheses.24 Synthesis series A5-A7 aimed to study the
CoxFe1-x composition dependency on the organometallic precursors and organic ligands
concentrations. Exact amounts of the chemicals used can be found in Supporting Table S2.
Alternating gradient magnetometer (AGM) measurements: 4 µL of dioctyl ether
nanoparticle dispersion were added to airtight glass vials inside the glove box.
Magnetization curves were measured using a MicroMag 2900 AGM (Princeton
Measurements Corporation). Volume-averaged magnetic dipole moments and magnetic
size polydispersities were determined from the curves according to Chantrell.25 Saturation
magnetization values were calculated by dividing the average dipole moment by the
average particle volume from transmission electron microscopy.
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Transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX):
carbon-coated Formvar Cu-grids (Agar Scientific) were dipped in nanoparticle dispersions
and imaged on a Tecnai 12 (FEI) operating at 120 kV, equipped with a SIS CCD camera
Megaview II. ITEM software (Olympus) was used to measure size distributions based on at
least 200 particles. A Tecnai 20 (FEI) microscope operated at 200 kV, equipped with a field
emission gun, Gatan 694 camera, and EDAX spectrometer, was used for EDX-analysis. For
this purpose, raw nanoparticle dispersions were submitted to three washing cycles using
2-propanol to destabilize, and cyclohexane to redisperse the particles. At least 5 different
micron-sized spots and up to 20 individual nanoparticles were analyzed in each batch to
determine particle composition and to test its uniformity over the batch.
Ultraviolet-visible (UV/Vis) spectroscopy: the UV/Vis spectra in Figure 1 were acquired on
a Perkin-Elmer 950 spectrometer, making use of quartz, airtight cuvettes. Samples were
loaded in the glove box. A Varian Cary 50 Conc spectrometer was used to acquire the
remaining spectra in Supporting Information. Samples measured on this machine were
exposed to air while measuring. UV/Vis spectra of the raw syntheses can indicate the
presence of 3d transition metal containing molecular species. They display (weak)
absorption features in the UV/Vis regime due to discrete d-d transitions. In contrast,
nanoparticles containing hundreds to thousands of atoms, are expected to form continuous
d-bands like the bulk systems,26 that are typically 5 eV broad.27 When the 3d-bands are
partly filled, as in the case of Fe, Co and Ni, this allows a myriad of optical transitions and
continuous absorption in the UV/Vis regime.28 Hence, continuous absorption, without the
presence of specific absorption peaks, is expected throughout the whole UV/Vis regime.
X-ray powder diffraction (XRD): XRD diffraction patterns were acquired on a Bruker D8
Advance and a Bruker D2 Phaser diffractometer. Cobalt Kα1,2 X-ray tubes (λ=1.790 Å)
operating at 30 kV were used, with currents of 45 and 10 mA respectively. Typically, data
points were acquired between 400<2θ<1000 every 0.20 with 13 s step-1. XRD samples
were prepared inside a glove box and enclosed in an airtight and X-ray transparent box to
probe the non-oxidized, as prepared metal nanoparticles.

2.3.

Results

First, UV/Vis spectroscopy will be used to demonstrate that Co2(CO)8 reacts with
acetone. Next, it will be shown that the acetonation step has a strong effect on
the cobalt alloy nanoparticle preparation. The tunability of CoxNi1-x and CoxFe1-x
particle composition will then be addressed, before revealing the particle
magnetic properties. Finally, it is shown how the crystal structure of the
nanoparticles is affected by the choice and concentration of the organic ligand
molecules present during synthesis. The results will be further interpreted in
more general terms in the separate Discussion.

Acetonation of cobalt carbonyl
Our alloy nanoparticle synthesis approach relies on the pre-treatment of
Co2(CO)8 with dry acetone before it is thermally decomposed. In experiments
using an analytical balance, mass loss was recorded upon Co2(CO)8 dissolution
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Figure 1. UV/Vis absorption spectra of Co2(CO)8 in a) dioctyl ether, before and after addition of 100
µL dry acetone, resulting in Co-Co bond breaking, and b) in anhydrous acetone, before and after
exposure to air.
in acetone, corresponding to 3.1 CO molecules per Co2(CO)8. The UV/Vis
spectrum of Co2(CO)8 in dioctyl ether is shown in Figure 1a before and after
addition of 100 µL of dry acetone. The initial spectrum is identical to that of
Co2(CO)8 in 2-methylpentane;29 the peak at 350 nm is assigned to σ → σ*
transitions of Co-Co derived molecular orbitals. Upon addition of 100 µL of dry
acetone to the 2.5 mL dioctyl ether solution, a rapid decrease of the 350 nm
peak intensity occurs, indicating that Co-Co bonds are broken. Figure 1b zooms
in on the part of the spectrum above 350 nm, for Co2(CO)8 dissolved directly in
dry acetone. A stable species exhibiting two absorption features at 472 and 517
nm is observed, which is assigned to 4T1g → 4T1g(P) transitions in high spin
octahedrally coordinated Co2+ 3d7 species.30,31 This is the species from which we
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start the nanoparticle alloy synthesis. It is different from the species formed
when the solution is exposed to air or oxygen, which would exhibit features at
512 and 574 nm because of charge transfer transitions due to O2 adsorption on
the octahedrally coordinated Co2+ cations.32 No relevant solvent effects were
observed for any of the other metal precursors used in this study (see
Supporting Figure S3).

Beneficial effect of cobalt carbonyl acetonation on nanoparticle
alloy synthesis
To dissolve the metal precursors prior to injection into hot dioctyl ether with OA
and TOPO, the best solvent was acetone. Other precursor solvents like dioctyl
ether or dichlorobenzene did not result in well-defined nanoparticles. TEM
pictures of raw CoxNi1-x synthesis products are shown in Figure 2. With dioctyl
ether as the precursor solvent, the product consisted of polydisperse
nanoparticles and irregularly shaped nickel crystals (determined by EDX) up to
hundreds of nanometers in diameter (Figure 2a). With dichlorobenzene as the
precursor solvent, nanoflakes were obtained (Figure 2b), and a UV/Vis transition

Figure 2. TEM pictures of the Co-Ni synthesis products when anhydrous a) dioctyl ether, b)
dichlorobenzene, or c) acetone were used to dissolve the Co2(CO)8 and Ni(acac)2 before thermal
decomposition in dioctyl ether. With acetone only 4-10 nm nanoparticles were obtained. d) The a
priori acetonation of Co2(CO)8 also yields small Co-Fe nanoparticles.
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was found around 670 nm, indicating the presence of residual molecular
transition metal species (Supporting Figure S4). With acetone as the precursor
solvent, spherical CoxNi1-x (Figure 2c) and CoxFe1-x (Figure 2d) nanoparticles
were obtained and no remnants of the metal complex precursors were detected
by UV/Vis; the success of acetone is ascribed to the disproportionation of
Co2(CO)8, presented in the previous section.

Tunability of nanoparticle alloy composition
Tunability of CoxNi1-x nanoparticle alloy composition was realized across the
entire range from pure cobalt to pure nickel. This was done by systematic

Figure 3. a) TEM CoxNi1-x particle sizes and b) EDX compositions versus the precursor Co/(Co+Ni)
ratio in series A1 (black circles) and A2 (red squares). c) and d) show similar curves for series A3
(green circles) and A4 (blue squares). Through series A3 the accessible particle composition could be
extended to all cobalt-nickel ratios. The dotted lines in b and d are guides-to-the-eye corresponding to
total metal precursor incorporation into the nanoparticles.
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Figure 4. a) TEM CoxFe1-x particle sizes and b) EDX compositions versus the precursor Co/(Co+Fe)
ratio in series A5 (black circles) and A6 (red squares). c) and d) show similar curves for series A7
(blue squares). All cobalt-iron compositions for small CoxFe1-x particles were accessible in series A6.
The dotted lines in b and d are guides-to-the-eye corresponding to total metal precursor incorporation
into the nanoparticles.
variation of the concentrations of the metal precursors and organic ligands.
Figure 3 presents the average sizes and compositions as determined by TEMEDX (additional data are provided in Supporting Table S1 and Figures S5-6).
Figure 3a quantifies how the size and polydispersity of the nickel-rich particles
decreases when the Co/Ni precursor ratio was varied at constant surfactant
concentrations (series A1 and A2). Figure 3b shows the metal-to-metal ratio
measured with EDX versus the metal-to-metal ratio used during nanoparticle
synthesis. Cobalt-rich nanoparticles (XCo,prec > 65%) contained more cobalt than
expected from the reactant ratio, whereas nanoparticles with less cobalt
contained even less than expected from the reactant ratio. Figure 3c and 3d
show the results for constant amounts of Co and Ni precursors and variable
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amounts of surfactants, all resulting in diameters from 4 to 10 nm (series A3
and A4). Figure 3d shows that for a Co/(Co+Ni) precursor ratio of 67%, the
same ratio ends up in the nanoalloys for all ligand ratios OA/(OA+TOPO) ≤ 70%.
Upon increasing the amount of OA further in series A3, the nanoparticles
became increasingly nickel-rich, making more CoxNi1-x compositions accessible.
The corresponding UV/Vis spectra, at ligand ratios OA/(OA+TOPO) > 70%,
showed that the formation of these nickel-rich particles occurs at the expense of
the formation of molecular species, likely cobalt-oleate (see Supporting Figure
S6c).
Spherical CoxFe1-x nanoparticles between 4 and 8.5 nm (series A5-A6) could
be prepared in much the same way as the CoxNi1-x particles (see Figure 4a and
Supporting Figures S8-9). The relative amounts of cobalt and iron precursors
were found in approximately the same ratio inside the nanoparticles as shown in
Figure 4b, although the particles were slightly more cobalt-rich than expected.
Figures 4c and 4d show that nanoparticles prepared with a Co/(Co+Fe)
precursor ratio of 50% (series A7) varied between 4-6 nm and that they all had
an EDX-determined Co/(Co+Fe) ratio between 50 and 60%. Changing the
OA/(OA+TOPO) ratio did thus not significantly change the metal composition.
Furthermore, no sharp UV/Vis absorption features were detected for the raw
CoxFe1-x syntheses, indicating almost complete precursor incorporation in the
nanoparticles.

Magnetization of the particles
The CoxNi1-x and CoxFe1-x nanoparticle dispersions behave as magnetic fluids, as
shown in Figure 5. The magnetic properties allow for size selective precipitation
and monodisperse CoxNi1-x and CoxFe1-x batches can be obtained. Magnetization
curves of multiple nanoparticle dispersions, containing circa 1 v/v % particles in

Figure 5. Pictures of CoxNi1-x (left) and CoxFe1-x (right) dispersions in dioctyl ether when held
against a 1.3 T magnet. Typical, normalized magnetization curves of CoxNi1-x (black, x=0.66) and
CoxFe1-x (red, x=0.53) dispersions reveal a higher magnetic dipole moment for the CoxNi1-x
nanoparticles.
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Table 1. Magnetic properties of CoxNi1-x and CoxFe1-x alloy nanoparticles.
Batch

EDX
Co
%

TEM diameter
(nm);
polydispersity
(%)

Average
dipole
moment (10-20
A.m2)

Polydispersity
of magnetic
diameter (%)

Nanoparticle
magnetization
(kA m-1)

CoNi

63

5.0; 16

4.6

38

700

CoNi

83

4.7; 27

4.9

33

900

CoFe

55

3.7; 27

2.1

30

380

CoFe

90

5.2; 20

2.0

34

310

dioctyl ether, were acquired using an alternating gradient magnetometer. The
average magnetic dipole moments, polydispersity in the magnetic diameter, and
saturation magnetization values of 4 raw syntheses are listed in Table 1.

Nanocrystalline structural phase analyses
Figure 6 shows powder X-ray diffractograms of the raw CoxNi1-x synthesis
products of series A1 & A2 acquired in an inert environment to prevent the
nanoparticles from oxidizing. Note that the phases are assigned in combination
with TEM-EDX determined compositions on individual nanoparticles as described
in the Experimental Section. These analyses showed that the elemental
composition from one particle to another were uniform within ten atomic
percent. In Figure 6a, a transition in series A1 was observed from nickel
hexagonal close-packed (hcp) patterns for almost pure Ni aggregates, to ε-Co
patterns19 for the Co0.96Ni0.04 nanoparticles. The transitions in the XRD patterns
indicate a gradually changing average nanoparticle crystal structure and since
no sharp peaks were observed, the presence of larger crystals next to the
nanoparticles can be excluded. In combination with the EDX results, the CoxNi1-x
particles showing fcc peaks are assigned to a fcc CoNi phase.
Figure 6b displays a gradual change in nanoparticle crystal structure for
series A2, going from fcc Ni, through hcp Ni and fcc CoNi to fcc Co. Pure nickel
aggregated nanomaterials exhibited an fcc crystal structure, in contrast to
almost Ni pure aggregates in series A1. For the pure cobalt nanoparticles, fcc Co
was now observed in contrast to the less dense ε-Co structure for the Co0.96Ni0.04
nanoparticles in series A1. For both synthesis series A3 and A4, mainly fcc CoNi
diffractograms were observed as shown in Supporting Figure S6. Adding more
OA (series A3), or changing the relative OA:TOPO ratios with fixed OA+TOPO
amounts (series A4), did not result in crystal structure changes. Supporting
Figure S9 shows the XRD patterns of the CoxFe1-x nanoparticles. All materials
exhibit a fcc crystal structure, but the noise in the patterns reveals that the
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Figure 6. Powder X-ray diffractograms of raw CoxNi1-x nanoparticles, acquired in a nitrogen gas
atmosphere, as made in synthesis series a) A1 and b) A2. The crystal phase assignments are based
upon the combination with the EDX results.
particles were amorphous, while the crystallinity increased for Co/(Co+Fe) ratios
≥ 90%. The CoxFe1-x nanoparticle phase behavior was found to be much less
complex, and less dependent on the ligands used, than that for the CoxNi1-x
nanoparticles.

2.4.

Discussion

Below, the presented results are systematically dealt with before ending with
two general discussions. The requirements for preparing transition bimetal
particles are examined in terms of the strengths of the interactions between
metal atoms and organic ligands. Finally, it is addressed why these nanoparticles
are suitable model systems in the search for non-noble metal based catalysts.

Acetonation step
Hieber and co-workers33 showed that dicobalt octacarbonyl can undergo a
disproportionation reaction with Lewis bases. Typically, pyridine is found to be a
base for the disproportionation of metal-carbonyls through the coordination of
the nitrogen lone pair electrons. Spectrochemical series show that acetone acts
as an intermediately strong Lewis base.33,34 In analogy of mechanistic
disproportionation studies33,35 we propose that dicobalt octacarbonyl undergoes
the following disproportionation reaction in acetone:
3 Co2(CO)8 + 12 (CH3)2CO → 2 [Co2+((CH3)2CO)6][Co-(CO)4]2 + 8 CO
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Upon Co2(CO)8 dissolution in acetone, a mass loss occurred that corresponds to
3.1 CO molecules per Co2(CO)8. This is in fair agreement with the expected
value of 2.7 on the basis of the proposed reaction equation. It is also supported
by UV/Vis spectroscopy as shown in Figure 1: after Co2(CO)8 acetonation,
absorption due to octahedrally coordinated Co2+ was observed, whereas the
tetracarbonyl cobaltate anions are thought to be tetrahedrally coordinated 36 and
non-absorbing in the UV/Vis regime.32

Scheme to synthesize cobalt alloy nanoparticles
The cobalt carbonyl acetonation product reacted with Fe(CO)5 and nickel(II)
acetylacetonate to 4 to 10 nm spherical CoxNi1-x and CoxFe1-x nanoparticles with
a high yield, while the use of intact Co2(CO)8 did not. This was shown in Figure
2. On this basis, successful preparation of CoxNi1-x and CoxFe1-x nanoparticles is
proposed to occur according to Scheme 1.
Although
we
observe
that
synthesis
using
the
proposed
[Co2+((CH3)2CO)6][Co-(CO)4]2 complex results in better alloy nanoparticles than
when Co2(CO)8 is used, it remains to be revealed what the origin of this effect is.
Molecular mechanistic studies of the formation of monometallic Co
nanoparticles37-39 showed that Co2(CO)8 decomposition leads rapidly to larger
Co4(CO)12 clusters and ligand substituted analogues. On the basis of UV/Vis, we
concluded that the Co-Co bonds are broken due to the acetone, which likely
prevents the instantaneous formation of Co4(CO)12 intermediates. We propose
that the lack of larger cobalt clusters facilitates the mixing of Co and Ni, or Co
and Fe atoms in alloy nanoparticles. Also, the presence of an overall neutral
complex of ligated cations and carbonylate anions might favor the stabilization
of mono-cobalt building blocks, for example by a facilitated de-protonation of
the oleic acid molecules in solution to form bonding oleate complexes. Such
intermediates would have slower and similar reaction rates as the Fe(CO)5 or
Ni(acac)2 precursors.
The failure to obtain uniform, well-mixed FexNi1-x nanoparticles underpins the
importance of the proposed disproportionated cobalt complex in the synthesis.
The work of Hieber and others has shown that base-induced disproportionation
reactions exist for vanadium,34 manganese,40 iron,41 and nickel42 carbonyls and
further studies might exploit this for the synthesis of other families of alloy
nanoparticles.

Structure, composition and possibility of oxidation of the cobalt
alloy nanoparticles
The TEM-EDX results for the CoxNi1-x and CoxFe1-x nanoparticles, as shown in
Figures 3-4, revealed that the obtained particles contain both metals and that
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Scheme 1. Synthesis scheme of the CoxNi1-x and CoxFe1-x alloy nanoparticles.
the bulk determined composition is the same in individual nanoparticles. The
powder X-ray diffractograms in Figure 6 featured only one crystallographic
phase per synthesis. In combination with the TEM-EDX results, this indicates
that small alloy nanoparticles with one (poly)crystalline phase per synthesis
were obtained. Furthermore, since this is not a seeded growth synthesis, coreshell structures are not likely. To determine the atomic distribution within one
bimetallic nanoparticle, more advanced characterization methods such as
scanning transmission electron microscopy combined with electron energy loss
spectroscopy, would be needed.43,44 Nonetheless, series A1 and A2 hinted at
important information on the surface composition of the nanoparticles. Small
CoxNi1-x alloy particles were only obtained when increasingly more cobalt was
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added. This increased the total metal-to-ligand ratio. In a monometallic
synthesis, particles normally grow larger when increasing the metal-to-ligand
ratio. Here the opposite behavior is observed and it can be explained by ligand
induced metal segregation.45 For cobalt-nickel alloys, the surface would consist
of nickel atoms in vacuum.45 However, for oxygen atoms it was predicted that
the adsorbate-metal interactions drive cobalt atoms to the particle surface.45 It
is also known that cobalt has a higher affinity for oleic acid than nickel. We
suggest that the particles were large in order to shield the nickel atoms behind
the relatively little amount of cobalt atoms that were forming the surface with
the oxygen-containing ligand functional groups. In this view, the particles
became smaller upon addition of more cobalt, since more cobalt could sit at the
particle interface. For bimetallic nanoparticles these results show that next to
the metal-to-ligand ratio, the metal-ligand affinity plays an important role in
controlling their size and shape. In this view, single crystal phase alloy
nanoparticles were prepared where the first outer layer consisted of cobalt
atoms in case of the CoxNi1-x nanoparticles.
Finally, it is noted that the examined particles are unlikely to be oxidized.
They were prepared in a nitrogen atmosphere Schlenk line and stored in a
nitrogen atmosphere glove box. The XRD and AGM measurements were done
under exclusion from air. No oxidation related peaks were observed in XRD and
the nanoparticle magnetic properties are indicative of the highly magnetic
metals as compared to the somewhat less magnetic metal oxides. The inferior
magnetic properties of the CoxFe1-x with respect to the CoxNi1-x particles might
however be due to a slight degree of iron oxidation, undetectable by XRD. In
case of oxidation, iron is likely oxidized first in CoxFe1-x, while the oxidation of
cobalt is expected to occur first in CoxNi1-x nanoparticles due to their respective
oxidation potentials.10

Magnetic properties of the alloy nanoparticles
The saturation magnetization values for pure Fe, Co, and Ni solids at room
temperature are 1711, 1424, and 485 kA m-1 respectively.46 In bulk alloys of
iron, cobalt, and nickel, saturation magnetizations are found to be intermediate
between their components.47 For the bimetallic nanoparticles prepared here, the
saturation magnetization values were of the same order of magnitude, indicating
a good magnetic quality. They are as strongly, or more magnetic than iron oxide
nanoparticles of magnetite or maghemite of the same size, since the latter are
usually less magnetic than expected from the magnetization of about 450 kA m-1
for bulk magnetite or maghemite.46 The saturation magnetization values and
average magnetic dipole moments of the CoxFe1-x particles were however lower
than those of the CoxNi1-x particles. Possibly, a minor degree of iron oxidation
resulted in loss of magnetization. Alternatively, it could be due to lower degree
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of CoxFe1-x crystallinity, since crystalline defects are known to have a detrimental
effect on the magnetic properties of nanoparticles.48 Overall, it is important to
note that the effective magnetic properties for alloy nanoparticles cannot be
solely predicted on the basis of the bulk magnetic properties, but effects such as
crystallinity and the ease and degree of metal oxidation should be taken into
account. Here an example is reported where CoxNi1-x particles display superior
magnetic properties to their CoxFe1-x analogues, while the opposite is expected
based on bulk properties alone.

Ligand tunability of the crystal structure
Figure 7 summarizes the phase behavior of the CoxNi1-x and CoxFe1-x alloys
obtained at the synthesis temperature of 280 °C and indicates the stable phases
of the bulk alloys for comparison. 49 The figure combines the determined
crystalline phases in the nanoparticles (based upon EDX and XRD as shown in
Figure 6) with the respective synthesis parameters. It must be noted that Figure
7 is based upon the here presented 40 syntheses and that the exact elemental
fractions at which the transitions occur, or the discreteness with which the

Figure 7. Summary of the phase behavior of CoxNi1-x and CoxFe1-x nanoparticles when synthesized at
280 °C following the described wet chemical synthesis route. The phase behavior of bulk metal
alloys49 is shown for comparison.
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boundaries are drawn, are subject to an error of a few percent due to the limited
amount of data points. However, while the crystalline phase behavior of bulk
alloys is typically described as a function of temperature only, we summarized in
Figure 7 that the phase behavior of the CoxNi1-x and CoxFe1-x nanocrystalline
alloys is a function of the type of ligands used, their mutual ratios, and their
concentration ratios with respect to the metals. These are essential state
variables, and additional ones compared to bulk systems, when describing the
alloy nanoparticle phase behavior. It is striking for example that both ε-Co and
fcc Co nanoparticles, having a less dense respectively a denser structure than
hcp Co, can be obtained in the CoxNi1-x synthesis series by varying the reactant
concentrations. Figure 7 shows the first detailed description of the CoxNi1-x and
CoxFe1-x phase behavior as a function of oleic acid and trioctylphosphine oxide
ligands. In order to fully control bimetallic particle formation at the nanometer
scale in general, it is recommended to study their syntheses in the systematic
way as shown here.

General
energetic
nanoparticles

considerations

of

preparing

alloy

The previous discussion raises the question of what the general requirements
are with respect to the strength of the metal-metal, ligand-ligand, and metalligand interactions. In designing an alloy nanoparticle synthesis method, one can
first consider metal-metal interactions. The bulk alloy phase diagrams indicated
that Co/Ni and Co/Fe are miscible over a large range of elemental ratios at the
synthesis temperature of 280 °C.49 Furthermore, the enthalpies of formation
were favorable. For CoxFe1-x bulk systems experimental and calculated
enthalpies of formation for ordered or interstitial alloys were reported to be
respectively -10 to -1 kJ mol-1 and -22 to -1 kJ mol-1 for all x.50 For CoxNi1-x bulk
systems these were found to be respectively 0 and -13 to +3 kJ mol-1 for all x.50
Secondly, the metal-ligand interactions should be considered. In the synthesis of
nanoparticles extensive use is made of a few ligands that include phosphines
(R3P), phosphites (R3PO), acids (RCOOH), alcohols (ROH), amines (RNH2) and
thiols (RSH).51 An assumption in this work was that particle stability would be
favored if the average dissociation energies for Mx-My ~ Mx-Mx ~ My-My ≥ Mx/y-La
and Mx/y-Lb. Although solvation and surface energy arguments are neglected
here, the idea of the requirement is that metal atoms would be prone to
leaching from the nanoparticle surface by strongly binding ligands. Literature
values of dissociation energies of cationic species Fe+-Fe and Co+-Fe are circa
260 kJ mol-1,10 between M+-S with M = Fe, Co, Ni they are 250-260 kJ mol-1,52
and between M+-NH2 they are 232-235 kJ mol-1 for Ni, 247-260 kJ mol-1 for Co
and 280 kJ mol-1 for Fe10,52. Based on this it was decided not to use thiols or
amines in the synthesis of CoxNi1-x and CoxFe1-x nanoparticles. Although amines
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are usually applied in nickel nanoparticle synthesis, we verified by ligandexchange tests on pure ε-Co nanoparticles, prepared by the Puntes method,53
that these aggregated and even dissolved upon post-synthesis addition of
dodecylamine and 1-dodecanethiol respectively (see Supporting Figure S2).
Kitaev also noted the (partial) dissolution of cobalt nanoparticles upon thiol
addition.54 Instead, OA and TOPO molecules that both act as soft Lewis bases on
the hard Lewis acid transition metals were chosen for their mild binding energies
with cobalt and iron.
The third consideration concerns the dilemma between bond strength and
amount of ligands used in the bimetal nanoparticle synthesis. Ligands, here OA
and TOPO, which are just right to form cobalt and iron nanoparticles cannot
prevent nickel from aggregating when used in equally low concentrations. On
the other hand, ligands, such as the amines that bind strongly with nickel,
dissolve the cobalt and iron into molecular complexes. The preparation of
composition tunable transition metal nanoparticles, from metals with seemingly
incompatible ligand affinity, can be realized by the use of one of the ligands at
higher concentrations, at the expense of product yield. For example, the low
binding strength of OA and TOPO initially prevented the formation of CoxNi1-x
particles with low cobalt content in series A1 and A2, but by adding more ligands
such particles were obtained in series A3, albeit together with cobalt molecular
complexes and thus incomplete conversion.

Model systems for non-noble metal based catalysis
Solution prepared nanoparticles are capped with ligands in order to prevent
them from aggregation. These ligands might seriously lower their activity in a
catalytic reaction that occurs at the particle surface. In this respect, it is more
useful to prepare nanoparticles on a support material through classic preparation
routes used in heterogeneous catalysis. The advantage of using colloidal
nanoparticles is however that the size and composition of all particles is readily
controlled, as for example shown in this study. These particles, when coated
with different ligands and consisting of different metal atoms, are then suitable
model systems to study the interactions of alloys with the chemical
intermediates of catalyzed reactions. Especially, the Newns-Anderson model
predicts the adsorbate bond dissociation energies and adsorbate induced metal
segregation in bimetallic systems, as a function of the metal d-band center,
providing a predictive framework for active non-noble metal catalysts.6,9,45
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2.5.

Conclusions

A generally applicable synthesis-route, based on the reaction of Co2(CO)8 with
acetone, is reported for the synthesis of 4-10 nm CoxNi1-x and CoxFe1-x
nanoparticles with tunable elemental compositions. Based on the results of
seven series of syntheses where the metal precursor concentrations and ligand
type and concentrations were varied, insights intrinsic to the size, composition
and phase behavior of stable bimetallic alloy nanoparticles has been obtained.
These basic insights will provide guidelines for the wet-chemical synthesis of yet
unmade bimetallic alloy nanoparticles. We further envisage that the well-defined
CoxNi1-x and CoxFe1-x nanoparticles are suitable prototypes to test the NewnsAnderson model as used in catalysis.
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Adapted synthesis flask

Figure S1. Picture (left) and schematic representation (right) of the homemade Schlenk vessel,
designed for reactions in a small liquid volume with substantial and instantaneous gas release. The
flask consists of a spherical bulge with a small diameter at the bottom of the flask and a large volume
above it. This design allows the sudden release of CO gas upon precursor injection to expand within
the synthesis flask only. With a theoretical maximum gas release of 800 mL for an ideal gas at 280 °C
for the here presented syntheses, the relatively small amount of liquid (~12 mL) is then kept in the
bulge of the flask as a bulk liquid and not spread as a film.

CoxNi1-x and CoxFe1-x nanoparticle syntheses
Supporting Tables S1 and S2 give the amounts of reactants and their molar
ratios in the different CoxNi1-x nanoparticle syntheses. Extended versions of the
tables
can
be
found
online
at
http://www.springerlink.com/content/9347654202261415/. There also the
characterization results of the syntheses are given i.e. their TEM average sizes,
polydispersity and mean element composition as determined by EDX.
Table S1. CoxNi1-x nanoparticle syntheses.
Batch

Co2(CO)8
(g)

Ni(acac)2
(g)

mol %
Co/
(Co+Ni)

OA (g)

TOPO
(g)

mol % OA/
(OA+TOPO)

M:L[a]
molar
ratio

Series A1: mol Ni, TOPO, OA constant; mol Co variable
CoNi_01

0.023(4)

0.297(5)

10.6

0.305(8)

0.179(3)

70.0

0.84

CoNi_02

0.049(9)

0.306(8)

19.6

0.298(7)

0.186(5)

68.7

0.97

CoNi_03

0.100(0)

0.300(0)

33.4

0.320(0)

0.180(0)

70.9

1.10

CoNi_04

0.134(1)

0.299(6)

40.2

0.299(2)

0.181(5)

69.3

1.28

CoNi_05

0.270(0)

0.300(0)

57.5

0.300(0)

0.180(0)

69.5

1.80
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CoNi_06

0.400(0)

0.300(0)

66.7

0.30(0)

0.18(0)

69.5

2.30

CoNi_07

0.600(0)

0.310(0)

74.4

0.300(0)

0.180(0)

69.5

3.09

CoNi_08

1.600(0)

0.300(0)

88.9

0.320(0)

0.180(0)

70.9

6.58

Series A2: mol Co+Ni, TOPO, OA constant; Co/Ni ratio variable
CoNi_09

0

0.919(4)

0

0.299(4)

0.180(3)

69.4

2.34

CoNi_10

0.119(4)

0.721(5)

19.9

0.299(7)

0.183(0)

69.2

2.29

CoNi_11

0.239(7)

0.541(1)

40.0

0.301(4)

0.180(6)

69.6

2.29

CoNi_12

0.359(9)

0.361(5)

59.9

0.302(5)

0.179(8)

69.7

2.29

CoNi_06

0.40(0)

0.30(0)

66.7

0.30(0)

0.18(0)

69.5

2.30

CoNi_13

0.479(8)

0.180(6)

80.0

0.299(4)

0.180(1)

69.5

2.30

CoNi_14

0.598(9)

0

100

0.300(8)

0.180(8)

69.5

2.29

Series A3: mol Ni, Co, TOPO constant; mol OA variable
CoNi_15

0.400(0)

0.320(0)

65.2

0

0.180(0)

0

7.70

CoNi_06

0.400(0)

0.300(0)

66.7

0.30(0)

0.18(0)

69.5

2.30

CoNi_16

0.408(2)

0.298(7)

67.3

0.598(5)

0.179(9)

82.0

1.37

CoNi_17

0.410(0)

0.300(0)

67.3

0.910(0)

0.180(0)

87.4

0.97

CoNi_18

0.399(0)

0.299(3)

66.7

1.513(7)

0.179(9)

92.0

0.60

CoNi_19

0.420(0)

0.300(0)

67.8

2.120(0)

0.180(0)

94.2

0.45

CoNi_20

0.400(0)

0.300(0)

66.7

0.300(0)

0

100

3.30

Series A4: mol Ni, Co, TOPO+OA constant; OA/TOPO variable
CoNi_21

0.401(7)

0.299(7)

66.8

0

0.590(8)

0

2.30

CoNi_22

0.400(2)

0.300(6)

66.7

0.171(1)

0.355(2)

39.7

2.30

CoNi_23

0.400(1)

0.300(6)

66.7

0.266(0)

0.236(4)

60.6

2.26

CoNi_06

0.40(0)

0.30(0)

66.7

0.30(0)

0.18(0)

69.5

2.30

CoNi_24

0.400(4)

0.300(3)

66.7

0.365(9)

0.089(2)

84.9

2.30

CoNi_25

0.401(4)

0.301(3)

66.7

0.411(5)

0.029(8)

95.0

2.30

CoNi_26

0.398(7)

0.300(9)

66.6

0.430(7)

0

100

2.30

[a] M:L = metal:ligand molar ratio, defined by (Co+Ni)/(TOPO+OA). The studied variables
in the different series are underlined.
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Table S2. CoxFe1-x nanoparticle syntheses.
Batch

Co2(CO)8
(g)

Fe(CO)5
(g)

mol %
Co/
(Co+Fe)

TOPO
(g)

OA (g)

mol % OA/
(OA+TOPO)

M:L[a]
molar
ratio

Series A5: mol Fe, TOPO, OA constant; mol Co variable
CoFe_01

0.087(0)

0.399(0)

20.0

0.530(0)

0.080(0)

90.1

1.22

CoFe_02

0.174(8)

0.400(0)

33.4

0.540(8)

0.080(8)

90.2

1.44

CoFe_03

0.348(0)

0.399(0)

50.0

0.530(0)

0.080(0)

90.1

1.95

CoFe_04

0.521(4)

0.398(0)

60.0

0.534(0)

0.079(7)

90.2

2.42

CoFe_05

0.699(3)

0.400(8)

66.7

0.530(5)

0.080(0)

90.1

2.94

CoFe_06

1.074(8)

0.402(1)

75.4

0.535(0)

0.080(1)

90.1

3.97

Series A6: mol Co+Fe, TOPO, OA constant; Co/Fe ratio variable
CoFe_07

0.138(5)

0.636(5)

20.0

0.530(6)

0.081(8)

89.9

1.94

CoFe_08

0.278(0)

0.478(0)

40.0

0.531(0)

0.079(9)

90.1

1.95

CoFe_03

0.348(0)

0.399(0)

50.0

0.530(0)

0.080(0)

90.1

1.95

CoFe_09

0.418(1)

0.319(4)

60.0

0.530(6)

0.081(3)

89.9

1.95

CoFe_10

0.558(5)

0.160(7)

80.0

0.531(3)

0.080(2)

90.1

1.96

Series A7: mol Fe, Co, TOPO+OA constant; OA/TOPO variable
CoFe_11

0.348(0)

0.399(0)

50.0

0.176(5)

0.563(7)

30.0

1.96

CoFe_12

0.347(3)

0.398(6)

50.0

0.293(8)

0.402(8)

50.0

1.95

CoFe_13

0.350(0)

0.400(7)

50.0

0.412(1)

0.241(7)

70.0

1.96

CoFe_03

0.348(0)

0.399(0)

50.0

0.530(0)

0.080(0)

90.1

1.95

CoFe_14

0.347(2)

0.398(1)

50.0

0.558(7)

0.040(0)

95.0

1.95

[a] M:L = metal:ligand molar ratio, defined by (Co+Fe)/(TOPO+OA). The studied variables
in the different series are underlined.

Ligand-exchange on 5 nm Co nanoparticles
1-dodecanethiol (≥98%), dodecylamine (99%), and 1-dodecanol (98%) were
purchased from Aldrich. To three 1.5 mL batches of a 0.5 nmol/mL dispersion of
5.6 ± 0.7 nm and pure ε-Co nanoparticles in 1,2-dichlorobenzene, 0.18, 0.36,
and 0.72 mmol 1-dodecanol was added respectively. The same was repeated
with dodecylamine and 1-dodecanethiol instead of 1-dodecanol. After two days
the samples were characterized with TEM and UV/Vis absorption spectroscopy to
examine the effect of the ligand exchange.
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Figure S2. TEM pictures of 5.6 ± 0.7 nm ε-Co nanoparticles in 1,2-dichlorobenzene to which 0.36
mmol a) 1-dodecanol, b) 1-dodecanamine, and c) 1-dodecanethiol were added. While the alcohol
stabilized the Co nanoparticles, the amines led to partial nanoparticle aggregation into micron sized
structures, and the thiols partially dissolved the nanoparticles. In UV/Vis absorption spectra (not
shown) three absorption peaks were observed for the thiol-exchanged batch at ~315, 402, and 509 nm
confirming the presence of molecular Co species in solution.

Precursor & solvent effects on CoxNi1-x and CoxFe1-x particle
synthesis

Figure S3. Effect of different solvents on the stability of the used metal precursors as studied with
UV/Vis absorption spectroscopy. Spectra of a) Co2(CO)8 in air-exposed dioctyl ether, acetone,
benzene, dichlorobenzene, and toluene. Spectra in the same solutions were taken for Co(acac)3,
Ni(acac)2, and Fe(CO)5 (not shown). It can be concluded from these experiments that only Co2(CO)8
undergoes a reaction with one of the solvents, being acetone. The acetone spectrum shows peaks at
517 and 574 nm from oxygenated Co2+ cations as discussed in the main text. b) The effect of
dissolving Fe(CO)5 in anhydrous acetone in time. Within the first 90 min hardly any changes
occurred. Later, the spectra showed an increased absorption throughout the full UV/Vis regime
(indicated with an asterisk), suggesting the clustering of multiple iron atoms. Most importantly, it is
concluded that Fe(CO)5 does hardly undergo a (disproportionation) reaction with acetone in the time
relevant (30 min) for the CoxFe1-x syntheses. The iron precursor is thus, contrary to the acetonated
Co2(CO)8, added as Fe(CO)5 to the OA/TOPO containing dioctyl ether.
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Figure S4. Effect of different metal precursors and solvents on attempted CoxNi1-x nanoparticle
syntheses. a) Structure formulas of the precursor Co2(CO)8 and Ni(acac)2 used in the solvents shown
in Figure 2 of the main text, and b) the corresponding UV/Vis absorption spectra of these syntheses.
Distinct UV/Vis absorption features, indicated with asterisks, are indicative of molecular transition
metal species and thus incomplete precursor-to-nanoparticle conversion. c) Structure formulas of
Co(acac)3 and Ni(acac)2, used as alternative precursors aimed at making CoxNi1-x nanoparticles when
using different solvents. d) UV/Vis spectra of the obtained synthesis dispersions. e-h) TEM pictures
of the raw syntheses products. Using acetone flake-like objects were observed on the nano scale and
elongated structures on the micron scale. In none of the solvents it was possible to obtain CoxNi1-x
spherical nanoparticles from Co(acac)3 and Ni(acac)2.

TEM of CoxNi1-x series A2 nanoparticles

Figure S5. TEM images of CoxNi1-x alloy nanoparticles as prepared in synthesis series A2. In series
A2 a fixed OA/(OA+TOPO) and (Co+Ni)/(OA+TOPO), or M:L, ratio of 0.7 and 2.3 were used
respectively, while the Co/(Co+Ni), or XCo,prec, ratio was increasing as indicated in a-g.
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UV/Vis and XRD data of the CoxNi1-x synthesis series A1-4
These are shown online in Supporting Figure S6:
http://www.springerlink.com/content/9347654202261415/

Attempted synthesis of FexNi1-x nanoparticles
Attempts to synthesize FexNi1-x nanoparticles through the same procedure as
described in the Experimental Section of the main text were made by using x
mol OA = 0.516*y mol Ni + 0.75*z mol Fe and x mol TOPO = 0.217*y mol Ni +
0*z mol Fe.

Figure S7. Characterization of products in attempted FexNi1-x synthesis. Ni nanoparticles of circa 8
nm a) and pure Fe cubes of circa 50 nm b) were observed in TEM images. c) An XRD pattern of the
raw synthesis batch revealed both bcc Fe crystallinity, and fcc and hcp Ni crystallinity.

TEM of CoxFe1-x series A6 nanoparticles
In Figures S8a-e the synthesis products of series A6 are shown. In summary, all
described CoxFe1-x nanoparticle syntheses in this work yielded essentially
spherical nanoparticles.

UV/Vis and XRD data of the CoxFe1-x synthesis series A5-7
These are shown online in Supporting Figure S9:
http://www.springerlink.com/content/9347654202261415/
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Figure S8. TEM images of CoxFe1-x alloy nanoparticles as prepared in synthesis series A6. In
synthesis series A6 a fixed M:L ratio of 1.95, a fixed OA/(OA+TOPO) ratio of 0.90, and varying
Co/(Co+Fe) ratios were used, as shown in a-e.

63

Chapter 3
A multispectroscopic study of 3d-orbitals in
cobalt carboxylates: the high sensitivity of
2p3d resonant X-ray emission spectroscopy
to the ligand field

High-resolution 2p3d resonant X-ray emission spectroscopy (RXES) allows the observation
of more and more intense d-d excitations as ultraviolet-visible (UV/Vis) spectroscopy does
as demonstrated on cobalt(II) carboxylates. Together with ligand field multiplet (LFM)
calculations this allows their detailed electronic structure description, while 2p X-ray
absorption spectroscopy (XAS) cannot discriminate these transition metal compounds.
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3.1.

Introduction

Determination of the ligand coordination number and symmetry of a transition
metal ion is important to understand reaction mechanisms in inorganic
chemistry. The problem can be addressed through diffraction techniques or by
spectroscopy. Here we limit ourselves to the latter and note that, historically,
the problem has been studied with ultraviolet-visible (UV/Vis), or optical
absorption or electronic, spectroscopy.1-3 Recently however the field of resonant
X-ray emission spectroscopy (RXES) developed at a high pace.4-9 Here we show
that metal 2p3d RXES is highly sensitive to the metal ion ligand field. We
present a comparison of UV/Vis, 2p X-ray absorption spectroscopy (XAS) and
2p3d RXES on a series of cobalt(II) carboxylates. The X-ray data were acquired
at the state-of-the-art ADRESS beamline.10,11 We show that 2p XAS and UV/Vis
have a limited discriminative power compared to 2p3d RXES. Through ligand
field multiplet (LFM) calculations we show that 2p3d RXES allows the most
judicious analysis of the ligand field. While previous 2p3d RXES studies on metal
oxides revealed its d-d sensitivity,12-16 this is the first such observation on
inorganic complexes. More importantly, the notion that 2p3d RXES measures
element-selective, more and more intense d-d excitations than UV/Vis, and that
this allows a more reliable determination of the ligand field, is novel. 2p3d RXES
will allow unraveling reaction mechanisms of important 3d-metal mediated
chemical processes.
RXES, also known as resonant inelastic X-ray scattering (RIXS) or resonant
Raman X-ray scattering (RRXS), is a synchrotron-based technique commonly
used in solid state physics.4 In RXES the studied material is irradiated with Xrays to excite a core electron (a non-valence electron) to empty electronic
states. The term ‘resonant’ implies excitation at a material-specific core electron
binding energy, in contrast to normal or ‘non-resonant’ X-ray emission
spectroscopy where photon energies higher than the binding energy are used.
The created core hole is filled by an electron from a higher electron-shell. This
can occur under emission of a photon (radiatively) and the energies of such
photons are measured to form a RXES spectrum. Note that the overall RXES
process is charge neutral in contrast to for example X-ray photoelectron

Figure 1. Schematic representations of the photon-induced electron transitions in 2p XAS, 2p3d
RXES and UV/Vis spectroscopy. The 2p3d RXES and UV/Vis final states are identical.
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spectroscopy (XPS). Figure 1 depicts this (in a single-particle view) for 2p3d
RXES spectroscopy. By X-ray absorption a metal 2p core electron is transferred
to an empty metal 3d orbital. When recording the X-ray absorption over a range
of empty 3d states one performs 2p or L2,3 XAS. With 2p3d RXES the
subsequent radiative decay of 3d electrons to the 2p core hole is followed. The
final state may then possess an excited 3d state. As such 2p3d RXES presents a
close analogy to UV/Vis spectroscopy in which UV and visible light can be used
to excite 3d electrons to empty 3d states (see Figure 1). Effectively, both UV/Vis
and 2p3d RXES measure d-d transitions, which are used in ligand field theory to
determine the symmetry and coordination number of metal ions. While 2p XAS
does not measure d-d transitions, it is also often employed to characterize the
ligand field. This shared ligand field sensitivity triggered the here presented
comparison between the three spectroscopies.

3.2.

Experimental section

Materials and tools: cobalt(II) diformate, dibenzoate and dioleate (≥94%) were purchased
from City Chemical LLC. Cobalt(II) diacetate (99.995% trace metals basis, ≤5% water)
was purchased from Sigma-Aldrich. The cobalt(II) carboxylates were stored in a nitrogenatmosphere glove box, analyzed under inert atmospheres and used as received unless
otherwise stated. An airtight XRD specimen holder with dome-like X-ray transparent cap to
protect air-sensitive materials (A100B33; sample reception 25 mm diameter, 1 mm depth)
was obtained from Bruker AXS. As explained in the main text, the cobalt(II) diformate,
diacetate, dibenzoate and dioleate are referred to as compound (1)-(4), respectively.
Atomic absorption spectroscopy (AAS), CHN-analysis, thermogravimetric analysis (TGA)
and X-ray powder diffraction (XRD): the cobalt content and the carbon and hydrogen
content were determined by AAS and CHN-analysis respectively on the as-obtained
compounds (1)-(4) by the Mikroanalytisches Laboratorium Kolbe. The analysis was done
under exclusion of air in an argon atmosphere to prevent compound hydration (further
than already present in the as-obtained compounds). TGA was performed on a Q50 TA
Instrument to determine the temperature-dependent mass losses upon heating
compounds (1)-(4) under a stream of nitrogen gas. To this end, the sample masses were
measured while heating the samples to 500 °C with a heating rate of 5 °C/min and
subsequently during another 30 min while keeping the sample at 500 °C. TGA samples
were prepared inside a nitrogen-atmosphere glove box and the used cups for analysis
were closed inside the glove box to prevent hydration (again: further than already present
in the as-obtained compounds). XRD diffraction patterns were acquired on a Bruker-AXS
D8 advance diffractometer. Cobalt Kα1,2 (λ=1.790 Å) radiation was used from a X-ray tube
operated at 30 kV and a current of 45 mA. Typically, data points were acquired between
5°<2θ<62° every 0.017° with 1 s step-1. XRD samples of the as received cobalt(II)
carboxylates were prepared inside a nitrogen-atmosphere glove box and enclosed in an
airtight and X-ray transparent box to probe the as received powders.
Ultraviolet-visible (UV/Vis) spectroscopy: diffuse reflectance UV/Vis spectra of compound
(1)-(3) and transmission UV/Vis spectra of compound (4) were acquired on a PerkinElmer 950 spectrometer between λ =3300-330 nm with 2 nm step-1.
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XAS and RXES tools: p-Type Boron-doped silicon (100)(111) surface terminated wafers
(525 μm thick; cut in 7x7 mm squares; resistivity ~ 5 Ωcm) were obtained from CrysTec
GmbH. Hydrofluoric acid (pro analysis, 48-51%) was obtained from Acros Organics. Plastic
tweezers (style KR) were obtained from Rubis Switzerland. Sticky carbon tape was
obtained from NEM Nisshin Em.Co.Ltd. Silver epoxy paste (E4110 kit) was obtained from
Epoxy Technology.
Sample preparation for XAS and RXES: the solids (1)-(3) were pressed into sticky carbon
tape for XAS and RXES measurements. The liquid (4) was dripped onto silicon wafers.
Prior to this the silicon substrates were treated to remove oxygen species from the surface
and to passivate the wafers with atomic hydrogen. The wafers were immersed respectively
in acetone, 2-propanol and deionized water and given an ultrasonic treatment for 10 min
each. The substrates were etched
for 10 min with a 1/5/4 v/v/v solution of
HF/ethanol/water.16 Subsequently, the wafers were rinsed with deionized water to remove
physisorbed surface species before drop casting (4) on them.16 The wafers were attached
with sticky carbon tape to an aluminum holder designed to fit the synchrotron set-up.
Silver epoxy paste between the substrate and transfer tool improved conductivity. All was
done inside a glove box with helium-atmosphere. The holder was introduced in an inert
environment to the load lock chamber of the ADRESS beamline, which was then pumped
down to ~10-8 mbar before sample transfer into the XAS/RXES analysis chamber. The
authors thank the Swiss spallation neutron source SINQ, Paul Scherrer Institute,
Switzerland to allow them to work in their chemistry laboratory.
XAS and RXES spectra acquisition and treatment: total fluorescence yield (TFY) XAS
spectra were acquired using a photodiode close by the samples. The spectra were sampled
with 25 points eV-1. The RXES spectra were measured using the high-resolution Super
Advanced X-ray Emission Spectrometer (SAXES) at the ADRESS beamline of the Swiss
Light Source (SLS).10,11 A scattering geometry was used in which the angle between the
incoming light vector and the outgoing one was 90°. The incoming light was polarized
linear parallel (depolarized geometry or linear horizontal; LH) to the scattering plane with
a grazing incident angle of 20°. Measuring at grazing incidence was done to minimize the
self-absorption of the elastic (Rayleigh) peak. Measuring at LH polarization was done to
suppress the cross-section of the elastic peak with respect to the resonant features. By
positioning the beam at a non-cobalt-containing and amorphous reference and varying the
incoming energy from 770-780 eV in steps of 1 eV step-1, the elastic peak was used to
calibrate the RXES detector. For this purpose the elastic peaks were fitted with Gaussian
functions and the maxima of the fits were plotted against detector-channels. The plot was
fitted with a linear curve to determine the energy-channel response function. At the cobalt
2p3/2 XAS edge (~780 eV) the combined energy resolution of the RXES zero-loss peak was
196 meV fwhm. In order to obtain resonant spectra the incident energy was tuned to and
over the cobalt 2p XAS edge. Spectra were sampled with 52 points eV-1, and summed over
4-10 partial spectra, which were acquired for 10 min each. In order to compare the RXES
spectra, they were normalized to the intensity of the elastic peak (in Figure 2b) or to the
peak with the maximum intensity (Supporting Figure S3). The pressure in the analysis
chamber was ~10−8 mbar during all measurements and the spectra were acquired at 22±5
°C. For both XAS and RXES measurements we did not notice any evolution of the spectra
during the experiment.
Ligand field multiplet (LFM) calculations: 2p XAS and 2p3d RXES spectra were simulated
using the freeware multiplet program available under the name Charge Transfer Multiplet
for XAS (CTM4XAS).19 The splitting of d-levels due to atomic effects are calculated using a
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Table 1. Energetic values in eV of the electronic structure parameters used in the LFM
calculations for respectively compound (1)/(2)/(3)/(4). Where single values are given
these apply to all compounds.
Initial state
Intermediate state
Final state
CoII
configuration
2p63d7
2p53d8
2p63d8d
7.891/8.356/
8.430/8.925/
7.891/8.356/
F2dd
8.356/8.820
8.925/9.421
8.356/8.820
4.902/5.190/
5.242/5.550/
4.902/5.190/
F4dd
5.190/5.479
5.550/5.858
5.190/5.479
4.937/5.227/
F2pd
5.227/5.518
3.670/3.886/
G1pd
3.886/4.102
2.087/2.210/
G3pd
2.210/2.333
ζ3d

0.050

0.062

0.050

ζ2p

-

9.748

-

0.900/0.800/
0.700/0.600
0.050/0.080/
0.120/0.150

0.900/0.800/
0.700/0.600
0.050/0.080/
0.120/0.150
0.400 (2p3/2)/
0.800 (2p1/2)

0.900/0.800/
0.700/0.600
0.050/0.080/
0.120/0.150

0.200

0.200

10Dq
Ds
Γ
(fwhm)
G
(fwhm)

-

0.020 (3d)

0.105/0.112/
0.113/0.119/
0.105/0.112/
0.112/0.118
0.119/0.126
0.112/0.118
0.389/0.412/
0.416/0.440/
0.389/0.412/
C
0.412/0.435
0.440/0.465
0.412/0.435
0.871/0.929/
0.871/0.929/
β
0.929/0.978
0.929/0.978
[a] Strictly speaking Racah parameters B and C and the nephelauxetic parameter β are no
LFM input parameters, but they follow directly out of F2dd/F4dd through relations given in
the text and are shown to facilitate the comparison with UV/Vis.
[a]

B

Hartree-Fock (HF) code that includes relativistic effects as developed by Cowan.20,21 This
generates the atomic multiplets or atomic manifolds. The further splitting of atomic
multiplets in a ligand field and/or due to charge transfer effects can subsequently be
calculated in CTM4XAS using the Butler-Thole codes.22 For the current calculations only the
ligand field effects were included, since CT effects modify the 2p XAS and 2p3d RXES
spectra of compounds (1) to (4) only little (as discussed in the main text). In such cases
we consider the omission of CT effects in the calculations to be favorable. The less semiempirical parameters needed to simulate the spectra, the more physical meaning the
results get. The values of the applied electronic structure parameters used in the
interpretation are summarized in Table 1.
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LFM calculations for XAS. for our calculations we approximate cobalt to have a formal CoII
valence in compound (1) to (4). CoII can be described effectively by a 2p63d7 ground
state configuration. For simulation of the 2p XAS spectra all photon-excited electric dipoleallowed electron transitions from the ground state to a 2p53d8 excited state are calculated,
together with their oscillator strengths, in intermediate coupling. To this end, the ground
state and excited state energy levels are first calculated.
The atomic multiplets in the ground state depend mainly on the 3d-3d Coulomb
interactions and 3d spin-orbit coupling ζ3d. The excited state is in addition affected by 2p3d Coulomb and exchange interactions and 2p spin-orbit coupling ζ2p. The 3d-3d Coulomb
and 2p-3d Coulomb and exchange interactions can be described by two-electron integrals,
called the Slater or Slater-Condon integrals. The radial parts of these integrals are
obtained ab initio within the Hartree-Fock limit for a given electron configuration by the
program. The program also automatically scales the values to 80% of their original values
to correct for intra-atomic configuration interaction and hybridization effects. The radial
parts of the integrals that define the 3d-3d Coulomb interactions are F2dd and F4dd and are
given in Table 1. In an analogous way the 2p-3d Coulomb interactions are set by F2pd and
the 2p-3d exchange interactions by G1pd and G3pd. Next to the Couloumb and exchange
interactions the program calculates the 2p and 3p spin-orbit coupling values within the
Hartree-Fock limit, but it does not scale the original values further down.
The user can modify the obtained atomic parameters in order to correct for effects not
included in the Hamiltonian. Here we have further reduced both the values of the radial
parts of the Slater integrals and the value of the 3d spin-orbit coupling. The Slater
parameters (F2dd, F4dd, F2pd, G1pd and G3pd) were all scaled simultaneously to one percentage
per compound. When going from (1) to (4) these percentages were 85, 90, 90 and 95%
respectively (this corresponds to 68, 72, 72 and 76% of the HF values). Reduction of the
Slater integrals, in particular the ones describing the 3d electrostatic interactions (F2dd and
F4dd), is often done in LFM calculations to effectively describe the delocalization of 3d
electrons on to ligands. As such it implicitly corrects for effects of charge transfer. This delectron delocalization is also known as the nephelauxetic effect.2 In fact, F2dd and F4dd are
related to the Racah parameters B and C through relations given by Cowan21: B=(9F2dd –
5F4dd)/441 and C=5F4dd/63. The nephelauxetic parameter β is than defined as Bcompound/Bfree
−1
for CoII.27 Overall, this implies that, when
ion. We used the free ion value of B = 971 cm
going from (1) to (4) the d-electrons are slightly more localized on the metal ion.
Furthermore, the value of ζ3d was reduced here to 75% of its atomic Hartree-Fock value.
We will not discuss the reason for this reduction for we have done so for CoII in CoO on
page 121 of chapter 4.16
Once the atomic multiplets are calculated, a further splitting or branching of these
states occurs in the ligand field. Here the D4h point group symmetry is used to simulate
the effect of the carboxylate ligands. In D4h the ligand field is described by the parameters
10Dq, Ds and Dt. The values of 10Dq and Ds are given in Table 1, while Dt was 0 eV in all
our calculations. Without Dt we could sufficiently reproduce the experimental spectra.
The transitions that are calculated between the ground and excited, ligand-fieldeffected, atomic states yield absolute intensities. These intensities of the discrete
transitions are convoluted with Lorentzian functions Γ2p3/2 or Γ2p1/2 to account for the 2p3/2
or 2p1/2 core hole lifetime broadening at the 2p3/2 or 2p1/2 XAS edge, respectively. A second
convolution of the allowed transitions is done with a Gaussian function G (fwhm) to
account for the instrumental broadening. Note that the calculations do not yield absolute

70

Chapter 3

energy positions and the resulting spectra are shifted in energy for comparison with the
experimental spectra. All XAS spectra were calculated at a temperature of 22 °C.
The different states of the initial state configuration 2p63d7 have been labeled in
Supporting Table S2 in D4h symmetry without 3d spin-orbit coupling using the following
method: in spherical symmetry without 3d spin-orbit coupling the energy level
degeneracies, Tanabe-Sugano linear formulas and Hund’s rules were used to assign
symmetry labels. Progressively an octahedral ligand field Oh was introduced by increasing
10Dq in steps of 0.3 eV, a tetragonal distortion D4h was introduced in steps of 0.05 eV and
finally a 3d spin-orbit coupling was applied in steps of 25% of its atomic Hartree-Fock
values. During the introduction of these parameters the labeled states were systematically
tracked and the results were (as far as possible) in agreement with the work of Griffith.1
LFM calculations for 2p3d RXES. the inelastic scattering function F(Ω,ω) is described by
the resonant term of the Kramers-Heisenberg formula7 that defines the interference
between the X-ray induced electron excitation and subsequent decay processes:
2

F (Ω, ω ) = ∑
j

Γ f / 2π
< f | T | i >< i | T | g >
∑i E +2hΩ − E +1 iΓ × ( E + hΩ − E − hω ) 2 + Γ 2 / 4
g
i
i
g
f
f

where |g>, |i> and |f> indicate the ground, intermediate and final state of the probed
matter and Eg, Ei, Ef are the energies. Here ħΩ and ħω are the energies of the incident and
emitted photon. T1 and T2 are operators describing the radiative transitions by absorbed
and emitted photons and are electric dipole in nature for the 2p3d RXES transitions. Γi
gives the spectral Lorentzian broadening due to the finite time of the core-hole existence
in the intermediate state. The second term implies that energy should be conserved in the
overall RXES process and that a further Lorentzian broadening Γf occurs due the finite life
time of the hole in the final state.
The LFM simulations of the 2p3d RXES spectra for CoII are done using the g=2p63d7 →
i=2p53d8 → f=2p63d8d transitions. Although the final state 2p63d8d is formally equal to
2p63d7 we use this notation to indicate that the final state still can have a hole in the 3d
band. Only in an elastic scattering event, where ħΩ = ħω, the final state has no 3d hole
(other than the initial three 3d holes). Lorentzian functions accounting for the intermediate
(Γ2p3/2 or Γ2p1/2) and final (Γ3d) state lifetime of the hole were used to convolute the
allowed RXES transitions. Gaussian functions accounting for monochromator- and
spectrometer-induced experimental broadening were applied to convolute the spectra
further. All RXES calculations took the interference effects between the X-ray absorption
and emission into account. The shown RXES calculations were all done for the ground
state, which formally relates to a situation at -273.15 °C (zero Kelvin). Only in Supporting
Figure S7 calculations are shown that take the Boltzmann-distributed population of excited
states at 22 °C into account. All spectra were calculated with the transition probabilities
that correspond to the used LH polarization in the experiment (as discussed in the spectral
acquisition part). Therefore the parallel or σ contribution of the light was taken incident on
the sample together with the perpendicular or π contribution being detected (in the
CTM4XAS program this corresponds to “parallel” incident light plus outgoing “left” light
summed with “parallel” incident plus outgoing “right” light).
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3.3.

Results and discussion

Cobalt(II) diformate (1), diacetate (2), dibenzoate (3) and dioleate (4) were
obtained commercially and used as model compounds. Such salts in general can
attract moist which may lead to adsorbed water coordinating to the metal ion
and to partial carboxylate hydrolysis. Therefore the salts were characterized by
X-ray powder diffraction (XRD), atomic absorption spectroscopy (AAS), carbonhydrogen-nitrogen (CHN) analysis and thermogravimetric analysis (TGA) as
explained in the Experimental section and Supporting Figure S1. Table 2
summarizes the results. (1) is cobalt(II) diformate dihydrate. (2) is a cobalt(II)
diacetate salt that is less hydrated than the fully hydrated tetrahydrate salt. (3)
is cobalt(II) dibenzoate and (4) is likely cobalt(II) dioleate dissolved in excess
oleic acid. (1) contains two distinct CoII sites that both are six-fold coordinated
in octahedral Oh symmetry.17 One of the sites is tetragonal distorted. (2) may
contain CoII with different coordination numbers due its partly hydrated nature,
but the analysis suggests that on average five oxygen ligand atoms bind. For
(3) the maximum coordination number is four and for (4) it is likely four.
Despite these uncertainties, the analysis clearly reveals that the average CoII
coordination number decreases for (1) till (3). Such differences should be
observable in ligand-field sensitive spectroscopies. Note that it is not our aim to
give a perfect spectroscopic description of pure model compounds, but that we
want to illustrate the experimental 2p3d RXES sensitivity to d-d excitations and
show that RXES theory correlates these well to the ligand field.
Figure 2 shows the 2p3/2 XAS, 2p3d RXES and UV/Vis spectra of (1)-(4).
Figure 2a shows the XAS spectra in which (2)-(4) cannot be distinguished from
each other. The RXES spectra in Figure 2b exhibit much stronger differences,
the clearest appearing at ~0.3 eV. No peak is visible for (1), it is of
intermediate intensity in (2) and it is strong for (3)-(4). Figure 2c shows the
UV/Vis spectra, which are also discriminative. We will continue by comparing the
techniques on a number of experiment related issues: ease of acquisition and
data-statistics, energy resolution, element-selectivity, selection-rules and
probed energy-range. UV/Vis spectroscopy is a standard laboratory technique,
while XAS and RXES are synchrotron-based and the number of machines where
one can obtain 2p3d RXES spectra is still limited. Moreover, the time needed to
collect a RXES spectrum with similar statistics as a XAS spectrum is a factor 10100 higher. UV/Vis spectroscopy further has a resolution of ~1-10 meV fullwidth-at-half-maximum (fwhm). In 2p3/2 XAS the life-time of the 2p3/2 core hole
limits the resolution to ~400 meV fwhm for the 3d metals. In 2p3d RXES the
natural resolution is in principle set by the same 3d-excited final state as in
UV/Vis, but the RXES set-up limits, until date, the resolution to ~100 meV fwhm
at the cobalt 2p edge.16 So, if UV/Vis data-acquisition is easier and it also has a
superior resolution why consider 2p XAS and 2p3d RXES? The first reason is that
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Table 2. Characterization of the cobalt(II) carboxylates.
Sample

Molecular formula

Average coordination
number CoII

(1)

[Co(HCOO)2.2H2O]

6

(2)

[Co(H3C2OO)2.3H2O]

5

(3)

[Co(H5C7OO)2]

≤4

(4)

[Co(H33C18OO)2]+
H33C18OOH

(4)

both XAS and RXES have are element-selective, because they are probed at an
element-selective core level. In UV/Vis, the presence of different chromophores
or metals in a sample often inhibits its spectral interpretation. Due to the
energy-selectivity RXES allows also the acquisition of spectra at different
excitation energies over the X-ray absorption edge. In Figure 2a the numbers ae indicate five energies at which spectra were acquired in this study. In Figure
2b the spectra at energy d are shown (the other spectra are shown in
Supporting Figures S2-S3). The ability to acquire different spectra allows for a
higher level of material characterization and is a RXES advantage over both
UV/Vis and XAS. Considering the selection-rules, 2p XAS and 2p3d RXES present
additional advantages. They involve one respectively two electric dipole-allowed
electron transitions. Therefore, in 2p3d RXES, d-d transitions are not parity- or
dipole-forbidden, while they are in UV/Vis. This implies that 2p3d RXES has a
higher sensitivity to d-d transitions. Also, the conservation of the dipoleselection rule facilitates the interpretation of the X-ray spectra by theory. When
it comes to the spin-selection rule, in UV/Vis the electron spin must in principle
be unchanged during a transition. In case of 2p XAS and 2p3d RXES, the strong
spin-orbit coupling of the 2p core hole permits the spin-selection rule to be
alleviated.12,13 This implies that spin-forbidden d-d transitions are more visible in
2p3d RXES than in UV/Vis.
Figure 2 reveals that 2p3d RXES and UV/Vis both probe excitations in the
energy window that comprises the empty valence 3d states, while 2p XAS shows
the empty valence 3d states modified by the 2p core hole presence. Figure 2c
further shows that UV/Vis spectroscopy in the region below 1.5-1 eV is inhibited.
As the terminology implies, UV/Vis is not well-suited for the (near) infrared
domain where vibrational modes of the material shadow the detection of
electronic transitions. We call the region where this occurs region A to facilitate
a more detailed comparison between UV/Vis and 2p3d RXES later on. We note
that the exact energetic region-border is somewhat arbitrary set to 1.5 eV. This
was done for an additional, technical reason that prevents observance of lowenergy features: most standard laboratory UV/Vis spectrometers do not
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Figure 2. a) Cobalt 2p3/2 XAS, b) 2p3d RXES at excitation energy d, and c) UV/Vis spectra of (1)(4). The legend in a) applies to the whole figure. Regions A, B and C are indicated.
measure below 1.5 eV (for Figure 2c we used an advanced spectrometer). In
Figure 2b it is revealed that metal d-d excitations in region A are however
adequately probed by 2p3d RXES. This is a result of the element-selectivity of
RXES. In addition, we introduced regions B and C in Figure 2b and 2c based on
the UV/Vis spectra of compounds (1)-(4). The division has a spectroscopic
nature as we use it to divide that part of the UV/Vis spectrum that is dominated
by metal d-d excitations (region B) from the part dominated by ligand-to-metal
or metal-to-ligand charge-transfer (CT) transitions (region C). Since the energy
at which CT starts to occur is material-dependent, the region-border is equally
so. In practice, CT transitions for most inorganic complexes occur above 3 eV.
The reason that CT transitions shadow d-d excitations is that the only latter are
dipole-forbidden. This results in typical molar extinction coefficients ε of ~102
and ~104 L mol-1 cm-1 for the d-d and CT transitions, respectively. In 2p3d
RXES, in contrast, the d-d transitions are not forbidden and there is no reason
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that they should be less intense. In fact, for transition metal oxides with divalent
metal ions (for example MnO, CoO and CuO) CT transitions are experimentally
observed to be much less intense than d-d transitions and their 2p3d RXES
spectra can be well interpreted without CT effects.14-16 We ascribe this to the
localized nature of the 2p to 3d excitation, plus, for the divalent metal ions, the
small extent of 3d-electron delocalization on to the oxygen atoms. For CoII in
(1) to (4) we observe in the RXES spectra taken at excitation energy d also
only little influence of CT. This can be seen by comparing with spectra taken at
excitation energy e (see Supporting Figure S2-S3). The satellite in the XAS
spectrum at which these spectra were measured, is mainly due to CT transitions
and this strongly enhances the CT effects in the RXES spectra.18 The comparison
shows that the peaks around ~4 eV gain relative intensity and that an extra
peak occurs at ~5 eV. However, even at this CT-sensitive energy, the spectrum
is dominated by d-d excitations. In general however it remains to be quantified
by future studies what the 2p3d RXES sensitivity is to CT, especially for higher
metal valencies. On a technical base we note that most UV/Vis spectrometers do
not measure above 5 eV, while 2p3d RXES data can easily be measured up to 20
eV. It can now be understood that 2p3d RXES probes d-d transitions in regions
A-C with a high sensitivity, while UV/Vis reveals such transitions only in region B
due to their shadowing by vibrational modes in region A and CT transitions in
region C.
As a short intermezzo we point out that the spectral features of (1)-(4)
occur at higher energies in UV/Vis than in 2p3d RXES. The shifts are quantified
in Supporting Figure S4. The error in the absolute energy of the RXES spectra is
≤100 meV and ≤10 meV in the UV/Vis spectra. This cannot explain the observed
shifts of ≥150 meV. In the SI we present ideas to investigate this further, but it
is beyond the current scope to determine the origin(s) of the shifts.
Until now we made an experimental comparison that revealed the high 2p3d
RXES sensitivity to d-d transitions. Let’s return to the original problem: how to
determine the ligand coordination number of a transition metal ion and its
symmetry from spectra? In the SI we summarize how ligand or crystal field
theory1-3 is used for this purpose. Below we explain why region A in 2p3d RXES
spectra is especially sensitive to the ligand field. Figure 3 shows the
experimental 2p3/2 XAS spectrum and 2p3d RXES spectrum at excitation energy
d of compound (1). In addition a ligand field multiplet (LFM) theoretical
interpretation of the spectra is shown; calculated with the program CTM4XAS.1922
The calculated energies of atomic manifolds of the XAS and RXES spectra are
shown as sticks (or ‘barcodes’). When a ligand field is applied, the atomic
manifolds are split in multiple ligand field manifolds each over typically a range
of a few eV.23 Figure 3a reveals that the density of ligand field manifolds in a 2p
XAS spectrum is easily ~10-100/eV. Given that the experimental resolution is
only ~0.4 eV fwhm, peaks cannot be ascribed to single ligand field manifolds.
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Figure 3. Experimental (solid) and LFM (dotted) a) 2p3/2 XAS and b) 2p3d RXES at excitation energy
d of (1). The dashed spectrum at 0 eV was taken off the sample to reveal background X-ray
scattering. The manifold energies are given as sticks. In b the atomic 4F and its ligand field split
manifolds are shown as solid sticks. The numbers (e.g. 4x) indicate state degeneracies.
This makes it difficult to relate an experimental spectral shape to one set of
ligand field parameters on a purely spectroscopic basis. In 2p3d RXES the
situation is more orderly since in general the ligand field manifold density is ~220/eV and the spectral resolution is ~0.1 eV fwhm. Especially in region A the
manifold density is low, which implies that experimental peaks consist of
relatively few manifolds.24 In addition, the manifolds may stem from one atomic
manifold as indicated in Figure 3b for weak ligand fields.25 The above does not
mean that a 2p3d RXES spectrum can now be described by one set of ligand
field parameters. The number of observed peaks and their energies merely
restrict the choice of parameters to symmetries that can reproduce these
numbers and energies. These are however much clearer restrictions than
provided by 2p XAS where peak energies and numbers depend on more than the
ligand field.
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Determination of the ligand field from UV/Vis spectra is more difficult. To the
best of our knowledge, no ab initio methods exist that simulate full UV/Vis
spectra of transition metal compounds quantitatively. Even calculation of only dd excitations (neglecting CT and other light-absorbing parts of a molecule),
causes problems because of breaking of the dipole-selection rule. Most
calculations that do exist use time-dependent density functional theory (TDDFT), but these yield only one-electron excitations.26 In practice, determination
of the ligand field from UV/Vis data is done with Tanabe-Sugano diagrams.27
Such diagrams are best known for the 3dn configurations in Oh symmetry, but
also exist for lower symmetries. Consider now the UV/Vis spectra in Figure 2c.
Each compound has two main peaks: at ~1 and ~2.5 eV. If one would
determine the ligand field symmetry from this, it should be identified in ‘TanabeSugano’ diagrams of all symmetries, if the ratio of these peak energies occurs in
these diagrams. This would result in many possible symmetries. Moreover, one
would likely conclude that (1)-(4) possess an equivalent symmetry. This would
be wrong given that the 2p3d RXES spectra show a peak at ~0.3 eV for (3)(4). In addition, the fine structure in region B of the UV/Vis data would not
facilitate the assignment. At these energies many ligand field manifolds exist
that all mix and form the peak at ~2.5 eV (see Figure 3b). What would restrict
the number of solutions from UV/Vis data, is that the molar absorption
coefficient ε depends in an established way on the symmetry. For example CoII
in a tetrahedral Td symmetry is more dipole-allowed than in Oh symmetry,
because the former is not centrosymmetric. Such relationships remain to be
established for 2p3d RXES. In theory however, assignment based on intensities
should be easier with 2p3d RXES, because LFM calculations are quantitative.
Figure 4 shows the experimental 2p3d RXES spectra at excitation energy d of
(1)-(4) compared with their LFM spectra. In all calculations the CoII is high-spin
and the used LFM parameters are given in the SI. The spectra are calculated in a
tetragonal D4h symmetry where we find reasonable theoretical spectra if we
keep Dt at 0 eV for all compounds. The most important differences when
simulating the spectra of (1)-(4) are the decrease of 10Dq from 0.9 to 0.6 eV
and the increase of Ds from 0.05 to 0.15 eV. These values correspond to a
slightly distorted octahedral O h symmetry for (1) and a tetragonal D 4h
symmetry for (4). Single-particle representations of the 3d-level energies and
the way they depend on 10Dq and Ds are given to the right of Figure 4.
Sketches of the ligand coordination are also given for both O h and D 4h
symmetry. For (1) and (4) the ligand field manifolds that stem from the atomic
4
F ground state manifold are given as solid sticks above or below the respective
spectra. The ground state ligand field manifold is 4A2g(4F) for all compounds. The
4
Eg ← 4A2g transition28 is increased from 0.11 to 0.32 eV when going from (1) to
(4). This transition gives rise to the peak that is present at ~0.3 eV in
compound (3) and (4). Simultaneously, the peak consisting of 4Eg(4F)+4B2g(4F)
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Figure 4. The same RXES spectra (solid) as shown in Figure 2b together with their LFM spectra
(dotted). The dashed spectra at 0 eV were taken off the sample. Energies of the ligand field manifolds
below 2 eV are given as sticks for (1) and (4). Solid sticks originate from the 4F atomic multiplet. To
the right schemes of the 3d-level energies and the CoII coordination in Oh and D4h symmetry are
shown.
← 4A2g(4F) transitions at 0.87 eV decreases to 0.73 eV when going from (1) to
(4). This behavior is a direct result of the lowering of the symmetry from
distorted Oh to D4h. The peak at ~2.5 eV consists of many transitions, but
includes the 4Eg(4P)+4A2g(4P) ← 4A2g(4F) transitions for all compounds. Since
these are spin-allowed, this also explains why the peak at ~2.5 eV is relatively
intense in the UV/Vis spectra. Finally, the symmetry is related to the
coordination number of the metal ion and the gradual change from distorted Oh
to D4h in (1)-(4) is in good agreement with the lowering of the coordination
number as given in Table 2. LFM XAS spectra calculated with the same
parameters, and details on the LFM RXES, are given in the SI and Figures S5S8. We also put our results in the context of four alternative d-d sensitive
techniques in the SI.29-32
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3.4.

Conclusions

In summary, a multispectroscopic investigation of metal 2p XAS, metal 2p3d
RXES and UV/Vis was carried out on a set of cobalt(II) carboxylates. We show
that 2p3d RXES is able to discern the different complexes while 2p XAS does
not. In addition, 2p3d RXES detects element-selective, more and more intense
d-d excitations in transition metal systems as compared to UV/Vis. On the basis
of ligand field multiplet calculations we explain why 2p3d RXES allows the most
judicious determination of ligand field parameters, compared to 2p XAS or
UV/Vis. Finally, we deduce ligand field parameters from the 2p3d RXES spectra
of the cobalt(II) carboxylates and deduce coordination numbers from them. We
find good agreement with coordination numbers found by independent
techniques. Overall, we foresee that d-d sensitive 2p3d RXES holds great
promise for the study of 3d-metal mediated chemistry. It is our hope that
renewable energy research, including solar fuel chemistry and catalysis, will find
its way to the technique. Given the increasing scarcity of heavier metals, the
urgency for 3d-metal sensitive techniques becomes even more evident.
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Cobalt(II) carboxylate characterization
Results and discussion
(1)-(4) were characterized because such compounds may in general adsorb
water from the atmosphere. The water may bind at the metal ion site and/or
lead to partial carboxylate hydrolysis. This would then change the symmetry and
coordination number of the metal ion. Since we aim to study the correlation
between 2p3d RXES spectroscopy and the metal ion ligand field it is important
to verify the metal coordination sphere with independent techniques.
XRD was performed on samples (1)-(3) since these are solid at room
temperature ((4) is a liquid at room temperature). Database matching of the
obtained diffractograms revealed (1) to be cobalt(II) diformate dihydrate
([Co(HCOO)2.2H2O]) as shown in the top panel of Supporting Figure S1. For
compounds (2) and (3) no database matches were found, but a reference XRD
pattern was measured for cobalt(II) diacetate tetrahydrate, which is the fully
hydrated form of cobalt(II) diacetate, and this was significantly different from
the diffractogram of (2).
Subsequently, all compounds were investigated with an AAS spectrometer
and CHN analyzer to determine the cobalt content and the carbon plus hydrogen
content, respectively. The data revealed the molar ratios as indicated in the
second and third column of Table S1. From these ratios the number of

Figure S1. Top: The powder X-ray diffractogram of compound (1) matches the black stars indicating
the peak maxima of the reference diffractogram of cobalt(II) diformate dihydrate. Bottom: TGA
curves of (1) and their derivatives before (solid black line) and after (dotted black line) evacuation to
~10-6 mbar for two hours.
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Table S1. Element and TGA analysis of compounds (1) to (4).
AAS and CHN-analysis

TGA
Rest
mass
(%)

‹CN›
CoII

Mole
C/
mole
Co

Mole
H/
mole
Co

(1)

2.0

5.8

[Co(HCOO)2.0
1.9H2O]

61

39

2.2

[Co(HCOO)2.0
2.2H2O]

6

(2)

3.8

12.0

[Co(H3C2OO)1.9
3.1H2O]

68

32

3.2

[Co(H3C2OO)1.9
3.2H2O]

5

(3)

12.3

11.5

[Co(H5C7OO)1.8
1.4H2O]

73

27

0.0

[Co(H5C7OO)
1.8]

≤4

Molecular
formula

[a]

Mass
loss
(%)

[b]

Mole
H2O/
mole
Co

Molecular
formula

[c]

[d]

[Co(H33C18OO)
]+0.9*H33C18
(4)
OOH
[a] Assumptions: all carbon is present in the carboxylate groups and the excess of
hydrogen is present in water. [b] Assumption: rest mass is only due to Co3O4. [c]
Assumption: the carbon/cobalt ratio from the AAS/CHN analysis is used. [d] ‹CN› =
average coordination number. See the text for a discussion ‹CN›.
(4)

51.9

-

[Co(H33C18OO)
2.9?H2O]
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0.0

2.0

carboxylate groups per cobalt ion was obtained, by assuming that all carbon was
present in the carboxylate groups. All excess hydrogen (moles of hydrogen not
covered for by the carboxylate groups) was assumed to be present in water
molecules. This is a rough assumption, since the hydrogen could also be present
in for example hydroxyl ligands, but the current analysis does not allow for a
further discrimination. The fourth column in Table S1 gives the tentative
molecular formulae based on these assumptions.
TGA analysis of (1)-(4) was then used to test these assignments. The fifth
and sixth column of Supporting Table S1 show the overall mass loss and the rest
mass percentages of (1)-(4) as determined by TGA. In addition, for (1) the
TGA curve is shown in the bottom panel of Supporting Figure S1. Two separate
mass losses of 19% at ~175 °C and of 42% at ~285 °C could be identified.
Overall 61% of weight is lost as shown in the fifth column of Supporting Table
S1. For the analysis we assume that all cobalt in the complexes was converted
to Co3O4, or in other words, that the rest mass is Co3O4 only. This assumption is
common practice, even when working in a nitrogen gas flow: upon starting a
TGA measurement the closed sample cup gets perforated which does expose it
from that moment on to air. From the determined amount of Co3O4 the molar
cobalt content in the original compound is calculated. The mass loss is due to
the non-cobalt content. We use the cobalt to carboxylate ratios as determined
by AAS/CHN analysis to calculate what part of the mass loss stems from the loss
of carboxylates. The remaining part of the mass loss is ascribed to loss of water
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as given in the seventh column of Supporting Table S1. This is thus an
estimation of the water content in addition to the one based on AAS/CHN
analysis. Since the hydrogen determination in the CHN analysis had for example
a 0.5% standard deviation over 3.2% of hydrogen mass in compound (1) we
consider the TGA data to be more reliant and use these in our final assignment
of the compound molecular formulae.
Based on the above, the mass losses for compound (1) at ~175 °C and at
~285 °C as shown in the TGA curves in Supporting Figure S1, are ascribed to
2.2 moles of water and 2.0 moles of formate, respectively. For compound (2) to
(4) we do not give the temperature-dependent decomposition profiles, but only
show the tentative molecular formulae in column eight of Supporting Table S1.
For compound (2) the formula could be described as cobalt(II) diacetate
trihydrate. We emphasize that (in light of the stated assumptions) this is merely
an estimation of the molecular formula, but we point out that it is ruled out on
the basis of this analysis that the salt is in its fully hydrated tetrahydrate form,
as was also clear from XRD analysis. Compound (3) may on the basis of the
element analysis be thought to be partly hydrated, but the mass loss in the TGA
corresponds to the loss of two benzoate groups only and we assign the
compound to be cobalt(II) dibenzoate. For (4) both element and TGA analysis
match with an average molecular formula of cobalt(II) trioleate. Since, to the
best of our knowledge, cobalt(II) trioleate does not exist, we assume the sample
to consist of cobalt(II) dioleate dissolved in additional oleic acid.
Some conclusions can now be drawn on the average cobalt coordination
numbers in (1)-(4). These are shown in the ninth column of Supporting Table
S1. From crystallographic studies it is known that (1) has a monoclinic structure
with a P21/c space group. It possesses two distinct CoII sites, both with six
oxygen atoms around the CoII in an octahedral arrangement. In one site the six
oxygen atoms all come from formate ions, while in the second site four oxygen
atoms are from water molecules and two from formate ions. The two differently
coordinated cobalt ions are bridged by one of the formate ions. Due to the two
different ligands around the CoII ions in the latter site, this site has a distorted
octahedral coordination.17 For (2) the crystal structure is unknown, but it is
known for the fully hydrated cobalt(II) diacetate tetrahydrate. This is also a
monoclinic structure with a P21/c space group. Here the CoII ions are all in an
octahedral environment surrounded by four oxygen atoms from four water
molecules and two oxygen atoms from two different acetates.33 Since compound
(2) was estimated to contain three instead of four water molecules per cobalt
we estimate the average coordination number to be 5. It may however well be
that this sample contains multiple CoII sites that are for example 4-, 5- and 6fold coordinated. For (3) a maximum of four oxygen carboxylate atoms can
bound per CoII ion, which gives a maximum coordination number of 4. In
absence of a crystal structure the actual coordination number remains however
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unknown and could also be lower. For compound (4) our analysis is
inconclusive, but we consider a coordination number of four most likely in case
of a cobalt(II) dioleate. Overall, we note that the more hydrophilic the
carboxylate group is, the more water was estimated to be present in the
structures, leading to a larger average coordination number.
In addition to the compound structural characterization it was verified that
such compounds could stand high vacuums, since the X-ray measurements are
performed at ~10-8 mbar. To this end, compound (1) (being the most hydrated
compound) was evacuated in a separate experiment to ~10-6 mbar for two
hours and measured again with TGA thereafter. This measurement, also shown
in the bottom panel of Supporting Figure S1, revealed that the hydration state of
the cobalt(II) diformate dihydrate was unaltered due to the low pressure
exposure.

2p XAS, 2p3d RXES and UV/Vis measurements
Results
Here we give the full cobalt 2p XAS spectra, indicate all excitation energies for
the 2p3d RXES spectra (including an additional energy f that was not shown in
Figure 2a), give all 2p3d RXES spectra and give the experimental comparison
between the 2p3d RXES and UV/Vis spectra.
2p XAS spectra

Figure S2. TFY cobalt 2p XAS spectra of compound (1) to (4). The excitation energies a-f at which
2p3d RXES spectra were acquired are indicated.
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2p3d RXES spectra

Figure S3. Experimental cobalt 2p3d RXES spectra of compound (1) to (4). The spectra were
measured in the linear horizontal (LH) polarized geometry at excitation energies a-f as indicated in
Supporting Figure S2.
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2p3d RXES versus UV/Vis spectra

Figure S4. Cobalt 2p3d RXES spectra at excitation energy d (solid lines) and UV/Vis spectra (dotted
lines) of compound (1) to (4). The arrows indicate energy differences between peaks measured by
RXES and UV/Vis and the actual differences are given. The thick black bands in the UV/Vis spectra
around 0.5 eV are due to vibrational modes of air compounds.

88

Appendix 3

2p XAS and 2p3d RXES ligand field multiplet (LFM) calculations
Ligand field theory for spectra
How to determine the ligand coordination number of a transition metal ion and
its symmetry from spectra? This question is traditionally addressed by ligand or
crystal field theory and we refer to excellent accounts that deal with the topic.1-3
Here we briefly repeat how this theory is used to interpret spectra.
In classical LFM theory, electronic spectra of transition metal compounds are
simulated on the basis of a single transition metal ion in a potential field created
by the ligands. It is realized that spectral features of the transition metal-related
structure of such compounds, in the first place, depend on intra-atomic electron
effects of the metal ion itself. The result is that, for a constant electron
population of d-orbitals (for example a 3d7 configuration), many ways exist to
arrange the electrons over the orbitals. Each state has its own energy. Groups of
degenerate atomic states are called atomic multiplets or manifolds. Transitions
between different manifolds are called d-d transitions. In second place, the
atomic manifolds are affected by the ligand field. Its main effect is to split the
manifolds in states with different energies. These states can again form
degenerate subgroups that may be labeled with symmetry labels specific to the
ligand field. In the semi-empirical determination of the ligand field symmetry of
a transition metal ion from a spectrum, one tries to determine what kind of
symmetry may perturbate the atomic manifolds in such a way that they give
rise to the observed experimental spectra. Through the obtained symmetry of
the ligand field one subsequently determines the metal ion coordination number.
We use ligand field multiplet (LFM) theory that is employed in the freeware
program CTM4XAS to interpret our spectra.19-22 A detailed explanation of its
functioning and the input parameters used in the calculations is given in the
next section. In short, 2p XAS spectra depend on more atomic effects than 2p3d
RXES spectra. This is a result of the 2p core hole in the final XAS state. As a
consequence, the number of atomic multiplets is larger in the XAS final state
than in the RXES final state (the only exception is the 2p53d10 XAS versus 3d9
RXES final state). For a 2p53dn configuration in general 6x10!/(10-n)!n! atomic
states exist where n is the number of d-electrons. For a 3dn configuration this
number is 10!/(10-n)!n!. For CoII this implies that the XAS and RXES final state
consist of 270 and 120 atomic states, respectively. This gives rise to 45 and 10
manifolds with different energies, respectively. The same numbers of possible
XAS and RXES dipole-allowed transitions with different energies exist and
effectively the final states are the constituents of the spectra. In ligand field
theory the atomic states are subsequently further split by the ligand field.
In theory, the description of a spectrum by more different manifolds (2p XAS
versus 2p3d RXES) implies that the spectrum can be better defined. However,
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given (I) the density of ligand field manifolds in a 2p XAS spectrum and (II) the
experimental resolution, this does not hold in practice.

Results and discussion
2p XAS spectra
The LFM calculations were able to reproduce all 2p XAS spectra as shown in
Supporting Figure S5.

Figure S5. TFY cobalt 2p XAS spectra (solid lines) of compound (1) to (4) as shown in Supporting
Figure S2 together with their LFM simulations (dotted lines).
The 2p3d RXES plane
If one measures many RXES spectra over the X-ray absorption edge at a fine
interval, one can construct a so-called RXES plane. This is done by making a
two-dimensional (2D) contour plot of the RXES intensities as a function of the
excitation energy (see for the details for example Glatzel et al.7). One can also
calculate such a plane using the CTM4XAS codes. This allows the comparison of
theoretical and experimental RXES spectra at every excitation energy over the
XAS edge. Supporting Figure S6 shows the LFM 2p3d RXES planes at the cobalt
2p3/2 and 2p1/2 XAS edges, for compound (1) and (4), and a comparison
between the LFM and experimental spectra at excitation energies a, c and f . An
increasing number of theoretical and experimental spectral matches increases
the reliability of the values found for the LFM input parameters.
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Figure S6. a) LFM 2p3d RXES planes at both the cobalt 2p3/2 and 2p1/2 XAS edge using the
parameters found to describe (1). b) Experimental (solid lines) and theoretical (dotted lines) RXES
spectra at excitation energies a, c, and f for (1). The positions of the spectral cross-sections at these
energies are shown as white dotted lines in a. c) The same calculations as shown in a) but now using
the parameters describing compound (4). d) Idem as b but for (4).
Temperature effects on 2p3d RXES spectra
The RXES spectral shape depends on the population of excited states as a
function of temperature through the Boltzmann distribution. The occupied
fraction of a state pi is given by pi = exp[(−∆Ei/kbT)/Σj exp(−∆Ej/kbT)] where kb
is the Boltzmann constant, ∆Ej is the energy of the excited state relative to the
ground state and T is the temperature. However, our LFM approach does only
take a limited set of physical interactions into account, as explained in the main
text and computational section. Phonons, or lattice vibrations, possess low
energies (typically below 0.1 eV) and may create a series of (multi)phonon
states below 0.5 eV. These may couple with other excitations to increase their
energy.34 Coupling of vibrations to the electronic states will also influence the
overall symmetry of a state, which influences the transition probabilities
between states. Charge transfer dependent temperature effects may also
occur.35 These effects may certainly influence the spectral shape on the given
energy scales, but are not calculated here. Despite this, one can calculate the
effect of excited state population for the states that are calculated in the LFM
approach. Supporting Figure S7 shows such calculations for T=22 °C. It follows
that only the first excited state is significantly populated and that inclusion of
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Figure S7. a) Experimental 2p3d RXES spectrum (solid line) at excitation energy d in compound (1),
together with the LFM spectra (dotted lines) of the ground state (GS) and first excited state (ES1).
Their spectral weight at 22 °C is indicated in parenthesis. The Boltzmann weighted spectrum is
shown. b) Analogous experimental and LFM spectra as shown in a for compound (4).
this state has a minor effect on the RXES spectral shape. Therefore the
calculations shown in chapter 3 constitute of the ground states only. For
compound
(1)-(4)
the
first
excited
states
lay
respectively
0.014/0.011/0.010/0.009 eV above ground state. The energies of the second
excited states lay respectively 0.103/0.199/0.265/0.293 eV above ground state.
Symmetry labels of the 3d-states
Supporting Figure S8 shows the same experimental 2p3d RXES spectra at
excitation energy d of (1) to (4) as were given in Figure 4. Six energetic trends
are indicated with labels I-VI. These trends are based on the LFM calculated
spectra of the compounds. More precisely: they follow six peaks that are visible
in the convoluted LFM RXES spectra.
A comparison between the experimental UV/Vis and RXES energies, together
with the LFM RXES interpretation is given in Supporting Table S2. For each
sample three columns are indicated. In the first and second column the energies
of experimental UV/Vis and RXES peaks are given. The third column gives the
energies of the convoluted LFM RXES peaks, hence the energies of features I-VI
in Supporting Figure S8. The convoluted LFM peaks consist of many different
discrete transitions from the ground to excited state ligand field manifolds. It is
beyond the scope of this chapter to give all the discrete energies of all
calculations. We will give one example of this for compound (4). Peak I in
Supporting Table S2 is caused by convoluted 4 E g ( 4 F) states with a peak
maximum at 0.29 eV. The discrete states themselves occur at 0.28, 0.29, 0.29
and 0.30 eV. For peak II, given in Supporting Table S2 at 0.73 eV, the discrete
states are at 0.70, 0.72, 0.74, 0.74, 0.75 and 0.77 eV. These stem from 4Eg(4F)
and 4B2g(4F) manifolds. At higher energies much more ligand field manifolds
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Figure S8. The same RXES spectra (solid lines) as shown in Figure 4 for (1)-(4) together with their
LFM spectra (dotted lines). The dashed lines peaking at 0 eV are experimental spectra taken off the
sample.
exist and peak labeling becomes more complex. The energies that we just
mentioned are based on the full calculations with the parameters given in
Supporting Table S1. This implies that ζ3d (3d spin-orbit coupling) is included.
The final column of Supporting Table S2 gives the assignment of the LFM
convoluted peaks without the ζ3d. The reason for this is that, if we were to
include ζ3d the number of symmetry labels would increase even more, which
would not be very helpful for our current discussion. Instead we give the
symmetry labels in a pure tetragonal D4h symmetry. The atomic manifold from
which a ligand field manifold stems, is indicated in parenthesis. As mentioned in
the main text, the ground state ligand field manifold is 4A2g(4F) for all
compounds. Peak I thus consists for all compounds of 4Eg(4F) ← 4A2g(4F)
transitions. When going from (1) to (4) the convoluted energy of these
transitions is increased from 0.11 to 0.32 eV. Peak II consist mainly of
4
Eg(4F)+4B2g(4F) ← 4A2g(4F) transitions and its energy goes from 0.87 to 0.73 eV.
Peak III consists mainly of 4B1g(4F) ← 4A2g(4F) transitions and its energy is
lowered from 1.79 to 1.33 eV. Peak IV consists of many transitions, but includes
the 4Eg(4P)+4A2g(4P) ← 4A2g(4F) transitions. In Supporting Table S2 it can be seen
that additional ligand field manifolds occur at peak II and III for compound (1)
and (2). These are doublet states from the 2G atomic manifold and move to
higher energies for compound (3) and (4).
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Table S2. Energies in eV of the experimental UV/Vis and RXES spectroscopic features,
together with the energies of the LFM convoluted and discrete RXES states of compound
(1) to (4).
(1)
experiment
Feature

I

UV/
Vis

RXES

-

-

theory
LFM
convoluted
states
0.12

(2)
experiment
UV/
Vis

RXES

-

0.25

theory
LFM
convoluted
states

Assignment
in D4h
without ζ3d
4

0.18

Eg(4F)

4

Eg(4F)+
B2g(4F)
2
[+ A1g(2G)+
2
B1g(2G)]
4
B1g(4F)
[+2Eg(2G)+
2
A2g(2G)+
2
Eg(2G)+
2
B2g(2G)]
4
Eg(4P)+
4

II

1.03

0.87

0.87

1.04

0.80

0.81

III

1.97

-

1.79

-

-

1.62

IV

2.44

2.21

2.24

2.54

2.22

2.24

V

-

-

2.53

-

-

2.66

[a]

VI

-

3.30

3.36

-

3.32

3.35

[a]

theory
LFM
convoluted
states

Assignment
in D4h
without ζ3d

(3)
experiment
Feature

UV/
Vis

RXES

I

-

0.31

II

1.04

III

theory
LFM
convoluted
states

(4)
experiment

4

A2g(4P)

UV/
Vis

RXES

0.26

-

0.33

0.29

0.77

0.79

0.98

0.70

0.73

2.14

-

1.49

-

-

1.33

IV

2.56

2.02

2.18

2.36

2.03

2.20

V

-

3.07

2.79

-

3.13

2.94

[a]

VI

-

3.18

-

3.60

[a]

4
4

[a]

Eg(4F)

Eg(4F)+
B2g(4F)

4
4
4
4

B1g(4F)

Eg(4P)+

A2g(4P)

[a]

[a] Group IV-VI consist of strongly mixed 4Eg+4A2g(4P), 2A1g(2G), 2Eg+2A2g(2P),
2
Eg+2A2g+2Eg+2A2g+2Eg+2B2g+2A1g+2B1g(2H) and 2Eg+2B2g+2A1g+2B1g(2aD) levels.
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Comparison of 2p3d RXES with UV/Vis
As mentioned in the main text, the spectral features in the UV/Vis spectra occur
at higher energies than in the 2p3d RXES spectra at excitation energy d for
compound (1) to (4). The energy differences were quantified in Supporting
Figure S4. There can be a number of causes for this shift in addition to
experimental calibration errors as given in the main text. We have identified four
possible causes, of which we addressed two with initial calculations.
The first effect is that the exact energy of a RXES peak may shift a little as a
function of the excitation energy (for a fixed scattering and polarization
geometry). It is not the manifolds energies that change, but the transition
probability to them. To verify whether the difference originated from this, LFM
calculated 2p3d RXES spectra over the full 2p XAS edge were calculated every
0.04 eV and summed. In the top of Supporting Figure S9 we show the
experimental RXES spectrum at excitation energy d together with the UV/Vis
spectrum of compound (1) again. On the bottom we show the LFM RXES
spectrum at excitation energy d and the summed spectrum. While the
summation broadens the features it does not explain the shift to higher energies
in the UV/Vis spectrum.
The second effect relates to the polarization geometry of the experiment and
calculations. All spectra that we showed in chapter 3 were LH polarized. This was
done to increase the 2p3d RXES signal as explained in the experimental section
on page S6. We, and others before us, 14,16 reported that a difference in
polarization geometry may lead to changes in the energies of peak maxima. In
Supporting Figure S9 we show a calculation for (1) at excitation energy d for a
linear vertical (LV) polarized geometry (this geometry is experimentally
accessible). We refer to chapter 4 for details on the experiment geometry and
its calculation. 16 It is visible in Supporting Figure S9 that a LV polarized
spectrum has its energies at higher energy. The difference has been ascribed to

Figure S9. Top: experimental 2p3d RXES spectrum at excitation energy d (solid line) and UV/Vis
spectrum (dots+solid line) of (1). Bottom: the spectrum peaking at 0 eV (solid line) was taken off the
sample to reveal X-ray scattering unrelated to the sample. LFM 2p3d RXES spectra at excitation
energy d (dotted line) and as summed over all energies of the 2p XAS edge (dash-dotted line) for the
LH polarization are shown. A LFM 2p3d RXES spectrum at excitation energy d (dashed line) for the
LV polarization is also shown.
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the second order nature of the scattering process.14 We note that in Supporting
Figure S9 all LFM calculations were normalized to their respective maxima, but
that this gives a somewhat distorted picture of the relative intensities. For the
LH and LV calculations, the former have an overall intensity (area under
spectrum) that is ~4 higher at excitation energy d. How the spectra of different
geometries should be combined to result at a decent comparison with the UV/Vis
spectra remains a topic of further study. We simply want to indicate that this
effect could be at the origin of the observed shifts.
Finally, we mention briefly two other possible causes for the energy shift that
we cannot test with LFM calculations. There are a number of ligand field
manifolds in the RXES calculations that gain little intensity in the final spectra.
These states are mostly double-electron or spin-forbidden states. They appear in
the UV/Vis range and may possibly gain intensity in UV/Vis. However, since both
double-electron and spin-forbidden d-d excitations are more allowed in 2p3d
RXES, this is not likely. In addition, for (4) the peak at 0.70 eV has no
additional states in the calculation (as was shown in Supporting Table S2), yet it
occurs at higher energies in UV/Vis. This makes the suggestion more unlikely.
A fourth effect could be related to vibrational effects. In a simple model of
UV/Vis absorption, vibrational side bands appear at higher energy. Because
RXES is an emission spectroscopy, in first order the vibrational bands appear on
the low-energy side. This would suggest that the UV/Vis peaks can be shifted to
higher energy with respect to RXES peaks.

Alternative d-d sensitive techniques
Here we put our results in the context of four alternative techniques that
measure d-d excitations. These techniques are electron energy loss
spectroscopy (EELS),29 non-resonant inelastic X-ray scattering (NIXS),30 hard Xray K pre-edge RXES31 and 3p3d RXES.32 All references refer to NiO, except for
the 3p3d RXES reference. It is, as far as we know, the only system to which five
different d-d sensitive techniques were applied. At present, 2p3d RXES has a
resolution of 100 meV fwhm and the spectral variations over the 2p XAS edge
provide additional information concerning the nature of the states. Hard X-ray K
pre-edge RXES, EELS and NIXS show broader d-d features (250-300 meV fwhm)
for various reasons. In addition, EELS and NIXS are not element-selective and
thus not resonant, EELS is surface-sensitive and hard X-ray K pre-edge RXES is
an electric quadruple excitation – electric quadruple decay experiment which has
a low cross-section, implying long counting times. In addition, the published
spectra have a large elastic peak which shadows the interesting region between
0-0.5 eV. This problem also occurs in 3p3d RXES. The combination of good
statistics at resonance, high resolution, detailed calculations and spectral
variations over the XAS edge make 2p3d RXES a very d-d sensitive tool.
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Electronic structure of CoO nanocrystals and a
single crystal probed by 2p3d resonant X-ray
emission spectroscopy

2p X-ray absorption (XAS) and 2p3d resonant X-ray emission (RXES) experiments were
performed on a CoO bulk single crystal as well as on 4.2 nm CoO nanocrystals. An
unprecedented total experimental resolution of 100 meV allowed the first X-ray
observation of the CoO 4T1g(4F) manifold that occurs 120 meV above ground state.
Detailed theoretical modeling assessed the tetragonal crystal field splitting, spin-orbit and
superexchange parameters. 2p XAS is mainly sensitive to the octahedral field and 3d spinorbit coupling, while the 4T1g(4F) manifold in 2p3d RXES probes the tetragonal distortion
and the superexchange interactions with high sensitivity. The nanocrystals have a reduced
cubic crystal field splitting and a broadened 4T1g(4F) RXES manifold that is ascribed to a
larger average Co-O distance and an increased magnetic exchange in the nanocrystals.
Further improvement of the experimental resolution would allow observing anti-Stokes
features in the 2p3d RXES spectra of CoO.
99

Chapter 4

4.1.

Introduction

Transition metal oxides are strongly correlated materials with partly filled d
bands that lead to unique electronic and magnetic material properties. The
colossal magnetoresistance effect in manganese oxides is for example widely
applied in modern computer data storage,1 while the cuprates are of interest for
their high-temperature superconductivity.2 In order to understand and control
such behavior one ultimately wants to describe the full electronic and magnetic
structure of a solid with one unified Hamiltonian Hsolid. Here we revisit the
electronic structure of cobalt(II) oxide, a prototype material displaying a rich
electronic behavior, using 2p3d resonant X-ray emission spectroscopy (RXES)
with an unprecedented energy resolution better than 100 meV. Clear differences
between CoO nanocrystals and a single crystal are reported.
To elaborate it is necessary to introduce the relation between a material’s
electronic structure and (X-ray) spectra. This is given by the Hamiltonian
Hspectrum=Hsolid+Hradiation+Hinteraction.3 The radiation field Hamiltonian Hradiation
describes the quantization of light. It has a negligible influence on the spectra3
and is neglected in this work. The interaction Hamiltonian Hinteraction can be
related via the Lippmann-Schwinger equation to the transition operator T, the
matrix element given in Fermi’s Golden Rule.3 Together with Hsolid it allows for
an adequate interpretation of photon-matter spectra. In X-ray absorption
spectroscopy (XAS) and RXES spectra which probe localized final states, Hsolid
can be approximated by the electronic structure definition of a single atom,
Hatom,3 mainly because the core hole excited state projects the delocalized
ground state on a single atom. The full description of Hatom depends on many
terms, but in XAS and RXES the spectral resolution is to a large extent
determined by the lifetime broadening of the electron hole in the final state of
the processes,4 which restricts the level of detail with which Hatom needs to be
defined. For 2p XAS and 2p3d RXES the final state hole is in the 2p and 3d
levels respectively and the broadening of the spectra is approximately ≤0.4 eV5
for the first row transition metals in 2p XAS and, based on this work, ≤0.1 eV
full-width at half-maximum (fwhm) for 2p3d RXES of cobalt(II) in cobalt
monoxide. As a consequence, Hatom is sufficiently defined by the intra-atomic
electron Coulomb exchange interactions, the intra-atomic spin-orbit coupling of
the 2p core hole and the 3d electrons and the inter-atomic effects described by
point charge potentials and caused by neighboring atoms.6 The relevant
potentials are crystal and magnetic superexchange fields accounting for
electrostatic interactions and the spin-spin coupling. Other inter-atomic
interactions that may need to be considered are metal-to-ligand charge transfer,
metal-to-metal charge fluctuations7 and lattice phonons or molecular vibrations.
For cobalt(II) monoxide the intra-atomic interactions should be combined
with its other material properties. CoO has a cubic NaCl-type crystal structure in
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which the Co2+ ions have an octahedral symmetry (Oh).8 It is paramagnetic
above its Néel temperature TN of circa 290 K.9, 10 Below this temperature the
material becomes antiferromagnetic and a tetragonal distortion (D4h symmetry)
has been observed.11 The ground state has an [Ar]3d7 configuration and it is
considered to be an insulator of an intermediate type, between a Mott-Hubbard
and charge-transfer type.12 Part of the 3d orbitals are non or weakly-bonding
and energetically located in the band gap between the oxygen 2p-orbital-rich
valence and the metal 4s,p-orbital-rich conduction band, while the latter also
contains anti-bonding 3d orbitals.13 This allows for the occurrence of crystal field
or d-d transitions as observable by optical absorption spectroscopy in the 1.5-5
eV range.14 In CoO the crystal field is relatively weak, resulting in a high spin
3d7 configuration, implying that the t2g spin-down orbitals are partly filled and
therefore allow for low energy d-d excitations. Both infrared (IR)15, 16 and 2p
XAS17, 18 have revealed that 3d spin-orbit (ζ3d) coupling is not quenched and
have anticipated that this causes the 4T1g(4F) ground state configuration of CoO
in octahedral symmetry to be split in sub-states over an energy range <150
meV. The tetragonal distortion that occurs below TN and the superexchange
coupling of the antiferromagnetic material induce a further splitting of these
energy levels. Furthermore, multiple experiments have shown the existence of
(surface) phonons in this energy regime.16, 19, 20 Fine structure at energies <150
meV in the infrared spectra15, 16 was interpreted as resulting from 3d spin-orbit
coupling, tetragonal distortions and superexchange interactions, leading to
predictions of the strengths of these effects. In contrast to this, 2p X-ray
absorption spectroscopy alone cannot determine the strength of these
interactions adequately, since often crystal field multiplet calculations using
different parameter values can lead to the same 2p XAS spectral shape. Here we
will add 2p3d RXES investigations, a useful tool for the electronic structure of
metal oxides,21-24 and present the first X-ray observation of the low-energy
manifold derived from the 4T1g(4F) ground state in CoO. Previously published
2p3d RXES studies of CoO had a spectral resolution of ~0.5 eV25 and ~0.25 eV26
(against <0.1 eV here) and did not allow for the observation of such fine
structure. The results are interpreted with crystal field atomic multiplet
calculations. The combined effects of the tetragonal distortion, the 3d spin-orbit
coupling and the superexchange interaction on the calculated 2p XAS and the
2p3d RXES spectra are studied and compared with the benchmark infrared
studies. Finally, the present resolution allows for the first observation of
differences in the RXES spectra of bulk and nanocrystalline CoO. It is observed
that the nanocrystals exhibit a smaller effective crystal field splitting and a
broader 4T1g(4F) RXES manifold as compared to the single crystal, which we
ascribe respectively to an increase of the average Co-O distance in the
nanocrystals and to an increased average superexchange interaction due to the
relatively large surface-to-volume ratio of the nanocrystals.
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4.2.

Experimental section

Materials: CoO single crystal. The (001) surface exposed cobalt(II) oxide single crystal was
prepared by a flame fusion process and obtained from Surface Preparation Laboratory. εCo nanoparticles. Trioctylphosphine oxide (TOPO; 99%), 1,2-dichlorobenzene (anhydrous,
99%), 2-propanol (anhydrous, 99%) and cyclohexane (anhydrous, 99.5%) were
purchased from Sigma-Aldrich. Dicobalt octacarbonyl (Co2(CO)8; hexane stabilized, 95%),
oleic acid (OA; 97%) and acetone (anhydrous, 99.8%) were obtained from Acros Organics.
Nitric acid (pro analysis, 65%), hydrochloric acid (fuming, 37%) and hydrogen peroxide
(stabilized, for synthesis, 30%) were obtained from Merck. Sulfuric acid (>95%) was
obtained from Fischer Chemical. All chemicals were used as received. CoO powder.
Cobalt(II) oxide (79%) was purchased from Sigma-Aldrich and used as received. TEM,
XRD and XAS/RXES tools. Carbon-coated formvar copper grids (200 mesh) for TEM
measurements were obtained from Agar Scientific. An airtight XRD specimen holder with
dome-like X-ray transparent cap for environmentally sensitive materials (A100B33;
sample reception 25 mm diameter, 1 mm depth) was obtained from Bruker AXS. p-Type
Boron-doped silicon (100)(111) surface terminated wafers (525 μm thick; cut in 7x7 mm
squares; resistivity ~ 5 Ωcm) were obtained from CrysTec GmbH. Hydrofluoric acid (pro
analysis, 48-51%) was obtained from Acros Organics. Plastic tweezers (style KR) were
obtained from Rubis Switzerland. Sticky carbon tape was obtained from NEM Nisshin
Em.Co.Ltd. Silver epoxy paste (E4110 kit) was obtained from Epoxy Technology.
ε-Co/CoO nanoparticle preparation and size-selective precipitation: the CoO nanocrystals
are passivated ε-Co/CoO nanoparticles, prepared by exposing ε-Co nanoparticles to air.
ε-Co nanoparticle synthesis. For ε-Co nanoparticles, 0.45 g (1.32 mmol) Co2(CO)8 was
dissolved in 3 mL anhydrous 1,2-dichlorobezene in an airtight flask. In a separate airtight
flask 0.10 g (0.26 mmol) TOPO and 0.18 g (0.64 mmol) OA were dissolved in 2 mL dry
1,2-dichlorobezene. The metal precursor and ligand solutions were prepared under
magnetic stirring inside a nitrogen-atmosphere glove box (H2O/O2 levels <2 ppm). In a
nitrogen-atmosphere Schlenk line outside the glove box, a three-neck round bottom flask
was evacuated and flushed with N2 gas three times. Subsequently, 10 mL of dry 1,2dichlorobezene was injected into the flask through a septum and heated until reflux
temperature (186 °C; boiling point 1,2-dichlorobezene). Next, the 2 mL OA- and TOPOcontaining solvent and the metal precursor solution were injected, in this order, from
airtight vials in the hot 1,2-dichlorobezene. Upon injection the metal precursor solution
changed instantaneously from yellow to black. Mixtures were refluxed for 30 min, allowed
to cool to room temperature and transferred back to the glove box before further analysis.
Note that glassware was cleaned with Piranha etch (3/1 v/v sulfuric acid/hydrogen
peroxide), Aqua regia (3/1 v/v nitric/hydrochloric acid), excessive deionized water and
anhydrous acetone prior to synthesis.
Size-selective precipitation of the magnetic ε-Co nanoparticles was done by use of a
1.3 T magnet. For this purpose, typically 1 mL of a raw nanoparticle dispersion was
submitted to four size-selective steps using increasing amounts of anhydrous 2-propanol
as an anti-solvent (0.5, 1, 2 and 4 mL in the first, second, third and fourth step). In the
first step the solution was put on the magnet to destabilize the largest nanoparticles. The
sediment was kept and re-dissolved in 1 mL of anhydrous cyclohexane for further analysis.
To the supernatant the extra amount of 2-propanol was added and the mixture was put on
the magnet again. This was repeated until four size-selected batches were obtained in 1
mL of cyclohexane.
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ε-Co/CoO nanoparticles. In order to obtain cobalt monoxide passivated nanoparticles, or εCo/CoO core/shell nanoparticles, the metallic ε-Co nanoparticles were exposed to air as
described by Wiedwald et al.27 Time-dependent powder X-ray diffractograms on 10.6 nm
ε-Co nanoparticles were used to analyze the oxidation of such particles as shown in
Supporting Figure S1.
Transmission electron microscopy (TEM) and X-ray powder diffraction (XRD): carboncoated Formvar Cu-grids were dipped in nanoparticle dispersions and imaged on a Tecnai
12 (FEI) operating at 120 kV, equipped with a SIS CCD camera Megaview II. ITEM
software (Olympus) was used to measure size distributions based on at least 200
particles.
XRD diffraction patterns were acquired on a Bruker D8 advance diffractometer. Cobalt
Kα1,2 X-ray tubes (λ=1.790 Å) operating at 30 kV were used, with currents of 45 and 10
mA respectively. Typically, data points were acquired between 400<2θ<1100 every 0.20
with 13 s step-1. XRD samples of the metallic ε-Co nanoparticles were prepared inside a
glove box and enclosed in an airtight and X-ray transparent box to probe the non-oxidized,
as prepared nanoparticles. After the measurements in the inert atmosphere, the ε-Co
nanoparticles were measured without protective cap and exposed to air.
Sample preparation for X-ray absorption spectroscopy (XAS) and resonant X-ray emission
spectroscopy (RXES) measurements: the ε-Co/CoO nanoparticle dispersions were dripped
onto silicon wafers for the XAS and RXES measurements. Prior to this the silicon
substrates were treated to remove oxygen species from the wafer surface and to passivate
the silicon wafers with atomic hydrogen. The wafers were immersed respectively in
acetone, 2-propanol and in deionized water and given an ultrasonic treatment for 10
minutes each. The substrates were then etched, following Thorton and Williams,28 for 10
min with a 1/5/4 v/v/v solution of HF/ethanol/water. Subsequently, the wafers were rinsed
with deionized water to remove physisorbed surfaces species,29 before drop casting the
nanoparticle solutions on the wafers. The wafers were attached with sticky carbon tape to
an aluminum holder designed to fit into the experimental synchrotron set-up. Silver epoxy
paste was applied between the substrate and the transfer tool to improve conductivity.
The holder was introduced to the load lock chamber of the ADRESS beamline, which was
subsequently pumped down to ~10-8 mbar before the sample was transferred to the
analysis chamber for XAS and RXES measurements.
XAS and RXES measurements and spectral analysis: total electron yield (TEY) Co L2,3- and
O K-edge XAS spectra were collected by measuring the drain current of the samples. Total
fluorescence yield (TFY) spectra were acquired using a photodiode close by the samples.
The XAS spectra were sampled with 50 points eV-1. The incident energy scale was
calibrated measuring the cobalt 2p XAS spectra of the cobalt monoxide powder and
comparing it with literature values.30 The RXES spectra were measured using the highresolution Super Advanced X-ray Emission Spectrometer (SAXES) at the ADRESS beamline
of the Swiss Light Source.31, 32 A scattering geometry was used in which the angle between
the incoming light vector and the outgoing one was 90°. The incoming light is polarized
either linear parallel (depolarized geometry or linear horizontal; LH) or linear perpendicular
(polarized geometry or linear vertical; LV) to the scattering plane with a grazing incident
angle of 20°. By positioning the beam at a non-cobalt-containing and amorphous
reference and varying the incoming energy from 765-785 eV in steps of 1 eV step-1, the
elastic peak was used to calibrate the RXES detector. For this purpose the elastic peaks
were fitted with Gaussian functions and the maxima of the fits were plotted against
detector-channels. The plot was fitted with a linear curve to determine the energy-channel
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response function. At the Co L3-edge (~780 eV) the combined energy resolution of the
RXES zero-loss peak was 80 and 96 meV fwhm for the nanocrystal and the single crystal
data respectively. In order to obtain resonant spectra the incident energy was tuned to
and over the cobalt L3-edge. Spectra were sampled with 100 points eV-1 and summed over
4-10 partial spectra that were acquired for 10 min each. The pressure in the analysis
chamber was lower than 1×10−8 mbar during all measurements. For the CoO single crystal
all measurements were carried out at 10 K and it was aligned with the surface normal
(001) in the scattering plane. The measurements on the CoO powder and the CoO
nanocrystals were measured at 291±5 K.
Crystal field multiplet calculations for XAS and RXES: calculations based on the CowanButler-Thole code as developed by Thole et al.33, 34 were used for interpreting the
experimental core-hole X-ray spectra. The code enables to explain the origin of the 2p
XAS35, 36 and 2p3d RXES transitions using atomic multiplets (the 3d-3d and 2p-3d Coulomb
interactions, the spin-orbit coupling on every open shell of the absorbing atom), crystal
and superexchange fields and charge transfer processes which can be significant at the
transition metal L-edge. Note that the interactions occurring at these edges are not well
described by modern density functional theory (DFT) methods, while DFT codes would be
better suited for the interpretation of other edges (for example 1s XAS). A freeware
interface-version of the multiplet code is available under the name Charge Transfer
Multiplets for XAS and RXES (CTM4XAS).3, 37
For the current calculations the charge transfer effects were not taken into account,
since the states at the start of the L3 XAS edge as well as the lowest lying final 2p3d RXES
states are only little affected by charge transfer effects.36 The omission of charge transfer
effects limits the number of semi-empirical parameters: the charge transfer energy ∆, the
Hubbard Coulomb repulsion between the 3d electrons Udd, the core hole potential Upd and
the electron hopping parameters can be neglected. The values of the remaining electronic
structure parameters used in the interpretation are summarized in Table 1.
Crystal field multiplet calculations for XAS. For our calculations we approximate cobalt
to have a formal Co2+ valence that can be described effectively by a 2p63d7 configuration.
For simulation of the Co L2,3-edge all photon-excited dipole-allowed electron transitions
from a 2p63dn initial ground state to a 2p53dn+1 excited state are taken into account. Since
we consider in RXES the decay process from this excited state, we denominate the
2p53dn+1 state to be the intermediate state in this work. The ground state is affected by 3d
spin-orbit coupling, 3d-3d interactions, magnetic superexchange interactions and crystal
field effects. The excited state is furthermore affected by 2p spin-orbit coupling and 2p-3d
repulsions. Here the C4 point group symmetry is used to describe the crystal field with
empirical parameters 10Dq, Ds and superexchange M as indicated in Table 1.3 Note that
the empirical crystal field parameter Dt is 0 eV in all our calculations. The Slater-Condon
parameters, used to describe the Coulomb repulsion and exchange interactions, are
decreased to 90% of their atomic values (which corresponds to 72% of their Hartree-Fock
values) in order to implicitly correct for the effects of charge transfer.35 The 3d spin-orbit
coupling is reduced to 70% of its atomic Hartree-Fock value. The calculations provide the
2p to 3d core level excitations and their oscillator strengths. The discrete transitions are
broadened with a Lorentzian function Γ to account for the 2p core hole lifetime broadening.
A Gaussian function G, which broadening is set as the experimental resolution, further
broadens the spectra. Note that the calculations do not yield absolute energy positions and
the resulting spectra are shifted in energy for comparison with the experimental spectra.
All XAS spectra were calculated at a temperature of 300 K.
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Table 1. Energetic values of the electronic structure parameters of CoO used in the crystal
field multiplet calculations. All energies are in eV.
Initial state

Intermediate state

Final state

Co2+ configuration

2p63d7

2p53d8

2p63d8d

F2dd

8.356

8.925

8.356

F4dd

5.190

5.550

5.190

F2pd

-

5.227

-

G1pd

-

3.886

-

G3pd

-

2.210

-

ζ3d

0.046

0.058

0.046

ζ2p

-

9.748

-

10Dq

1.050

0.900

1.050

Ds

0.020

0.020

0.020

M

0.010

0.010

0.010

Γ (fwhm)

-

0.400 (L3)/0.800 (L2)

0.020

G (fwhm)

-

0.100

0.100

The different states of the initial state configuration 2p63d7 have been labeled in Table 2 in
Oh symmetry without 3d spin-orbit coupling using the following method: starting from the
electrostatic matrices given by Griffith38 for the different terms of the 3d3 configuration,
electrostatic matrices were constructed for each term of the 3d7 configuration (2Eg, 2T1g,
2
T2g, 4T1g, 2A1g, 2A2g, 4A2g,4T2g) using the appropriate changes of phase for the off-diagonal
terms and by adding the appropriate crystal field energy to the diagonal part. Then, each
matrix (respectively with sizes of 4x4, 5x5, 5x5, 2x2, 1x1, 1x1, 1x1, 1x1) was numerically
diagonalized, yielding the value of the energy (eigenvalue) and the label of each
eigenstate for the 3d7 configuration. We used the same Racah parameters (A, B, C) and
crystal field parameter 10Dq as in the multiplet calculation performed in Oh symmetry
without 3d spin-orbit coupling, namely 24.61 eV, 0.112 eV, 0.412 eV and 1.05 eV
respectively. The values of A, B and C were obtained from those of F0dd, F2dd, F4dd using the
relations given by Cowan35: A=F0dd – F4dd/9, B=(9F2dd – 5F4dd)/441, and C=5F4dd/63.
Crystal field multiplet calculations for RXES. The inelastic scattering function F(Ω,ω) is
described by the resonant term of the Kramers-Heisenberg formula3, 39, 40 that defines the
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interference between the X-ray induced electron excitation and subsequent decay
processes:
2

F (Ω, ω ) = ∑
j

Γ f / 2π
< f | T | i >< i | T | g >
∑i E +2 hΩ − E +1 iΓ × ( E + hΩ − E − hω ) 2 + Γ 2 / 4
g
i
i
g
f
f

where |g>, |i> and |f> indicate the ground, intermediate and final state of the probed
matter and Eg, Ei, Ef are the energies. Here ħΩ and ħω are the energies of the incident and
emitted photon. T1 and T2 are operators describing the radiative transitions by absorbed
and emitted photons and Γi gives the spectral Lorentzian broadening due to the finite time
of the core-hole existence in the intermediate state. The second term implies that energy
should be conserved in the overall RXES process and that a further Lorentzian broadening
Γf occurs due the life time of the hole in the final state. The RXES spectra for Co2+ can be
simulated with the crystal field multiplet calculations for the g=2p63d7 → i=2p53d8 →
f=2p63d8d transitions. Although the final state 2p63d8d is formally equal to 2p63d7 we use
this notation to indicate that the final state still can have a hole in the 3d band. Only in an
elastic scattering event, where ħΩ = ħω, the final state has no 3d hole (other than the
three 3d holes as can be found in the ground state). In the calculations the spectra were
broadened by a Lorentzian function accounting for both the intermediate and final state
lifetime of the hole and with Gaussian functions accounting for the incident and analyzer
experimental resolution. All RXES calculations took the interference effects between the Xray absorption and emission into account. The shown RXES calculations were all done for
the ground state only which formally relates to a situation at 0 K, except for the
Boltzmann-weighted calculations at 300 K as shown in Figure 9. In order to simulate the
LH polarized spectra the σ contribution of the light was taken incident on the sample
together with the π contribution being detected (in the CTM4XAS program this corresponds
to “parallel” incident light plus outgoing “left” light summed with “parallel” incident plus
outgoing “right” light). For LV polarized spectra the combination πin-πout was calculated.

4.3.

Results and discussion

XAS, RXES and multiplet interpretation of CoO
The experimental cobalt L2,3 XAS spectra of a CoO reference powder are shown
in Figure 1. Both total electron yield (TEY) and total fluorescence yield (TFY)
spectra were acquired. These were used to determine the electronic structure
parameter values of CoO as given in Table 1 of the Experimental Section for the
crystal field multiplet calculations. The crystal field value 10Dq of the ground
and final state are set to 1.05 and 0.9 eV respectively. The reduced value of the
final state accounts for the crystal field potential reduction due to the 2p core
hole.41 The atomic interactions have been scaled to 90% of their atomic values
to effectively include the screening effects of the solid.35 A small tetragonal
distortion is introduced using a Ds value of 0.02 eV and the 3d spin-orbit
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Figure 1. Experimental TEY (dots) and TFY (crosses) cobalt L2,3 XAS spectra of a CoO reference
powder. The solid line shows the CoO crystal field multiplet calculation.
coupling is reduced to 70% of its atomic value. Superexchange interactions are
taken into account with a molecular field of 10 meV. The calculation reproduces
the experimental spectra adequately.
Next the XAS and RXES spectra of the cobalt oxide single crystal and
nanocrystals were acquired. Figure 2 shows a TEM image of the studied CoO
nanocrystals as further characterized in Supporting Figure S1. The particles are
spherical and monodisperse with an average diameter of 4.2 nm and a
polydispersity of 12% (defined as the standard deviation over the average of the

Figure 2. TEM image of 4.2 ± 0.5 nm ε-Co/CoO nanoparticles (the ± sign indicates the standard
deviation in the particle diameter).
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particle diameter). Using geometric considerations and a fcc CoO crystal
structure with unit cell dimensions a=b=c=0.426 nm we estimate that
approximately 15% of the atoms is part of the surface of the nanocrystals.42
More details on the estimation can be found in the Supporting Information.
Figure 3 shows the cobalt L2,3 XAS edge and five cobalt 2p3d RXES spectra of
the materials. The shown RXES spectra were acquired in the linear horizontal
(LH) polarized geometry and the spectra were taken at fixed excitation energies
(denoted a-e in the remainder of the text) for both the nanocrystals and the
single crystal. A difference is that the nanocrystals data were acquired at 291±5
K, while single crystal data were taken at 10 K. The XAS spectrum of the CoO
nanoparticles is almost identical to the CoO powder spectrum, while that of the
CoO single crystal has an altered fine structure. This XAS spectrum is a TFY
spectrum and the unusual branching ratio of ~1, the ratio between the L3 and L2
XAS edge, indicates that this spectrum is suffering from saturation/selfabsorption effects.43 However it is shown in order to indicate the excitation
energies of the RXES spectra, which themselves are not visibly affected by selfabsorption effects. The resonant X-ray emission spectra are depicted in the
bottom panels of Figure 3a and 3b. 2p3d RXES at the cobalt L-edge probes
among other things the 3d-3d, charge transfer (ligand-to-metal or metal-toligand) and charge fluctuation (metal-to-metal) excitations. The energies of the
spectroscopic features in the RXES spectra at excitation energy c and d are
listed in Table 2. Most spectral features are intense d-d excitations since these
are allowed in RXES. The main d-d excitations are interpreted on a full RXES
calculation, including the splitting of these states due to the more subtle
tetragonal distortion, 3d spin-orbit coupling and superexchange as will be

Figure 3. Cobalt L2,3 XAS (top panels) and 2p3d RXES spectra (bottom panels) for a) CoO
nanocrystals at 291 K and b) a CoO single crystal at 10 K. The RXES spectra were acquired at five
fixed excitation energies a-e and this denomination will be used in the remainder of the text. The
shown spectra were all acquired in the linear horizontal (LH) polarized geometry. The dashed, curved
lines in the RXES panels indicate the position of transitions caused by resonant X-ray fluorescence
and resonating charge-transfer transitions as discussed in the text.
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Table 2. Energies of the experimental CoO spectroscopic RXES features in nanocrystals
and a single crystal at excitation energies c and d, together with energies at c for the
crystal field multiplet interpretation as discussed in the text. All energies are in eV.
Calculated
energies and
SpectroNanoNanoSingle
Single
RXES
[a]
scopic
crystals crystals crystal crystal calculation
assignment
feature
at c
at d
at c
at d
at c
in Oh without
ζ3d
Shoulder

0.10

0.13

0.08

0.10

0.07

0

Peak

0.92

0.88

0.98

0.93

0.98

0.91+
0.98

Shoulder

1.87

1.85

1.96

1.97

1.89+
2.00

1.83+
1.86+
1.96

Peak+
Shoulder

2.13

1.99

2.28+
2.36

2.04

2.42

2.41+
2.45

2.50

2.20

2.61

2.60

Peak
Peak

2.8

2.90

2.98

2.93

2.87+
3.03

Peak

3.1

3.27

3.23

3.09

3.24

3.70

3.67

3.61+
3.76+
3.85

4.1

4.29

4.58

4.50

4.5

4.77

4.90

4.82+
4.83

Peak

3.5

Peak
Peak

3.78

4

T1g(4F)

4

T2g(4F)
+
2
Eg(2G)
2
T1g(2G)
+
2
T2g(2G)
+
4
A2g(4F)
2
T1g(2H)
+
4
T1g(4P)
2

A1g(2G)
2

T2g+
2
T1g
2

2
2

2

Eg

T2g+
T1g+
2
Eg

T2g(2F)

2

T1g(2F)
+
2
A2g(2F)

7.04

2

7.11

2

Eg (2bD)

T2g(2bD)

[a] The states are indicated with Oh symmetry labels and their atomic multiplet origin is
shown between brackets. It must be noted that the symmetry labeled states intermix and
that the atomic labeling is used mainly for a convenient terminology. Symmetry labeled
states that are not directly linked to their atomic origin are the 2T1g(2P), 2T1g(2H), 2Eg(2H),
2
T2g(2H), 2T2g(2aD), 2Eg(2aD) levels since these doublet states mix strongly.

discussed later. In the final two columns of Table 2 the d-d excitations are
interpreted based on a calculation that only includes the CoO atomic multiplet
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octahedral field parameters. Although this is an incomplete representation, and
valence spin-orbit coupling will also mix the states, we have labeled most d-d
excitations with octahedral symmetry labels in order to account for a rough
energetic classification.44 In Table 2 it is important to note that the broadening
of the elastic peak at 0 eV, with a maximum around approximately 100 meV, is
visible for most excitation energies and caused by the 4T1g(4F) ground state
manifold. The peak around 1 eV is due to excitations to the 4T2g(4F) states, the
shoulder around 1.9 eV due to transitions to the 4A2g(4F) states and the manifold
of peaks around 2-2.5 eV due to transitions to, among others, the 4T1g(4P)
states. In a pure octahedral symmetry the crystal field value 10Dq would be
given as the energy difference between the 4T2g(4F) and the 4A2g(4F) states, and
not by the energy difference between 4T1g(4F) and 4T2g(4F) as 4T1g(4F) is
hybridized with the 4T1g(4P) states.44, 45 This yields for the nanocrystals and the
single crystal an average 10Dq of 0.96 and 1.01 eV respectively, although the
situation is further complicated by peak shifting as a result of the tetragonal
distortion, 3d spin-orbit coupling and superexchange. It must also be noted that
the exact position of the peaks with respect to the peak at 0 eV is not constant
for varying excitation energies as shown in Table 2. Overall the experimentally
determined 10Dq values of ~1 eV are close to the value of 1.05 eV as used for
the 3d7 state in the crystal field calculations (given in Table 1). The Racah
parameter B can be estimated from B=(9F2dd – 5F4dd)/441=900 cm-1,35 and in
pure octahedral symmetry the energy difference between the 4F and 4P levels is
given by 10Dq=15B. For 10Dq=1.05 eV the parameter indeed results in B=900
cm-1, which gives a nephelauxetic ratio β=0.93 (the free ion value of B=971 cm1
for Co2+).46 Furthermore, next to excitations that occur at a fixed energy loss,
such as transitions to d-d and phonon excitations that are present in the final
state, peaks occur at a varying energy loss but at fixed emission energy.47 Fixed
emission energy peaks originate from emission to a final state that maintains
part of the excitation as present in the intermediate state. Examples are a
charge transfer excitation or an electron excited to a ‘free’ state as present in
the intermediate state, which are maintained in the final state. For example a
charge transfer excitation to a band in the intermediate state can have a fixed
emission energy over the width of this band.48, 49 It was suggested25, 48 that the
structure appearing at an energy loss of ~8 eV in the RXES spectrum of CoO
recorded at energy e is mostly due to charge-transfer transitions based on
calculations which include these effects. This peak is not calculated in the
present crystal field multiplet simulations.
Figure 4 shows the crystal field multiplet calculated cobalt 2p3d RXES spectra
using the same parameters as given in Table 1 and used for the 2p XAS
calculation in Figure 1. A calculation for the 2p 6 3d 7 → 2p5 3d 8 → 2p6 3d 8 d
transitions yields the full RXES plane as shown in Figure 4a. This twodimensional plot shows the lost or transferred energy as a function of the
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Figure 4. a) Crystal field multiplet 2p3d cobalt two-dimensional RXES plane simulation of cobalt(II)
in CoO. The white dotted line corresponds to the excitation energy a and c as shown in Figure 3. b)
The experimental, linear horizontal polarized spectra of the CoO single crystal at these energies are
shown (dots+line) together with the crystal field multiplet spectra with the same polarization (solid
lines).
excitation energy over the cobalt L3 XAS edge. Figure 4b shows the
experimental RXES spectra acquired on the CoO single crystal at excitation
energy a and c, along with the calculated CoO spectra at the same excitation
energy. The energies and origins of the relevant transitions are also given in
Table 2. Around 2.2 eV the calculations do not reproduce the experimental
spectra well. This is because (a) charge transfer excitations and (b) X-ray
fluorescence from the low-energy side of the L3-edge are not calculated here.
The former occur around this energy in CoO,14 and the latter contribute for these
energies at excitation energy c. Furthermore the peaks above 2.5 eV are not
further interpreted in this work since the focus in the current study is on the
4
T1g(4F) ground state manifold. It must be noted however that due to the
occurrence of much more intense charge transfer excitations in this regime in
optical absorption spectroscopy, RXES actually allows for a unique study of these
excitations. We also note that the first peak, which we put at 0 eV in our
analysis, is complex. In the experiment elastic scattering channels that are not
material-specific are present. This peak is shown in Supporting Figure S2a
acquired on a carbon reference sample at excitation energy a together with an
experimental spectrum at the same excitation energy for cobalt monoxide. The
cobalt monoxide spectrum shows a peak and a shoulder. Calculations of the
material specific contributions are shown in Supporting Figure S2b for excitation
energy a-e and reveal that the peak maximum is energy dependent and that it
occurs at low energy (non-zero) loss values. The shoulder of the experimental
cobalt monoxide peak is thus interpreted as originating from tetragonal
distortions, 3d spin-orbit coupling and superexchange interactions within the
cobalt monoxide as will be discussed later. The energy of the entangled nonmaterial specific elastic line and low energy material specific transitions are
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calibrated with respect to the elastic line on the carbon reference sample. The
good match between the experiment and theory for the energies of the other dd excitations validates this approach and on overall the spectra are well
simulated by the calculations.

Upper limit of the cobalt 3d hole lifetime broadening in CoO
Comparison of the experimental and theoretical RXES spectra are here used to
estimate the upper limit of the lifetime broadening due to the 3d hole in the
RXES final state. Figure 5 shows the linear horizontal polarized experimental
spectrum taken at excitation energy c on the CoO single crystal and several
theoretical spectra with different broadenings. The fwhm of the final state
Lorentzian and Gaussian functions that are used to account for the 3d hole
lifetime and the experimental set-up broadening respectively, are varied
systematically. The intermediate and final state Gaussian functions are varied
simultaneously with the same value. The Lorentzian accounting for the
intermediate state broadening is determined by the 2p core hole lifetime and is
fixed at 0.4 eV in all calculations. The final state Lorentzian and Gaussian
broadenings must be ≤0.1 eV to allow enough fine structure to occur in the
simulations in order to reproduce the experiment. The calculations in the rest of
this work were allowed to be slightly more detailed than the experiment and a
final state Lorentzian function with a 0.02 eV fwhm and Gaussian functions with
a 0.1 eV fwhm were chosen. The upper limit of the lifetime broadening of the 3d

Figure 5. Experimental linear horizontal polarized RXES spectrum at excitation energy c acquired on
the CoO single crystal (dots+line; top) and theoretical crystal field multiplet spectra at the same
excitation energy c. Several final state Lorentzian (Γfinal) and Gaussian (G) functions were chosen,
with varying fwhm, to broaden the theoretical spectra (the intermediate and final state Gaussian
functions are varied simultaneously). The fwhm values are indicated in eV.
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hole final state in CoO is thus determined to be 0.1 eV, but it must be noted that
3d hole life time is probably dependent on the crystal symmetry and might thus
be different for Co2+ in other compounds.

The influence of tetragonal distortion, 3d spin-orbit coupling and
magnetic excitations
Due to the unprecedented spectral resolution of the ADRESS beamline, being
≤100 meV at the Co L-edge, we see additional structure in the elastic peak at 0
eV of the RXES spectra as shown in Figure 3. Figure 6a shows the electronic
structure description of this ground state manifold considering atomic multiplet,
crystal field, 3d spin-orbit coupling and magnetic superexchange effects. In
spherical symmetry (SO3) the 28-fold degenerate 4F multiplet state is the
ground state. In an octahedral field (10Dq=1.05 eV) this manifold is branched
and the 12-fold degenerate 4T1g(4F) state forms the ground state. Application of
the tetragonal distortion (Ds=0.02 eV) lowers the symmetry and branches the
state to 4A2 and 4E states. This gives rise to the 4E excited states within 100 meV
of the 4A2 ground state. The states split further to Γ6 and Γ7 states50 under
influence of the 3d spin-orbit coupling (46 meV) and the superexchange (10
meV), giving rise to a series of levels within 120 meV above the ground state.
Since the CoO single crystal data were taken below TN (at 10 K) the presence of
the three effects is likely since tetragonal distortions and superexchange have
been observed in the antiferromagnetic CoO phase.11 The nanocrystals data
were acquired around TN (291±5 K) and the presence of a tetragonal distortion
and superexchange is unclear. Figure 6b shows the current branching scheme
and an alternative branching of the 4T1g(4F) state if 3d spin-orbit coupling is
considered before the tetragonal distortion. The splitting due to the 3d spin-orbit
coupling alone gives also rise to peaks within the first 100-150 meV of the
ground state being the E’(J=1/2), G(J=3/2), G(J=5/2) and E’’(J=5/2) states.18
This approach clearly shows that the splitting of the ground state can be
influenced by all three effects, where we add that further phonon-induced
splitting is not considered here.
We further note that if the 12 Γ6 and Γ7 states are analyzed as consisting of
↑
↑
↓
multiple single particle states, the t2g 3 eg 2 t2g 2 state makes up 90% of the
manifold, the other 10% divided over a range of other contributions that are
mixed by the 3d spin-orbit coupling. Due to the tetragonal distortion there is an
imbalance between the t2g>eg states and the t2g>b2g states. The combined effect
of the 3d spin-orbit coupling, the tetragonal distortion, and the superexchange
lead to a lowest energy configuration that contains 50% the a1↓ b1↓ b2↓ hole state
↓
↓ ↓
and 41% the a1 b1 e hole state. The remaining 10% are divided over a number
of other states. The first excited state has similar character and the second
excited state is more pure in its a1↓ b1↓ b2↓ hole character. This analysis shows
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Figure 6. a) Branching of the Co2+ energy levels in spherical SO3 symmetry due to atomic multiplet
effects (left), an octahedral Oh crystal field (middle), a tetragonal D4h distortion, the 3d spin-orbit ζ3d
coupling and the superexchange M. b) Current branching scheme and alternative branching scheme,
where the 3d spin-orbit coupling is considered first, lead to the same final states. For T>TN the
splitting might end after inclusion of the 3d spin-orbit coupling since the presence of a tetragonal
distortion and superexchange interaction are reported to occur below TN.
that the Γ6 and Γ7 states are a complex mixture of three-hole states that cannot
be simplified within a single particle interpretation.
Figure 7 shows the effect of the crystal field, 3d spin-orbit coupling and
superexchange on the structure and position of the 2p XAS spectra and the
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Figure 7. Theoretical calculation of multiple electronic interaction on a) the 2p XAS and (b,c) the
2p3d RXES spectra of CoO. The Gaussian functions accounting for experimental broadening have a
fwhm of b) 100 meV and c) 5 meV. The solid line shows the spectrum of a Co2+ ion in spherical SO3
symmetry, the dashed line in octahedral Oh symmetry, the long dotted line shows the effect of
including a small tetragonal D4h distortion, the dot-dash line includes 3d spin-orbit ζ3d coupling and
the short dotted line shows the effect of including the magnetic superexchange interaction M.
ground state RXES manifold in the calculations. These same effects are applied
in Figure 7a-7c, but in the RXES spectra shown in Figure 7b and 7c the Gaussian
broadening functions have a fwhm of 100 and 5 meV respectively (the final state
Lorentzian function has a fwhm of 20 meV). The broadening in Figure 7b is
representative for the current resolution at the ADRESS beamline, while the
resolution in Figure 7c shows what would be possibly observable with a twenty
times increased experimental resolution, provided the lifetime broadening is
correct. In a perfect spherical or octahedral field the elastic RXES peak has its
maximum at 0 eV exactly, if the 3d spin-orbit coupling and superexchange are
both zero. The difference between a spherical and octahedral field is large in the
2p XAS spectra shown in Figure 7a. Inclusion of a small tetragonal distortion has
little influence on the XAS spectrum, but broadens and shifts the quasi-elastic
RXES peak to higher loss energies due to the above described splitting of the
ground state. The disappearance of the pure elastic peak at 0 eV is known for
systems with a D4h symmetry studied with linear horizontally polarized light as
for example shown for the copper ion in La2CuO4.51 This splitting is observable
with a better theoretical resolution as shown in Figure 7c. Inclusion of the 3d
spin-orbit coupling has some effect on the 2p XAS spectrum, while the
superexchange at the current strength has a small effect. Both effects broaden
the elastic RXES peak even further and shift it to higher transferred energy due
to the further splitting of the ground state level as visible in Figure 7b and 7c.
Overall, 2p XAS is sensitive to some of the presented effects, but the 2p3d RXES
spectra are much more sensitive to them. To comprehend this one must realize
that only the elastic peak of the RXES spectrum at one excitation energy has
been considered in this comparison. If the full spectra at different excitation
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energies are considered RXES contains a multitude of information to determine
the strength of the electronic structure parameters. With the current resolution
however the exact strengths of these interactions are hard to determine from
RXES alone, since the combination of tetragonal distortion, 3d spin-orbit
coupling and superexchange effects make it difficult to disentangle the 4T1g(4F)derived manifold around 0 eV.

CoO single crystal versus nanocrystals
The RXES spectra of the ε-Co/CoO nanoparticles and the CoO single crystal are
clearly different and the energies of their spectroscopic features were given in
Table 2. Here the spectra acquired at excitation energy c are shown in Figure 8a
and compared in detail. The d-d excitations around 1 and 2-2.5 eV are shifted to
lower energies in case of the nanocrystals. The 4T2g(4F)-branched peak has its
maximum at 0.98 eV in case of the single crystal, but it occurs at 0.92 eV for
the nanocrystals. This indicates that the effective crystal field is smaller in the
nanoparticles and if the influence of tetragonal, spin-orbit and superexchange
effects is neglected we get experimental 10Dq values of 0.96 eV and 1.01 eV for
the nanocrystals and single crystal respectively, as discussed earlier.
Furthermore, the shoulder of the elastic peak at approximately 100 meV is more
pronounced in case of the nanoparticles.
The origin of the observed differences is addressed in Figure 8b and
Supporting Figure S3. The surface of the nanocrystals contains approximately
15% of the cobalt ions as discussed in the Supporting Information. Cobalt ions

Figure 8. a) Experimental RXES spectra at excitation energy c in the CoO single crystal (solid dots)
and nanocrystals (open dots). The 4T2g(4F)-based peak at 0.98 eV is shifted down to 0.92 eV in the
nanocrystals (indicated by arrow). The elastic peak at 0 eV is broadened to a larger extent in the
nanocrystals as indicated by the asterisk. Note that the single crystal data were acquired at 10 K and
the nanocrystal data at 291±5 K. b) Calculated RXES spectra at the same energy for the single crystal
(black solid line; shown in top and bottom panel) and for the two nanocrystal calculations A (dashed
line; top) and B (dotted line; bottom) as discussed in the text.
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in the surface of a CoO nanocrystal will likely have a coordination number <6
and a lower site symmetry than their octahedral symmetry in the CoO bulk
phase. Two sets of crystal field multiplet RXES calculations were made at
excitation energy c for Co2+ ions possessing a lower symmetry and these are
shown in Supporting Figure S3. In the first set the value of the parameter Ds
was increased from 0.02 to 0.05, 0.1 and 0.2 eV. In the second set the value of
Ds was increased and fixed to 0.05 eV, while the value of the parameter 10Dq
was lowered, both in the initial and intermediate transition RXES state. The
increase of Ds and lowering of 10Dq lower the Co2+ ion symmetry from
octahedral to tetragonal. In order to mimic the nanocrystal spectra 15% of the
low symmetry spectra, representing cobalt ions in the nanoparticle surface, were
added to 85% of the single crystal bulk calculations. From the comparison of
these spectra with the experimental ones, the best match using this approach is
found for the low symmetry calculation with Ds=0.05 eV and
10Dqinitial/10Dqintermediate=0.9/0.75 eV. The corresponding spectrum is in the top
panel of Figure 8b indicated as CoO nanocrystal A. Alternatively, both
experimental differences between the single and nanocrystals as shown in
Figure 8a, can be explained by an increased superexchange coupling M that has
been shown to occur for CoO surfaces,52 noting that the nanocrystals have a
much larger surface area per volume than the single crystal. One could also
hypothesize that a larger Co-O average distance in the CoO nanoparticles would
yield a weaker crystal field and result in the lowering of the d-d excitation
energies, but this does not explain the broadened 4T1g(4F) ground state
manifold. A calculation that uses the same electronic structure parameters as
shown in Table 1, but with an increased value of M of 40 meV and a decreased
value of 10Dqinitial/10Dqintermediate of 1.0/0.85 eV is shown as the CoO nanocrystal
calculation B in the lower panel of Figure 8b. The latter calculation mimics the
experimental nanocrystal spectrum better and based on this we ascribed the
observed differences for the single and nanocrystals to an effectively larger
average Co-O distance and to a possibly increased magnetic exchange. It should
be noted that in these calculations more complicated effects, including a possible
non-stoichiometry between Co and O in the surface, the type of surface defect
states and their influence on the RXES spectra are not considered. Dedicated
surface science, X-ray scattering and high resolution spectromicroscopic53, 54
experiments might be designed to study the nanocrystal effects in more detail.
In the next section we discuss what the additional effects on the RXES spectra
could be of the different temperatures at which the spectra were acquired (10 K
for the single crystal versus 291±5 K for the nanocrystals).

Temperature dependency of CoO RXES spectra
The CoO RXES spectral shape is a function of the temperature-dependent
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occupation of excited states and phonon modes. The consequence of having
twelve excited states within the first 100-150 meV above the ground state is
that spectra acquired at room temperature will likely have non-negligible
spectral weight from these excited states. Here, the energies of the first twelve
states were calculated and weighted according to a Boltzmann function
(occupied fraction pi=exp[-∆Ei/kbT)/Σjexp(-∆Ej/kbT] with kb being the Boltzmann
constant) using a temperature of 300 K. It was found that the first five states,
including the ground state, account for 93% of the spectral weight. At 10 K the
ground state is populated for 99.9998%. The RXES spectra of the excited states
at excitation energy c are shown in Figure 9a, together with their Boltzmann
weighted spectrum at 300 K. The ground state and Boltzmann weighted
spectrum are highly similar and both mimic the experimental spectrum well.
Figure 9b shows the effect of inclusion of the excited states on the spectral
shape of the ground state 4T1g(4F) manifold. Both Gaussian broadening functions
used have a fwhm of 5 meV (the intermediate and final state Lorentzian
functions have a fwhm of 0.4 and 0.02 eV respectively). With this twenty times
improved experimental resolution, as compared to the current situation, the
Boltzmann weighted spectrum at 300 K does appear different from the ground
state spectrum alone. Also, at higher excited states the 4T1g(4F) states occur at
lower loss energies and an anti-Stokes feature is present. At high temperatures
and with improved experimental resolution it might be possible to measure such
contributions in the CoO RXES spectra in future experiments.

Figure 9. a) Experimental linear horizontal polarized RXES spectrum at excitation energy c in the
CoO single crystal (dots+line; top) together with the calculated spectra at this energy and polarization
of the ground state and the first four excited states (indicated as ES1-4). Their spectral weight at 300
K is indicated between brackets and applies equally to panel b. The Boltzmann weighted spectrum is
shown. b) The same calculations as shown in a but now broadened with Gaussian functions having a
fwhm of 5 meV instead of 100 meV. The excited states exhibit spectral anti-Stokes contributions.
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The effects of temperature-dependent phonon modes should also be considered,
although the localized character of the CFM model does not allow their inclusion
in the calculations. It is known from infrared16 and neutron scattering19 studies
that transverse and longitudinal optical modes exist around 42 and 65-70 meV
and that these split in multiple states with energy difference of 2 meV below the
Néel temperature TN of circa 290 K. Electron energy loss spectroscopy (EELS)
experiments20 on CoO(100) planes have revealed phonon modes at 65 meV
(plus weak modes above 100 meV) and relatively less intense surface modes at
45 and 50 meV. The low energy of the phonon modes make them
experimentally unresolvable and they contribute thus to the intensity of the
elastic peak and the shoulder attributed here to the twelve 4T1g(4F) states. In
general the overall phonon scattering intensity is minimized at the L-edge
compared to the K-edge.47 The phonon transition probability is expected to be
smaller than resonant elastic scattering events or pure d-d excitations that are
fully dipole allowed in RXES. Upon increasing temperatures phonon modes
become more intense and increasingly mix with electronic excitations.16 This will
tend to shift the overall peak at 0 eV to somewhat higher energies,
counteracting the effect of populating more excited states as discussed above.
In the CoO nanocrystal data, which were acquired at 291±5 K as compared
to the single crystal data acquired at 10 K, the 4T1g(4F) manifold was broader
and occurring at higher energy losses than in the single crystal data. In the
previous section we attributed the broadening of 4T1g(4F) manifold to an
increased magnetic exchange. The here presented discussion on the population
of anti-Stokes peaks and phonon-mixing upon increasing the temperature,
leaves room for an additional explanation of the observed 4T1g(4F) manifold. We
conclude that it would be a very interesting experiment to perform temperature
dependent RXES experiments with the highest possible energy resolution to
reveal the interplay between phonons, spin-orbit and (magnetic) exchange
interactions in more detail.

Polarization dependency of CoO RXES spectra
Figure 10a shows the polarization dependence of the experimental RXES spectra
taken from the CoO single crystal at excitation energy c. The calculations with
LH and LV combinations reproduce the experimental CoO single crystal spectra.
In general, the experimental linear vertical polarized spectra show a larger
spectral weight at the high-energy-loss-end of the 2 eV manifold as compared to
the linear horizontal polarized spectra. This is reproduced by the calculations.
Also the intensity ratio between the elastic peak at approximately 0 eV and the
peak at approximately 1 eV is well reproduced by the calculations for both the
vertical and horizontal linear polarizations. The full 2p3d crystal field multiplet
calculated cobalt 2p3d RXES plane for the LV polarized geometry is given in
Supporting Figure S4. Figure 10b shows part of the experimental spectra at
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Figure 10. a) Experimental RXES spectra (dots+line) acquired on the CoO single crystal with linear
horizontal (LH) and linear vertical (LV) polarized light. The crystal field multiplet calculations for the
separate LH and LV polarizations are shown. b) Experimental RXES spectra acquired on the CoO
single crystal at excitation energy a-e with LH (solid line) and LV (dots) polarized light.
excitation energies a-e acquired in the linear vertical and linear horizontal
polarized geometry. The ground state manifold is a function of the scattering
geometry (momentum dispersion dependent), of the light polarization and of the
excitation energy. The experimental spectra in Figure 10b reveal this
dependence on light polarization and excitation energy, since the broadness of
the RXES peaks and the relative energy difference between them varies as a
function of these degrees of freedom.

Discussion on the 2p3d RXES and crystal field multiplet obtained
parameters
The crystal field multiplet input values found in this study describe the electronic
structure of cobalt(II) oxide and are benchmarked here against literature
results. CoO 2p3d RXES spectra were acquired previously by Magnuson et al.25
and Chiuzbăian et al.26 and interpreted using multiplet calculations that included
charge transfer excitations (which has not been done here). The 10Dq values
used in previous interpretations including charge transfer (0.5-0.7 eV) 12, 25 are
lower compared to values from infrared and optical spectroscopy studies13-15
that apply crystal field theory without charge transfer and compared to the value
used in this study. In models without charge transfer the 10Dq parameter has to
compensate for the metal-ligand hybridization effects, which typically increases
10Dq with approximately 0.3 eV for divalent metal oxides (see for example Hu
et al. 55). An additional effect on the 10Dq value in X-ray studies is that the core
hole decreases 10Dq.41 In case of CoO, 10Dq is 1.05 eV in the initial and 0.9 eV
in the intermediate state when the 2p core hole is present.
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The 4T1g(4F) ground state manifold of CoO was interpreted here on the basis of a
tetragonal distortion, 3d spin-orbit coupling and magnetic excitations. We used
Ds=0.02 eV, 3d ζ3d=0.046 eV and M=0.01 eV to account for these effects. The
splitting of this state has been measured as early as 1959 with infrared
spectroscopy and with a better resolution as presented here and interpreted on
the basis of 3d spin-orbit coupling.15 The states have recently been revisited by
infrared spectroscopy and interpreted on the basis of a tetragonal distortion, 3d
spin-orbit coupling and magnetic excitations.16 The tetragonal distortion crystal
field parameter D was determined to be -47.8 cm-1, the spin-orbit coupling λ
was -151.1 cm-1 and the superexchange constant J was 17.5 cm-1. If we transfer
our parameters to the model as used by Kant et al. (as far as possible), we find
similar values of D = -44.3 cm-1, λ = -124 cm-1 and J = 13.4 cm-1.16, 19, 56, 57 As
stated before, the 3d spin-orbit coupling value was reduced in this study to 70%
of its free Co2+ ion value. For 3d transition metal ions with a 3d1, 3d2, high-spin
3d6 or high-spin 3d7 configuration reduced 3d spin-orbit coupling values have
been observed previously, for example in CrO2 and Fe2SiO4 where the 3d spinorbit coupling is quenched.3 For several Co2+-bearing compounds there is
experimental evidence that the 3d spin-orbit coupling is significantly reduced. In
CoCl2 its value is for example λ=-140 cm-1,45 as compared to the free ion value
of λ=-180 cm-1 according to Newman et al.15 or λ=-177 cm-1 as used here. For
Co2+ in CoO some previous calculations have used unquenched 3d spin-orbit
coupling values, but other studies also found reduced 3d spin-orbit coupling
values that correspond to 40%19 or ~80%16 of the ionic value. The reason that
previous L2,3 XAS calculations for CoO used ionic values is that L2,3 XAS does not
discriminate very well between the ionic value and 70% of that value (as
illustrated for example in Figure 7a). The high-resolution 2p3d RXES data
however allow for the determination of the reduction of the 3d spin-orbit
coupling, because the 12 excited 4T1g(4F) states would possess an energy that is
too high if an unquenched ionic 3d spin-orbit coupling is used. We attribute the
physical meaning of the reduction of the 3d spin-orbit coupling to (1) the effect
of the symmetry reduction from octahedral symmetry, (2) the effect of charge
transfer and (3) the effects due to translation symmetry (band effects). These
combined effects can be simulated with a reduced 3d spin-orbit coupling in the
crystal field multiplet calculations. Overall the here presented interpretation does
reproduce the experimental 2p XAS and 2p3d RXES results well, and
furthermore it is also able to explain 1s XAS spectra and 1s2p RXES spectra of
CoO as described by Kurian et al.58
Finally, the current experimental resolution of the RXES spectra thus clearly
shows the presence of an approximately 0.1 eV broad ground state manifold,
but it does not allow yet for a careful disentanglement of its origin. In this light,
our results should be regarded as the first observation of these states with RXES
and a tentative indication of the factors that play a role in their splitting.
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4.4.

Conclusions

CoO nanocrystal and single crystal 2p XAS data were experimentally acquired
together with 2p3d RXES data. The RXES data have a record spectral resolution
compared to other CoO RXES data, and allows a peak fwhm of approximately
0.1 eV. The data were interpreted with 2p XAS and 2p3d RXES crystal field
multiplet calculations with an optical 10Dq value of 1.05 eV and it was found
that the ground state levels at 0 eV are broadened by tetragonal distortions, 3d
spin-orbit coupling and magnetic superexchange interactions. The parameters
accounting for these effects had strengths of Ds=0.02 eV, ζ3d=0.046 eV and
M=0.01 eV respectively. The upper limit of the natural line width resulting from
the finite 3d hole lifetime was determined to be ≤0.1 eV, implying that the
resolution in the present data is still set-up limited. The calculations address the
origin of the different observed d-d excitations and these were labeled according
to their symmetry. From this interpretation we are able to determine
experimental 10Dq values of 0.96 and 1.01 eV for the nanocrystals and the
single crystal respectively assuming a perfect octahedral symmetry (which is not
the case). We further showed that 2p XAS is sensitive to the octahedral field and
3d spin-orbit coupling, while the 4T1g(4F) manifold in RXES is more sensitive to
the tetragonal distortion and superexchange interactions. Differences in the
nanocrystals and single crystal data were shown to be an effective smaller
crystal field splitting and stronger broadening of the 4T1g(4F) RXES manifold for
the nanocrystals. Calculations were made to address the differences, which
could best be accounted for if the parameter M was increased to 0.04 eV and the
parameters 10Dqinitial and 10Dqintermediate were decreased to 1.0 and 0.85 eV,
respectively. An improved experimental resolution would not only allow for a
better disentanglement of the strengths of the interactions leading to the
4
T1g(4F) manifold broadening, but it would also allow the observance of antiStokes related RXES features. Finally, it was reported that the calculations
reproduced polarization-dependent measurements of CoO adequately.
In conclusion, this work presents the first RXES observation and
interpretation of the crystal field, spin-orbit and superexchange broadened
ground state of single crystal and nanocrystalline cobalt(II) oxide.
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ε-Co/CoO nanoparticle characterization
X-ray powder diffractograms of 10.6 nm ε-Co nanoparticles showed no sign of
oxidation when measured in an inert environment. Upon exposure to air the
presence of both ε-Co and CoO related diffraction peaks in the particles was
observed as shown in Supporting Figure S1a. The CoO signal increased to a
fixed relative signal compared to the ε-Co peaks after 3 weeks. This indicated
particle passivation and suggests a core-shell ε-Co/CoO nanoparticle structure
as observed previously by Wiedwald et al.27 Since the particles used for the XAS
and RXES studies presented here are smaller, only 4.2 nm in diameter, the
particles will be largely oxidized. This was also visible from the O K-edge X-ray
absorption spectrum acquired on the 4.2 nm ε-Co/CoO nanoparticles as shown
in Supporting Figure S1b, which is identical to the oxygen K-edge XAS acquired
on CoO previously.17

Figure S1. a) Powder X-ray diffractograms of as prepared 10.6 nm ε-Co nanoparticles measured in
an inert environment and of the same particles upon exposure to air resulting in ε-Co/CoO
nanoparticles. The peaks indicated with an asterisk (*) are related to ε-Co (and the (221) reflection
being indicated), while the peaks marked with a cross (+) are related to CoO. The numbers of hours
indicated in the graph reveal at what time after exposing the samples to air, the diffractograms were
acquired. b) The oxygen K-edge spectrum of the 4.2 nm oxidized ε-Co particles confirms the
presence of CoO.
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Material and non-material contributions to quasi-elastic peak

Figure S2. a) A normalized experimental 2p3d RXES spectrum acquired on the CoO nanocrystals
(solid line+dots) at excitation energy a, together with a normalized reference spectrum acquired at the
same excitation energy on non-cobalt containing carbon tape. The reference sample shows the nonmaterial specific contribution to the elastic line, and proofs that the shoulder in the spectrum acquired
on the CoO nanocrystals is material specific. b) The energy dependence of the material specific peak
originating from the 12 4T1g(4F) states in CoO is shown as calculated by the crystal field multiplet
calculations.

Estimation of cobalt ion surface fraction in the CoO nanocrystals
In the following estimation it is assumed that the ε-Co/CoO nanoparticles are
fully CoO. The fraction of cobalt ions in the surface is calculated using
Vshell/Vtotal=(r³-(r-D)³)/r³ where Vshell and Vtotal are the volumes of a spherical
nanoparticle shell and the total spherical nanoparticle, r is the average radius of
the nanoparticles (4.2 nm here) and D is the thickness of the shell. For D one
can hypothetically use the Co-O distance in the FCC unit cell (0.213 nm),42
leading to a CoO surface fraction and cobalt ion surface fraction of 14,5%. In an
alternative model the total spherical nanoparticle volume and area, the volume
of the unit cell and the area of a unit cell plane are first calculated for FCC CoO
using side a=b=c=0.426 nm.42 The number of unit cells and exposed unit cell
planes in the average nanoparticle are calculated subsequently. Together with
the number of ions per unit cell and unit cell plane this leads to the estimation
that 15% of the cobalt ions are present in the nanoparticle surface.
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Alternative 2p3d RXES CoO nanocrystal calculations

Figure S3. a) Calculated 2p3d RXES spectra using the same parameters as given in Table 1 of the
main text, which were used for the CoO single crystal simulation, except for the value Ds that was
varied as indicated for calculation I till III. These spectra are representative for various tetragonal
distorted Co2+ ions. b) Experimental RXES spectrum of the CoO nanocrystals (dots+line; top)
together with various calculated spectra. The calculated spectra consist of 15% of calculation I-III as
shown in a (dotted lines), 85% of the single crystal simulation (dashed lines), and their summation
(solid lines). c) The same calculations as shown in a, but now with Ds fixed at 0.05 eV and varied
10Dqinitial/10Dqintermediate values as indicated for calculations IV till IV. d) Idem to b but using
calculation IV till IV instead of I till III. All experimental and calculated spectra were obtained or
calculated at excitation energy c and in LH polarization geometry.
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LV plane of 2p3d RXES CoO single crystal calculation

Figure S4. Crystal field multiplet 2p3d cobalt two-dimensional RXES plane simulation of cobalt(II)
in CoO for the linear vertical (LV) polarized geometry.
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2p3d resonant X-ray emission spectroscopy as
a tool to probe adsorbate-surface bonds
selectively?

2p3d RXES measurements on 8.4 and 5.0 nm cobalt and 3.6 nm cobalt-nickel nanoparticles
coated with oleate molecules are provided. The spectra reveal low energy resonant Raman
features at 0.3 and 0.75 eV. In combination with time-dependent density functional theory
(TD-DFT) and ligand field multiplet (LFM) calculations these are ascribed to d-d
excitations of cobalt ions in a low symmetric ligand field. Two different chemical
environments of the ion may cause the transitions. In the first model cobalt ions in the
nanoparticle outer atomic layer, resulting from the adsorbate binding, cause the excitations.
These are transitions from a mixture of 4B1g plus 4Eg to 4Eg at 0.3 eV. At 0.75 eV transitions
to 4B2g and 4A1g take place. In the alternative model the excitations occur in a cobalt
molecular species that might co-exist with the nanoparticles. Here the transitions are from
4
A2g to 4Eg and to 4Eg plus 4B2g at 0.3 and 0.75 eV, respectively. We show that the
consequence of the first model would be that 2p3d RXES is a unique tool for the selective
identification of surface metal-adsorbate interactions.
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5.1.

Introduction

Direct measurement of the electronic structure of chemical bonds formed at a
surface is far from trivial but important.1,2 In catalysis the electron configuration
and electron dynamics within the first atomic layers control to a large extent
how molecules adsorb, form bonds, and eventually desorb.3 Great progress in
understanding such processes was made by the application of sensitive surface
science techniques4,5 like scanning tunneling microscopy (STM).6 Despite this, it
remains a challenge to specifically probe the bond between a surface atom and
the atom within a molecule that binds with the surface.7 In analogy: little is
known about the orbitals in the bonds between nanoparticles and its surfactants
(although many recent studies improved our understanding of nanoparticle
synthesis, size, morphology, crystal structure and elemental composition).
Considering the ‘surface-molecule bond challenge’ the recent developments
in resonant X-ray emission spectroscopy (RXES)8-12 are interesting. In RXES
(also known as resonant inelastic X-ray scattering - RIXS) the studied material
is irradiated with X-rays to excite a core electron (a non-valence electron) to
empty electronic states. The term ‘resonant’ implies excitation at a materialspecific core electron binding energy, in contrast to normal or ‘non-resonant’ Xray emission spectroscopy where photon energies higher than the binding
energy are used. The created core hole is filled by an electron from a higher
electron-shell. This can occur under emission of a photon (radiatively) and the
energies of such photons are measured to form a RXES spectrum. Nowadays,
the state-of-the-art soft X-ray ADRESS beamline (X-ray energies < 1.6-1.8
keV)13,14 at the Swiss Light Source (SLS) permits world-record energy resolution
2p3d RXES spectra. In 2p3d RXES spectroscopy a metal 2p core electron is
transferred to an empty metal 3d orbital by X-ray absorption. When recording
the X-ray absorption over a range of empty 3d states one performs 2p or L2,3 Xray absorption spectroscopy (XAS). With 2p3d RXES the subsequent radiative
decay of 3d electrons to the 2p core hole is followed. The final state may then be
in a configuration with an excited 3d state.
Since RXES is a ‘photon-in photon-out’ technique it is in general probing
many atomic layers of the studied material. The probed depth depends on the
energy dependent photon attenuation length, but is up to 200 nm at the cobalt
2p resonance.15 Here we suggest that, on a metallic substrate,16 RXES can
potentially be used as a novel surface science tool that is selective to the first
atomic layer only. More specifically, we report 2p3d RXES measurements on 8.4
and 5.0 nm cobalt and 3.6 nm cobalt-nickel nanoparticles, coated with oleate
molecules. The spectra reveal low-energy excitations at 0.3 and 0.75 eV. In
combination with time-dependent density functional theory (TD-DFT) and ligand
field multiplet (LFM) calculations these features are ascribed to d-d excitations of
cobalt ions in a low symmetric ligand field. It is shown that two different
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chemical environments of the ion may cause the transitions. In the first model
cobalt ions in the nanoparticle outer atomic layer, resulting from the adsorbate
binding, cause the excitations. In the alternative model the excitations occur in a
cobalt molecular species that might co-exist with the nanoparticles. The
likelihood of both interpretations is discussed. Assuming that the first model is
correct, we conclude that 2p3d RXES is a unique tool for the selective
identification of surface metal-adsorbate interactions, which are omnipresent.

5.2.

Experimental section

Materials: nickel(II) acetylacetonate (Ni(acac)2; 95%), trioctylphosphine oxide (TOPO;
99%), dioctyl ether (99%), 1,2-dichlorobenzene (anhydrous, 99%), 2-propanol
(anhydrous, 99%), and cyclohexane (anhydrous, 99.5%) were purchased from SigmaAldrich. Dicobalt octacarbonyl (Co2(CO)8; hexane stabilized, 95%), oleic acid (OA; 97%),
and acetone (anhydrous, 99.8%) were obtained from Acros Organics. Nitric acid (pro
analysis, 65%), hydrochloric acid (fuming, 37%), and hydrogen peroxide (stabilized, for
synthesis, 30%) were obtained from Merck. Sulfuric acid (>95%) was obtained from
Fischer Chemical. All chemicals were used as received.
ε-Co nanoparticle synthesis: the ε-Co and nanoparticles were prepared following Puntes et
al.17 0.45 g (1.32 mmol) Co2(CO)8 was dissolved in 3 mL anhydrous 1,2-dichlorobezene in
an airtight flask. In a separate airtight flask 0.10 g (0.26 mmol) TOPO and 0.18 g (0.64
mmol) OA were dissolved in 2 mL dry 1,2-dichlorobezene. The metal precursor and ligand
solutions were prepared under magnetic stirring inside a nitrogen-atmosphere glove box
(H2O/O2 levels <2 ppm). In a nitrogen-atmosphere Schlenk line outside the glove box, a
three-neck round bottom flask was evacuated and flushed with N2 gas three times.
Subsequently, 10 mL of dry 1,2-dichlorobezene was injected into the flask through a
septum and heated until reflux temperature (186 °C; boiling point 1,2-dichlorobezene).
Next, the 2 mL OA- and TOPO-containing solvent and the metal precursor solution were
injected, in this order, from airtight vials in the hot 1,2-dichlorobezene. Upon injection the
metal precursor solution changed instantaneously from yellow to black. Mixtures were
refluxed for 30 min, allowed to cool to room temperature, and transferred back to the
glove box before further analysis.
Co65Ni35 nanoparticle synthesis: the Co65Ni35 alloy nanoparticles were synthesized through
the acetonated cobalt carbonyl method reported in chapter 2.18 In short, 0.40 g (1.17
mmol) Co2(CO)8 and 0.30 g (1.17 mmol) Ni(acac)2 were left to dissolve for 30 min in 3 mL
of anhydrous acetone in a nitrogen-atmosphere glove box, under occasional stirring of the
flask by hand. Next, 0.30 g (1.06 mmol) OA and 0.18 g (0.47 mmol) TOPO were
simultaneously added to 12 mL anhydrous dioctyl ether in a synthesis flask inside the
glove box, and the solution was subsequently heated to 280 °C in a nitrogen Schlenk line
outside the glove box. The metal precursor solution was then injected from airtight vials in
the hot, ligand-containing solvent. Mixtures were refluxed for 30 min, allowed to cool to
room temperature, and transferred back to the glove box before further analysis.
Note that in all the nanoparticle syntheses, glassware was cleaned with Piranha etch
(3/1 v/v sulfuric acid/hydrogen peroxide), Aqua regia (3/1 v/v nitric/hydrochloric acid),
excessive deionized water, and anhydrous acetone prior to use.
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Nanoparticle size-selective precipitation and washing: size-selective precipitation of the
magnetic ε-Co and Co65Ni35 nanoparticles was done with a 1.3 T magnet. For this purpose,
typically 1 mL of an as-synthesized nanoparticle dispersion was submitted to four sizeselective steps using increasing amounts of anhydrous 2-propanol as an anti-solvent (0.5,
1, 2, and 4 mL in the first, second, third and fourth step, respectively). In the first step
the solution was put on the magnet to destabilize the largest nanoparticles. The sediment
was kept and re-dissolved in 1 mL of anhydrous cyclohexane for further analysis. To the
supernatant the extra amount of 2-propanol was added and the mixture was put on the
magnet again. This was repeated until four size-selected batches were obtained in 1 mL of
cyclohexane. From these batches a dispersion was chosen with the desired average
nanoparticle size (by TEM analysis). The chosen batch was subsequently washed three
times. To this end the nanoparticles, dissolved in cyclohexane, were all destabilized with
2-propanol. The supernatant was removed and the sediment re-dispersed in cyclohexane,
after which the cycle was repeated.
Transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), and
X-ray powder diffraction (XRD) characterization: The obtained nanoparticles were
characterized by TEM, EDX and XRD prior to the 2p XAS and 2p3d RXES measurements.
For TEM, carbon-coated formvar Cu-grids (200 mesh; Agar Scientific) were dipped in
nanoparticle dispersions and imaged on a Tecnai 12 (FEI) operating at 120 kV, equipped
with a SIS CCD camera Megaview II. ITEM software (Olympus) was used to measure size
distributions based on at least 200 particles. A Tecnai 20 (FEI) microscope operated at 200
kV, equipped with a field emission gun, Gatan 694 camera, and EDAX spectrometer, was
used for EDX-analysis. For this purpose the washed and size-selective precipitated
samples were used. At least 5 different micron-sized spots and up to 20 individual
nanoparticles were analyzed to determine particle composition and to test its uniformity
over the batch.
XRD diffraction patterns were acquired on a Bruker D8 advance diffractometer. Cobalt
Kα1,2 X-ray tubes (λ=1.790 Å) operating at 30 kV were used, with currents of 45 and 10
mA, respectively. Typically, data points were acquired between 40°<2θ<110° every 0.2°
with 13 s step-1. XRD samples were prepared inside the glove box and enclosed in an
airtight and X-ray transparent holder in order to probe the non-oxidized, as prepared
metal nanoparticles. The airtight XRD specimen holder with dome-like X-ray transparent
cap for environmentally sensitive materials (A100B33; sample reception 25 mm diameter,
1 mm depth) was obtained from Bruker AXS.
2p XAS and 2p3d RXES spectra acquisition and treatment: For these measurements the
following materials and tools were obtained. p-Type Boron-doped silicon (100)(111)
surface terminated wafers (525 μm thick; cut in 7x7 mm squares; resistivity ~ 5 Ωcm)
were obtained from CrysTec GmbH. Hydrofluoric acid (pro analysis, 48-51%) was obtained
from Acros Organics. Plastic tweezers (style KR) were obtained from Rubis Switzerland.
Sticky carbon tape was obtained from NEM Nisshin Em.Co.Ltd. Silver epoxy paste (E4110
kit) was obtained from Epoxy Technology.
The nanoparticle dispersions were dripped onto silicon wafers inside a helium-glove
box for the XAS and RXES measurements. Prior to this the silicon substrates were treated
to remove oxygen species from the wafer surface and to passivate the silicon wafers with
atomic hydrogen. The wafers were immersed in acetone, 2-propanol and in deionized
water, respectively, and given an ultrasonic treatment for 10 minutes each. The substrates
were then etched, following Thorton and Williams,19 for 10 min with a 1/5/4 v/v/v solution
of HF/ethanol/water. Subsequently, the wafers were rinsed with deionized water to
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remove physisorbed surfaces species,20 before drop casting the nanoparticle solutions on
the wafers. The nanoparticles were then transferred to the load-lock chamber of the
beamline under exclusion of air. To this end we developed a transfer tool for atmospheresensitive samples into the RXES endstation in-house. A schematic representation of the
tool and the way it is employed is given in Supporting Figure S1. The samples were
attached to the bottom part (1) of the transfer tool with sticky carbon tape. Silver epoxy
paste was applied between the substrate and the transfer tool to improve conductivity.
The tool was introduced to the load lock chamber of the beamline endstation, which was
subsequently pumped down to ~10-8 mbar before the sample was transferred to the
analysis chamber for XAS and RXES measurements.
Total electron yield (TEY) XAS spectra were acquired by measuring the drain current of
the samples. The XAS spectra were sampled with 25 points eV-1. The RXES spectra were
measured using the high-resolution Super Advanced X-ray Emission Spectrometer
(SAXES) at the ADvanced RESonant Spectroscopies (ADRESS; X03MA) beamline of the
Swiss Light Source (SLS).13,14 A scattering geometry was used in which the angle between
the incoming light wave vector and the outgoing one was 90°. The incoming light was
polarized linear parallel (depolarized geometry or linear horizontal; LH) to the scattering
plane with a grazing incident angle of 20°. Measuring at grazing incidence was done to
minimize the self-absorption of the elastic peak. Measuring at LH polarization was done to
suppress the cross-section of the elastic peak with respect to the resonant features.21,22 By
positioning the beam at a non-cobalt amorphous reference and varying the incoming
energy from 770-780 eV in steps of 0.5 eV step-1, the elastic peak was used to calibrate
the RXES detector. For this purpose the elastic peaks were fitted with Gaussian functions
and the maxima of the fits were plotted against detector-channels. The plot was fitted with
a linear curve to determine the energy-channel response function. At the Co 2p3/2 XAS
edge (~780 eV) the combined energy resolution of the RXES zero-loss peak was 88 meV
full-width at half-maximum (fwhm) for the nanoparticle data and 196 meV fwhm for the
cobalt oleate molecular complex. These resolutions were the best obtainable resolutions
during the two different experiments at which the data were acquired. A similar calibration
procedure was followed for the Ni 2p3d RXES spectra. In order to obtain resonant spectra
the incident energy was tuned to and over the cobalt or nickel 2p3/2 XAS edge. The RXES
spectra were sampled with 52 points eV-1 and summed over 4-10 partial spectra that were
acquired for 10 min each. To compare the RXES spectra, they were normalized to the
intensity of the elastic peak (in Figures 2a-c for excitation energies a-d; Figures 3a; 4c; 7;
S5b) or to the peak with the maximum intensity (in Figures 2a-c for excitation energy e
and in Figure 2d). All RXES spectra are given on an ‘Energy loss’ scale, which can be
multiplied by -1 to obtain the energies of the discussed d-d excitations and to compare
with TD-DFT theory. The pressure in the analysis chamber was ~10−8 mbar during all
measurements and the spectra were acquired at 20±5 °C. For both XAS and RXES
measurements we did not notice any evolution of the spectra during the experiment.
Computational methods
Density functional theory (DFT): the ORCA software package was used for all DFT23,24
calculations. Molecular geometries were first optimized using the BP86 functional25,26 and
Ahlrichs split valence plus polarization (SVP),27 and auxiliary SV/J for Coulomb fitting,
basis set implemented in ORCA from the TurboMole basis set library under ftp.chemie.unikarlsruhe.de/pub/jbasen. The self-consistent field (SCF) energy convergences were
performed using Direct Inversion in Iterative Subspace (DIIS) for all structures with two or
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less transition metal atoms. For clusters containing more such atoms Kollmar’s DIIS
(KDIIS) was used alternatively. A second round of geometry optimization was in all cases
performed unless mentioned otherwise. This was done using the optimized structure of the
first cycle with the BP86 functional and a default-2 triple-zeta valence plus polarization
(def2-TZVP) basis set.28,29 For transition metal containing complexes spin unrestricted SCF
calculations were applied with a slow (SlowConv) and tight (TightSCF) convergence,
setting the tolerances for the last energy change to 1x10-8 Ha and the last maximum
density change to 1x10-7 Ha. The tolerances for geometry optimization were 5x10-6 Ha for
the last energy change, 1x10-4 (2x10-3) Ha for the last root mean square gradient (step)
and 3x10-4 (4x10-3) Ha for the last maximum gradient (step). All geometries optimized
without problem and no Hartree-Fock (HF) spin contaminations were found.
For all calculations the charge and spin multiplicity of the species were varied in order
to find the most stable species. In order to identify the most stable structural isomer of
the adsorbates, different starting configurations of clusters were used in the DFT geometry
optimization calculations. The start configurations were identified by calculating all stable
configurations with the MM2 force field method in the Chem3D Pro software. As an
example in Supporting Figure S2 it is shown how the stable binding geometry of acetate
molecules on small cobalt clusters (6 and 10 atoms) was found. The molecular orbitals
(MO’s) obtained by the calculations were examined by Mulliken orbital population analyses
to allow for an atomic orbital interpretation of the MO’s.
Time-dependent DFT (TD-DFT): after having identified the stable configuration of the
complexes, TD-DFT30 was used to calculate part of the optical transitions in the 0-2.5 eV
regime for comparison with RXES spectra. Time-dependent theory is based on the RungeGross theorem,31 the time-dependent analogue of the Hohenberg-Kohn-Sham formalisms
for the description of the ground state electron density, and implemented in ORCA by
Petrenko and co-workers.23,32 Note that for only excitations ≤ 1 eV were used for
comparison with the RXES spectra since excitations to higher lying states are frequently of
Rydberg or double excitation character for which TD-DFT has been reported to fail.30,33,34 A
BP86 functional, a TZVP basis set and slow (SlowConv) and tight (TighSCF) convergence
were used. The resolution of identity (RI) and Tamm-Dancoff approximation (TDA) that
are applied by default in ORCA were switched off. The fractional occupation number was
switched on for the unrestricted spin open shell systems in order to prevent symmetry
breaking of degenerate orbitals. The first 25 transitions were by standard obtained in the
TD-DFT calculations. The tolerance in the convergence of energies of the excited states
was 1x10-8 Ha and the convergence of the norm of the residual vectors was 1x10-8 Ha. It
was checked on model compounds such as Co2+(H2O)6 that the followed approach yielded
excitations (≤ 1 eV) in agreement with experimental optical absorption data.
Ligand field multiplet (LFM) calculations: 2p XAS and 2p3d RXES spectra were simulated
using the freeware multiplet program available under the name Charge Transfer Multiplet
for XAS (CTM4XAS).35 The splitting of d-levels due to atomic effects are calculated using a
HF code that includes relativistic effects as developed by Cowan.36,37 This generates the
atomic multiplets or atomic manifolds. The further splitting of atomic multiplets in a ligand
field and/or due to charge transfer (CT) effects can subsequently be calculated in
CTM4XAS using the Butler-Thole codes.38 For the current calculations only the ligand field
effects were included, since CT effects modify the 2p XAS and 2p3d RXES spectra of CoII
only little.39 In such cases we consider the omission of CT effects in the calculations to be
favorable. The values of the applied electronic structure parameters used in the
interpretation are summarized in Table 1.
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Table 1. Energetic values of the ligand field multiplet parameters used in model A/model
B. All energies are in eV.
Initial state
Intermediate state
Final state
Co2+ configuration
2p63d7
2p53d8
2p63d8d
F2dd

9.284/8.820

9.917/9.421

9.284/8.820

F4dd

5.767/5.479

6.166/5.858

5.767/5.479

F2pd

-

5.808/5.518

-

G1pd

-

4.318/4.102

-

G3pd

-

2.455/2.333

-

ζ3d

0.033/0.050

0.042/0.062

0.033/0.050

ζ2p

-

9.748/9.748

-

10Dq

-0.200/0.600

-0.200/0.600

-0.200/0.600

Ds

-0.050/0.150

-0.050/0.150

-0.050/0.150

Dt

-0.070/0.000

-0.070/0.000

-0.070/0.000

Γ (fwhm)

-

0.400/0.400

0.020/0.020

G (fwhm)

-

0.100/0.200

0.100/0.200

LFM calculations for XAS. For our calculations we approximate cobalt to have a formal CoII
valence in models A and B (see the Results section for explanation of the models). CoII
can be described effectively by a 2p63d7 ground state configuration. For simulation of the
2p XAS spectra all electric dipole-allowed electron transitions from the ground state to a
2p53d8 excited state are calculated, together with their oscillator strengths. To this end,
the ground state and intermediate state energy levels are first calculated.
The atomic multiplets in the ground state depend mainly on the 3d-3d direct Coulomb
interactions and 3d spin-orbit coupling ζ3d. The intermediate state is in addition affected by
2p-3d direct Coulomb and Coulomb exchange interactions and 2p spin-orbit coupling ζ2p.
The 3d-3d direct Coulomb and 2p-3d direct Coulomb and Coulomb exchange interactions
can be described by two-electron integrals, called the Slater or Slater-Condon integrals.
The radial parts of these integrals are obtained ab initio within the HF limit for a given
electron configuration by the program. The program also automatically scales the values
to 80% of their original HF values to correct for intra-atomic configuration interaction and
hybridization effects. The radial parts of the integrals that define the 3d-3d direct Coulomb
interactions are F2dd and F4dd and are given in Table 1. In an analogous way the 2p-3d
direct Coulomb interactions are set by F2pd and the 2p-3d Coulomb exchange interactions
by G1pd and G3pd. Next to the direct Coulomb and Coulomb exchange interactions the
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program calculates the 2p and 3p spin-orbit coupling values within the HF limit, but it does
not scale the original values further down.
The user can modify the obtained atomic parameters in order to correct for effects not
included in the Hamiltonian. Here we have further reduced both the values of the radial
parts of the Slater integrals and the value of the 3d spin-orbit coupling. The radial parts of
the Slater integrals (F2dd, F4dd, F2pd, G1pd and G3pd) were not further scaled in model A and
all scaled to 95% in model B (this corresponds to 80% and 76% of the HF values).
Reduction of the Slater integrals of the free metal ion is often done in LFM calculations to
effectively describe the delocalization of 3d electrons on to ligands. This d-electron
delocalization is also known as the nephelauxetic effect.40 In fact, F2dd and F4dd are related
to the Racah parameters B and C through relations given by Cowan37: B=(9F2dd –
5F4dd)/441 and C=5F4dd/63. For models A and B the Racah parameter B in the
ground/excited state is 0.124/0.118 eV and 0.132/0.126 eV, respectively. For Racah
parameter C the ground/excited state value is 0.458/0.435 eV and 0.489/0.465 eV,
respectively. This implies that in model A the d-electrons are slightly more localized on the
metal ion. Furthermore, the value of ζ3d was reduced here to 50% and 75% of its atomic
HF value in models A and B. The reason for such reductions was discussed for CoII in CoO
on page 121 of this thesis.22
Once the atomic multiplets are calculated, a further splitting or branching of these
states occurs in the ligand field. Here the D4h point group symmetry is used to simulate
the effect of the carboxylate ligands. In D4h the ligand field is described by the parameters
10Dq, Ds and Dt.10 The values of 10Dq, Ds and Dt are given in Table 1.
The transitions that are calculated between the ground and excited, ligand-fieldaffected, atomic states yield absolute intensities. These intensities of the discrete
transitions are convoluted with a Lorentzian function Γ2p3/2 to account for the 2p3/2 core
hole lifetime broadening at the 2p3/2 XAS edge. A second convolution of the allowed
transitions is done with a Gaussian function G (fwhm) to account for the instrumental
broadening. Note that the calculations do not yield absolute energy positions and the
resulting spectra are shifted in energy for comparison with the experimental spectra. All
XAS spectra were calculated at a temperature of 17 °C (290 K).
LFM calculations for 2p3d RXES. The inelastic scattering function F(Ω,ω) is described
by the resonant term of the Kramers-Heisenberg formula41,42 that defines the interference
between the X-ray induced electron excitation and subsequent decay processes:
2

F (Ω, ω ) = ∑
f

Γ / 2π
< f | T | i >< i | T | g >
∑i E +2 hΩ − E +1 iΓ × ( E + hΩ − E f − hω ) 2 + Γ 2 / 4
g
i
i
g
f
f

where |g>, |i> and |f> indicate the ground, intermediate and final state configuration of
the probed matter and Eg, Ei, Ef are the energies. Here ħΩ and ħω are the energies of the
incident and emitted photon. T1 and T2 are operators describing the radiative transitions by
absorbed and emitted photons and are electric dipole in nature for the 2p3d RXES
transitions. Γi gives the spectral Lorentzian broadening due to the finite time of the corehole existence in the intermediate state. The second term implies that energy should be
conserved in the overall RXES process and that a further Lorentzian broadening Γf occurs
due the finite life time of the hole in the final state.
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The LFM simulations of the 2p3d RXES spectra for CoII are done using the g=2p63d7 →
i=2p53d8 → f=2p63d8d transitions. Although the final state 2p63d8d configuration is
formally equal to 2p63d7 we use this notation to indicate that the final state still can have a
hole in the 3d band. Only in an elastic scattering event, where ħΩ = ħω, the final state
configuration has no 3d hole (other than the initial three 3d holes). Lorentzian functions
accounting for the intermediate (Γ2p3/2) and final (Γ3d) state lifetime of the hole were used
to convolute the allowed RXES transitions. Gaussian functions accounting for
monochromator- and spectrometer-induced experimental broadening were applied to
convolute the spectra further. Note that for models A and B the fwhm of the Gaussians
was 0.1 and 0.2 eV, respectively, in order to mimic the different experimental resolutions.
All RXES calculations took the interference effects between the X-ray absorption and
emission into account. The shown RXES calculations were all done for the ground state,
which formally relates to a situation at -273.15 °C (zero K). In Supporting Figure S5
calculations are shown that take the Boltzmann-distributed population of excited states at
17 °C (290 K) into account for model A. Although excited states are accessible at room
temperature these do not affect the spectra significantly and the same was shown for
model B’s calculations in chapter 3.39 All spectra were calculated with the transition
probabilities that correspond to the used LH polarization in the experiment (as discussed in
the spectral acquisition part). Therefore the parallel or σ contribution of the light was
taken incident on the sample together with the perpendicular or π contribution being
detected (in the multiplet program this corresponds to “parallel” incident light plus
outgoing “left” light summed with “parallel” incident plus outgoing “right” light).
LFM multiplet symmetry labeling: the different states of the initial state configuration
2p63d7 have been labeled in Figures 4c and 5 in D4h symmetry without 3d spin-orbit
coupling using the following method: in spherical symmetry without 3d spin-orbit coupling
the energy level degeneracies, Tanabe-Sugano linear formulas and Hund’s rules were used
to assign symmetry labels. An octahedral ligand field Oh was introduced subsequently. For
Figure 4c (model A) 10Dq was set to -0.2 eV at once, for Figure 5 (model B) 10Dq was
raised in steps of 0.3 eV. A tetragonal distortion D4h was then introduced. For model A two
steps were followed in which in step 1 Ds and in step 2 Dt were set to their values given in
Table 1. For model B three steps were performed in which Ds was increased each time by
0.05 eV. Finally a 3d spin-orbit coupling was applied in steps of 25% of its atomic HF
values until the final value for both models. During the introduction of these parameters
the labeled states were systematically tracked and the results were in agreement with the
corresponding tables in Griffith.43
From TD-DFT to LFM: for model A in Figure 4 the origin of the transitions as calculated by
TD-DFT and their energies, are used as restrictions for the LFM calculations i.e. the
energies and character of the LFM states were matched to the TD-DFT results. For this
purpose the LFM multiplets, being many-electron states, were described as the sum of
single particle states using an orbital projection method.44,45 For our compounds, the 3dn
ground state is described in D4h symmetry and is decomposed into its four different 3d
symmetry components (a, b1, b2 and e) as indicated in the equation below, where αi
indicates the fraction of each orbital character:

Ψ=

∑

α i a1k b1l b2 m e n

i ;k + l + m + n
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Here k+l+m+n is equal to three 3d holes for the ground state 3d7 configuration. To
determine the single particle fractions αi, the many state wave function of interest is
projected onto the respective single particle wave functions defined by combinations of
empty b1, a1, b2 and e holes. This is carried out by adding dummy 4s orbitals and making
a monopole transition from 3d74s24s0 to 3d74s14s1. The 4s orbitals are described without
any correlations or interactions. The 3d-3d interactions and 3d spin-orbit coupling of the
final state 3d74s14s1 configuration is set to zero and the states are split by purely by ligand
field parameters. This provides transitions from the “correlated 3dn ground state” to “pure
ligand field 3dn states” and yields the contributing configurations to the many wave
function state.

5.3.

Results

Figure 1a shows an artistic impression of the studied nanoparticles. They are
depicted in the presence of trioctylphosphine oxide (TOPO) and oleic acid (OA)
that are used in their syntheses. TOPO acts as a kinetic growth controller,46
while OA attaches to the cobalt nanoparticle surface as the capping agents.47
Transmission electron microscopy (TEM) images of the 8.4 nm ε-Co, 5.0 nm εCo, and 3.6 nm Co65Ni35 particles are shown in Figures 1b-d. They are labeled
system I-III throughout the text, respectively. The sizes refer to diameters of
the spherical particles. Their respective polydispersities are 14, 14, and 21 %
(defined as the standard deviation over particle average diameter).
In Figure 2 the 2p3/2 XAS and 2p3d RXES spectra of nanoparticle systems IIII are shown. All Co XAS spectra show weak fine-structure. This indicates that
the cobalt in the nanoparticles is not completely metallic, nor completely

Figure 1. a) Schematic representations and TEM images of the b) 8.4 nm ε-Co, c) 5.0 nm ε-Co, and
d) 3.6 nm Co65Ni35 nanoparticles.
142

Chapter 5

Figure 2. Experimental cobalt 2p3/2 XAS (top) and cobalt 2p3d RXES (bottom) spectra of the a) 8.4
nm ε-Co, b) 5.0 nm ε-Co, and c) 3.6 nm Co65Ni35 nanoparticles. d) Similar spectra acquired at the
nickel edges on the Co65Ni35 particles. The RXES excitation energies are indicated in the XAS
spectra with arrows and letters a-e at the cobalt edge and f-g at the nickel edge.
oxidized. A metal would exhibit a single 2p3/2 peak without fine structure, while
the cobalt oxides would show much stronger fine structure.22,48 This indicates
the presence of a cobalt species with an electronic structure in between that of a
metal and a metal oxide or of multiple different species. The nickel 2p3/2 XAS
spectrum in Figure 2d shows a single white line implying nickel to be metallic.
The corresponding 2p3d RXES spectra confirm the qualitative insights
deduced from the XAS data. Five cobalt RXES spectra were acquired per
nanoparticle batch at different excitation energies a-e as indicated in Figure 2.
The five spectra are used to discriminate between spectral features that occur at
a fixed energy loss or a fixed emission energy. Transitions that occur at a fixed
energy loss, transfer the same amount of energy to an intrinsic material
excitation irrespective of the excitation energy. These are called resonant
Raman features.12,42 Peaks that occur at a fixed emission energy originate from
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X-ray fluorescence. Alternatively, such peaks may result from non-core hole
related, additional excitations that are present in the intermediate state, for
example charge transfer, and are maintained after decay to the RXES final state
configuration. It is observed in the cobalt RXES spectra in Figures 2a-c that two
peaks at 0.3 and 0.75 eV occur at a fixed energy loss for three different
nanoparticle batches. These are thus resonant Raman features. A group of
peaks starting around 1.5 eV and peaking at 2 eV are also resonant Raman
features.49 Cobalt nanoparticle oxidation cannot explain the observed features as
this would yield no RXES peaks between 0.1 and 1 eV and a strong peak around

Figure 3. a) The cobalt 2p3d RXES spectra of nanoparticle systems I-III at excitation energy d all
show resonant Raman peaks at 0.3 and 0.75 eV. b) Schematic representation of two atomic
environments which are consistent with the spectra: surface metal ions ligated by an adsorbate (model
A) and a metal ion in a molecular complex (model B).
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1 eV.22 The features do also not belong to metallic cobalt. The nickel 2p3d RXES
spectra in Figure 2d of the Co65Ni35 alloy nanoparticles show a weak elastic
peak, together with resonant X-ray fluorescence and no resonant Raman
features. We and others50 experimentally observe metal spectra to be typically
dominated by X-ray fluorescence only.51 The spectra in Figure 2d confirm the
XAS assignment of the nickel being present as a formal metal and the spectra in
Figures 2a-c confirm that the cobalt is neither purely oxidized nor metallic.
The resonant Raman features at 0.3 and 0.75 eV observed in the cobalt 2p3d
RXES spectra of nanoparticle systems I-III are features of considerable interest.
Their energies are higher than typical phonon (< 0.2 eV) energies and are too
low for typical d-d (1-2 eV) or charge transfer excitations (> 3 eV) as seen in
transition metal oxides.12 Moreover they are not likely to be collective magnetic
excitations such as magnons since we observe the peaks only in cobalt RXES
and not in nickel RXES in the Co65Ni35 alloy nanoparticles. Note that such low
energy excitations are especially well observable by 2p3d RXES: in infrared (IR)
and ultraviolet visible (UV/Vis) spectroscopy these peaks are hidden below
vibrational or charge transfer peaks or fall outside the probed energy regime.39
By calculations, which we will explain below, we find the peaks to be wellexplained by low-energy d-d excitations resulting from cobalt ions in a low
symmetric ligand field. Two different ionic environments can explain the
observed spectra. These are shown in Figure 3. In the first scenario (model A)
the peaks are caused by surface metal ions ligated by an adsorbate. In the
second case (model B) the excitations stem from metal ions coordinated by
ligands in a molecular complex as reported in chapter 3.39 A third theoretical
possibility would be that maximally the first atomic layer of the nanoparticles
has interstitial oxygen in the cobalt lattice. In that case surface cobalt ions
would possess a low symmetric ligand field too. However it is not very likely that
exactly this situation occurred in all three samples I-III that we all protected
from the atmosphere during all stages of sample handling. Moreover, even if we
consider this unlikely situation, the cobalt ion symmetry would be similar as
considered in model B with a maximum of 4 planar oxygen atoms around the
surface cobalt ions. We therefore do not further discuss this model and elaborate
below on model A and B.
Figure 4 addresses model A. Two notions lead to its investigation. First,
resonant Raman features are absent for pure metals as shown in Figure 2d for
nickel metal. Second, based on the low ligand coordination number of a ligated
metal ion at a surface, we anticipate a weak ionic ligand field and low energy dd excitations. The combination of these effects raises the expectation that, on a
pure metallic bulk system, surface metal ions that have part of their electrons
localized in a surface bond might reveal low energy d-d excitations selectively.
For model A the mode of strongest carboxylate binding on a cobalt surface
was first determined. Figure 4a shows the stable geometry of acetate, used to
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mimic oleate, bonded to a cobalt surface. This geometry, consisting of the two
oxygen atoms on top of two cobalt atoms, was determined from configuration
optimization DFT calculations. These are shown in Supporting Figure S2 and
were made with the real space code ORCA.24 The bonding mode is similar in
both cobalt-cluster acetate systems possessing a total charge of plus and minus
one. Prior to geometry optimization it was determined by thermodynamic DFT
calculations that the bond dissociation energy of cobalt with oleate was higher
than that with OA or TOPO (the surfactants used in the syntheses). The
calculations also revealed that cobalt(II)-oleate bonds are favorable over
cobalt(0)-oleate bonds. All these results are in line with experimental data. 4,46,47
Using the determined ligand geometry, TD-DFT calculations were performed
as shown in Figure 4b. A frequency dependent mean polarizability α(ω) is
introduced that describes the re-ordering of electron states when a timedependent electric field with frequency ω(t) is applied that mimics the photon
radiation field.31 This approach allows the calculation of electron absorption
transitions within a single particle framework. As such it can equally predict and
explain low energy, single-electron RXES d-d excitations. However, in order for
TD-DFT calculations to explain RXES instead of UV/Vis spectra of multi-metallic
species, we used a single ion model of the relevant bond. Supporting Figure S3
shows that TD-DFT calculations of multi-metallic complexes are dominated by
inter-metal transitions. These transitions are detected by UV/Vis, but not by
RXES (formal metal RXES shows only X-ray fluorescence).
A cobalt(II) methanolate species, with a fixed Co-O-C bond angle mimicking
that of dicobalt carboxylate (fixed at 120° vs. 116°), gives TD-DFT transitions at
0.31, 0.48, 0.75 and 0.80 eV as shown in Figure 4b. No other transitions below
1 eV are observed. As a reference the TD-DFT transitions of cobalt(II)
trimethylphosphine oxide, used to mimic a possible cobalt(II) trioctylphosphine
oxide bond, and of a cobalt(II) oxide bond are shown. These transitions do not
agree with the experimental RXES peaks at 0.3 and 0.75 eV, which suggest that
such species are not significantly present on the nanoparticle surface of system
I-III. Effects of metal valence and bond angle on the TD-DFT results are given in
Supporting Figure S3 and confirm that the cobalt in the dicobalt oleate bond is
likely positively charged, while the bond angle for methanolate is found to be of
minor importance for the energy at which transitions occur.
Subsequently Mulliken population analysis is used to determine the
contribution of atomic orbitals to the MO’s in the bond. The TD-DFT transition at
0.31 and 0.48 eV are from 3dx2-y2- or 3dxy,yz- to 3dxy-rich molecular orbitals
(MO’s), respectively. The transitions at 0.75 and 0.80 eV are from 3dxz,yz- to
3dyz,xz- or 3dz2-rich MO’s, respectively. The 3dx2-y2-, 3dxz,yz- and 3dxy-rich MO’s
are consisting of 98, 91, and 89 % of their 3d atomic orbitals and they can be
considered weak or non-bonding. The first two transitions occur between these
states. This analysis is shown in more detail in Supporting Figure S4 together
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Figure 4. Electronic structure calculations used in model A. a) The stable cobalt-carboxylate
geometry calculated by DFT. b) Electron transitions between the MO’s in the different cobalt(II)ligand bonds as calculated by TD-DFT. The cobalt(II)-methanolate species, Co2+OCH3-, exhibits
transitions at 0.3, 0.5, and 0.75 eV. c) Experimental 2p3d cobalt RXES spectrum (black dots+line) of
the Co65Ni35 nanoparticles acquired at excitation energy d (778.4 eV) together with the corresponding
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LFM RXES calculation (red line) of model A. The corresponding symmetry labeled states are shown
to the right. The red dashed spectrum at 0 eV was taken off the sample to reveal background X-ray
scattering. d) MO diagram of the bond (left) and the energies of the electron transitions as calculated
by DFT, TD-DFT and LFM (right).
with more details on the use of cobalt(II) methanolate as a mimic for the oleate
nanoparticle bond.
The TD-DFT and Mulliken population analysis of the cobalt(II) methanolate
species now provide restrictions for the input values of the multi-electron LFM
calculations as shown in Figure 4c. These calculations take many-electron states
into account that are not included in DFT/TD-DFT. The first restrictions that are
provided are the origin and energies of the four low energy TD-DFT transitions
as given in Table 2. The main atomic orbital character is shown of the MO’s
between which the transitions occur. As a second restriction the energy
difference between 3dx2-y2 and 3dxy orbitals is -10Dq in first approximation, since
the LFM calculations are performed in tetragonal D4h symmetry.10 10Dq should
thus be approximately -0.3 eV. More on the restrictions obtained from TD-DFT
for LFM calculations can be found in Supporting Figure S4.
To determine the other ligand field parameters Ds and Dt from the first TDDFT restrictions an orbital projection method (OPM) is used.44,45 These LFM
calculations allow the description of many-electron LFM states as fractions of
single-particle states. As such LFM parameters were identified that (1) yield
many-electron states at energies of the TD-DFT transitions and (2) yield manyelectron states that consist mainly of single-electron fractions that match the
Mulliken determined atomic orbital character. The LFM parameters are 10Dq = 0.2 eV, Ds = -0.05 eV and Dt = -0.07 eV as given in Table 1. The energies of
the resulting LFM states and their OPM-determined main single particle fraction
are given in Table 2. The ground state is mainly a mixture of eb2a1 and b2a1b1
electron hole states at 0 and 0.025 eV. An excited state at 0.26 eV exists with
mainly ea1b1 hole state character. This yields transitions from 3dx2-y2- or 3dxz,yzTable 2. Mulliken and OPM character of the transitions in model A and their energetic
values found by TD-DFT and LFM. All energies are in eV.
Mulliken character of transitions
and TD-DFT energy

[a]

OPM character of transitions
LFM energy

[a]

and

1

3dx2-y2 to 3dxy

0.31

3dx2-y2 to 3dxy

0.26

2

3dxz,yz to 3dxy

0.48

3dxz,yz to 3dxy

0.24

3

3dxz,yz to 3dyz,xz

0.75

3dxz,yz to 3dz2

0.51

4

3dxz,yz to 3dz2

0.80

3dx2-y2+3dxz,yz to
3dxy+3dz2

0.71

[a] Main atomic orbital character of states is indicated.
148

Chapter 5

to 3dxy-rich states at 0.26 and 0.24 eV, respectively. At 0.51 eV and 0.71 eV
respectively eeb2 and eeb1 electron hole states exist. This yields a transition
from 3dxz,yz- to 3dz2-rich states at 0.51 eV. LFM calculations in D4h symmetry do
not yield the third TD-DFT transition from 3dxz,yz- to 3dxz,yz-rich states, because
3dxz and 3dyz are in this symmetry formally degenerate. The LFM calculations do
however reveal a double electron – double hole transition at 0.71 eV: a 3dx22
2
transition. Overall, acceptable agreement between the
y +3dyz,xz to 3dxy+3dz
energies of the TD-DFT and LFM transitions is found, providing a firm basis for
the choice of the ligand field parameters used in model A.
The resulting LFM cobalt 2p3d RXES calculation at excitation energy d is
shown in Figure 4c under the experimental spectrum acquired on the Co65Ni35
alloy nanoparticles. The calculation simulates the oleate bond at the cobalt
nanoparticle’s surface within the restrictions provided by model A. The complete
calculated RXES plane for all excitation energies over the cobalt 2p3/2 XAS edge
is given in Supporting Figure S5. The convoluted simulation accounts well for the
first two peaks around 0.3 and 0.75 eV visible in the experimental spectrum.
Figure 4d finally summarizes the electronic structure calculations in model A.
The left panel shows a MO diagram for the cobalt(II) methanolate bond
constructed out of DFT calculations. It shows the bonding and anti-bonding MO’s
that form between the cobalt 4s and 4p levels with ligand 2s and 2p orbitals. It
also shows that the cobalt 3d orbitals form bonding, non-bonding, and antibonding states with two of the oxygen 2p orbitals of the ligand.
The right panel of Figure 4d gives the energies of the density functional
calculations in the first 3 columns and of the multiplet calculations in the last 2
columns. The first column gives the energies of the partly filled spin-down
populated frontier orbitals, where the cobalt 3dx2-y2- derived MO is set at 0 eV.
The second column gives the energy differences between the occupied and
empty 3d orbitals. These energies would relate to the d-d transitions if one
would assume that the other orbitals would not reorder in such a process. The
TD-DFT calculation in the third column does explicitly calculate the re-ordering
of the involved MO’s and their resulting energies. This shifts the transitions to
lower energies. The fourth column gives the result of the corresponding LFM
calculation, optimized on the basis of the found TD-DFT transitions. The
consequence of the multi-electron character of the LFM calculations is that the
fourth TD-DFT transition is shifted down from 0.80 to 0.51 eV and that a new
transition at 0.71 eV occurs. This is a 2 electron – 2 hole excitation, or double
excitations, and indicated with an asterisk (*) in Figure 4d. The energy scheme
on the right is again the LFM calculation, but now with inclusion of the 3d spinorbit coupling. This coupling further splits d-d states and shifts their energies
and is used for the calculation shown in Figure 4c.
In model B the low-energy d-d excitations stem from metal ions coordinated
by ligands in a molecular complex. This model is treated in Figure 5. Next to the
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Figure 5. Experimental 2p3d cobalt RXES spectrum of the Co65Ni35 nanoparticles acquired at
excitation energy d (778.4 eV; black dots+line). A 2p3d cobalt RXES spectrum of a cobalt oleate
sample at excitation energy d (778.4 eV; blue dots+line) is also shown. The LFM calculation (red
line) of model B shows good agreement. The corresponding symmetry labeled states (in D4h
symmetry) are shown to the right. The red dashed spectrum at 0 eV was taken off the sample to reveal
background X-ray scattering.
2p3d cobalt RXES spectrum of the Co65Ni35 nanoparticles, an experimental 2p3d
cobalt RXES spectrum of a cobalt oleate reference sample is shown. We
characterized this reference compound in chapter 3 in detail and considered it to
be cobalt(II) dioleate.39 It is clear that the experimental spectrum of this
compound resembles the experimental nanoparticle spectrum at excitation
energy d. This leads to the alternative hypothesis that molecular species,
dissolved from the nanoparticles could in principle be the origin of the observed
d-d excitations at ~0.3 and ~0.75 eV. We reported the LFM calculations for this
oxygen-coordinated cobalt(II) ion in tetragonal D4h symmetry.39 In short, an
excitation at 0.29 eV is found, caused by a 4Eg(4F) ← 4A2g(4F) transition.52 A
second transition at 0.79 eV is found to be a 4Eg(4F)+4B2g(4F) ← 4A2g(4F)
transition.

5.4.

Discussion

In both models A and B the 2p3d RXES excitations at 0.3 and 0.75 eV are
interpreted to be low energy d-d excitations due to a low symmetric ligand field.
In model A this concerns a ligated surface metal ion. In model B the cobalt ion
has a planar four-fold oxygen ligation environment in a molecular complex. This
was shown in Figure 3b. An important conclusion is thus that the energies at
which the low symmetry d-d excitations occur can be similar for different
symmetries. The orbital character of the transitions in the different low
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symmetric environments is of course different, but in principle, given the current
2p3d RXES experimental resolution they might not be discriminated on the basis
of peak energy alone.
An often practiced method in XAS spectroscopic studies is to sum weighted
spectra of different constituents that make up a spectrum. We checked whether
such approach could discriminate between models A and B as an explanation of
the observed peaks. Figure 6 shows the experimental 2p3/2 XAS spectra of the
3.6 nm Co65Ni35 and the 5.0 and 8.4 nm ε-Co nanoparticles. It also shows a
reference cobalt metal XAS spectrum taken from Chen et al. 53 The LFM
calculated 2p3/2 XAS spectra obtained with the parameters of model A and
model B are also shown. We estimate (method given in the Supporting
Information) the atomic surface fraction to be approximately 20% for the

Figure 6. Experimental 2p3/2 XAS spectra of the studied nanoparticle systems (top). Reference cobalt
metal spectrum from Chen et al.,53 together with LFM calculated 2p3/2 XAS spectra of models A and
B (bottom). Weighted spectra of the LFM models A and B calculations with the cobalt metal
spectrum. The 10, 20, 30 and 40% refer to the fraction of the LFM XAS spectrum in the weighted
spectrum.
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Co65Ni35 nanoparticles in case the alloy composition extends to the outer atomic
shell, or maximally 40% if the outer atomic shell consists fully of cobalt. For the
ε-Co 5.0 and 8.4 nm particles we estimate the surface fraction to be ~15% and
10%, respectively. We make now weighted sums of the metal spectra with 10,
20, 30 and 40% of the LFM spectra calculated in models A and B, to see which
of the spectra fit the experimental spectra best. For model A this would thus
represent a situation in which 10-40% of the cobalt ions is in the surface, for
model B this would represent a situation where 10-40% of the cobalt ions is
dissolved from the nanoparticles. Figure 6 shows that the weighted spectra of
both models qualitatively match with the experimental XAS spectra. We
therefore consider such approach to be inadequate to discriminate between the
correctness of the two models.
Considering model A we note that especially on small nanoparticles two
effects favor the explanation: (1) they possess a relatively high surface to bulk
ratio and many ions could contribute to the signal and (2) the X-ray probe will
negligibly be affected by saturation and self-absorption effects since the
nanoparticles are optically thin. We also note that our approach of using TD-DFT
to deduct restrictions for the ligand field parameters as shown in this model is
novel and it is important to limit the number of possible ligand field multiplet
interpretations. Even if model A will prove to be incorrect in future studies, the
developed methodology is highly interesting on itself. We note however that a
limited number of other studies exist that have used DFT calculations to obtain
input parameters for LFM models,54-57 and that developments on more rigorous
ab initio multiplet models exist.58-60
In favor of model B is the similarity between the experimental 2p3d RXES
measurements acquired on the nanoparticle batches and on the molecular cobalt
oleate species as shown in Figure 5. However we note that several differences
between the experimental spectra exist. This becomes especially clear when
comparing the 2p3d RXES spectra acquired at the excitation energies a-d for the
molecular cobalt(II) dioleate species and the spectra acquired on for example
the Co65Ni35 nanoparticles as shown in Figure 7. The data are normalized to the
elastic peak. In Figure 5 the molecular cobalt oleate complex was scaled to best
fit the nanoparticle data. Note that the spectra acquired at energy a-d all show
different intensity ratios for the resonant Raman features with respect to each
other or compared to the elastic peak at 0 eV. Furthermore, if model B would be
correct and the observed 2p3d RXES spectra acquired on the nanoparticles are
in reality originating from molecular cobalt species that are leached from the
nanoparticles, then we estimate from relative data acquisition times that at least
10% of the cobalt ions should be leached from the surface to give the observed
signal counts. Although this cannot be excluded, the size selection and washing
procedures prior to the measurements were thorough which reduces the
likeliness of model B (see the Experimental section). Our experimental data and
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Figure 7. Experimental 2p3d RXES spectra acquired at the excitation energies a-d for the molecular
cobalt(II) dioleate species and the Co65Ni35 nanoparticles.
interpretations do overall not allow for a decisive discrimination between model
A and model B. However if model A will prove to be correct we foresee unique
and novel characterization possibilities for metal 2p3d RXES as shown in Figure
8. The Figure illustrates that RXES uses high photon energies, typically 102-103
eV for 2p3d RXES, but provides information about material excitations in the
valence regime. We recently showed that metal 2p3d RXES, in contrast to IR
and UV/Vis spectroscopy, is highly sensitive to metal d-d excitations for a couple
of reasons.39 The d-d transitions are not dipole forbidden in 2p3d RXES and the
technique is element-selective. Moreover, the combination of sufficient statistics
at resonance, high resolution, detailed calculations and spectral variations over
the XAS edge make 2p3d RXES a very d-d sensitive tool compared to alternative
d-d sensitive tools,61-66 as stated in chapter 3.39 This allows the study of black
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Figure 8. Schematic illustration of an adsorbate molecule binding to a metal surface. IR and UV/Vis
spectroscopy probe respectively vibrational and valence electron transitions of all present species.
Metal 2p3d RXES uses high photon energies but probes the valence excitations in the same energy
window as IR and UV/Vis. The element selectivity allows probing of the metal. The 2p3d RXES
metal (X-ray fluorescence) versus non-pure-metal (low energy d-d excitations) selectivity as shown in
this work, allows then in model A the discrimination of ligated surface metal atoms from non-ligated
metal atoms.
samples or samples with empty d-shells in contrast to UV/Vis. An additional
advantage is that it does not rely on diffraction and can thus be used for the
study of weakly or non-crystalline materials. If we add to these advantages, the
observation made in this study that metal 2p3d RXES on a pure metal does not
yield resonant Raman features, but only X-ray fluorescence, we can interpret
the d-d excitations on the metallic nanoparticles to be originating from the
surface metal ligated species alone. 2p3d RXES is then a unique tool to study
the electronic structure of surface metal-adsorbate interactions. Since different
ligands will induce a different splitting of the metal 3d orbitals, we anticipate
that this technique would act as a fingerprinting tool, able to discriminate what
sort of molecule is attached to a transition metal surface.
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5.5.

Conclusions

Here we have reported high resolution (fwhm <0.1 eV) cobalt and nickel 2p3d
RXES spectra on 8.4 nm ε-Co, 5.0 nm ε-Co, and 3.6 nm Co65Ni35 nanoparticles.
The data were acquired at the state-of-the-art soft RXES ADRESS beamline at
the Swiss Light Source. All nanoparticle batches show peaks at 0.3 and 0.75 eV
in the cobalt RXES spectra. Such peaks have not been reported for metallic
nanoparticles before. The nickel RXES spectra show only X-ray fluorescence
indicating that it is fully metallic. The low energy cobalt RXES peaks are
interpreted to be low energy cobalt d-d excitations due to cobalt ions in a ligand
field with low symmetry. Two models were investigated that could possibly
explain the peaks. In model A the peaks originate from surface metal ions
coordinated by carboxylate ligands. In model B the peaks originate from
molecular complexes that are leached from the nanoparticle surfaces, in which a
cobalt ion is coordinated by carboxylate ligands. In model A we make use of DFT
and TD-DFT theory to provide restrictions for LFM calculations. The link between
the single electron TD-DFT codes and the many-electron LFM code is novel on
itself. We discuss the likely correctness of models A and B, but do not provide a
decisive conclusion. If however future studies will prove model A to be correct
then 2p3d RXES is a unique tool to study the electronic structure of surface
metal-adsorbate interactions selectively. The technique would act as a
fingerprinting tool able to discriminate what sort of molecule is attached to a
transition metal surface, which is important in many scientific disciplines
including renewable energy research and catalysis.
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Experimental section
Transfer tool for XAS/RXES measurements of atmosphere-sensitive
samples
A dedicated tool for the transfer of atmosphere-sensitive samples into the
resonant X-ray emission spectroscopy (RXES) endstation at the ADvanced
RESonant Spectroscopies (ADRESS; X03MA) beamline, Swiss Light Source
(SLS), Paul Scherrer Institute (PSI), was developed in-house. A schematic
representation of the tool and the way it is employed is given in Supporting
Figure S1. The tool consists of 5 parts: (1) an aluminum bottom part (10x23x27
mm) on top of which the sample is deposited. This part also contains a screw
thread for sample transfer purposes into the endstation. (2) An O-ring (20 mm
diameter), that is used between (1) and (3&4) which is an aluminum cylinder
(14 mm diameter) consisting of two separate pieces. In between (3) and (4),
part (5) a 4 mm thick septum is clamped. The numbers of the different parts are
indicated in the Figure.
The usage of the transfer tool is as follows. It can be loaded in an inert
environment, in this study inside a helium-atmosphere glove box. The samples,
here the air-sensitive metal nanoparticles, can be mounted on part (1) of the
tool. Subsequently, part (2) till (5) can be mounted together and placed over
the sample on part (1). Through part (5), the septum in the top part, the
pressure in the void between the bottom and top part can be reduced by sucking
out atmosphere with a syringe. The top and bottom part are now sucked tightly
onto each other. The tool is subsequently transferred to and mounted in the load
lock chamber of the beamline. By pumping down the chamber, the reduced
pressure in the void of the tool rapidly becomes an overpressure and the top
part pops off. This allows the final sample transfer into the measurement
chamber of the beamline without the sample having been exposed to air.

Figure S1. Artistic impression of a transfer tool for atmosphere-sensitive samples into the ADRESSS
RXES endstation.
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Results
DFT geometry optimization
Thermodynamic DFT calculations revealed that a total spin multiplicity
(Ms=2S+1) of 4 for single cobalt species and of 7 for dicobalt species yield the
most stable bonds with carboxylates. For larger clusters the optimum spin
multiplicity is not easily predicted and alternatively it was set to 1 for all
calculations shown in Supporting Figure S2.

Figure S2. Determination of the stable acetate ligand geometry on top of small cobalt clusters by
DFT calculations. Optimization of OOC2H3- on a) a Co62+, b) a Co10 cluster and c) a Co102+ cluster.

160

Appendix 5

On the left side of the Figure different geometric start configurations, indicated
with numbers, are given for an OOC2H3- species on different clusters. On the
right side the BP86 SVP SV/J optimized geometries are given with the same
numbers and their final state energies in Hartree. In Figure 2a seven out of
eight tested configurations converge to a bond where the acetate has both of its
two oxygen atoms atop one cobalt atom. One metastable structural isomer,
number 4, is identified. In Figure 2b seven out of eight configurations had the
acetate attached to two cobalt atoms through two oxygen atoms. One
metastable structural isomer, number 6, is identified. In Figure 2c both
configurations give the acetate bonding to the cobalt cluster through two oxygen
atoms. From these calculations we conclude that each of the two oxygen atoms
in the carboxylate functional group resides atop one cobalt atom each in the
most likely mode of bonding.

Charge and structure effects on the TD-DFT transitions
Supporting Figure S3 shows the effects of the number of metal entities in a
cluster, the metal valency and the metal-oxygen-carbon bond angle on TD-DFT
transitions. Increasing the number of metal atoms in a metal-ligated cluster
increases the number of inter-metal and total TD-DFT transitions strongly. This
renders the use of TD-DFT in the prediction of RXES transitions troublesome for
multi-metallic species since inter-metal transitions are not seen in RXES spectra.
Therefore a one-metal approximation is used in the main text. When Co2+ is
replaced by Co0 in the TD-DFT calculations shown in Figure 4b of the main text,
less and shifted TD-DFT transitions are found. Cobalt(0) methanolate has three
transitions below 1 eV. Next to the fixed bond angle of 120° used in the TD-DFT
of the main text for cobalt(II) methanolate (that mimics the 116° bond angle in
the dicobalt carboxylate bond) two relaxed geometries for cobalt(II)
methanolate and trimethylphosphine oxide were obtained with different basis
sets (SVP and Def2-TZVP). These yield bond angles as indicated in the Figure.
The transitions shift to slightly lower energies for smaller values of the bond
angle, especially in case of the cobalt(II) trimethylphosphine oxide.
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Figure S3. Effects of the number of metal entities in a cluster, the metal valency and the metaloxygen-carbon bond angle on TD-DFT transitions.
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Prediction of LFM parameters in model A
In the main text a cobalt(II) methanolate species with a Co-O-C bond angle
mimicking that of dicobalt carboxylate (~120°) is used in TD-DFT calculations.
Here we first discuss the differences and similarities between this bond and a
cobalt(II)cobalt(0) acetate bond. Then we discuss how this can be used to
provide restrictions for the LFM calculations.
Considering that only neutral reactants were used in the synthesis, the
formation of [cobalt(II)2-oleate]3+ bonds is unlikely. On the basis of this, the
cobalt oleate interactions are mimicked here with cobalt(II)cobalt(0)-oleate
bonds, although charge conservation requires a compensating electron, possibly
through attachment of another oleate to neutral cobalt atoms.
Given this choice, the cobalt(II)cobalt(0)-oleate bond spin-down populated
MO’s involving the 3d cobalt atomic orbitals are given in Supporting Figure S4.
All corresponding spin-up populated 3d-rich MO’s are fully occupied and do not
participate in excitations between 3d-rich MO’s. The atomic orbital contributions
to the MO’s, obtained from Mulliken population analyses, are also shown. The
main difference between the cobalt(II)cobalt(0)-oleate and the cobalt(II)
methanolate bond (with the 120° Co-O-C bond) is that in the former the 3dx2-y2
orbitals lie lower in energy than the 3dxy orbitals. In the cobalt(II) methanolate
species both orbitals are in principal degenerate, but depending on the
interaction with the methyl hydrogen atoms (which are absent in the acetate)
the 3dx2-y2/3dxy orbitals are found to be each half of the times possessing the
lowest energy when geometry optimization from random start configuration is
performed. In both the cobalt(II)cobalt(0)-oleate and the cobalt(II) methanolate
bond, cobalt 3dyz forms bonding and anti-bonding MO’s with oxygen 2py and
cobalt 3dxz is partly hybridized with 3dz2 to form a bonding and anti-bonding
configuration with a hybrid of oxygen 2px and 2pz. Although the cobalt 3dyzbased MO’s in this bond actually have higher energy than the 3dxz-based MO’s,
we assume for simplicity that the states are degenerate to allow for a prediction
of the ligand field parameters in D4h symmetry.
The above leads to an average 3d atomic orbital distribution as shown on the
upper right side of Supporting Figure S4. This sequence of orbitals yields the
prediction that the numerical value of 10Dq should be negative. The origin of the
TD-DFT transitions is shown as a function of the main atomic orbital constituents
that make up the MO’s between which the transitions occur. Here 3dx2-y2 > 3dxy
means a transition from 3dxy,x2-y2 to 3dxy.
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Figure S4. Spin-down populated MO’s and Mulliken population analyses for the cobalt(II)cobalt(0) acetate (left) and cobalt(II)
methanolate bond (middle) and restrictions for ligand field parameters within D4h symmetry. The MO electron occupation is shown
with green thick arrows. The TD-DFT transitions are indicated with thin black (acetate) or red (methanolate) numbered arrows. The
red numbers in the middle panel correspond to the transitions as shown in Figure 4b of the main text. On the right, splitting of the 3d
atomic orbitals in the bond is approximated in a tetragonal D4h point group symmetry.
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LFM RXES plane of model A and temperature effects
The complete LFM 2p3d RXES plane for all excitation energies over the cobalt
2p3/2 XAS peak for model A is given in Supporting Figure S5a. In Supporting
Figure S5b LFM calculations at excitation energy d are shown that take the
Boltzmann-distributed population of excited states at 17 °C (290 K) into account
for model A. Although two excited states are significantly populated at room
temperature, the Boltzmann-weighted spectrum does not possess a spectral
shape that is significantly different from the ground state spectrum. The LFM
calculations allow not for the calculation of other temperature effects than the
Boltzmann population of excited states. We previously discussed this in detail
and refer the interested reader to the discussion in chapter 3 for more details.

Figure S5. a) Ligand field multiplet 2p3d cobalt two-dimensional RXES plane of model A. The
white dotted line corresponds to the excitation energy d of 778.4 eV. b) Experimental 2p3d cobalt
RXES spectrum (black dots+line) of the Co65Ni35 nanoparticles acquired at excitation energy d,
together with the LFM spectra (solid lines) of the ground state (GS), first and second excited states
(ES1 and ES2). Their spectral weight at 290 K is indicated in parenthesis. The Boltzmann weighted
spectrum is shown together with a black dashed spectrum at 0 eV that was taken off the sample to
reveal background X-ray scattering.
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Discussion
Fraction of surface atoms in nanoparticles
The fraction of atoms in the surface of the ε-Co nanoparticles with a 5.0 and 8.4
nm diameter as well as in the surface of the 3.6 nm Co65Ni35 nanoparticles is
estimated. We use Vshell/Vtotal=(r³-(r-D)³)/r³ where Vshell and Vtotal are the
volumes of a spherical nanoparticle shell and the total spherical nanoparticle, r is
the average radius of the nanoparticles and D is the thickness of the shell. For D
one can hypothetically use an average Co-Co distance in the ε-Co unit cell of
0.25 nm.67 For the Co65Ni35 nanoparticle an equal metal-to-metal distance of
0.25 nm is used from the fcc Co unit cell.68 This gives an atomic surface fraction
of 19%, 14% and 9% for particles with a 3.6, 5.0 and 8.4 nm diameter,
respectively. For the Co65Ni35 particles one can assume that the Co:Ni ratio in
the surface is identical to the bulk. However, recently we discussed that in our
particles the surface is likely fully covered by cobalt. This further increases the
percentage of cobalt in the surface to a maximum of ~40%.
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Chapter 6
2p3d resonant X-ray emission spectroscopy
reveals nanoparticle oxidation with high
sensitivity

Here we present metal 2p3d resonant X-ray emission spectroscopy (RXES) as a sensitive
tool to determine transition metal nanoparticle oxidation. 2p3/2 X-ray absorption
spectroscopy (XAS) and 2p3d RXES spectra of cobalt nanoparticle batches with average
diameters of 4.0, 4.2, 5.0, 8.4 and 15.2 nm are reported. Two of the particle batches were on
purpose exposed to air for different periods of time, while the others were measured as
synthesized. Most 2p3/2 XAS data cannot conclusively distinguish whether the nanoparticles
are oxidized or metallic. In contrast, the high-energy resolution 2p3d RXES spectra clearly
reveal particle oxidation based on the presence and energies of characteristic d-d
excitations. The relative intensities of 2p3d RXES peaks are further shown to be a measure
of the degree of nanoparticle oxidation in case of the deliberately oxidized particles.
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6.1.

Introduction

In many fields of research where metallic nanoparticles are applied it is often
relevant to know their degree of oxidation. In catalysis the difference between a
metal oxide and a metal nanoparticle can mean the difference between an
inactive or active catalyst. Oxidation of metal nanoparticles is often studied by
X-ray photoemission spectroscopy (XPS) or X-ray absorption spectroscopy
(XAS). The 2p XAS edge of transition metals is especially useful in metal
characterization due to the large many-electron multiplet effects of such strongly
correlated materials.1-3 This gives rise to substantial splitting of the 2p XAS
edges, which allows for a significant degree of material characterization through
atomic, ligand field and charge transfer multiplet theories.4 Many interesting
examples exist where the 2p XAS edges have been used to characterize the
degree of cobalt bearing nanoparticle oxidation.5-11 Especially the use of such
methods in in-situ synchrotron based catalytic studies promises the advent of
important insights into the electronic structure of catalysts during actual
reactions. Although 2p XAS is an interesting and widely available tool nowadays,
we here show on a set of cobalt nanoparticles that high resolution 2p3d resonant
X-ray emission spectroscopy (RXES; also known as resonant inelastic X-ray
scattering - RIXS) is more sensitive to metal oxidation and that care should be
taken with conclusions drawn on the basis of 2p XAS alone.

6.2.

Experimental section

Materials: trioctylphosphine oxide (TOPO; 99%), dioctyl ether (99%), 1,2-dichlorobenzene
(anhydrous, 99%), 2-propanol (anhydrous, 99%), and cyclohexane (anhydrous, 99.5%)
were purchased from Sigma-Aldrich. Dicobalt octacarbonyl (Co2(CO)8; hexane stabilized,
95%), oleic acid (OA; 97%), and acetone (anhydrous, 99.8%) were obtained from Acros
Organics. Nitric acid (pro analysis, 65%), hydrochloric acid (fuming, 37%), and hydrogen
peroxide (stabilized, for synthesis, 30%) were obtained from Merck. Sulfuric acid (>95%)
was obtained from Fischer Chemical. All chemicals were used as received.
ε-Co nanoparticle synthesis: the ε-Co12 nanoparticles of systems I-IV were prepared
following Puntes et al.13 Between 0.30 g and 0.45 g (0.88-1.32 mmol) Co2(CO)8 was
dissolved in 3 mL anhydrous 1,2-dichlorobezene in an airtight flask for the 4.0 nm and 8.4
nm particles, respectively. In a separate airtight flask 0.10 g (0.26 mmol) TOPO and 0.18
g (0.64 mmol) OA were dissolved in 3 mL dry 1,2-dichlorobezene. The metal precursor
and ligand solutions were prepared under magnetic stirring inside a nitrogen-atmosphere
glove box (H2O/O2 levels <2 ppm). In a nitrogen-atmosphere Schlenk line outside the
glove box, a three-neck round bottom flask was evacuated and flushed with N2 gas three
times. Subsequently, 10 mL of dry 1,2-dichlorobezene was injected into the flask through
a septum and heated until reflux temperature (186 °C; boiling point 1,2-dichlorobezene).
Next, the 2 mL OA- and TOPO-containing solvent and the metal precursor solution were
injected, in this order, from airtight vials in the hot 1,2-dichlorobezene. Upon injection the
metal precursor solution changed instantaneously from yellow to black. Mixtures were
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refluxed for 30 min, allowed to cool to room temperature, and transferred back to the
glove box before further analysis.
Oxidized ε-Co nanoparticles: to obtain the cobalt monoxide passivated nanoparticles of
systems I and II, the metallic ε-Co nanoparticles were exposed to air for three weeks and
several hours, respectively.
Fcc Co/TOPO nanoparticle synthesis: the Co nanoparticles of system V were synthesized
through the acetonated cobalt carbonyl method reported in chapter 2.14 In short, 0.435 g
(1.27 mmol) Co2(CO)8 and was left to dissolve for 30 min in 3 mL of anhydrous acetone in
a nitrogen-atmosphere glove box, under occasional stirring of the flask by hand. Next,
0.35 g (0.91 mmol) TOPO was added to 12 mL anhydrous dioctyl ether in a synthesis flask
inside the glove box, and the solution was subsequently heated to 280 °C in a nitrogen
Schlenk line outside the glove box. The metal precursor solution was then injected from an
airtight vial in the hot, TOPO-containing solvent. The mixture was refluxed for 30 min,
allowed to cool to room temperature, and transferred back to the glove box before further
analysis.
Note that in all the nanoparticle syntheses, glassware was cleaned with Piranha etch
(3/1 v/v sulfuric acid/hydrogen peroxide), Aqua regia (3/1 v/v nitric/hydrochloric acid),
excessive deionized water, and anhydrous acetone prior to use.
Nanoparticle size-selective precipitation and washing: size-selective precipitation of the
magnetic cobalt nanoparticles in systems I-V was performed with a 1.3 T magnet. For this
purpose, typically 1 mL of an as-synthesized nanoparticle dispersion was submitted to four
size-selective steps using increasing amounts of anhydrous 2-propanol as an anti-solvent
(0.5, 1, 2, and 4 mL in the first, second, third and fourth step, respectively). In the first
step the solution was put on the magnet to destabilize the largest nanoparticles. The
sediment was kept and re-dissolved in 1 mL of anhydrous cyclohexane for further analysis.
To the supernatant the extra amount of 2-propanol was added and the mixture was put on
the magnet again. This was repeated until four size-selected batches were obtained in 1
mL of cyclohexane. From these batches a dispersion was chosen with the desired average
nanoparticle size. The chosen batch was subsequently washed three times. To this end the
nanoparticles, dissolved in cyclohexane, were all destabilized with 2-propanol. The
supernatant was removed and the sediment re-dispersed in cyclohexane, after which the
cycle was repeated.
Transmission electron microscopy (TEM) and X-ray powder diffraction (XRD)
characterization: the obtained nanoparticles were characterized by TEM and XRD prior to
the 2p XAS and 2p3d RXES measurements. For TEM, carbon-coated formvar Cu-grids (200
mesh; Agar Scientific) were dipped in nanoparticle dispersions and imaged on a Tecnai 12
(FEI) operating at 120 kV, equipped with a SIS CCD camera Megaview II. ITEM software
(Olympus) was used to measure size distributions based on at least 200 particles.
XRD diffraction patterns were acquired on a Bruker D8 advance diffractometer. Cobalt
Kα1,2 X-ray tubes (λ=1.790 Å) operating at 30 kV were used, with currents of 45 and 10
mA, respectively. Typically, data points were acquired between 40°<2θ<110° every 0.2°
with 13 s step-1. XRD samples were prepared inside the glove box and enclosed in an
airtight and X-ray transparent holder in order to probe the non-oxidized, as prepared
metal nanoparticles. The airtight XRD specimen holder with dome-like X-ray transparent
cap for environmentally sensitive materials (A100B33; sample reception 25 mm diameter,
1 mm depth) was obtained from Bruker AXS.
Transfer tool for XAS/RXES measurements of atmosphere-sensitive samples: a dedicated
tool for the transfer of atmosphere-sensitive samples into the RXES endstation at the
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ADvanced RESonant Spectroscopies (ADRESS; X03MA) beamline,15,16 Swiss Light Source
(SLS), Paul Scherrer Institute (PSI), was developed in-house. A schematic representation
of the tool is given in Figure 1f. The tool consists of 5 parts: (1) an aluminum bottom part
(10x23x27 mm) on top of which the sample is deposited. This part also contains a screw
thread for sample transfer purposes into the endstation. (2) An O-ring (20 mm diameter),
that is used between (1) and (3&4) which is an aluminum cylinder (14 mm diameter)
consisting of two separate pieces. In between (3) and (4) part (5), a 4 mm thick septum,
is clamped. The numbers of the different parts are indicated in the Figure.
The transfer tool can be loaded in an inert environment, in this study, a heliumatmosphere glove box. The samples, here the air-sensitive cobalt nanoparticles, can be
mounted on part (1) of the tool. Subsequently, part (2) till (5) can be mounted together
and placed over the sample on part (1). Through part (5), the septum in the top part, the
pressure in the void between the bottom and top part can be reduced by sucking out
atmosphere with a syringe. The top and bottom part are now sucked tightly onto each
other. The tool is subsequently transferred to and mounted in the load lock chamber of the
beamline. By evacuating the chamber, the reduced pressure in the void of the tool rapidly
becomes an overpressure and the top part pops off. This allows the final sample transfer
into the measurement chamber of the beamline without the sample having been exposed
to air.
2p XAS and 2p3d RXES spectra acquisition and treatment: for these measurements the
following materials and tools were obtained. p-Type Boron-doped silicon (100)(111)
surface terminated wafers (525 μm thick; cut in 7x7 mm squares; resistivity ~5 Ωcm)
were obtained from CrysTec GmbH. Hydrofluoric acid (pro analysis, 48-51%) was obtained
from Acros Organics. Plastic tweezers (style KR) were obtained from Rubis Switzerland.
Sticky carbon tape was obtained from NEM Nisshin Em.Co.Ltd. Silver epoxy paste (E4110
kit) was obtained from Epoxy Technology.
The nanoparticle dispersions were dripped onto silicon wafers inside a helium-glove box
for the XAS and RXES measurements. Prior to this the silicon substrates were treated to
remove oxygen species from the wafer surface and to passivate the silicon wafers with
atomic hydrogen. The wafers were immersed in acetone, 2-propanol and in deionized
water, respectively, and given an ultrasonic treatment for 10 minutes each. The substrates
were then etched, following Thorton and Williams,17 for 10 min with a 1/5/4 v/v/v solution
of HF/ethanol/water. Subsequently, the wafers were rinsed with deionized water to
remove physisorbed surfaces species,18 before drop casting the nanoparticle solutions on
the wafers.
The nanoparticles were then transferred to the beamline under exclusion of air using
the transfer tool described under “Transfer tool for XAS/RXES measurements of
atmosphere-sensitive samples”. The samples were attached to the bottom part (1) of the
tool with sticky carbon tape. Silver epoxy paste was applied between the substrate and the
tool to improve conductivity. The tool was introduced to the beamline load lock chamber,
which was subsequently pumped down to ~10-8 mbar before the sample was transferred
to the analysis chamber for XAS and RXES measurements.
The XAS and RXES data of system I, systems II-IV and system V were acquired during
different beamtimes. Total electron yield (TEY) XAS spectra were acquired by measuring
the drain current of the samples. The XAS spectra were sampled with 50 or 25 points eV-1
for system I and systems II-V, respectively. For all samples the RXES spectra were
measured using the high-resolution Super Advanced X-ray Emission Spectrometer
(SAXES) at the ADRESS beamline of the SLS.15,16 A scattering geometry was used in which
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the angle between the incoming light wave vector and the outgoing one was 90°. The
incoming light was polarized linear parallel (depolarized geometry or linear horizontal; LH)
to the scattering plane with a grazing incident angle of 20°. Measuring at grazing incidence
was done to minimize the self-absorption of the elastic peak. Measuring at LH polarization
was done to suppress the cross-section of the elastic peak with respect to the resonant
features.19,20 By positioning the beam at a non-cobalt amorphous reference and varying
the incoming energy from 770-780 eV in steps of 1 or 0.5 eV step-1 for systems I and V
and systems II-IV, respectively, the elastic peak was used to calibrate the RXES detector.
For this purpose the elastic peaks were fitted with Gaussian functions and the maxima of
the fits were plotted against detector-channels. The plot was fitted with a linear curve to
determine the energy-channel response function. At the Co 2p3/2 XAS edge (~780 eV) the
combined energy resolution of the RXES zero-loss peak was 80, 88 or 196 meV full-width
at half-maximum (fwhm) for the system I, systems II-IV and system V, respectively. In
order to obtain resonant spectra the incident energy was tuned to and over the cobalt
2p3/2 XAS edge. Spectra were sampled with 100 or 52 points eV-1 for system I and systems
II-V, respectively, and summed over 4-10 partial spectra that were acquired for 10 min
each. In order to compare the RXES spectra, they were normalized to the peak with the
maximum intensity in Figure 3. The pressure in the analysis chamber was ~10−8 mbar
during all measurements and the spectra were acquired at room temperature. For both
XAS and RXES measurements we did not notice any evolution of the spectra during the
experiment.

6.3.

Results and discussion

Five different cobalt nanoparticle systems, I-V, were studied. Their sizes and
compositions are given in Table 1.
Systems I till IV consist of ε-Co nanoparticles prepared by the Puntes
method.13 System V consists of fcc Co nanoparticles made through a slightly
adapted synthesis method described in chapter 2.14 For systems I-IV the
nanoparticles were synthesized in the presence of mixtures of trioctylphosphine
oxide (TOPO) and oleic acid (OA). When both molecules are present in the used
ratios, the TOPO acts as a kinetic growth controller,21 while the OA is the main
capping agent.22 For system V only TOPO was used in order to obtain larger
cobalt nanoparticles. These had a fcc crystal structure. The particles were all
synthesized in an inert atmosphere as described in the Experimental section.
When the ε-Co nanoparticles are exposed to air they oxidize.20 When large
nanoparticles are used, a passivation CoO layer forms around the particles. This
is revealed in Supporting Figure S1 by time-resolved XRD studies. Systems I
and II were both on purpose exposed to air, for three weeks and a few hours,
respectively. Systems III-V were not deliberately exposed to air. TEM images of
the nanoparticles are shown in Figures 1a-e.
For the 2p XAS and 2p3d RXES measurements the nanoparticles were
transferred to the measurement chamber of the beamline in an inert
environment to measure the nanoparticles as synthesized and washed
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Table 1. Size and composition of the studied nanoparticle systems.
Compound

TEM diameter (nm) ± polydispersity

[a]

Composition

I

4.2 ± 11.9%

oxidized ε-Co/OA/TOPO

II

4.0 ± 8.8%

oxidized ε-Co/OA/TOPO

III

8.4 ± 14.1%

ε-Co/OA/TOPO

IV

5.0 ± 13.7%

ε-Co/OA/TOPO

V

15.2 ± 17.5%

fcc Co/TOPO

[a] Polydispersity is given as the particle average diameter over the standard deviation.

Figure 1. a-e) TEM micrographs of the studied nanoparticle systems I-V and f) an artistic impression
of the tool that allows sample transfer in an inert environment to the RXES endstation at the ADRESS
beamline. See for employment details the Experimental section.
(systems III-V) or as synthesized, washed and oxidized (systems I-II). Figure 1f
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depicts a tool that we designed for this purpose. The tool is optimized for the
RXES endstation at the ADRESS beamline of the SLS. Its working is described in
detail in the Experimental section. In short, a protective cap is sucked over the
sample by creating some underpressure inside the cap’s cavity. This is done
inside the glove box. After transfer to the load lock chamber of the RXES
beamline, the chamber is evacuated and the underpressure becomes an
overpressure thereby releasing the cap and making the sample available for
measurements.
Figure 2a sketches the experimental setup of the ADRESS beamline at the
SLS synchrotron. Here cobalt 2p XAS spectra and cobalt 2p3d RXES spectra of
the nanoparticles were acquired. The XAS spectra are measured in TEY mode.
RXES spectra are measured using a variable line spacing (VLS) grating and a
liquid nitrogen cooled charge-coupled device (CCD) camera.
Figure 2b schematically illustrates the XAS and RXES transition processes. In
metal 2p XAS, X-ray photons induce electron transitions from occupied 2p core
levels to the empty density of 3d-states of the metal system. In 2p3d RXES one
collects photons that are emitted when electrons from 3d-states decay
radiatively to the unoccupied 2p core levels. A decaying electron may be the
same as the electron that was excited in the XAS process. In this case no energy
is transferred to the sample and the emitted photon energy is equal to the
incident photon energy. This is an elastic RXES or elastic scattering event. If
however the energy of the emitted photon is lower than that of the incident Xray photon, an inelastic scattering or RXES event took place. In a 2p3d RXES

Figure 2. Schematic representations of the 2p XAS and 2p3d RXES a) experimental setup and b)
processes. c) Experimental cobalt 2p3/2 XAS spectra of nanoparticle systems I-V and literature
reference spectra of cobalt metal23 and cobalt monoxide powder.20 The dotted grey line at 778.4 eV
indicates the excitation energy at which the 2p3d RXES spectra of Figure 3 were acquired.
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experiment inelastic events with energies up to 20 eV can typically be detected.
Two types of inelastic events exist: resonant Raman scattering and X-ray
fluorescence. In case of resonant Raman scattering the transferred energy
excites processes in the probed sample such as vibrations, phonons, magnons,
d-d and charge transfer excitations.24-28 RXES signals of this type occur at a
fixed transfer or loss energy irrespective of the incident X-ray energy. X-ray
fluorescence occurs from excitations to continuum states. It has a fixed emission
energy, hence a varying loss energy, irrespective of the incident X-ray energy.
Transition metal 2p XAS is often used as a way to establish the degree of metal
oxidation. Figure 2c shows the 2p3/2 XAS spectra of nanoparticle systems I till V.
In addition literature reference 2p3/2 XAS spectra of cobalt metal taken from
Chen et al.23 and of cobalt monoxide powder20 are shown. From the analysis it is
clear that the nanoparticles in system I are cobalt monoxide. For systems II-IV
the XAS spectra show weak fine structure or almost no fine structure in system
V. From such analysis system V seems to consist of metallic cobalt, while for
systems II-IV it is unclear whether the cobalt nanoparticles are oxidized.
In Figure 3 we show the corresponding 2p3d RXES spectra. The excitation
energy at which the spectra were acquired is indicated in Figure 2c. The RXES
spectra of the deliberately oxidized cobalt nanoparticles of system I were
reported in chapter 4 together with data on a cobalt monoxide single crystal.20
The origin of the peaks was discussed in great detail. In short, cobalt

Figure 3. Experimental cobalt 2p3d RXES spectra of nanoparticle systems I-V (right). To the left a
schematic representation of a ligated metal oxide substrates is shown, together with a pure metal
substrate. One red asterisk and red dotted lines in the spectra indicate d-d excitations from cobalt
monoxide. Two black asterisks and black dotted lines indicate low-energy d-d excitations present in
systems of non-oxidized cobalt nanoparticles. Three blue asterisks indicate X-ray fluorescence due to
pure cobalt metal.
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monoxide has, among others, characteristic d-d excitations at 0.1 and 1 eV.
Interestingly, system II also displays features at 0.1 and 1 eV, but they are less
intense than for system I. While system I was exposed to air for three weeks,
system II was exposed for a few hours. The 2p3d RXES spectra are thus able to
discern cobalt nanoparticles with different degrees of oxidation and this is
reported here for the first time. This also explains the weak fine structure in the
2p3/2 XAS spectrum of system II compared to the one of system I.
Systems III and IV display a different 2p3d RXES behavior. Two low energy
resonant Raman peaks at 0.3 and 0.75 eV are observed. In chapter 3 we
presented, substantiated by theory, that these peaks may originate from ligated
cobalt ions in the outer atomic layer of the nanoparticles or, alternatively, from
co-existing cobalt molecular complexes.29 In any case, we showed the peaks to
be d-d excitations resulting from cobalt ions in a low symmetric ligand field with
a coordination number maximum of four oxygen ions. Importantly, the presence
of these peaks and the absence of the cobalt monoxide features at 0.1 and 1 eV,
implies that the probed nanoparticles are non-oxidized. It is important to realize
that, in case more than the first atomic cobalt nanoparticle layer would be
oxidized, the number of cobalt atoms with a six-fold oxygen octahedral
coordination (as is the case in cobalt monoxide) would rapidly dominate the
presence of cobalt ions in a lower coordination environment. A surface with more
than one cobalt layer oxidized will then give rise to the d-d excitations at 0.1
and 1 eV as shown for the cobalt monoxide particles in systems I and II. The
fine structure in the 2p3/2 XAS spectra of these nanoparticle systems is thus also
not a result of nanoparticle oxidation, but of nanoparticle ligation or the
existence of a minority of cobalt molecular complexes as presented in our
previous theoretical interpretation of the peaks at 0.3 and 0.75 eV.29
The sensitivity of 2p3d RXES to surface oxidation holds, because a true metal
exhibits no resonant Raman features, but only strong X-ray fluorescence. An
example of this behavior can be seen in Supporting Figure S2 for 2p3d RXES at
the nickel 2p3/2 resonance in cobalt-nickel nanoparticles. Also system V, which
was on purpose made to consist of large cobalt nanoparticles (as to enhance the
chance of obtaining a large fraction of formal cobalt), is indicative of the typical
2p3d RXES spectra of a formal metal. A strong X-ray fluorescence peak is
observed around 2.2 eV in its 2p3d RXES spectrum, which we relate to metallic
cobalt.30 The spectrum of system V, however, also shows resonant Raman
features at 0.1 and 1 eV. This reveals that, although the 2p3/2 XAS spectrum of
these materials indicates the particles to be metallic, the surface of the particles
must be oxidized. Such interpretation of the 2p3d RXES spectra is especially
possible at excitation energies on the right side of a 2p3/2 XAS spectrum,
because here the X-ray fluorescence occurs at higher energies in the RXES
spectra and the low-energy d-d features become apparent.
The combination of the absence of d-d excitations in 2p3d RXES spectra of a
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formal metal and the clear relationship between coordination and low energy d-d
excitations, result in an extraordinary sensitivity of 2p3d RXES with respect to
surface oxidation of metallic substrates in general and nanoparticles in
particular.

6.4.

Conclusions

We have presented 2p3/2 XAS and 2p3d RXES spectra on five different cobalt
nanoparticle systems. The 2p3/2 XAS spectra show weak fine structure that
differs from the spectra of formal cobalt metal or cobalt monoxide. It is unclear
from such spectra if the cobalt nanoparticles are oxidized or metallic.
Corresponding high-energy resolution 2p3d RXES spectra allow for the
discrimination of oxidized from non-oxidized cobalt nanoparticles. Cobalt
nanoparticle oxidation yields cobalt monoxide on short time scales and this gives
rise to characteristic d-d features at 0.1 and 1 eV. In case of oxidized materials
the relative intensities of these features are a measure for the degree of
nanoparticle oxidation. For purely metallic materials, metal 2p3d RXES shows no
d-d excitations. As an example of the oxidation sensitivity of 2p3d RXES, 15 nm
large cobalt nanoparticles that are concluded to be metallic from the 2p3/2 XAS
spectra alone, are shown to be surface oxidized when considering their 2p3d
RXES spectra.
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ε-Co nanoparticle oxidation
X-ray powder diffractograms of 10.6 nm ε-Co nanoparticles showed no sign of
oxidation when measured in an inert environment. Upon exposure to air the
presence of both ε-Co and CoO related diffraction peaks in the particles was
observed as shown in Supporting Figure S1. The CoO signal increased to a fixed
relative signal compared to the ε-Co peaks after 3 weeks. This indicated particle
passivation and suggests a core-shell ε-Co/CoO nanoparticle structure as
observed previously by Wiedwald et al.7

Figure S1. Powder X-ray diffractograms of as prepared 10.6 nm ε-Co nanoparticles measured in an
inert environment and of the same particles upon exposure to air resulting in ε-Co/CoO nanoparticles.
The peaks indicated with an asterisk (*) are related to ε-Co –the (221) reflection is indicated, while
the peaks marked with a cross (+) are related to CoO. The numbers of hours indicate the times at
which the diffractograms were acquired after exposing the sample to air.
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2p3d RXES of nickel metal in cobalt-nickel nanoparticles
Supporting Figure S2 shows TEM, XAS and RXES data acquired on 3.6 nm
Co0.65Ni0.35 nanoparticles reported in chapter 5.29 The middle panel shows cobalt
2p3/2 XAS and 2p3d RXES spectra. The XAS spectrum exhibits weak fine
structure in the edge splitting, similar to the XAS spectra of systems II-V in the
main text. The RXES spectra show the same low energy d-d excitations at 0.3
and 0.75 eV as reported for systems III and IV in the main text. The nickel 2p3/2
XAS and 2p3d RXES spectra are given at the right. The nickel XAS spectrum
shows no fine structure and the 2p3d RXES spectra shows a weak elastic peak,
together with resonant X-ray fluorescence. No resonant Raman features are
discerned.

Figure S2. TEM micrograph of 3.6 nm Co0.65Ni0.35 nanoparticles with a polydispersity of 20.8%
(left). Cobalt (middle) and nickel (right) 2p3/2 XAS and 2p3d RXES spectra of the nanoparticles. The
excitation energies at which the RXES spectra were acquired are indicated in the XAS spectra with
black arrows.
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Scanning transmission X-Ray microscopy as a
novel tool to probe colloidal and photonic
crystals

Photonic crystals consisting of nano- to micrometer sized building blocks, such as multiple
sorts of colloids, recently receive widespread attention. It remains a challenge however to
adequately probe the internal crystal structure and the corresponding deformations that
inhibit the proper functioning of such materials. Here we show that scanning transmission
X-ray microscopy (STXM) can directly reveal the local structure, orientations, and even
deformations in polystyrene and silica colloidal crystals with 30 nm spatial resolution.
Moreover, STXM is capable of imaging a diverse range of crystals, including dry and
inverted ones, and provides novel insights complementary to information obtained by
benchmark confocal fluorescence and scanning electron microscopy techniques.

187

Chapter 7a

7a.1. Introduction
The self-assembly of monodisperse colloidal particles is a promising method for
fast and cheap production of photonic materials.1-4 These materials hold promise
for applications in telecommunications, solar energy harvesting, and lowthreshold lasing.5 The convective assembly technique1-4 is a well-established
method to produce macroscopic colloidal crystals with a face-centered cubic
(fcc) structure. Colloidal crystals obtained in this manner can be used as a
template for making inverted photonic crystals of materials with a desired
refractive index.2, 6 The inverted structure can then serve as a photonic crystal.
In order to obtain crystals with a full photonic band gap, the fcc structure needs
however to be controlled since the photonic band gap is highly sensitive to
stacking faults, dislocations and other deformations.7 To achieve perfect
crystals, detailed knowledge about the crystal growth mechanism and resulting
defect structures is required. The growth mechanism has received widespread
attention over the last decade4, 8-9 which resulted in the proposal of several
growth models, but experimental evidence supporting these models is lacking.
Moreover, the defect structures themselves have hardly been investigated and
the few reported studies indicate that the dominant fcc crystals still possess a
significant degree of disorder resulting in disadvantageous effects on the
photonic crystal properties.10-11
A serious obstacle in the study of defect structures is the absence of
appropriate techniques that probe the internal structure of photonic crystals in
three dimensions. The most widely applied technique is scanning electron
microscopy (SEM), but this technique is inherently surface specific. The only
possibility to study parts of the crystal internal structure by SEM is through
physically cutting crystals apart and studying their cut edges.1 This however
introduces the risk of modifying the crystal structure in the cutting process. The
application of transmission electron microscopy (TEM) to the study of these
materials is limited, since the technique’s probing depth is a few hundred
nanometers at best. Another commonly applied technique is confocal scanning
laser microscopy (CSLM). CSLM is excellent for the in-situ investigation of
immersed, fluorescent, and refractive-index matched colloidal crystals with
particle sizes on the order of a micrometer in diameter.12 However, convectively
assembled crystals and their inverted crystals are dry and in contact with air,
which implies that the structures and their surroundings are not refractive-index
matched. CSLM imaging is then restricted to the first one or two crystal layers,
also preventing the study of the crystal internal structure. One way to overcome
this is by infiltrating the inverted crystal with a refractive-index matching fluid
before imaging the structure,13 but capillary forces acting on the crystal during
this process may very well change the structure, resulting in unreliable
characterization. In addition, CSLM has the disadvantage that many particle
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sizes used for colloidal crystals are too small to be imaged, although for example
the recently developed stimulated emission depletion (STED) microscopes may
circumvent this problem.14 Alternatively, the internal crystal structure may be
studied in reciprocal space by small angle X-ray diffraction (SAXD),11, 15-16 which
is a powerful tool to investigate the crystal structure and planar defects on large
length scales, but the local structure important to crystal growth is also
irresolvable by this technique.
Here we present the first study of convectively assembled colloidal crystals
by scanning transmission X-ray microscopy (STXM). The technique uses soft Xrays (E < 2 keV) that have a smaller penetration depth than hard X-rays (E > 2
keV), used in for example the recently proposed high resolution transmission Xray microscope (HRTXM).17 However, STXM has the advantage of an even higher
spatial resolution, richer chemical information can be obtained due to a superior
energy resolution, and lighter elements can be studied at their specific X-ray
absorption edges such as the carbon K- and silicon K-edge in the here presented
polystyrene (PS) and silica (SiO2) colloidal crystals. Compared to coherent X-ray
diffraction imaging (CDI) the characterization of local defect structures is more
straightforward in STXM since it is real space X-ray microscopy. Our results
illustrate that STXM offers information on the internal, local structure of such
crystals, inaccessible by and complementary to the techniques mentioned
above. We end with a detailed comparison of STXM, CSLM and SEM imaging for
the study of photonic and colloidal materials.

7a.2. Experimental section
Materials: potassium persulphate (KPS; 99+%) was obtained from Acros Organics, sodium
dodecyl sulphate (SDS; specially pure, >99%) from Brunswig, styrene (for synthesis,
>99%) from Merck, and divinylbenzene (technical grade, 55%) and vinyl acetate (>99%)
from Aldrich. Millipore water (resistivity 18 MΩ cm) was used and 100 nm thick silicon
nitride (Si3N4) windows were obtained from Silson Ltd.
Synthesis of polystyrene and silica colloids and convectively assembled colloidal crystals:
polystyrene seed particles with a cross-linking density of 3% w/w divinylbenzene were
synthesized by emulsion polymerization as described by Mock et al.18 In short, water (400
mL) was heated to 80 °C in a round-bottom flask (1 L). Subsequently, styrene (50 mL)
and aqueous SDS solution (100 mL; 5 g L-1) were added, followed by divinylbenzene
cross-linker (1.39 mL). The reaction mixture was allowed to equilibrate for 1 h, before
adding KPS initiator aqueous solution (75 mL; 20.67 g L-1). The reaction was kept at 80 °C
for 24 h. The particles were subsequently coated with vinyl acetate to render them more
hydrophilic. Therefore the seed solution (200 mL) was heated to 80 °C for 1 h after which
vinyl acetate (1.70 mL) was added in four aliquots (0.425 mL) with 15 min intervals.
Directly after the first addition, aqueous KPS solution (5.05 mL; 0.67% w/w) was added.
After the final addition, the reaction was allowed to continue for 24 h. Particles were
purified at least three times by centrifugation and subsequent redispersion steps before
use. The average colloid diameter was determined to be 194 nm with a polydispersity of
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3.7% (defined as the standard deviation over the mean size; n>200) by TEM
measurements on a Philips Tecnai 12 operated at 120 kV.
Silica colloids with diameter of 492 nm and a polydispersity of 3.2% were synthesized
according to the Stöber method. These particles were subsequently covered by a layer of
3-methacryloxypropyltrimethoxysilane using a method described by Philipse and Vrij.19
Colloidal crystals were grown by immersing a clean, 100 nm thick silicon nitride
window into a 1 v/v % aqueous dispersion of polystyrene colloids or a 0.2 v/v % aqueous
dispersion of silica colloids and slowly evaporating the solvent in an oven at 50 °C.1 The
thin silicon nitride windows are almost X-ray transparent and as such prevent significant
attenuation of the X-ray signal by the substrate.
Scanning transmission X-ray microscopy (STXM) imaging: investigation of the polystyrene
colloidal crystals by STXM was performed at beamline 11.0.2. of the Advanced Light
Source synchrotron facility at the Lawrence Berkeley National Laboratory, California,
USA.20 During the experiment the synchrotron operated at a 500 mA ring current in top-off
mode (1.9 GeV). Beamline 11.0.2 is a 5-cm-period elliptical polarization undulator (EPU5)
beamline with a 100-2000 eV accessible energy range. For carbon K-edge imaging the
undulator first harmonic X-rays were irradiated on a 1200 l/mm plane grating
monochromator to select the required photon energy between 278 and 315 eV. At these
conditions a flux of ~5.1012 photons/s was obtained. The silica colloidal crystals were
studied with the STXM microscope at beamline 10ID-1 (SM) at the Canadian Light Source
(CLS), University of Saskatoon, Canada.22
A 240 μm diameter zone plate (ZP) with a central stop of 95 μm and an outermost
zone width ∆r of 25 nm was used to focus the light with a Rayleigh criterion spatial
resolution ∆rRayleigh of 30 nm (∆rRayleigh~1.22*∆r). The ZP’s central stop and an order sorting
aperture (OSA) were used to select the first order diffracted X-rays for spectroscopy and
imaging. The colloidal crystals on silicon nitride windows were mounted on a piezoelectric
sample stage to translate the sample. As a result, the sample could be focused (∆z) and
raster scanned (∆x, ∆y). Transmitted light was detected by a scintillator screen combined
with a photomultiplier tube (PMT). Typical images were acquired in a point-by-point mode
with a 1 ms dwell time per pixel, a 5x5 μm field of view (FOV), and a 10x10 nm pixel size.
Taking dead time into account between the acquisition of different pixels, the recording of
a single transmission image took typically 6 min.

7a.3. Results and discussion
Polystyrene colloids with a mean diameter of 194 nm and a polydispersity of 3.7
% were synthesized according to standard literature procedures.18 Silica colloids
were synthesized by the Stöber method (492 nm diameter; 3.2 % polydisperse)
and subsequently coated with 3-methacryloxypropyltrimethoxysilane.19 Colloidal
crystals were grown on 100 nm thick silicon nitride windows by the convective
assembly technique and SEM images of the studied crystals can be found in the
Supporting Information and Supporting Figure S1.1 The thin silicon nitride
windows are almost X-ray transparent and as such prevent significant
attenuation of the X-ray signal by the substrate. Further experimental details of
the colloid synthesis and convective assembly of the crystals can be found in the
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Figure 1. a) Schematic representation of the scanning transmission X-ray microscopy (STXM) setup. Monochromatic X-rays are focused through a Fresnel zone plate on the colloidal crystal. The
transmission of X-rays is detected with a photomultiplier tube (PMT). b) Two X-ray transmission
images acquired at 315 eV on the carbon K-edge show the presence of one (right side) to three (left
side) polystyrene (PS) colloidal layers. The transmission spatial profile is highly different for fcc and
hcp crystal structures as indicated in the upper and lower panel respectively. Note that the <110> and
<112> directions are indicated in the hcp crystal. c) Radial distribution functions of the most X-ray
intense points in the three-layered regions of the panels in b) indicate that the distance (d) between the
most transparent regions is 190 nm (red curve) and 115 nm (blue curve) for the hcp and fcc structure,
respectively.
Experimental Section. The polystyrene and silica colloidal crystals were
subsequently studied along their physical edges with an interferometercontrolled STXM.20-22 Figure 1a shows a schematic representation of the STXM
microscope set-up in which a monochromatic X-ray bundle is focused on the
sample through a Fresnel zone plate. The zone plate is a circular diffraction
grating which acts as a concave lens by diffracting X-rays at a series of alternate
opaque (gold) and transparent (silicon nitride) rings.23-24 The size of the
resulting beam spot is mainly determined by the distance between the two outer
gold rings within the zone plate, provided that the rest of the optics such as the
order sorting aperture and slit sizes are well aligned and set. Here a zone plate
with an outermost zone width ∆r of 25 nm was used, limiting the Rayleigh
criterion spatial resolution ∆rRayleigh to 30 nm (∆rRayleigh~1.22*∆r) for the
presented data. The depth of focus ∆z is given by ±2∆r2/λ and is thus
theoretically ~300 nm at 300 eV and ~1850 nm at 1845 eV, the typical photon
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energies used here.23 By measuring X-ray absorption at varying positions and
energies it is possible to acquire a spectral image of a region of interest, in
which every pixel of an image contains a X-ray absorption spectrum that allows
detailed chemical speciation (for example the type of element, oxidation state,
and coordination number can be deduced).25-26
A single energy X-ray transmission image can however contain novel
information by itself, as shown in Figure 1b (see the Experimental Section for
detailed STXM set-up and acquisition details). Two pictures taken at 315 eV are
shown of two different spots in the same polystyrene colloidal crystal. The
images were taken above the carbon K-edge and a large part of the revealed
absorption is thus specifically due to the carbon present in polystyrene ((C8H8)n).
A single layer of colloids is clearly resolved on the right side of both images,
while multiple colloidal layers were found towards the left of the micrographs.
First, a double colloidal layer, which is similar in both images, was observed. A
third layer revealed an fcc and an hexagonal close-packed (hcp) crystal
structure in the two different images. The fcc and hcp stacking differ in the way
the subsequent colloidal layers are positioned atop of each other. An hcp phase
has an ABA stacking in which the third colloidal layer is located directly above
the first, while the fcc phase has an ABC stacking in which the third layer has a
different position from both the first and second layer. This yields crystal
structures that are completely closed (fcc) and partly open (hcp) in the direction
perpendicular to the three colloidal layers as depicted in the schematic
representations in Figure 1b. The difference between the open and closed
structures can be readily observed in the X-ray transmission images, where the
open holes are more transparent than the most transparent, but closed parts of
the fcc structures. Also, the theoretical distance between the most transparent
regions in an hcp structure (the open holes) is equal to the particle diameter ø,
while the most transparent (but closed) points are ø/√3 apart in fcc structures.
Figure 1c shows the radial distribution functions of the most X-ray transparent
points in the hcp and fcc packed regions of the images. The radial distribution
functions were obtained using the Axis2000 STXM data processing software27
and give the average distance from one hole in the colloidal layer to its nearest
neighbor hole for hcp (and from one most transparent region to another in fcc).
Indeed it was deduced that the average length between these most transparent
regions is 190 and 115 nm in the hcp and fcc structures respectively, which
match the theoretical values of ø = 194 nm in the hcp and ø/√3 = 112 nm in
the fcc structures. Both the differences in absolute intensity in the crystal layers
and the distances between the most transparent regions allow for the
assignment of the crystal structure being hcp or fcc. Such determination of the
type of crystal structure from a single transmission image, as demonstrated
here for three colloidal layers, is not feasible with any of the concurring
techniques for the study of colloidal crystals.
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Figure 2. Thickness maps of polystyrene colloidal crystals at the same locations as shown in Figure
1b indicating up to a) three and b) four colloidal layers. c) The X-ray transmittance (T) below and
above the carbon K-edge at 278 and 315 eV respectively is indicated with black and red dots. The
corresponding material-specific optical density (OD) is shown with a green solid line and the
thickness (t) regime in which the optical density scales linearly with the material thickness is
indicated by the shaded area. d) Histograms of the thickness of the colloidal crystals shown in Figure
a) and b) with respectively black and green dots. e) Thickness histograms of three colloidal layers
with an fcc (blue triangles) or hcp (red dots) crystal structure. The scale bar in the inset corresponds to
500 nm.
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Moreover, spatially-resolved and quantitative determination of the crystal
thickness is possible with STXM if an X-ray transmission image is measured
below and on a crystal element specific X-ray absorption edge. These
transmission images can both be converted into optical density (OD) maps with
OD = -ln I/I0 where I0 is taken as the image background intensity. The
difference between the OD maps on and below the X-ray absorption edge yield
an OD map that is element specific and corrected for differences in X-ray
attenuation at different energies. This map is subsequently converted into a
material thickness map by using OD = μρt, where μ is the photo-absorption
cross section or mass absorbance coefficient, ρ is the material density, and t is
the material thickness. Two material thickness maps are displayed in Figure 2a
and 2b for the exact same crystal areas that were shown in Figure 1b. The
images were taken below and above the carbon K-edge at 278 and 315 eV
respectively since carbon is the principal constituent of polystyrene. Here the
polystyrene density18 was taken to be 1.05 g cm-3 and the mass absorbance
coefficient for polystyrene was estimated to be 36000 cm2 g-1 using the
Axis2000 software that allows for the calculation of μ (calculate X-ray
parameters SF package). Figure 2c shows the X-ray transmittance at 278 and
315 eV, and the corresponding OD as a function of polystyrene thickness,
calculated from semi-empirical atomic scattering factors.28 In the regime of
~0.2<OD<2.1 the material thickness scales linearly with OD (or OD = μρt
holds) and in this regime the thickness can be quantified. For polystyrene
measured at the carbon K-edge this means that the material thickness can be
quantitatively determined for layers that are 50 to 550 nm thick. Thickness
histograms of the crystals displayed in Figure 2a and 2b are presented in Figure
2d and clearly show the presence of up to three and four colloidal layers,
respectively. The quantification of the number of colloidal layers from a single
map is unrivaled and cannot be done with SEM or CSLM. In addition, when
regions of interest were studied that contain only three colloidal layers in an hcp
or fcc stacking, the thickness histograms as given in Figure 2e confirm the
presence of these phases. Both the thickest and the thinnest crystal parts were
found in the hcp structure, as expressed in the wider thickness distribution for
hcp as compared to the fcc histogram.
It becomes clear that the thickest and thinnest crystal parts are present in
the hcp stacking when considering projections in hcp and fcc structures along for
example <112> and <110> directions as shown in Figure 3a and 3b,
respectively. Note that the fcc coordinate system is used to define
crystallographic directions and that the directions are indicated in Figure 1b and
in the insets next to the graphs. Model calculations of the crystal heights for 200
nm diameter spheres along these directions within the two crystal types show
the large variation in height within an hcp crystal compared to an fcc structure.
Next to theoretical predictions the experimentally found thickness projections
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Figure 3. a) Theoretical (solid line) and experimental (symbol & solid line) thickness (t) line
projections along the <112> direction in hcp (upper panel) and fcc (lower panel) crystal types. b)
Identical projections as in a) but now along the <110> direction. Note that STXM image insets on the
right correspond to the indicated crystal type and that the arrows indicate the corresponding crystal
directions.
along the <112> and <110> directions are shown. The experimental projections
are averaged over 4 or more line profiles that were taken from images with a
short dwell time of 1 ms per pixel. One can appreciate that the general shape
and relative intensities of the line profiles match the theoretically predicted
profiles. The absolute intensities are in good agreement for the thick parts of the
crystal, but the thinner parts of the hcp and fcc structures appear too thick
mainly due to the limited lateral resolution. However, in Figure 3a the
determined thickness along the <112> direction in hcp varies stronger than in
fcc, and even the shape of the experimental hcp <112> projection shows a
characteristic structure that roughly matches the theoretical one. Increasing the
statistics of such line profiles by taking longer dwell times during image
acquisition will seriously improve the quality of such line projections.
Nevertheless, it is shown here that STXM has the capability of discriminating
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between different directions within a crystal structure from X-ray optical density
images.

Figure 4. a) X-ray transmission image acquired at 1845 eV on the silicon K-edge shows the presence
of up to 9 colloidal silica (SiO2) layers. The corresponding histogram is shown as an inset. The arrow
indicates the direction in which the number of crystal layers on top of each other increases. b) Black
and red dots indicate the transmittance (T) of X-rays through silica before and on the silicon K-edge,
as a function of silica thickness (t). The green solid line indicates the corresponding optical densities
(OD) at those thicknesses and the shaded area shows the regime were the silica thickness can be
quantified.
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Figure 4a is not a thickness material map, but a single transmission image of a
large area of a silica colloidal crystal, taken on the silicon K-edge at 1845 eV.
The intensity histogram of Figure 4a indicates the presence of up to 9 colloidal
layers (shown as an inset) and illustrates that STXM is also capable of
quantitatively imaging thicker silica based crystals that have been proposed as
photonic crystals.29 The application of rotation tomography could reveal the
exact location of, for example, crystal deformations. Figure 4b shows that the
thickness of silica based materials up to 6.5 μm can be quantitatively studied at
their silicon K-edge (see the Supporting Information and Figure S2 for similar
calculation at the silica oxygen K-edge).

Figure 5. a) A carbon K-edge X-ray absorption spectrum of the polystyrene colloids indicating the
presence of C 1s to, among others, C=C 1π* and 2π* transitions. The STXM images on the right
taken at 278 (up) and 315 eV (down) show that the X-ray absorption contrast is specific for the
carbon presence. Making use of the carbon K-edge spectral fine structure could give molecular
contrast. b) The silicon K-edge X-ray absorption spectrum of the silica colloids reflects the local
projected density of empty Si p orbitals.
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Figure 5a and 5b are exemplifications of the chemical sensitivity of STXM. A
measured carbon K-edge spectrum of polystyrene is shown in Figure 5a with an
energy resolution of 0.2 eV. By varying the photon energy of the microscope’s
light over the carbon K-edge the presence of C 1s to C=C 1π* and 2π*
transitions was observed at 285 and 288.8 eV respectively, as well as the
transitions to C-H* and C-C σ* unoccupied molecular orbitals, which identifies
the measured carbon as being present in polystyrene.30 The X-ray transmission
images acquired at 278 and 315 eV respectively show that the X-ray absorption
contrast is specifically due to the sort of atoms being present. Figure 5b shows
the silicon K-edge XAS spectrum of the amorphous silica colloids. The silicon Kedge spectrum reveals the local projected density of empty Si p orbitals (p
LDOS)31 and the main peak at 1845.1 eV corresponds with the Si 3p conduction
band. In principle, the discrimination of different chemicals in every pixel or
even voxel would allow for the study of more complex crystals that are build
from more than a single constituent like for example a binary ionic colloidal
crystal.32
As shown in the presented data the application of STXM to the
characterization of photonic and colloidal crystals can yield novel information on
the local crystal structure. In order to better comprehend why STXM is favorable
for this purpose we compare the technique to CSLM and SEM, which are
commonly used for the study of colloidal crystals, on the basis of three
important microscope properties: the lateral Rayleigh criterion spatial resolution
∆rRayleigh, the depth of focus ∆z (which is related to the axial spatial resolution),
and the penetration depth of the microscope’s probe (photons for STXM and
CSLM, electrons for SEM). In the Supporting Information and Supporting Figure
S3 an elaborate comparison is presented considering the most important
technical details of each method.23, 33-36
The most important outcomes of this comparison are summarized in Figure
6. The best obtainable lateral resolution for the techniques are 10-1>10-2>10-3
μm for CSLM, STXM and SEM respectively. The depth of focus is very large for
SEM (100 to 103 µm) and smaller, but comparable for CSLM and STXM (10-1 to
101 µm). SEM probes a very limited region of 10-3-10-2 µm under the material
surface, while 100-102 µm and 10-1-102 µm thick samples are accessible by
CSLM and STXM respectively. It is the unique combination of a large and
comparable depth of focus and attenuation length, in combination with an
improved spatial resolution compared to CSLM, which is moreover independent
of the incident photon energy, that makes STXM very useful for the study of
colloidal and photonic crystals. Only with STXM it is possible to look through
micrometer thick materials, which are acceptably focused over their full
thickness, with a lateral resolution of up to 10 nm. This allows for the study of
crystals built from relatively small building blocks. The fact that STXM does not
require luminescent and refractive-index matched materials, as is necessary for
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Figure 6. Characteristic length scales of three important microscope properties compared for CSLM,
STXM and SEM. The lateral resolution ΔrRayleigh, the depth of focus Δz (in CSLM and STXM) or
depth of field Δv (in SEM), and the photon attenuation length (l in CSLM, t in STXM) or electron
mean free path (MFP in SEM) as a function of the photon or electron energy are compared.
CSLM imaging, is another major advantage of the technique. This allows the
internal structures of all colloidal crystals to be probed by STXM: from dry to wet
crystals, from refractive-index matched crystals to non-index matched inverted
crystals, and from dye-containing to non-luminescent crystals. The rich chemical
characterization that is feasible through the acquisition of X-ray absorption
spectra and the quantification of the material thickness are final additional STXM
advantages.
Future STXM work on colloidal or photonic crystals would highly benefit from
quantitative X-ray tomography37-38 by use of a rotation stage in which the
beneficial, small lateral resolution and large depth of focus are fully exploited.
The study of binary colloidal crystals (as for example shown with electron
tomography for nanocrystals39), large area printed colloidal layers,40 colloidal
gels,41 and liquid crystals made of anisotropic particles42 could all benefit from
STXM imaging, while the application of in-situ STXM microscopy43-47 to study for
example more complex colloidal phase behavior are other possibilities.
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7a.4. Conclusions
In conclusion, we have shown that STXM can discriminate between fcc and hcp
colloidal crystal structures from X-ray transmission images on the basis of
relative intensities, the spatial distribution of such intensities, and thickness
histograms of the different crystal structures. STXM is also capable of
quantitatively determining the colloidal crystal thickness. Line projections within
the crystal transmission images allow further for the differentiation of various
crystal directions such as for example the hcp <110> and <112> directions. Xray absorption spectra permit the possibility to combine all of the above with
rich chemical contrast for the localization of different crystal building blocks. It is
the unique combination of the X-ray depth of focus and attenuation length,
which can simultaneously extend to tens of micrometers, in combination with a
lateral spatial resolution of up to 10 nm that is independent of the photon
energy, which makes STXM highly favorable for the study of the local internal
crystal structure over the present benchmark CSLM and SEM techniques. We
foresee that STXM can play a major role in the elucidation of problems
concerning colloidal and photonic crystal disorder and deformations, which up to
now frequently hamper the proper functioning of such materials.
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Scanning electron micrographs (SEM) of the colloidal crystals
Crystals were characterized by SEM on a Phenom microscope from PhenomWorld BV. Results for the polystyrene colloidal crystals are shown in Supporting
Figure S1. The measured periodicity of the lattice was 200 nm, slightly larger
than the particle diameter obtained by TEM. From the presence of two {111}
planes in the right panel of Supporting Figure S1, it can be deduced that the
dominant crystal structure at those locations is face centered cubic. The exact
internal crystal structure, can however not be deduced from SEM images.

Figure S1. SEM micrographs of the same colloidal crystal that was studied by scanning transmission
X-ray microscopy as discussed in chapter 7a.

Linear X-ray absorption regime for thickness determination of silica
based crystals at the oxygen K-edge
Spatially-resolved and quantitative determination of the thickness of photonic
crystals is possible with STXM if an X-ray transmission image is measured before
and on a crystal material specific X-ray absorption edge. These transmission
images can be converted both into optical density (OD) maps with OD = -ln I/I0
where I0 is taken as the image background intensity. The difference between the
OD maps on and before the X-ray absorption edge respectively, yield another
OD map that is material-specific and corrected for differences in X-ray
attenuation at different energies. In the regime of ~0.2-2.1 OD the material
thickness scales linearly with OD and in this regime the thickness may be
determined by using OD = μρt, where μ is the photo-absorption cross section or
mass absorbance coefficient, ρ is the material density, and t is the material
thickness.
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Since silica (SiO2) based colloids have been widely proposed as building blocks
for colloidal crystals (see for example Wang et al.29), we present in Supporting
Figure S2 calculations revealing the linear thickness regime for the study of
silica based photonic crystals by STXM at the oxygen K-edge.

Figure S2. Black and red dots indicate the transmittance (T) of X-rays through silica (ρ=2.2 g cm-3)
before and on the oxygen K-edge, as a function of silica thickness. The green solid line indicates the
corresponding material-specific optical density (OD). The shaded area indicates the thickness regime
where the optical density scales linearly with the material thickness. Within this regime the thickness
of the silica layers can be quantified. The Figure shows that photonic silica based crystals can be
quantitatively imaged up to 1 μm thick layers at their oxygen K-edge by STXM.

Comparison of the lateral spatial resolution, axial resolving power,
and penetration depth of CSLM, STXM, and SEM
We limit the discussion to real space microscopy techniques that can provide
information on the local crystal structure and thus exclude the reciprocal space
techniques, such as SAXD, that generate information on the long range order of
crystals.
Supporting Figure S3 shows the length scales of the lateral spatial resolution,
the axial resolving power, and the penetration depth of the photons or electrons
in solids for the three different techniques as a function of the photon or electron
incident energy. For CSLM the lateral resolution is diffraction-limited and given
by ∆rRayleigh ~ 0.61λ/NA with λ being the photon wavelength and NA the
numerical aperture of the focusing lenses (assuming the condenser and
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objective lens have equal NA).34 In order to achieve magnifications that allow for
colloidal crystal imaging, lenses with a NA of 0.5 to 1.4 are necessary and the
resulting spatial resolution is given in Supporting Figure S3. The CSLM lateral
resolution is better for larger photon energies and higher NA, with a maximal
lateral resolution in the order of 10-1 μm. For STXM the lateral resolution is given
by ∆rRayleigh ~ 1.22*∆r and the focusing of light occurs through diffraction (and
not by refraction as in CSLM).23 This implies that the spatial resolution in STXM,
in contrast to CSLM, is independent of the incident photon energy and is limited
by the distance between the zone plate outer rings ∆r. In practice, zone plates
with a ∆r of 10 to 40 nm are at present readily available and suitable for
photonic crystal imaging with a lateral resolution of approximately 10-2 µm.36 In
SEM the lateral resolution ∆rRayleigh ~ d, with d being the diameter of the electron
beam spot.35 Since SEMs are generally operated at 1 to 30 kV, with spot sizes
typically ranging from 10 nm for the low voltage machines up to 1 nm for the
high voltage machines, their lateral resolution is in the 10-3 μm order.
The second microscope property discussed here is the depth of focus for
CSLM and STXM and the depth of field for SEM. The depth of focus ∆z is defined
as the distance over which the detector plane can be varied along the optical,
axial axis while retaining an image of the object that is acceptably focused. The
depth of field ∆v is the distance over which the object plane (with the sample)
can be varied while keeping the object in acceptable focus.35 For CSLM ∆z ~
nλ/NA2 and for STXM ∆z ~ ±2∆r2/λ.23 Note that the depth of focus decreases
with photon energy for CSLM, while it increases with energy for STXM.
Nevertheless, the range of accessible depths of focus is similar for both
techniques and lies in the 10-1 to 101 µm range. For SEM the depth of field is ∆v
~ d/α, with d being again the electron beam spot diameter and α the
convergence semi-angle of the electron beam cone.35 SEM microscopes have
nearly parallel electron beams and α therefore varies between 1 and 0.01 mrad,
resulting in a very large depth of field of 100 to 103 µm. The consequence of this
large depth of field is that several layers at the exterior of a colloidal crystal can
be simultaneously imaged in focus, as depicted in SEM micrographs in
Supporting Figure S1.
Finally the penetration power of the photons and electrons used in the three
techniques is considered. For CSLM and STXM the attenuation length, defined as
the distance over which the intensity I falls to 1/e of its initial value I0, is given
by Lambert-Beer relations. Standard SEM imaging is done through secondary
electron imaging (SEI) in which only electrons with a kinetic energy of <50 eV
are used for image formation.35 This implies that not the electron penetration
range (which can be up to 5-10 µm) in the specimen must be considered here,
but the electron inelastic mean free path (IMFP) of scattered electrons that
generate the SEM images. For CSLM the attenuation length l is given by l = log
e/εc, with c being the molar concentration and ε the molar extinction coefficient.
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For confocal imaging the polystyrene colloids need to be colored with a
fluorescent dye and the total ε is estimated to be 101 mol L-1 cm-1 for the dyecolored polystyrene colloids, while c can be calculated from the polystyrene
density ρ = 1.05 g cm-3 and monomer molecular weight Mw = 104.11 g mol-1.
The resulting attenuation length is in the 101-102 µm range for CSLM. For STXM
the attenuation length t is given by t = 1/μρ, with µ being the mass absorbance
coefficient and ρ the material density. Using the provided values as given for the
maps in Figure 2a and 2b, the attenuation length is in the order of 10-1 to 102
µm for STXM. It must be noted here that X-ray attenuation is strongly
influenced by the presence of X-ray absorbing edges such as the carbon K-edge
in polystyrene around 285 eV. This element specific X-ray absorption is at the
same time the basis for the chemical contrast that STXM can provide. In SEM
the MFP for organics λorg in nm can be described by an empirical relation λorg =
103/ρ(49E-2+0.11E1/2) where E is kinetic energy of the detected electrons in
eV.33 For electrons with an energy <50 eV as detected in SEI-SEM the mean free
path is 10-3 to 10-2 µm, signifying that only the outer few nanometers of the
material are being visualized.

Figure S3. Characteristic length scales of three important microscope properties compared for
CSLM, STXM and SEM. The lateral resolution ΔrRayleigh, the depth of focus Δz (in CSLM and
STXM) or depth of field Δv (in SEM), and the photon attenuation length (l in CSLM, t in STXM) or
electron mean free path (MFP in SEM) as a function of the photon or electron energy are given.
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Three-dimensional structure and defects in
colloidal photonic crystals revealed by
tomographic scanning transmission
X-ray microscopy

Self-assembled colloidal crystals have attracted major attention due to their potential as
low-cost 3D photonic crystals. Although a high degree of perfection is crucial for the
properties of these materials, little is known about their exact structure and internal defects.
In this study, we use tomographic scanning transmission X-ray microscopy (STXM) to
access the internal structure of self-assembled colloidal photonic crystals with high spatial
resolution in three dimensions for the first time. The positions of individual particles of 236
nm in diameter are identified in three dimensions and the local crystal structure is revealed.
Through image analysis, structural defects such as vacancies and stacking faults are
identified. Tomographic STXM is shown to be an attractive and complementary imaging
tool for photonic materials and other strongly absorbing or scattering materials that cannot
be characterized by electron microscopy or optical nanoscopy.
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7b.1. Introduction
Photonic crystals are currently under research for their potential in a wide
variety of applications. Their capability to manipulate the propagation of light
opens the way to the perfecting of existing technology like optical fibers1, 2 or
lasers,3 but also to exotic new devices such as optical chips.4
Several methods exist to obtain crystals with a full photonic band gap in the
visible. Lithographic methods have been shown to be very effective for
producing high-quality materials with any desired structure,5 even including
defect regions that can be used as circuits to build all-optical logical elements.6
The applicability of such structures, however, is limited by slow and costly
production processes.
Self-assembly of the right building blocks into large photonic crystals is more
promising in terms of speed and production cost.7, 8 This technique has other
drawbacks, mainly in the intrinsic disorder present in such systems9-12 and the
difficulty of including functional defects at desired positions.13 Although it has
been shown that selective incorporation of defects is possible, defect growth
resulted in a decrease in the degree of perfection of crystals14 or required
laborious post-processing of highly perfect crystals.15 Due to the small energy
difference between the hexagonal close packed (hcp) and face centered cubic
(fcc) crystal structures,16 self-assembly often results in a mixture of the two
structures, which is unfavorable for the optical properties. The most promising
growth process in this category is convective assembly.7, 8, 17 This method
produces good quality crystals with a mainly face centered cubic (fcc)
structure,11, 17 which is required for producing materials with a full photonic band
gap in the visible.
Despite the large interest in these structures, much is still unknown about
the processes governing self-assembly, driving the crystal into its fcc structure.
In addition, most of what is known about the crystal structure is obtained either
through surface methods such as scanning electron microscopy (SEM)7, 9, 17 or
through bulk averaging methods, such as microradian X-ray diffraction11, 18, 19 or
field-stop filtered microscopy.20 SEM has the disadvantage that no information
about internal crystal structure is obtained and can only be used as a rough
guide to the quality of a crystal. Bulk averaging techniques provide information
about stacking sequences over large areas of crystal, but neglect the local defect
structure, which is so important for the optical properties21 and for the growth
process.12, 22
In order to fully understand the relations between the growth process and
the resulting structure, detailed knowledge about the local internal structure has
to be obtained. Unfortunately, this is not straightforward. Several studies exist
that address the local structure, but the methods used are not widely
applicable.9, 22 A powerful technique for studying local structure in three
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dimensions is confocal microscopy.22-24 Since the advent of optical microscopic
techniques breaking the diffraction limit,25, 26 similar techniques have reached a
resolution that is sufficient to study most colloidal systems. However, these
techniques require the use of dyed particles and, more importantly, the use of
systems that do not strongly absorb or scatter visible light. In the case of
convectively assembled crystals, scattering has to be prevented by infiltrating
the crystal with a refractive index matching liquid.24 The same capillary forces
that play a role during crystal growth are applied again during infiltration,
possibly altering the grown crystal structure. In addition, as the colloidal fcc
structure does not possess a full photonic band gap, the crystal structure has to
be ”inverted”. This involves the infiltration of the pores in the crystal with a high
refractive index material and a subsequent removal of the original spheres.7, 27
In this process the refractive index contrast in the material is maximized.
Therefore, no suitable refractive index matching fluids are available and visible
light microscopy of these structures is not possible.
Recent developments in X-ray imaging have yielded a spectrum of techniques
with the potential to access the internal structure of colloidal photonic crystals.
Among these are coherent diffraction imaging (CXDI),28 ptychography,29 and
high resolution transmission hard X-ray microscopy (HRTXM).30 The relatively
high penetration power of X-rays enables studies of almost any material and
thickness. In CXDI and ptychography use is made of phase retrieval algorithms
to reconstruct a real-space representation from diffraction patterns.[prb] The
merits of ptychography were demonstrated in a tomographic reconstruction of a
bone sample31 with a voxel size as small as 65 nm in all three dimensions. Fullfield HRTXM imaging of colloidal crystals was recently demonstrated at 12 keV
photon energy.30 At such high energy, a large penetration depth of the probing
beam can be achieved with a spatial resolution of ~100 nm. However, phase
contrast is much larger than absorption contrast if the photon energy is not
tuned to a specimen absorption edge. For this reason, interpretation of resulting
data remains challenging.
In order to address the local crystal structure we have shown in chapter 7a
that in 2D superior resolution as good as 30 nm can be obtained by STXM
imaging.32 The major benefit of this technique over other X-ray techniques is the
possibility to directly obtain element specific absorption contrast, significantly
simplifying data analysis. A detailed comparison between optical microscopy
methods,23-26 SEM, and STXM was given in chapter 7a.32
For crystals thicker than three hexagonal layers, 2D imaging cannot provide
conclusive information about the internal structure. For example, four-layer
stacking sequences ABCA, ACBA, ABAC and ACAB all provide the same 2D
profile. We have therefore extended the use of STXM to include tomographic
reconstruction, enabling studies of the internal three dimensional crystal
structure of thicker crystals, including their internal defect structure. For these
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particular structures, tomographic STXM is the only method that can provide this
type of information for reasons described above. The crystals, grown from silica
particles of 236 nm in diameter, were measured at and before their silicon Kedge, at 1845 and 1830 eV respectively, to obtain pure material absorption
contrast and therefore information on sample thickness.32

7b.2. Experimental section
Synthesis of silica colloids and their crystals: silica particles were synthesized according to
the method described by Stöber et al.33 A coating of 3-(trimethoxysilyl)propyl
methacrylate (TPM) was added following the method of Philipse and Vrij34. Particle
diameter was determined using transmission electron microscopy (TEM) and was found to
be 236 nm with a relative standard deviation of 5%. This size was verified for particles in
solution using dynamic light scattering.
Crystals were grown onto various types of substrates by immersing the substrate into
an aqueous dispersion with particle concentrations ranging from 0.1 to 1.0 % v/v and
evaporating the solvent at elevated temperatures17 (Millipore water, 18 MΩ·cm). A
schematic of the growth process is shown in Figure 1a in the main text. We employed 100
nm thick Si3N4 windows (Silson Ltd.) as well as cut TEM grids coated with a 2-3 nm thick
layer of platinum or palladium (Ted Pella, Substratek) as substrates. These were attached
to a glass slide and added to a crystal growth dispersion.
STXM imaging and data processing: STXM measurements were performed at the 10ID-1
soft X-ray spectromicroscopy beamline at the Canadian Light Source (CLS) in Saskatoon,
Canada35.
A schematic of the setup is displayed in Figure 2a in the main text. In short,
monochromatic X-rays with an energy between 130 and 2500 eV are focused onto a spot
on the sample by a Fresnel zone plate. For the silica particles described in this article, we
measured at photon energies of 1845 and 1830 eV, i.e. above the silicon K-edge and in
the pre-edge. Measured transmission is converted to optical density through the LambertBeer law. Background images recorded at 1830 eV are subtracted from the 1845 eV edge
images, obtaining pure silicon absorption contrast. The lower size limit of the beam spot is
determined by the quality of the zone plate, the outermost zone-width and the X-ray
energy. In the experiment described here, the instrument spatial resolution was 30 nm.
Higher order focal points of the zone plate and zero order light are filtered out by the order
sorting aperture (OSA) and a central stop on the zone plate. Due to the relatively long
focal length of the zone plate at the energies used in this experiment, the depth of focus of
the beam (~3700 nm) was of the same order of magnitude as the whole thickness of the
sample, ensuring optimum resolution in the whole of the crystal32. Finally, a detector
consisting of a scintillator and a photomultiplier tube detects the transmitted X-ray
intensity. A piezoelectric sample stage is used to scan the sample along the plane normal
and parallel to the beam, gathering a focused transmission image of the desired region in
the sample.
Prior to tomographic reconstruction, all images were processed using the aXis2000
software package36. For all images measured above the silicon K-edge a pre-edge image
measured at an energy just below the onset of the edge was subtracted to obtain pure
silicon absorption contrast. Tomographic reconstruction was performed with the IMOD
tomography package37.
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7b.3. Results and discussion
Colloidal crystals were grown via convective assembly17 on 100 nm thick silicon
nitride windows or on cut TEM grids, as discussed in the experimental section. A
schematic of the growth method is shown in Figure 1a. The reason for growing
crystals on such thin substrates is the limited penetration depth of soft X-rays.
At the energies used here, 1830-1845 eV, this can be up to several
micrometers. As the substrate should not attenuate the beam too much, it
should at most be 1 µm thick. Typical SEM images of crystals grown on thicker
glass slides are displayed in Figures 1b and 1c.
For characterization of the internal structure of the crystals, the STXM setup
described in the experimental section was used. The choice of X-ray microscope
is of paramount importance for the planning of an experiment. Although in this
particular experiment a scanning transmission X-ray microscope was used, the
use of full-field transmission X-ray microscopes (TXM’s) would be beneficial in
terms of image acquisition speed. In addition to acquisition speed (TXM
favorable), microscope selection criteria include radiation damage (STXM
favorable), energy resolution (STXM favorable) and available energy range
(differs for each setup, only necessary if absorption contrast is desired). These
criteria have to be carefully weighed in order to ensure optimal data acquisition.
A schematic representation of the STXM setup is given in Figure 2a. In short,
monochromatic X-rays are focused onto a ~30 nm spot on the sample, where
transmission is measured. By scanning the sample through the focal point, a
transmission image is obtained. For a more detailed description of the
technique, we refer to the experimental section. An example of a STXM image of
a crystal consisting of 492 nm particles on a silicon nitride window is given in
Figure 2b. The image has been converted from transmission to optical density
(OD) via the Lambert-Beer law, to provide a more insightful linear thickness
scale.32 From right to left, sharp, stepwise changes in color indicate transitions

Figure 1. a) Schematic representation of crystal growth by convective assembly. Evaporation of
solvent at the curved meniscus and the crystal surface creates a flow of particles towards the growing
crystal. b-c) Representative SEM images of the crystals obtained on glass substrates.
215

Chapter 7b

Figure 2. a) Schematic representation of the microscopy setup as described in the main text. b) A
2.0x0.8 mm2 STXM false-color overview of a crystal that is up to 9 layers thick. Different colors
represent different thicknesses and thickness increases from right to left. Individual particles cannot
be distinguished at this magnification. The inset shows an intensity histogram, identifying up to 9
particle layers. c-g) contain optical density images obtained from STXM measurements on a real
crystal. The angles at which the scans were made are given below each image, along with a schematic
indicating the effect of measurement angle on transmission and width of the region of interest.
towards a thicker crystal. A histogram of the measured intensity distribution is
shown in the inset. Every peak corresponds to a certain thickness of crystal,
with the highest measured intensity (right) corresponding to the thinnest piece
of crystal. This way, up to 9 layers of material can be identified, as expressed by
the numbers in the histogram. The corresponding numbers have been added to
the OD image as well.
Overviews like Figure 2b are suitable for selecting regions of interest (ROI) in
a sample, or for investigating the transmission as function of material thickness.
To be able to reconstruct crystal structures on a single particle level, however,
more detailed images have to be obtained. Figure 2c-g show such images, with
a field of view of 5x5 µm2 and a pixel size of 25x25 nm2. Particles in the images
are 236 nm in diameter. By measuring such an ROI at different angles with
respect to the beam, a rotation series is obtained through which the three
dimensional crystal structure can be reconstructed. To allow for sample rotation
at short working distances between the focusing optics and the detector,
samples were prepared in a way similar to the method described by Obst et al.38
In short, Pd and Pt coated TEM grids were cut on two sides to leave a small
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ribbon of material approximately 1 mm wide onto which the crystal was grown.
This ribbon was glued to the rotation stage described by Johansson et al.39
Suitable regions for tomogram recording were selected on the basis of three
criteria. Firstly, sample thickness had to be large enough to obtain relevant
information about the internal crystal structure, but small enough to avoid signal
saturation at high scanning angles. Secondly, regions close to the edge of a grid
square had to be avoided as the grid edges would interfere with imaging upon
rotation. Finally, to ensure proper sample positioning after every rotation step a
region had to contain a prominent feature, such as a crystal crack. Pictures were
taken over a range of -60° to 60° with steps of 4°. Every third step, an extra
angle was recorded after a 2° interval.
Figure 2c-g show the region used for tomographic reconstruction recorded
from 5 different angles. Below each image, a schematic representation of the
sample and its image is provided for clarity. A movie showing the full rotation
series, covering all measured angles is provided in the Supporting Information.
In the bottom right corner of each image, the crack that has been used as a
reference for sample positioning can be seen. The projections have been
converted from transmission to optical density (OD) images. From a calibration
image, a single layer was found to have a maximum OD of approximately 0.25.
Considering a packing fraction of 74% for close packed spheres, the average OD
of 1.5 measured at normal incidence corresponds to approximately 8 layers of
particles. Intensity modulations corresponding to periodicities in the crystal
lattice could be observed in almost all projections and are attributed to
alignment of particles along specific crystallographic directions. In total, 41
projections were used for tomographic reconstruction.
Results of the tomographic reconstruction are displayed in Figure 3. Panel 3a
contains an SEM image of the region of interest; panel 3b depicts the same layer
selected from the reconstruction of the STXM tomography dataset. The thickness
of this tomographic slice is approximately 150 nm, corresponding to the
resolution in the out-of-plane direction. From these images the perfect
agreement between direct imaging and tomographic reconstruction is apparent.
Only a slight discrepancy can be observed at the top edge and the bottom left
corner of the reconstruction. These artifacts are attributed to misalignments
during acquisition, resulting in the absence of these specific regions in some of
the images. In total, the reconstruction produced a crystal of 8 layers thick, in
good agreement with the value calculated from the average optical density. In
addition, a disordered, open layer was also found at the bottom of the crystal
(Supporting Information, Figure S1a). This layer consists of particles deposited
on the back side of the TEM grid during crystal growth, as confirmed by the SEM
image in the Supporting Figure S1b.
Particles and their positions were detected and digitized using an algorithm
similar to the one described by Crocker and Grier,40 written for IDL (Interactive
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Figure 4. a) Side view of the stacking sequence of layers 2 (top) to 7 (bottom) of the tomographic
reconstruction. Layers 1 and 8 are excluded as these have neither fcc nor hcp configuration. Both
layers 2 and 5 are in hcp configuration and cause a transition of the crystal stacking from ABC to
CBA. b) shows a reconstruction of the fifth layer of the crystal, including the deformed region in the
bottom right, which is contained in the dotted square. From the white overlaid lines, it is clear that
this region is between square and hexagonal orientation, as illustrated in panel d). c) A deformed
region of crystal outside of the tomographic region of interest (highlighted by the white square) is
indicated by the arrow.
crystal.17 However, the hcp stacking found in the fifth layer causes twinning
from ABC to CBA structure in the middle of the crystal, which is unfavorable for
the photonic band structure.2141
Apart from stacking disorder, other local defects such as vacancies were
observed. These are present in images of the first and fifth crystal layers
displayed in Figures 3b and 4b, respectively. The top right corner in Figure 3b
shows a triangle of line defects as discussed by Meijer et al.10 This structure can
be formed when a group of three vacancies aligns and three neighboring
particles move from an A to a B position on the hexagonal plane below. It has
been shown recently12 that defects like this may have a significant influence on
the final crystal structure. However, we did not find similar defects in the inner
structure of the studied crystal. The occurrence in the top layer may therefore
be a surface effect and further study is required to conclusively establish
whether or not these defects occur more frequently.
The bottom right corner in Figures 3a and 3b shows a region of particles in
square and rectangular configurations. These look similar to the transition
regions that have been discussed by Meng et al.22 as possible candidates for
causing the strong preference for fcc growth, albeit for thin crystals. The
occurrence of these regions here could point to a similar mechanism for thicker
219

Chapter 7b

crystals, but conflicts with our observation of a stacking fault in the middle of
the crystal. In an SEM overview image (Figure 4c), the region can be seen to
extend over a longer range and a similar structure runs parallel to it indicating
an additional possible thickness transition. As mentioned earlier, however, SEM
cannot provide us with any information on the deeper, internal crystal structure.
We therefore investigated the same region in the tomographic reconstruction,
with the advantage of being able to characterize the inside of the crystal. In
Figure 4b the fifth layer of the crystal is displayed. The bottom right region in
this picture, contained in the dotted box, lies at the same position as the
deformed region in Figures 3a and 3b. It does not have square coordination such
as the first layer, but is not perfectly hexagonal either, as indicated by the
drawn white lines connecting the particles and illustrated in Figure 4d. Although
the structures found in the layers in between do not resemble those found by
Meng et al.,22 they are different from the rest of the crystal. For layers beyond
the fifth layer, the corner returns to a perfect hexagonal orientation in line with
the rest of the crystal. From this, it can be concluded that the deformed regions
observed in the top layer with SEM extend several layers into the crystal, but
with a finite depth. It is therefore suspected that if these regions do influence
the structure as in ref.22 they only influence the top layers. In this light, it is
remarkable that we find a twinning plane at exactly the depth where the
influence of the deformed region ends. The limited size of the deformed region
in this reconstruction, however, does not allow us to draw further solid
conclusions about the growth mechanism. Nonetheless, the detail with which
tomographic STXM yields information on the internal structure of convectively
assembled crystals is unrivaled. For the first time, the defect structure of
colloidal crystals could be imaged at the single particle level without restrictions
in terms of refractive index mismatch, dyeing particles or particle size.
For further experiments, the start-up of new X-ray microscopes (both STXM
and TXM) with photon energies up to 14 keV promises microscopy with
absorption contrast on virtually any element. With this, the imaging of thick
inverted crystal structures (crystals of air spheres in high refractive index
materials) consisting of heavier elements such as titanium,27 iron, nickel42 or
even cadmium43 becomes feasible. Also, the availability of both soft and hard Xray microscopes might be used for the real-space study of colloidal liquid
crystals44 (see Supporting Figure S2, for transmission properties of these
compounds and several heavy metals). Furthermore, combinations of STXM with
coherent diffraction imaging45 show promise of pushing the resolution into the
sub-10 nm regime.
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7b.4. Conclusions
In summary, we have shown the applicability of absorption contrast soft X-ray
tomography for the 3D imaging of crystals of inorganic colloids on a single
particle level. In a volume of 5x5x2 μm3 the positions and crystal structure of
individual 236 nm particles were determined. Several types of crystal defects
were identified, warranting further study into their role in the crystal growth
process. Newly commissioning microscopes show promise of faster recording of
high quality data on virtually any material with element specific absorption
contrast. With these improvements in mind, we see X-ray tomography as a
valuable addition to the characterization toolbox for photonic crystals in specific
or condensed matter physics in general.
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Amorphous colloid layer
As a ninth layer in the tomographic reconstruction discussed in the main text a
disordered layer of colloids is found (Supporting Figure S1a). The disordered
state makes it unlikely that this is the bottom layer of the crystal. We therefore
suspect that this layer is formed on the back side of the substrate film. This is
partly confirmed by SEM images obtained with a tilted substrate. The presence
of particles on the back side of the substrate film is evident here, as indicated by
the arrow in Supporting Figure S1b. The middle arrow indicates the film.

Figure S1. a) Amorphous layer of particles forming the bottom layer of the tomographic
reconstruction. It is assumed that these layers have been deposited on the backside of the TEM grid
used for crystal growth. b) SEM image of the region of interest taken under an angle. The middle
arrow indicates the ruptured substrate film. The other two arrows indicate particles deposited on the
bottom side of the film.

Rotation series of crystal
The movie alignedseries.avi contains the complete aligned stack of images at all
recorded rotation angles. The movie starts at -60° and moves to 60° and back.
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X-ray attenuation in various materials

Figure S2. 1/e decay lengths for various materials as a function of X-ray energy.46 The range of
energies displayed corresponds to the available energies at X-ray microscopes around the world. It is
clear that elements from across the periodic table of elements can be selectively imaged at their
absorption edges. Even heavy metals, such as gold and cadmium can be imaged with significant
transmission at high energies.
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Imaging and quantifying the morphology of
an organic–inorganic nanoparticle at the
sub-nanometer level

The development of hybrid organic-inorganic nanoparticles is of interest for applications
such as drug delivery, DNA and protein recognition, and medical diagnostics. However, the
characterization of such nanoparticles remains a significant challenge due to the
heterogeneous nature of these particles. Here we report the direct visualization and
quantification of the organic and inorganic components of a lipid-coated silica particle that
contains a smaller semiconductor quantum dot. High angle annular dark field scanning
transmission electron microscopy combined with electron energy loss spectroscopy was
used to determine the thickness and chemical signature of molecular coating layers, the
element atomic ratios, and the exact positions of different elements in single nanoparticles.
Moreover, the lipid ratio and lipid phase segregation were quantified.
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8.1.

Introduction

Hybrid organic/inorganic nanoparticles based on polymers, inorganic materials
and naturally occurring biomolecules offer a multitude of advantages for
nanophotonics, catalysis, and nanomedicine.1-4 When used as multifunctional
agents for biomedical applications increased biocompatibility5 can be obtained
and the possibility of integrating different (contrast generating) materials in the
same unit allows their detection in a multimodal setting.6,7 Examples of
nanoconstructs that are simultaneously detectable by different modalities, such
as fluorescent techniques, magnetic resonance imaging (MRI), positron emission
tomography (PET) and/or x-ray computed tomography (CT) have been
successfully applied in vivo.8-10 Although the inorganic parts of hybrid
nanoparticles can be readily characterized by conventional electron microscopic
techniques, the exact structural arrangement of the organic molecular
components remains largely unknown, and therefore the exact build-up of a
hybrid particle remains unexplored.11 At best, studies on lipid-based particles
have shown the direct visualization of lipid phase segregation on the nanometer
scale for supported and unsupported giant unilamellar vesicles (GUVs) using
atomic force microscopy,12,13 and on the micrometer scale using coherent antistokes Raman scattering microscopy,14 and fluorescent techniques.15-17 These
techniques are however only capable of visualizing the outer lipid-layers of
micron sized particles.

8.2.

Experimental section

Materials: 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly (ethylene
glycol))-2000] (PEG-DSPE) was purchased from Avanti Polar Lipids. Gd-diethylene
triamine pentaacetic acid-di(stearylamide) (Gd-DTPA-DSA) was obtained from IQ
Synthesis (St. Louis, MO). Methanol (anhydrous, 99.8%), octadecanol (99%), Igepal (CO520), oleic acid (90%), octadecylamine (ODA 97%), and octadecene (ODE, 90%) were
purchased from Aldrich. Tetraethyl orthosilicate (TEOS, 99%) was obtained from Johnson
Matthey. Acetone (p.a.), chloroform (p.a.), ammonia (25% in water, p.a.), cadmium oxide
(>99%), zinc oxide (>99%), and HEPES (C8H18N2O4S, >99%) were purchased from
Merck. The HEPES buffer contained 2.38 g/L HEPES and 8.0 g/L NaCl (99.8%, Baker), and
the pH was adjusted to 6.7 by addition of a NaOH solution. Sulphur (99.999%) and
selenium (99.999%) powder were obtained from Alfa Aesar, and ethanol (>99.8%) from
Riedel de Haen.
QD@SiO2@lipid nanoparticle synthesis : the full nanoparticle synthesis is described in
detail elsewere.5,19 In short, CdSe QDs (3.4 nm mean diameter) were synthesized by a
conventional organometallic synthesis route.46 High-quality core-shell-shell (CSS) QDs with
an average diameter of 7.0 ± 0.5 nm (n=200; throughout this chapter ± indicates S.D.
and n is the population over which is averaged), a quantum efficiency (QE) >55%, λabs =
606 nm, and λem = 623 nm were synthesized by coating the CdSe QDs with 7 monolayers
of inorganic shells (2× CdS, 3× Cd0.5Zn0.5S, 2× ZnS) according to a successive ion layer
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adhesion and reaction (SILAR) method.47 The QDs were subsequently incorporated in the
centre of monodisperse silica particles with a mean size of 33.6 ± 4.3 nm (n=350)
through a reverse microemulsion method48 and made hydrophobic by a condensation
reaction of octadecanol with silanol moieties. After incorporation, the CSS QDs retained a
high relative quantum efficiency (QE) of 35% as compared to both Rhodamine 6G
(assumed QE=90%) and Rhodamine 101 (assumed QE=95%).49 The hydrophobic
QD@SiO2 nanoparticles were coated with lipids.19 In short, the nanoparticles were
dispersed in chloroform/methanol (20/1, v/v). PEG-DSPE and Gd-DTPA-DSA lipids were
added in a molar ratio of 1/1. The amount of lipids was 25 times higher than the
calculated amount of lipids for a monolayer on all nanoparticles. This solution was added
dropwise to an aqueous HEPES buffer (20 mM HEPES, 135 mM NaCl, pH 6.7) under
vigorous stirring, which led to the formation of a clear dispersion indicative of the total
removal of chloroform and the formation of lipid-coated QD@SiO2 nanoparticles. The
excess of lipids was removed by centrifugation of the lipid-coated QD@SiO2 particles,
which were redispersed in HEPES buffer and drop-casted on holey carbon grids for STEMHAADF & EELS analysis. The Gd-rich mean spot in the lipid layer of 3.65 ± 0.38 nm was
averaged over n=200.
Scanning transmission electron microscope (STEM): the VG-HB501 STEM is equipped with
a tungsten cold field-emission gun working at 100 keV. The beam convergence half angle
was set to 7.5 mrad. This corresponds to the formation of the smallest possible electron
probe (5 Å in diameter) at the sample surface with a current of approximately 0.1 nA. The
half angle of collection was limited to 24 mrad for chemical mapping and to 12 mrad for CK fine structure analysis where higher energy resolution is required. The post-column
Gatan 666 parallel spectrometer44 was operated with a dispersion of 0.5 and 0.2 eV per
channel for chemical and carbon K-edge analysis. EELS spectra were recorded with a twodimensional back-illuminated charge-coupled device camera (1,340×100 pixels) with a low
read-out noise of 3 counts.rms and a negligible dark count noise. The initial energy
resolution of the electron beam is about 0.3 eV. Experiments were done at room
temperature if not said otherwise.
Electron energy-loss spectra acquisition and processing: the data were acquired in the socalled spectrum imaging mode. The sub-nanometer probe was rastered in 2D over the
sample and a whole electron energy-loss spectrum in the core-loss region (70-570 eV)
was acquired at each position of the probe. The dwell time was set between 50 and 300
ms per spectrum and a charge-coupled-device binning of 1x100 was used. The binning
conditions were chosen as a compromise between a substantial signal-to-noise ratio and a
reasonable acquisition time per spectrum image (with the present conditions, the
acquisition time was a few min for 32x32 2D spectrum images) to avoid major sample drift
during the scan of the focused electron beam and to reduce radiation damage or
contamination effects. For fine structure analysis of the carbon K-edge the samples were
maintained at 150 K by N2 (l) cooling. The samples were not exposed to electrons before
image or EELS acquisition which was made possible by a fast blanking system before the
sample. Electron doses ranging from 2 to 2.105 e.A-2 have been applied in the acquisition
of several carbon 1s EELS spectra. Else wise, typical doses of respectively 5.102 and 2.105
e.A-2 were used to record the presented HAADF and spectrum images. Post-acquisition
processing of the acquired data was done by using DigitalMicrograph software. Chemical
maps were made by integrating electron intensities of ionization edges, while correcting
for the material-unspecific inelastic scattering background. The spectral images were
normally calibrated to the SiO2 L2,3 edge at 108.0 eV and the carbon signal at 285 eV. A
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typical energy range (∆E) of ~15 eV was used from a region between -2 and +13 eV with
respect to the determined ionization edges. These edges were determined to be 108.0,
140.0, 285.0, eV for Si, Gd, and C, respectively. For the weak Cd M4,5 edge ∆E ~90 eV
starting at 405 eV. Electron energy spectra were obtained by performing a threshold
operation on a chemical map and summing over all remaining pixels of the chemical map
before being corrected for spectra taken in vacuum. Quantification of line profiles and full
spectral images was done by correcting for the edge-specific partial inelastic scattering
cross-sections, which were determined using a Hartree-Slater model included in the
DigitalMicrograph software.45 Using this, the number of atoms of a specific element
relative to another element may be determined using equation (8.1):33

=

,∆
,∆

,∆

∙

,∆

(8.1)

in which NA stands for N atoms of element A per unit area. IACL(β,∆) is the integrated
intensity of a core-loss (CL) event from the ionization energy up to energy ∆, for electrons
scattered under an angle 0 to β (the EELS spectrometer collection semiangle) and
σACL(β,∆) is the partial inelastic scattering cross-section dependent on β and ∆.

8.3.

Results and discussion

Here we present the simultaneous visualization and quantification of the subnanometer morphology of hybrid nanoparticles consisting of a quantum dot (QD)
containing silica particle coated by a dense paramagnetic and poly(ethylene
glycol) functionalized lipid monolayer. Previously we developed this particle as
an efficient and versatile contrast agent for fluorescence and MR imaging in vitro
and in vivo.5,18,19 The nanohybrid synthesis involves three coating steps as
shown schematically in Figure 1a. Core-shell-shell CdSe/CdS/Cd0.5ZnS0.5/ZnS
QDs are first incorporated in a silica shell that is subsequently made hydrophobic
by covalent attachment of the octadecanol hydroxyl groups to the silica surface.
The hydrophobic silica is then coated by a dense monolayer of equimolar
amounts of paramagnetic Gd-DTPA-DSA and poly(ethylene glycol) functionalized
PEG-DSPE lipids (see Supporting Figure S1 for structure formulae of the lipids).
HAADF electron microscopy images of a hydrophilic QD@SiO2, a
QD@SiO2@octadecane and a QD@SiO2@lipids particle are shown in Figures 1bd, respectively. The HAADF images have a spatial resolution of 5 Ǻ. The QDs
used had a 7.0 ± 0.5 nm average diameter (± indicates S.D.) and the QD@SiO2
particles had a mean size of 33.6 ± 4.3 nm as determined by transmission
electron microscopy (TEM; see Supporting Figure S2). No difference for the
hydrophilic and hydrophobic QD@SiO2 particles was observed. After coating with
the lipids many intense spots around the particles were seen with a mean spot
diameter of 3.65 ± 0.38 nm.
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Figure 1. Overview of the intermediate steps involved in the synthesis of lipid-coated, quantum dot
(QD) containing silica nanoparticles. a) In the coating procedure the QD containing silica
nanoparticles are first made hydrophobic by covalently attaching octadecane chains to the silica
surface. Subsequently, paramagnetic Gd-DTPA-DSA and poly(ethylene glycol) containing PEGDSPE lipids are applied to coat the hydrophobic QD@SiO2 nanoparticles with a monolayer of lipids.
This nanoparticle platform serves as a bio-applicable, multimodal contrast agent for magnetic
resonance imaging and fluorescent techniques. b) High angle annular dark field (HAADF) electron
micrograph of a bare, hydrophilic QD@SiO2 nanoparticle. The QD in the core of the silica
nanoparticle is clearly visible. c) The octadecane layer could not be observed in the HAADF electron
micrograph of hydrophobic QD@SiO2@octadecane. d) Electron microscopy HAADF image of
QD@SiO2@lipids. Electron-intense white spots of Gd are observed around the nanoparticles with an
average diameter of 3.65 ± 0.38 nm (n=200; ± indicates S.D.).

Imaging of organic and inorganic parts of a nanoparticle
The origin of the abovementioned spots was revealed using an EELS spectrum
imaging approach,20-22 which signifies that at every pixel of an image a full EELS
spectrum was recorded. From this, element-specific chemical maps were
constructed (a basic schematic of an EELS event is given in Supporting Figure
S3).23 In combination with STEM, electron energy loss studies have proven to be
advantageous in the study of biological systems24-27 and have as well unveiled
single atoms.28-32 Figure 2a displays an HAADF micrograph in which the intensity
scale is truncated to enhance the visibility of the spots around the
QD@SiO2@lipids particles (which renders the QDs invisible). Figure 2b shows a
colour composite image of chemical maps of the same area as shown in Figure
233
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2a. The colours indicate electrons scattered by Gd (red), C (green) and Si
(blue)atoms. The chemical maps display electron intensities integrated over the
N4,5 edge for Gd, the K edge for C, and the L2,3 edge for Si. Chemical map
acquisition details can be found in the Experimental section. It follows that the
electron intense spots around the lipid-coated QD@SiO2 nanoparticles were
generated by Gd atoms, which were part of the Gd-DTPA-DSA lipids. Taking
probe size convolution effects into account, which dominate over scattering
delocalization effects,33 we estimate the Gd spots, appearing as 3.65 ± 0.38 nm,
to be ~3.15 nm. Using a surface area of 0.6 nm2/lipid34,35 and approximating the

Figure 2. Spatially resolved element analysis of the hybrid QD@SiO2@lipids nanoparticles. a)
HAADF image of the lipid-coated QD@SiO2 nanoparticles. b) Composite colour map showing the
location of different elements for the same region as in a. The colour red, blue and green indicate Gd,
Si and C atoms, respectively. The colour map is made by merging three chemical maps that only
contain electron intensities due to inelastic scattering of the source electrons with the Gd N4,5, the Si
L2,3 and the C K core electrons. The green area in the bottom left corner represents C originating from
the polymer film of the holey carbon electron microscopy grid. c) Electron energy loss spectra of the
Cd M4,5, the Si L2,3, the C K, and the Gd N4,5 ionization edges. The spectra were obtained by
averaging the spectra of the regions indicated in the chemical maps that are shown as insets. The
coloured chemical maps show only electron intensities correlating to the abundance of the indicated
specific element.
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Gd rich spots to be circular, they were estimated to contain ~13 Gd-DTPA-DSA
lipids each. This strongly suggests lipid-phase segregation in the lipid layer of
the QD@SiO2@lipids particles. Examination of other elements showed C signal at
the nanoparticle surface and extending into the vacuum from the surfaces. Si
atoms clearly co-localized with the silica shell, while the presence of a dense
core of a different material could be deduced from the decreased Si signal at
their centres. Figure 2c shows the obtained and matching EELS spectra of the Cd
M4,5, the Si L2,3, the C K, and the Gd N4,5 edges. The spectra were obtained
summing over all the pixels of a chemical map. The insets show the
corresponding chemical maps and reveal the presence of Cd at the nanoparticle
centre, originating from the Cd-containing QDs. The Si spectrum has its main
L2,3 edge at 108.0 eV, which is a 7.5 eV chemical shift compared to elemental Si.
This is due to the presence of silicon in its oxidized form silica (SiO2). The C
spectrum taken on the octadecane and lipid layer showed that the molecular
bonds within the organic molecules were mostly damaged. Saturated carbon
chains should not have a C=C π* excitation at 285.5 eV as observed here, which
results from radiation damage.36 However, additional spectral features were
found indicative of the lipid layer such as the C-O σ* (~291.7 eV) and C=O σ*
(~304.0 eV) excitations, which allow for the identification of the carbon as
originating from the lipids.
To underpin the effects of electron beam damage on the lipid layer and the
spatial distribution of the lipids in detail, measurements with a liquid N2 cooled
cryo-stage installed on the same STEM and with varying electron dose, were
performed. Figure 3a shows the carbon K EELS spectra of the octadecane and
lipid layers around the QD@SiO2@lipids particles at 150 K as a function of the
electron dose. At the low dose of 2 e.Ǻ-2 the carbon K ionization edge of the
undamaged octadecane and lipid layer is shown. No peaks between 285-288 eV
are observed as expected for primary saturated lipid chains. The observed peaks
at 289 and 292-293 eV originate from C-C and C-O σ excitations within the
intact lipids. At doses of 20 and 120 e.Ǻ-2 a peak at 285.5 eV and a shoulder at
288.5 eV appear. These excitations are ascribed to the formation of C=C bonds
that allow for π* transitions (C 1s to π*(C=C) at 285.5 eV and 288.5 eV) due to
the physical removal of H atoms by electron knock-on damage, especially from
the CH2 groups within the lipid saturated chains. When increasing the electron
dose further peaks related to the formation of C=O bonds in the PEG-lipid chains
occur (due to knock-on damage), first at 291 eV and then at 288 eV and are
attributed to C 1s to π*(C=O) transitions. At doses at which the spectrum images
and chemical maps in Figure 2, 4, and 5 were recorded (2.105 e.Ǻ-2), the C=O
molecular bonds still give spectral fine structure that allows the distinction
between carbon resulting from the original lipids and amorphous carbon. The
distinction between the two types of carbon based on their carbon K EELS
spectra is also evident in spectrum images taken at lower electron doses (600
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Figure 3. The effect of the electron beam on the lipid layer of the hybrid inorganic/organic
QD@SiO2@lipids nanoparticles. a) The carbon K EELS spectra of the octadecane and lipid layer are
shown as a function of applied electron dose. Although degradation of the lipid layer is observed with
increasing dose, at the typical dose at which the spectrum images were acquired (2.105 e.Ǻ-2), carbon
spectra can still be distinguished from amorphous carbon. The asterisk (*) signs indicate electron
excitations that are discussed in the text. b) A HAADF electron micrograph of QD@SiO2@lipids
nanoparticles at 150 K and at a low electron dose of 8 e.Ǻ-2. Due to this low dose and a large intensity
range in the image, the Gd-rich domains are not easily observed (left panel), but they are revealed
with a truncated intensity scale (right panel). The electron intense and Gd-rich domains are thus
observed at low temperature and dose, as was the case for the high dose HAADF images of Figure 1d
and 2a. The red circle indicates the region of interest.
and 2.104 e.Ǻ-2) and spatial resolution as shown in Supporting Figure S4.
Although beam damage does thus degrade the lipid layer under the conditions
needed to perform sub-nanometer STEM-EELS spectrum image analysis, it does
not prevent the identification of carbon as originating from the lipid layer.
Importantly, Figure 3b shows a HAADF image obtained a 150 K and with an
electron dose of 8 e.Ǻ-2. Due to the low applied dose the electron intense spots
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in the lipid layer, which were shown to be Gd-rich in Figure 2b and c, are not
easily observed (left panel). However when truncating the intensities of this low
temperature and low dose HAADF image, the electron intense spots are clearly
visible (right panel; the same HAADF image with 4 different intensity truncations
can be found in Supporting Figure S5). These spots were also observed in Figure
1 and 2 recorded at high dose and without the cryo-stage, which implies that
the Gd-rich domains are a real feature of the QD@SiO2@lipids nanoparticles. No
spatial redistribution of the lipids within the lipid layer can be observed as a
result of the high intensity electron beam. It is thus likely that the lipid layer
elemental composition is not significantly altered, and therefore an advanced
and detailed characterization of the hybrid inorganic/organic nanoparticles is
feasible with the STEM-EELS spectrum imaging approach.

Analyzing the nanoparticle build-up
Figures 4a-c show colour composite maps of QD@SiO2, QD@SiO2@octadecane
and QD@SiO2@lipids particles. Analysis of the C signal during the different steps
of the nanoparticle synthesis is especially interesting. For the bare QD@SiO2
nanoparticles in Figure 4a almost no C was detected. Figure 4b reveals a much
stronger C signal and indicates that the octadecane coating was applied
efficiently, while Figure 4c shows spatially extended C signal originated from the
lipid-coating, as well as the presence of Gd atoms. Chemical maps thus allowed
visualizing the different coating steps involved in the preparation of these hybrid
lipid-inorganic nanoparticles. Moreover, quantitative element analysis gave
insight in the element spatial distribution and the particle dimensions. Figures
4d-f display such distributions along the indicated lines in Figures 4a-c. The
element line profiles were quantified relative to the maximum amount of Si
found along the line, which is set to unity, and thus represent atomic ratios (see
Experimental section for the quantification procedure). Again, in Figure 4d only a
weak and randomly distributed C signal for the uncoated particles was observed.
Besides the strong increase in the detected amount of carbon for the
QD@SiO2@octadecane particle in Figure 4e, we also observed an expected
twofold increase (1:1.9) in the integrated carbon intensity between two silica
particles compared to the free-laying side of the particle. This confirms that the
detected C signal is quantitative and indeed originating from the octadecane
layers of two particles. Furthermore, the mean distance between adjacent
QD@SiO2@octadecane particles in a set of HAADF images was measured to be
1.0 ± 0.2 nm and the average C layer thickness was 2.4 ± 0.4 nm. This
observation, together with the fact that the C layer had a comparable thickness
on both the free-laying particle side and in between the two particles, leads to
the conclusion that the octadecane chains were interpenetrated between the two
par ti cl es. A f ter a p pl y i n g th e m o n ol ay er of li pi ds, f or th e re su l t i n g
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Figure 4. Visualization, quantification, and molecular characterization of the different steps involved
in the synthesis of QD@SiO2@lipid nanoparticles. a) Composite colour image of three chemical
maps of hydrophilic QD@SiO2 nanoparticles. Grey pixels represent Cd, blue Si, green C and red Gd
atoms in a-c. b) Merged chemical maps of a QD@SiO2 nanoparticle after it has been coated with
octadecane. c) Colour map of QD@SiO2@lipid nanoparticles. Cd atoms are not shown. The green C
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area in the bottom left corner originates from the polymer film of the holey carbon electron
microscopy grid. Relative abundance of the different elements among the indicated rectangles in a-c
for d) QD@SiO2, e) QD@SiO2@octadecane, and f) QD@SiO2@lipids nanoparticles. The legend in f
applies equally to d and e. The maximal detected amount of Si is set to one and used to scale the
relative abundance of the other elements. More C is observed after application of e the octadecane
and f the lipid coating, respectively. For the QD@SiO2@octadecane particles the C signal is twice as
low at the freestanding side of the nanoparticle as compared to where it lays adjacent to another
particle. In case of the QD@SiO2@lipid particles the C signal extends out furthest from the silica
surface and the Gd atoms are observed just after the C peak in accordance to the model. Note that the
Gd signal is multiplied four times in f in order to enhance the visibility of its position in the lipid layer
(the Cd signal is multiplied two times to enhance its visibility in d and e). The dashed lines fulfil the
same purpose. g) Histograms of the lipid layer thickness of QD@SiO2@lipids nanoparticles above
the holes (brown) and on the polymer film (dark cyan) of holey carbon grids. h) Carbon K edge
spectra of the QD@SiO2 (black), QD@SiO2@octadecane (orange), QD@SiO2@lipids (violet)
particles and a reference amorphous carbon spectrum (pink). The QD@SiO2@lipids show the
presence of C-O σ* and C=O σ* excitations and confirm the presence of the lipids.
QD@SiO2@lipids particles in Figure 4f, we observed a strong increase in carbon
signal. The Gd content was observed to peak just beyond the highest C signal.
This result can be explained in terms of length differences between the GdDTPA-DSA and PEG-DSPE lipids. The Gd atoms are chelated in a DTPA complex
at the end of two saturated hydrocarbon chains of the Gd-DTPA-DSA lipids. Until
the point where the shorter lipid ends (Gd-DTPA-DSA), a close-packed layer of
hydrocarbon chains of both lipids is expected, and moving away further from the
silica surface will only reveal the presence of one of the lipids, that is the PEGDSPE lipids. Therefore the Gd peak is indeed expected directly after the
maximum C density. Furthermore, Cd and Gd were, as expected, less abundant
than C and Si. It must also be noted that in Figure 4e and 4f more C and Gd was
detected at the outer rims of the 2D nanoparticle projections than in the centre
of the particles, which has two main causes. First, more octadecane molecules
and lipids are being encountered by electrons travelling adjacent to, compared
to electrons travelling through the inorganic particle cores. Secondly, the
attenuation of electron intensity through the electron-dense QD@SiO2 part is
larger than for organic parts of the nanohybrids. Figure 4g shows histograms of
the measured lipid layer thickness above the holes and above the polymer film
of the holey carbon grids. In vacuum (above the holes) the average lipid layer
thickness was 8.0 ± 2.4 nm and on the carbon film a mean thickness of 19.4 ±
3.8 nm was found. The lipid layer thus tends to spread on the flat polymer film
as shown by the Gd traces observed around the silica particles in the inset of
Figure 4g and in Supporting Figure S6 and therefore only lipid-coated particles
present in holes of the microscopy grids were studied here. Figure 4h shows the
C K spectra for the QD@SiO2, QD@SiO2@octadecane and QD@SiO2@lipids
particles and a reference spectrum of amorphous carbon. For the bare QD@SiO2
nanoparticles the spectrum was of very weak intensity and little carbon was thus
present. Furthermore, the detected carbon did not result from carbon
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contamination since no π* excitation of unsaturated C=C bonds at 285.5 eV was
observed and the carbon fine structure was stable under the electron beam. The
sharp peak at 288 eV is characteristic of a C=O (π*) excitation and may result
from some unreacted ethyl orthosilicate groups (-Si-O-CH2-CH3; the silica
precursor)
within
the
silica.
The
C
spectrum
acquired
on
the
QD@SiO2@octadecane nanoparticles showed a strong σ* contribution above 290
eV, revealing the presence of various C-C and C-H bonds, while the weak π*
shoulder at 287 eV results from the formation of unsaturated C=C bonds in a
hydrogenated environment (transition from C 1s to π*(C=C)).37,38 As discussed
previously, the lipid layer around the lipid-coated QD@SiO2 particles is
significantly damaged by the electron beam, but some C-O σ* and C=O σ*
excitations indicative of the lipid layer are observed. Also the C=C π* excitation
is measured at a higher energy than the well-defined C=C π* excitation of
amorphous carbon (285.5eV) due to the hydrogenated environment.

Element ratio determination on the single particle level
The strength of EELS for quantifying the composition of hybrid nanoparticles
composed of inorganic and naturally occurring molecules is fully illustrated in
Figure 5. In Figure 5a all elements in the QD@SiO2@lipids were quantified over
relevantly large areas. Again the element molar ratios are relative to the amount
of Si which was set to one. Integrating the signals under the quantified element
maps in Figure 5a gave molar ratios of 100/272/1.4/4.1 for Si/C/Cd/Gd in the
hybrid nanoparticle. These ratios are in line with the 100/192/0.4/0.7 ratios
estimated from a theoretical model (see Supporting Information for model
details). For the QD@SiO2 and QD@SiO2@octadecane nanoparticles the molar
ratio for Si/C/Cd was found to be 100/8.7/1.7 and 100/89/1.0 respectively
(quantified maps not shown), which again approximates the theoretical
estimated ratios of 100/74/0.4 in case of the QD@SiO2@octadecane particles.
The experimentally observed 3.1 times C increase after the lipid coating comes
c l o s e t o t h e 2 . 6 t i m es p r e d i c t ed i n cr e a s e. F u r t h e r a n a l y si s o f t h e
QD@SiO2@lipids unveiled that the Gd signal was much higher at local spots
between particles than at free sides of particles. This result implicated that
multiple lipid layers were confined in the small spaces between adjacent silica
spheres, which is an important indication that single silica spheres, and not
multiple spheres, are enveloped in a lipid layer (further evidence of this can be
found in HAADF images in Supporting Figure S7). In Figure 5b and 5c STEMHAADF was used to estimate the Gd-DTPA-DSA:PEG-DSPE lipid ratio. Figure 5b
shows a HAADF image of a lipid layer between three QD@SiO2 particles. The
colour-coded rectangle indicates a region were the lipid layer was relatively flat.
A histogram of pixel intensities in this region can be found in Figure 5c. The
histogram shows mainly two contributions, one that is assumed to be a result of
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Figure 5. Full field, relative quantification of the different elements in the hybrid lipid-coated
QD@SiO2 nanoparticles and of the lipid ratio in the lipid layer. a) Quantitative element maps of the
QD@SiO2@lipid nanoparticles indicating the location (x- and y-axes) and relative amounts (z-axis)
of Cd, Si, C and Gd atoms. The relative quantity (RQ) of C atoms was downscaled by a factor 4 in
order to enhance the visibility of the quantitative Cd and Gd signals. The scale bar in the Cd panel
indicates 20 nm and applies to all panels. The light shaded area in the Cd panel indicates the region
over which the element molar ratios were determined. The arrows in the Gd map indicate very high
Gd concentrations between QD@SiO2@lipids nanoparticles and hint at compression of lipid layers
between individual QD@SiO2 spheres. b) A HAADF image of a lipid layer between three QD@SiO2
spheres. The colour-coded region indicates a region were the lipid layer is relatively flat. This region
is used to estimate the Gd-DTPA-DSA and PEG-DSPE lipid molar ratio. c) A histogram of the pixel
intensities in the colour-coded region of b is shown. Mainly two contributions are observed. Low
intensity pixels belong to the PEG-DSPE lipids (green area) and high intensity pixels are ascribed to
the electron intense Gd-DTPA-DSA lipids (red area). Selecting a cut-off value between the two
contributions in the histogram gives the possibility to make lipid specific maps (<1500 = PEG-lipids;
>1500 = Gd-lipids) as shown in Figure b and to estimate the Gd-lipid:PEG-lipid ratio to be 0.34:0.66.
the low electron-intense PEG-lipids only and one that is ascribed to the high
electron-intense Gd-lipids. By choosing a cut-off value between these peaks, a
PEG- (<1500 counts) and a Gd-lipid (>1500 counts) map were made, as shown
in Figure 5b. After integrating the pixel histogram below and above this value,
as visualized in Figure 5c, the molar Gd-DTPA-DSA:PEG-DSPE lipid ratio is
estimated to be 0.34:0.66. This estimation is thus lower than the 0.5:0.5 molar
ratio as applied in the synthesis, which strongly suggests that the actual lipid
ratio in the lipid layer around the QD@SiO2 particles does not only depend on
the applied lipid ratio.
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8.4.

Conclusions

These results demonstrate that STEM-HAADF measurements in combination with
EELS are capable of the simultaneous visualization of both the inorganic and
organic parts of a hybrid inorganic/organic nanoparticle with sub-nanometer
resolution. The reported experiments give a deep qualitative insight in the
morphology of the hybrid nanoparticles in their final form, as well as during the
different steps of their synthesis. It thus reveals detailed information on the
nanoparticle build-up or architecture, which is inaccessible otherwise. In addition
to that, STEM-EELS allows for quantification of such nanohybrids on the single
particle level. The rich quantitative information that is obtained in this study is
threefold. First, the molecular signature, the relative amount, and the spatial
extension of the carbon-containing layers were determined. Secondly, the Gdlipid position and the number of Gd atoms in lipid patches at the surface of the
nanoparticles were revealed. Moreover, in the final experiments the relative
atomic Si/C/Cd/Gd ratios and the lipid ratios in the lipid layer of the hybrid
nanoparticles were estimated.
Hybrid bio-nanoconstructs, such as the one presented here, are becoming
increasingly important in many scientific disciplines including nanomedicine. The
chemical identification and quantification of such materials with sub-nanometer
resolution is a welcome addition to the nanohybrid characterization toolbox. For
the development of, for example nanoparticulate contrast agents, the full
characterization of particle composition will be crucial in establishing successful
applications. Advanced developments in STEM-EELS such as single atom
detection using low accelerating voltages,32 sub-Angstrom resolution,39,40
chemical bond mapping,41 tomographic,42 and femtosecond resolved43 imaging
may revolutionize the way we regard hybrid nanoparticles further in days to
come. Overall, we envision that this characterization tool can generate
important understanding of a wide variety of complex hybrid organic/inorganic
nanostructures.
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Model for relative Si/C/Cd/Gd ratios
Theoretical
estimates
of
the
molar
ratios
of
Si/C/Cd
in
the
QD@SiO2@octadecane nanoparticles and the molar Si/C/Cd/Gd ratios in the
QD@SiO2@lipids nanoparticles are made using the following assumptions and
parameters:
1.
2.
3.

4.
5.
6.
7.

The QDs, the QD@SiO2 nanoparticles and the lipid-coated QD@SiO2
nanoparticles are perfect spheres.
The lipid layer is a monolayer and consists of a 1/1 molar ratio of PEGDSPE and Gd-DTPA-BSA lipids.
Every 0.2 nm2 on the QD@SiO2 particle one octadecanol molecule has
covalently attached to yield a Si-octadecane molecule. Every 0.6 nm2 on
the QD@ SiO2@octadecane nanoparticle surface there is room for one
lipid of the lipid-layer.
PEG-DSPE has 138 C atoms, Gd-DTPA-BSA has 1 Gd & 36 C atoms and
octadecane has 18 C atoms per molecule.
The density of SiO2 is 2.2 g cm-3.
The QDs have a 7.0 nm diameter and the QD@ SiO2 particles have a
mean size of 33.6 nm.
The 7.0 nm CdSe/CdS/Cd0.5ZnS0.5/ZnS QDs contain 1500 Cd atoms.

Lipid structure formulae

Figure S1. Structure formulae of the lipids in the lipid-coating around the QD@SiO2@octadecane
nanoparticles. The paramagnetic Gd-DTPA-BSA (Gd-diethylene triamine pentaacetic acidbis(stearylamide))
is
MRI
detectable.
PEG-DSPE
(1,2-Distearoyl-sn-glycero-3phosphoethanolamine-N-[methoxy(poly(ethylene glycol))-2000]) is included in the lipid layer to
enhance the solubility of the nanoparticles in aqueous media and to improve bio-applicability.5
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TEM of hydrophilic QD@SiO2 nanoparticles

Figure S2. TEM image of hydrophilic QD@SiO2 nanoparticles. Statistics on the inorganic QD@SiO2
nanoparticles is possible with regular TEM and yields an average diameter of 7.0 ± 0.5 nm (n=200; ±
indicates S.D.) for the CdSe/CdS/Cd0.5ZnS0.5/ZnS QDs and a mean size of 33.6 ± 4.3 nm (n=350) for
the QD@SiO2 nanoparticles.

HAADF imaging and EELS events

Figure S3. Schematic of the detection of a HAADF image and a core-loss electron energy loss
spectrum (EELS) in an electron microscope. The incident electron beam has intensity I0(Ei,qi) with
electrons possessing the initial energy Ei and momentum qi (Ei=100 keV in this study). The incident
electrons, with a probe size of dimension d, interact with the studied material and are scattered both
elastically and inelastically. Elastic scattering refers to scattering of electrons with atomic nuclei, but
can involve relatively small energy transfers (maximum up to several tens of electron volt).33 Since
momentum changes can be large in elastic scattering the electrons are scattered over large angles θ
248

Appendix 8

and the HAADF detector, set typically at 50-100 mrad,30 will mainly detect elastically scattered
qk

I ( EE , q jk ) = ∫ I ( EE , q )

qj
were qj and qk are determined by the
electrons, giving an image intensity of
collection angle of the HAADF detector. The inelastic scattered electrons are beam-electrons that
interacted with matter-electrons. When a core-electron is excited to the unoccupied states above the
Fermi level of the material an atom is ionized or a core-loss event has occurred. The initial beamelectron will have lost a specific amount of energy and the corresponding ionization edges in an

I CL ( β , Δ ) =
A

Ei − E IE −Δ β

∫ ∫β I (θ , E )
A

CL

Ei − E IE −
electron loss spectrum, have an intensity
. Here CL stands for
core-loss, A indicates a specific element, β is the collection semiangle of the EELS spectrometer (24
mrad in this study), and Δ is the energy range over which the electron counts are integrated after the
ionization edge at Ei-EIE (IE stands for ionization edge and EIE is thus equivalent to the binding
energy of a core electron). At small collection angles β the amount of inelastically scattered electrons
is high compared to other electrons that reach the detector.

Electron dose effects, temperature effects and additional HAADF
images

Figure S4. HAADF electron micrographs and carbon K edge mapping of the QD@SiO2@lipids
nanoparticles acquired at different electron doses. a, The HAADF image (left) is measured at a dose
of 8 e.Ǻ-2, while the spectrum image on the same area (upper right panel) is measured with 2.104 e.Ǻ2
. A clear difference between the carbon K EELS spectrum taken on the QD@SiO2@lipids surface
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and the amorphous C from the electron microscopy grid can be seen (left lower panel). A spatial
resolution of 4 nm is obtained at the dose used in this spectrum image. b, A spectrum image acquired
with a spatial resolution of 70 nm and an electron dose of 600 e.Ǻ-2 is shown (upper right panel) next
to the HAADF image of the same spot. With this spatial resolution, the obtained C EELS spectrum is
an average from multiple QD@SiO2@lipids nanoparticles. Due to the low electron dose the carbon K
spectrum shows an even stronger difference with a spectrum taken from amorphous carbon. Both
experiments are done with a cryo-stage at low temperature (150K). In general, for thin organic layers
around inorganic nanoparticles, a reasonable signal to noise ratio in a carbon K EELS spectrum with a
spatial resolution of 1, 5, and 100 nm, is obtained with electron doses of 104-105, 103-104, and 10-102
e.Ǻ-2 respectively.

Figure S5. HAADF electron micrograph of QD@SiO2@lipids nanoparticles at 150 K and at the low
electron dose of 8 e.Ǻ-2. The same HAADF image is shown 4 times with increasingly strict truncated
image intensities. The black circles indicate the region of interest where electron intense spots and
thus Gd-rich lipid domains can be observed.
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Figure S6. HAADF electron micrographs of a QD@SiO2@lipids nanoparticle on the polymer film of
a holey carbon electron microscopy grid. As compared to the QD@SiO2@lipids nanoparticles that are
maintained above the holes of the holey carbon grid, the lipids tend to spread out on the polymer
films of the electron microscopy grid. In all panels of this figure the same particle is shown but the
grey values of the images are manipulated in such a way that the Gd-rich and intense white spots of
the lipid layer can be seen both on the silica particle (left panel) and around the silica particle (right
panel).

Figure S7. HAADF electron micrograph of QD@SiO2@lipids nanoparticles indicating a Gd-poor
and a Gd-rich region. This image contains evidence that the QD@SiO2@octadecane particles are
coated one-by-one with a monolayer of lipids instead of being coated as groups of multiple particles
in one lipid layer. The white arrow indicates a Gd-spot poor region, and thus a lipid poor region, in
the middle of four relatively distant QD@SiO2 particles, hinting that every particle has its own lipid
layer. The black arrow indicates a region of excess Gd content between three closely packed
QD@SiO2 particles, indicating a compression of separate lipid layers of the three different QD@SiO2
particles.
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Throughout this manuscript I have tried to demonstrate that 2p3d resonant Xray emission spectroscopy (RXES) can yield unique information on the
chemically relevant valence electrons of transition metal atoms or ions within
several types of materials. Experimental data on cobalt compounds and several
theories were used hand-in-hand for this purpose.
In chapter 1 2p3d RXES was introduced and the technique was positioned
within the scientific disciplines of chemistry, catalysis and spectroscopy. It was
emphasized that 2p3d RXES offers a promising way to measure many-electron
effects in great detail and to investigate their role in the chemical bond.
Prior to any RXES measurements, a general synthesis route was developed in
chapter 2 to obtain a specific type of cobalt compounds for usage in chapter 46. CoxNi1-x and CoxFe1-x alloy metal nanoparticles with a fully tunable
composition and a size of 4 to 10 nm were prepared. In contrast to previously
reported synthetic methods using dicobalt octacarbonyl (Co2(CO)8), here the
cobalt-cobalt bond in the carbonyl complex is first broken with anhydrous
acetone. The acetonated compound, in the presence of iron carbonyl or nickel
acetylacetonate, is necessary to obtain small, composition tunable alloys. This
new route provides guidelines for the wet-chemical synthesis of yet unmade
bimetallic alloy nanoparticles.
A combined ultraviolet-visible (UV/Vis), 2p X-ray absorption spectroscopy
(XAS) and 2p3d RXES study of 3d-orbitals in cobalt carboxylates was presented
in chapter 3. This examination served to demonstrate the possibilities of 2p3d
RXES on a class of relatively well-defined molecular complexes. Using cobalt(II)
carboxylates, it was shown that high-resolution 2p3d RXES reveals more and
more intense d-d excitations than UV/Vis spectroscopy and that 2p XAS cannot
discriminate the compounds. Ligand field multiplet (LFM) theory was applied to
explain why the technique is highly sensitive to the metal ion ligand field.
In chapter 4 a total experimental 2p3d RXES resolution better than 100 meV
full-width-at-half-maximum was exploited to investigate thermally accessible
unoccupied energy levels. CoO nanocrystals with an average diameter of 4.2 nm
and a CoO single crystal were probed with both 2p XAS and 2p3d RXES. The
RXES data allowed the first X-ray observation of the CoO 4T1g(4F) manifold that
occurs within the first 120 meV above the ground state. LFM modeling was
performed to assess the tetragonal crystal field splitting, spin-orbit and
superexchange parameters. The nanocrystals have a reduced cubic crystal field
splitting and a broadened 4T1g(4F) RXES manifold that was ascribed to a larger
average Co-O distance and an increased magnetic exchange. Based on LFM
theory it is predicted that a further improved RXES experimental resolution
would allow the observation of anti-Stokes features in cobalt oxide RXES spectra
acquired at room temperature (or when sufficient excited states are populated).
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Chapter 5 addressed the question of whether 2p3d RXES is a tool to measure
adsorbate-surface bonds on metallic substrates selectively. Measurements on
8.4 and 5.0 nm cobalt and 3.6 nm cobalt-nickel nanoparticles coated with oleate
molecules exhibit low energy resonant Raman features at 0.3 and 0.75 eV. In
combination with time-dependent density functional theory (TD-DFT) and LFM
calculations these are ascribed to d-d excitations of cobalt ions in a low
symmetry ligand field. Two different chemical environments of the ion were
discussed that may cause the transitions. In the first model, cobalt ions in the
nanoparticle outer atomic layer, resulting from the adsorbate binding, cause the
excitations. In the alternative model, the excitations occur in cobalt molecular
species that might co-exist with the nanoparticles. We show that the
consequence of the first model would be that 2p3d RXES is a unique tool for the
selective identification of surface metal-adsorbate interactions.
In chapter 6 it is demonstrated that 2p3d RXES reveals metal nanoparticle
oxidation with high sensitivity. Both 2p XAS and 2p3d RXES spectra of cobalt
nanoparticle batches with average diameters of 4.0, 4.2, 5.0, 8.4 and 15.2 nm
are reported. Two of the particle batches were exposed to air for different
periods of time, while the others were measured as synthesized. Most 2p XAS
data cannot conclusively distinguish whether the nanoparticles are oxidized or
metallic. In contrast, the high-energy resolution 2p3d RXES spectra clearly
reveal particle oxidation based on the presence and energies of characteristic dd excitations. The relative intensities of 2p3d RXES peaks are further shown to
be a measure of the degree of nanoparticle oxidation in case of the deliberately
oxidized particles.
Chapters 7a, 7b and 8 are not dealing with RXES measurements, but use XAS
and electron energy loss spectroscopy (EELS) in combination with scanning
transmission microscopes to demonstrate synergetic possibilities resulting from
X-ray and electron spectromicroscopes.
Scanning transmission X-Ray microscopy (STXM) in combination with XAS as
applied to colloidal crystals is presented in chapter 7. Such crystals, consisting of
nano- to micrometer sized colloidal building blocks, receive widespread attention
as possible photonic crystals. It remains a challenge however to adequately
probe the internal crystal structure and the corresponding deformations that
inhibit the proper functioning of such materials. In chapter 7a two-dimensional
STXM-XAS reveals the local structure, orientations, and even deformations in
thin polystyrene and silica colloidal crystals with 30 nm spatial resolution. As a
result, STXM-XAS provides novel insights complementary to information
obtained by benchmark confocal fluorescence and scanning electron microscopy
techniques. In chapter 7b STXM-XAS tomography of thick silica colloidal
crystals is presented to access their internal structure with high spatial
resolution in three dimensions for the first time. The positions of individual
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particles of 236 nm diameter are identified and the local crystal structure is
revealed. Through image analysis, structural defects such as vacancies and
stacking faults are identified. Tomographic STXM is shown to be an attractive
and complementary imaging tool for strongly absorbing or scattering materials
that cannot be characterized by electron microscopy or optical nanoscopy.
The development of hybrid organic-inorganic nanoparticles is of interest for
applications such as drug delivery, DNA and protein recognition, and medical
diagnostics. However, the characterization of such nanoparticles remains a
significant challenge due to the heterogeneous nature of these particles. In
chapter 8 the direct visualization and quantification of the organic and inorganic
components of a lipid-coated silica particle that contains a smaller
semiconductor quantum dot is reported. High angle annular dark field scanning
transmission electron microscopy (STEM) combined with EELS was used to
determine the thickness and chemical signature of molecular coating layers, the
element atomic ratios, and the exact positions of different elements in single
nanoparticles. Moreover, the lipid ratio and lipid phase segregation were
quantified.
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Dit proefschrift gaat over 2p3d (spreek uit twee-pee-drie-dee) resonante
röntgen emissie spectroscopie van kobalt verbindingen. Dat klinkt
allemaal vrij ingewikkeld en ik zou liegen als ik zou beweren dat het niet zo was.
Ik verdedig doorgaans de stelling dat sommige dingen nu eenmaal ingewikkeld
zijn en dat niet alles te verklaren is, simpelweg omdat we over de natuur een
hoop niet (kunnen) weten. Ook is dat wat we wel weten niet altijd eenvoudig uit
te leggen, omdat veel dingen daadwerkelijk complex zijn. Dit hoeft ons
overigens niet af te schikken om te proberen complexiteit in eenvoudige
beschrijvingen te vatten.
Laten we beginnen bij de ‘kobalt verbindingen’ en deze in een bredere context
van de chemie plaatsen. Kobalt is een metaal, net als bijvoorbeeld ijzer, lood en
koper. Kobalt komt in veel verschillende vormen voor. Een stuk kobalt metaal
bestaat uit een heel grote verzameling van kobalt atomen die met elkaar
verbonden zijn. In levende organismen kan kobalt ook voorkomen. Het
menselijk lichaam heeft bijvoorbeeld vitamine B12 nodig dat een kobalt atoom
bevat dat voornamelijk aan stikstof atomen gebonden is. Met de studie van
kobalt verbindingen bedoelen we dat we een aantal materialen hebben
onderzocht waarin kobalt atomen op de een of andere manier met andere
atomen verbonden zijn.
Er zijn meerdere redenen waarom juist kobalt verbindingen het onderwerp
van studie zijn. Een voor de hand liggende reden is dat kobalt veelvuldig
gebruikt wordt in de chemische industrie. Het is een metaal met veel
toepassingen en dus is het interessant om meer over de werking van kobalt
verbindingen te weten. Een tweede reden is dat kobalt relatief veel voorkomt.
Het is in veel grotere mate aanwezig dan allerlei dure edelmetalen zoals platina,
goud, zilver, enzovoorts. Gezien de toenemende groei van de wereldbevolking
en het gemiddelde welvaartsniveau dreigt grotere schaarste van edelmetalen.
Een doel in het moderne chemische onderzoek is dan ook om in diverse
processen schaarse metalen te vervangen door meer beschikbare metalen zoals
titanium, chroom, ijzer, nikkel, koper, maar ook kobalt. Waarom er verder
gekozen is voor de studie van verbindingen van kobalt ten opzichte van
bijvoorbeeld die van ijzer of koper heeft in grote mate te maken met
zogenaamde ‘veeldeeltjeseffecten’. Deze effecten zijn het gevolg van veelelektron interacties (‘veel’ wil zeggen meer dan twee) die ervoor zorgen dat
metaal atomen uitzonderlijk veel energieniveaus bezitten. Bij kobalt zijn deze
effecten sterker aanwezig dan in bijvoorbeeld koper, maar zijn ze nog niet zo
complex als in bijvoorbeeld ijzer. Wanneer meer kennis voorhanden is, zullen
veel van de veelvuldig voorkomende metalen ook goed te bestuderen zijn met
de hier gebruikte 2p3d resonante röntgen emissie spectroscopie.
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Om dieper in te kunnen gaan op wat deze techniek meet, en om de ‘verbinding’
tussen atomen beter te kunnen begrijpen, is het zinvol om eerst stil te staan bij
het begrip atoom. Atomen zijn kleine bouwstenen van materialen.
Wetenschappers kunnen atomen vandaag de dag echt ‘zien’ door middel van
geavanceerde visualisatietechnieken. Het woord atoom komt van het Griekse
woord ατομος (atomos), dat ‘ondeelbaar’ betekent. Natuurlijk weten veel mensen
best dat een atoom wel degelijk deelbaar is. Velen hebben wel eens gehoord van
elektronen, neutronen of protonen in het voortgezet onderwijs of in een televisie
uitzending van bijvoorbeeld Discovery Channel. Elektronen, neutronen of
protonen zijn enkele benamingen voor de bouwstenen van een atoom. Een veel
kleiner en moeilijker te bestuderen bouwsteen is het Higgs boson deeltje dat
recentelijk mogelijk is waargenomen in experimenten in het CERN (Conseil
Européen pour la Recherche Nucléaire) nabij Genève, Zwitserland. Voor de
Higgs deeltjes experimenten is gebruik gemaakt van enorm grote ciculaire
deeltjesversnellers (met een omtrek van 27 km). Ook in dit onderzoek is gebruik
gemaakt van circulaire deeltjesversnellers, hetzij van een kleiner kaliber (de
maximale omtrek is 1 km). De hier gebruikte deeltjesversnellers worden
synchrotrons genoemd en zijn bij uitstek geschikt om te kijken naar de
elektronen van een atoom. Deze elektronen draaien in periodieke bewegingen
rond de neutronen en protonen, die de kern van het atoom vormen. Deze
situatie is afgebeeld in Figuur 1.

Figuur 1. Een manier om een atoom te beschrijven is om te stellen dat de kern bestaat
uit protonen (wit-gevulde cirkels met een + teken) en neutronen (wit-gevulde cirkels),
waaromheen elektronen (zwarte cirkels met een – teken) in periodieke bewegingen
(ellipsen) draaien. Deze beschrijving van het atoom is ook wel bekend als het Bohr model,
genoemd naar de Deense fysicus Niels Bohr.
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Nu we weten dat in een atoom elektronen rondom een kern draaien, kunnen we
ook uitleggen hoe atomen met elkaar binden. In de chemie bestuderen we (de
verandering van) chemische bindingen. Een chemische binding kan gezien
worden als de interactie van elektronen aan de buitenkant van een atoom met
de buitenste elektronen van een tweede atoom. De elektronen die zich aan de
buitenkant van een atoom bevinden duiden we aan met de term ‘valentieelektronen’, terwijl elektronen die zich dichter bij de atoomkern ophouden ‘kernelektronen’ worden genoemd. Van deze kern-elektronen nemen we doorgaans
aan dat ze geen rol spelen in de chemische binding en dus in de chemie. Een
kobalt verbinding kan dus worden beschouwd als de binding van de valentieelektronen van een kobalt atoom met de valentie-elektronen van andere
atomen.
We kunnen dus meer leren over chemische bindingen als we begrijpen hoe
de elektronen in een binding exact met elkaar samengaan. De eerder genoemde
synchrotrons zijn bij uitstek geschikt om het gedrag van deze elektronen beter
te bestuderen. 2p3d resonante röntgen emissie spectroscopie wordt dan ook
gedaan op een dergelijk synchrotron. In een synchrotron wordt röntgenlicht met
hoge intensiteit en instelbare energie opgewekt. De röntgenstralen schijnen
vervolgens op het te bestuderen materiaal. Voor verschillende type
experimenten worden stralen met verschillende energieniveaus gebruikt. In een
2p3d resonant röntgen emissie spectroscopisch experiment uitgevoerd op een
kobalt verbinding, worden in het bijzonder bepaalde kern-elektronen van het
kobalt (de zogenaamde 2p elektronen) geactiveerd met het röntgenlicht. De
energie van de röntgenstralen is zodanig gekozen dat deze kern-elektronen naar
de buitenkant van het kobalt atoom worden verplaatst. De oorspronkelijke kernelektronen worden hiermee valentie-elektronen (ook wel 3d elektronen
genoemd). Nu is er echter een instabiel atoom gemaakt. De kern-elektronen die
verplaatst zijn naar de buitenkant van het atoom hebben immers een leegte
achter gelaten relatief dicht bij de atoomkern en de ervaring leert dat elektronen
het liefst zo dicht mogelijk bij de atoomkern willen zijn. In een 2p3d resonant
röntgen emissie spectroscopisch experiment wordt deze leegte nu razendsnel
gevuld door één van de valentie-elektronen. Als gevolg van dit laatste proces
zendt het materiaal vervolgens weer röntgenstraling uit en het is deze straling
die we uiteindelijk waarnemen in het experiment.
Het valentie-elektron dat de leegte van het kern-elektron opvult, hoeft niet
dezelfde te zijn als het valentie-elektron dat gecreëerd was door in eerste
instantie het kern-elektron te verplaatsen. De energie van het röntgenlicht dat
het materiaal uitzendt, hoeft daarom ook niet gelijk te zijn aan de energie van
het inkomende röntgenlicht. Door dit proces heel vaak te herhalen, zullen
uiteindelijk veel verschillende valentie-elektronen de leegte van het kernelektron opvullen. Er zullen dan ook veel röntgenstralen met verschillende
energieniveaus door het materiaal worden uitgezonden. Het aantal uitgaande
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röntgenstralen en hun energieën verzamelen we in een zogenaamd ‘spectrum’,
een soort diagram, en dit leert ons uiteindelijk wat de energieën zijn van de
valentie-elektronen. Het gevolg hiervan is dat 2p3d resonante röntgen emissie
spectroscopie bij uitstek geschikt is om informatie over de elektronen in een
chemische binding te genereren.
2p3d resonante röntgen emissie spectroscopie is echter tot nog toe niet veel
gebruikt binnen de chemie. In dit proefschrift is dan ook in detail gekeken naar
wat de techniek ons leert over chemische bindingen; in het bijzonder over kobalt
verbindingen. Hiertoe is in hoofdstuk 2 allereerst een nieuwe, synthetische
methode beschreven om specifieke kobalt verbindingen te krijgen. Het gaat om
heel kleine bolletjes van kobalt, kobalt/nikkel en kobalt/ijzer metaal; ook wel
metalen nanodeeltjes genoemd. Nano komt van het Griekse νανος (nanos), wat
‘dwerg’ betekent. Een nanometer wordt in de wetenschap gebruikt om aan te
geven dat iets 1 miljardste deel van 1 meter lang is (of 1 miljoenste deel van 1
millimeter). Er is gekeken naar deze nanodeeltjes, omdat nanodeeltjes
veelvuldig worden gebruikt in katalysatoren. Een katalysator is een stof die helpt
om chemicaliën te transformeren en een bekend voorbeeld is de
driewegkatalysator in de auto die het giftige koolmonoxide omzet in kooldioxide.
In hoofdstuk 3 wordt met 2p3d resonante röntgen emissie spectroscopie eerst
gekeken naar relatief eenvoudige moleculaire verbindingen waar kobalt in zit.
Hier wordt uitgelegd dat de techniek een ongeëvenaarde spectroscopische
gevoeligheid bezit voor de omgeving van het kobalt. Met andere woorden: de
techniek is als geen andere spectroscopische techniek in staat om te zeggen
hoeveel buuratomen het kobalt heeft en waar die atomen zich bevinden ten
opzichte van het kobalt. In hoofdstuk 4 wordt de techniek vervolgens op kobalt
oxide toegepast. Kobalt oxide is de geoxideerde (met zuurstof gereageerde)
vorm van kobalt metaal. De techniek laat hier zien dat het in staat is om heel
kleine energieverschillen tussen valentie-elektronen te meten. Tevens wordt
duidelijk dat, in de bij kamertemperatuur en atmosferische druk stabiele vorm
van het kobalt oxide, de valentie-elektronen niet in exact één en dezelfde
periodieke baan bewegen, maar dat ze kunnen kiezen uit meerdere periodieke
banen. In hoofdstuk 5 laat de 2p3d resonante röntgen emissie spectroscopie
gemeten aan kobalt en kobalt/nikkel nanodeeltjes zien dat er bepaalde
energieën van valentie-elektronen mogelijk zijn die nog niet eerder zijn
waargenomen. Er worden twee mogelijke verklaringen besproken en uitgewerkt.
In één model, dat geheel nieuw is, zijn de waarnemingen het gevolg van kobalt
verbindingen aan het oppervlak van de nanodeeltjes. Wanneer deze theorie juist
blijkt te zijn, kan deze techniek gebruikt worden om chemische reacties aan
metaal oppervlakken te volgen. Reacties aan metaal oppervlakken worden in de
chemische industrie veelvuldig gebruikt. In het alternatieve model worden de
waarnemingen verklaard door atomaire kobalt vervuilingen waarvan het in
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theorie niet uit te sluiten is dat ze gelijktijdig met de nanodeeltjes aanwezig zijn.
In hoofdstuk 6 wordt getoond dat 2p3d resonante röntgen emissie
spectroscopie ook heel geschikt is om de oxidatie van metalen nanodeeltjes aan
te tonen. In veel chemische reacties worden metalen of juist metaal oxide
nanodeeltjes gebruikt om een reactie sneller te laten verlopen. Om te begrijpen
hoe een dergelijke versnelling van een reactie in zijn werk gaat, is het van
belang om te weten of het metaal wel of niet geoxideerd is. Tot nog toe wordt
voor dergelijke metingen vaak gebruik gemaakt van andere vormen van röntgen
spectroscopie, vooral van röntgen absorptie spectroscopie. In hoofdstuk 6 laten
we echter zien dat het signaal van een metaal en van een metaal oxide alleen in
2p3d resonante röntgen emissie spectroscopie intrinsiek van elkaar gescheiden
wordt, waardoor de aanwezigheid van beide materiaalvormen los van elkaar
bepaald kan worden.
Hoofdstuk 7 en 8 zijn van een heel andere aard. Hier gaat het om een
combinatie van eenvoudiger, en reeds ver ontwikkelde, spectroscopische
technieken in combinatie met microscopie. In deze hoofdstukken worden foto’s
genomen van diverse materialen met röntgen- of elektronstralen. Tegelijkertijd
wordt op veel plaatsen in deze fotos een spectrum opgeslagen van het bekeken
materiaal (vergelijk het met een foto waarin elk pixel niet alleen een
grijswaarde, maar een heel spectrum bevat). Deze waarnemingen leren ons dan
voornamelijk uit wat voor soort atomen, bijvoorbeeld ijzer of kobalt atomen, het
materiaal is opgebouwd, en dat voor ieder plek op de foto waar een spectrum is
opgenomen.
Samenvattend kan gesteld worden dat dit proefschrift aantoont dat 2p3d
resonante röntgen emissie spectroscopie een hoop nieuwe informatie kan
opleveren over het gedrag van de elektronen in diverse chemische bindingen
van metalen. De mogelijkheden van de techniek binnen de chemie zijn legio,
maar ook nog steeds grotendeels onbekend. Ik ben er echter van overtuigd dat
de techniek, en vergelijkbare resonante röntgen emissie spectroscopische
technieken met een gevoeligheid voor valentie-elektronen, in de toekomst
veelvuldig gebruikt zullen worden om de chemische binding beter in kaart te
brengen. Als gevolg van dit begrip moet het op den duur mogelijk worden om
een grotere controle over chemische reacties te krijgen. Wanneer we dit
bereiken zouden we ook in staat moeten zijn om bijvoorbeeld schaarse
moleculen makkelijker te maken of schadelijke moleculen makkelijker om te
vormen in nuttiger varianten.
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