
 

 

 

 

 

Study of X-ray Absorption Spectroscopy of Heavy Elements 

and Transient Chemical Species 

 

 

 

 

 

 

 

 

 

 

 

ASAKURA, Hiroyuki 

 

 

 

 

2014 

 

 



Preface 

The discovery of X-ray reported by Prof. Röntgen in 1895 has astonished scientists all over the 

world and brought in versatile applications of this fascinating light into analytical science, such as 

X-ray diffraction, X-ray scattering, X-ray absorption and other X-ray related phenomena of materials. 

On X-ray absorption, Maurice de Broglie first reported X-ray absorption edges, which were proved 

to be the K-edge of Ag and Br in the photographic emulsion in 1913 and a number of scientists 

concurrently have been devoting their efforts to the fundamental and applied science on the X-ray 

absorption spectroscopy. As a result, the basic knowledge on the X-ray absorption spectrum of 

almost every element in the periodic table has been accumulated and applied to understand chemistry 

and physics of various materials such as catalysts, dielectric materials, dopants in semiconductors, 

cathode materials for lithium ion battery or many other practical materials or devices in these days. 

The X-ray absorption (XAS) spectrum is usually divided into two regions, X-ray absorption 

near edge structure (XANES), which is an abrupt increase of absorption (absorption edge) in XAS 

spectrum, and extended X-ray absorption fine structure (EXAFS), which is a fine oscillation 

observed above the absorption edge. In 1971, Sayers, Stern and Lytle proposed the EXAFS equation 

and widely accepted quantitative interpretation procedure of EXAFS oscillation in relation with the 

local structure of surroundings of an X-ray absorbing atom. On the other hand, the XANES region 

has not been understood well because of the complexity of the multiple scattering process of the 

photoelectron ejected from an X-ray absorbing atom. However, in these two decades, an amazing 

progress on both of experimental and theoretical approaches (e.g. multiple scattering theory and 

density functional theory) to XANES spectroscopy raised themselves to another quantitative 

analytical tool for research on the local structure or electronic states of an X-ray absorbing atom. 

From the point of view of experimental technique, the emergence of synchrotron radiation 

facilities is a milestone in the history of X-ray absorption spectroscopy. The broad spectrum of X-ray 

radiated from synchrotron facilities (from a few keV to more than 100 keV in some facilities) 

enabled us to measure high quality X-ray absorption spectrum in very short time compared to the 

measurement in laboratories with X-ray tubes. It also enables time-resolved X-ray absorption 

spectrum measurement, which is essential for in situ studies (e.g. applying X-ray absorption 



spectroscopy into catalysts at their working condition) by so-called quick scanning mode or 

dispersive mode with bending crystals. 

On these backgrounds, XANES spectra of so-called 3d transition metal elements or precious 

metal elements such as Ru, Rh, Pd, Ag, Ir, Pt, or Au have been extensively studied for their 

importance in various materials, but fundamental study on those of the other elements such as early 

4d, 5d metal elements or lanthanide elements is relatively scarce. On the other hand, enormous 

application of time-resolved XAS measurement on solid materials such as heterogeneous catalysts 

have accumulated for a long period, but those on dispersion system or homogeneous system are still 

not so common. 

From these perspectives, the author has studied fundamental and applied issues of X-ray 

absorption spectroscopy on heavy elements and transient chemical species. One is a relationship 

between characteristic features of the XANES spectra of heavy elements (Nb, Mo, Ta, W, Re) and 

their local structures and the author extended the insights to a rarely discussed field of XANES 

spectroscopy of various lanthanide elements. The other is reaction processes of Rh metal 

nanoparticle formation, and an organometallic catalytic cycle of a Ni complex catalyst. The author 

believes these studies give a small but significant advance in the field of X-ray absorption 

spectroscopy. 
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General Introduction 

X-ray Absorption Fine Structure 

X-ray absorption fine structure (XAFS) is a fine structure observed in an X-ray absorption 

spectrum around the absorption edge, which is an abrupt increase of X-ray absorption caused by an 

interaction between a core electron of an element and an incident X-ray. Thus, XAFS spectrum has 

element selectivity and exhibits several different absorption edges related to core electrons at the 1s, 

2s, 2p or higher levels (i.e. K (1s), L1 (2s), L2 (2p1/2) or L3 (2p3/2) edges). The term “XAFS” is used 

for the fine structure or the X-ray absorption spectrum around the absorption edge itself.  

 

Mn K-edge XAFS spectrum (left) and XANES spectrum (right) of MnO 

The XAFS spectrum is usually divided into two regions, X-ray absorption near edge structure 

(XANES), which is a fine structure around the absorption edge (within about 50 eV from the 

absorption threshold), and extended X-ray absorption fine structure (EXAFS), which is a fine 

oscillation observed above the absorption edge (above the XANES region typically up to 1.0 keV 

from the absorption edge) as illustrated in the graph above (left). 

EXAFS derives from the interference between the outgoing photoelectron waves ejected from a 

core level of an X-ray absorbing atom and the incoming photoelectron waves scattered by the 

electrons of the neighboring atoms. Thus, the oscillation has information of the character of the 

surrounding atoms (scattering atom) such as the number of the scattering atoms, the atomic distance 



- 2 - 

 

between the X-ray absorbing atom and the scattering atoms, the static and dynamic atomic 

displacement property (so-called Debye-Waller factor) of the scattering atoms, and the characteristic 

scattering properties of the neighboring atoms, backscattering factor and phase shift factor, which 

influence on the scattered photoelectron waves. In addition, the EXAFS oscillation is also affected 

by the mean free path of the photoelectron, which is the mean travelling length of the photoelectron 

before inelastic scattering or core electron refilling by X-ray fluorescence process, for example. The 

formalism is summarized in the EXAFS equation below.
1, 2

 

χ(k) =∑
𝑁𝑗

𝑘𝑅𝑗
2 𝐹𝑗(𝑘) sin (2𝑘𝑅𝑗 + 𝛿𝑗(𝑘)) exp(−2𝑘

2𝜎𝑗
2) exp(−

2𝑅𝑗

𝜆(𝑘)
)

𝑗

 

where 𝑘 is the wavenumber of the photoelectron, 𝑁𝑗 is the number of the neighboring atom 𝑗, 

𝑅𝑗 is the atomic distance to the neighboring atom 𝑗, 𝐹𝑗(𝑘) and 𝛿𝑗(𝑘) are backscattering factor and 

phase shift factor of the neighboring atom 𝑗, 𝜎𝑗
2 is the atomic displacement parameter of the 

neighboring atom 𝑗, and the 𝜆(𝑘) is the mean free path of the photoelectron. This equation 

represents two essential properties of XAFS. One is the 𝜆(𝑘) and 𝑅j
−2 terms indicate the XAFS 

oscillation is induced only by the atoms in very short range usually within 5 Å. The other is XAFS 

oscillation is a sum of sine curves corresponding to each scatterer. This led early XAFS experts to 

perform Fourier transform on the EXAFS to obtain pseudo radial distribution function for the better 

and comprehensible interpretation of EXAFS oscillation toward the local structure analysis.
3
 If one 

could obtain an EXAFS spectrum experimentally, it became possible to extract physical parameters 

using curve fitting analysis with the EXAFS equation above. The important point is the estimation of 

the 𝐹𝑗(𝑘) and 𝛿𝑗(𝑘) terms. These parameters can be determined by curve fitting analysis on the 

standard EXAFS spectra of structurally well-known compounds. However, this strategy is not 

applicable to the complicated system whose multiple scattering processes (the photoelectron ejected 

from an X-ray absorbing atom is scattered by two or more neighboring atoms) have significant 

contribution to the EXAFS oscillation, for example. Then, theoretical simulation codes such as FEFF 

are used to obtain 𝐹𝑗(𝑘) and 𝛿𝑗(𝑘) for further curve fitting process in these days. 

XANES reflects a complicated multiple scattering processes of the low energy photoelectron 

having a relatively long mean free path ejected from an X-ray absorbing atom and the neighboring 
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atoms, which is the electronic transition from core level to unoccupied states induced by X-ray 

absorption. XANES region have three main features, the absorption edge energy, the white line, and 

the pre-edge peak. The absorption edge is interpreted into the starting point of the electronic 

transition of the core electron to the continuum state, which means the photoelectron gets out of the 

potential of the X-ray absorbing atom with a finite kinetic energy. It is not easy to determine the 

absorption edge energy experimentally because of the overlapping absorption phenomena of the 

electronic transition to several different unoccupied states or complicated multiple scattering effect 

derived from the large scattering factors 𝐹𝑗(𝑘) for low kinetic energy photoelectron. From the 

practical point of view of experimental data manipulation, the absorption edge is determined by the 

first inflection point from the absorption threshold in many cases and it shifts toward higher energy 

as the oxidation state of the X-ray absorbing atom increases because of the relation between the 

absorption edge and the binding energy of the core electron. The “white line” usually means an 

intense peak above the absorption edge, which exhibits significantly larger absorption coefficients 

than the EXAFS region. This term comes from X-ray absorption experiments in early days taken 

with photographic plates as X-ray detector. The absorption edge appears as white bands on the plate 

developed in negative because strong X-ray absorption at the absorption edge of some samples 

prevent the plate from X-ray exposure. The white line is typically observed in L3-edge measurement 

of metal atoms with many unoccupied d states. In some cases, the first intense peak above the 

absorption edge of transition metal K-edge XANES spectra of their oxides are also referred to as 

white line. The pre-edge peak is one or more peaks observed below the absorption edge. The origin 

is the electronic transition to unoccupied states having p character for the K or L1-edge XANES 

spectra because only the electric dipole transition from 1s or 2s states to p states is allowed. The p 

character is usually introduced into the unoccupied states related to the pre-edge region via p-d 

hybridization induced by specific coordination environment. For example, an X-ray absorbing atom 

in a tetrahedral coordination environment gets much stronger p-d hybridization effect than that in an 

octahedral like environment. Several examples of the interpretation of absorption edge shift, 

pre-edge peak, or other characteristic features of XANES spectra are discussed in the following 

section. 
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Brief History of X-ray Absorption Spectroscopy 

The discovery of X-ray reported by Prof. Röntgen in 1895
4
 has astonished scientists in the world 

and opened a brand new vast fertile field of X-ray diffraction, X-ray scattering, X-ray absorption, 

and other X-ray related phenomena of materials. Although there are brilliant literatures on the history 

of the X-ray absorption spectroscopy,
5, 6

 I would like to overview a brief history of X-ray Absorption 

Fine Structure (XAFS). 

In 1913, Maurice de Broglie first reported X-ray absorption edges, which were proved to be the 

K-edge of Ag and Br in the photographic emulsion
7
, when he scanned a photographic plate with an 

incident X-ray monochromated by a single crystal mounted on a rotatable cylinder barometer with an 

angular velocity of about 2 degree per hour. In 1920, Fricke first observed the fine structure of 

K-edge X-ray absorption spectra of Al, P, S, Sc, Ti, and V,
8
 which is called X-ray absorption near 

edge structure (XANES) today and Kossel proposed the first theory on the X-ray absorption based 

on the transition of electrons to higher unoccupied orbitals of the X-ray absorbing atom,
9
 which is 

similar to the present theory on XANES spectra. In 1931 and 1932, Kronig explained the extended 

X-ray absorption fine structure observed beyond a few hundred eV above the absorption edge,
10, 11

 

which cannot be explained in the Kossel’s theory. The Kronig theory based on long range order 

(LRO) of the well-ordered crystal successfully explained the fine structure of the experimental 

extended X-ray absorption spectra, the “Kronig structure”. However, the X-ray absorption spectra of 

As, Se, Br, Zn, Hg, Xe, and Kr in solid, vapor or solution form reported by Hanawalt
12

 inspired 

Kronig to also develop a theory based on short range order (SRO) for each molecule.
13

 The SRO 

theory have been developed by Petersen,
14, 15

 Hartree,
16

 Hayashi, Sawada,
17

 Shiraiwa,
18

 Kostarev, 

Kozlenkov and many other scientists successively, simultaneously or separately as described in the 

Lytle’s essay.
5
 The breakthrough of the modern EXAFS theory was done by Sayer, Stern, and Lytle 

to provide clear pictures of Fourier transform of EXAFS spectra of crystalline Ge and amorphous Ge 

to demonstrate that the short range order theory is appropriate for the interpretation of EXAFS
3
. The 

theory on X-ray absorption near edge structure (XANES) theory has been also developing. Based on 

the multiple scattering theory,
19

 Rehr et al. have developed a sophisticate X-ray absorption 

simulation code, FEFF
20-22

 named from effective backscattering amplitude, feff, which realizes 
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quantitative analysis on EXAFS spectra and at least qualitative analysis on XANES spectra. Other 

theoretical calculation packages based on density functional theory (DFT), configuration interaction 

(CI) method have been also successfully applied to analysis on XANES spectra. For example, 

Wien2k, a program package calculating electronic structure of solids based on the full potential 

(linearized) augmented plane-wave and local orbitals method, or ORCA, another program package 

based on DFT, molecular orbital theory, and sophisticated CI or coupled cluster methods can 

semi-quantitatively predict the experimental data and provide crucial information for the 

interpretation of origin and change in XANES spectra. 

X-ray Absorption Near Edge Structure and Local Structure 

After the publication of one of the most important paper for the interpretation of EXAFS 

spectrum via Fourier transform by Sayers, Stern, and Lytle,
3
 enormous amount of application of 

X-ray spectroscopy have been performed in almost every scientific fields such as physics, chemistry, 

biology, or earth science. On the other hand, X-ray absorption near edge structure (XANES) has been 

also attracting scientists in various fields. 

In 1960, Van Nordstrand reported several examples of XANES spectroscopy of four 3d 

transition metal elements, Mn, Co, Cr, and Ti for the study of solid catalysts
23

. Even though the 

X-ray absorption spectrometer was simply made from a commercial X-ray diffractometer by putting 

a quartz single crystal onto the goniometer as a single crystal monochromator, the quality of the 

spectra of the samples in the XANES region are impressively good enough to explain the 

well-known spectral features such as pre-edge peaks, absorption edge shift. For example, he showed 

a figure of distinct types of X-ray absorption spectra of Mn in various chemical states and associated 

the absence of the pre-edge peak of the K-edge XANES spectrum of MnCl2·4H2O with a single 

octahedral coordination sphere of Mn, and the presence of an intense pre-edge peak of that of 

KMnO4 with the tetrahedral manganese ions. He also pointed out XANES spectra are not determined 

or influenced by the long range crystallinity from the identity of spectra of aqueous solution and 

those of corresponding crystalline hydrate salts, referring to the reports from Beeman, Bearden
24

 and 

Böke.
25

 Furthermore, the effect of valence state to XANES spectra is also discussed on the shifts of 

the principal peak of XANES spectra of Mn(acac)3 and Mn(C2H3O2)3·3H2O to higher energies 
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against that of Mn(acac)2·2H2O and Mn(C2H3O2)2·4H2O. The XANES spectra of manganese oxides, 

MnO, Mn3O4, Mn2O3, and MnO2, also supported the hypothesis of the dependency of the absorption 

edge energy on the valence states. He extended the study to Co, Cr and Ti including their catalysts 

and also found a number of interesting points. For example, in comparison among the XANES 

spectra of K3[Cr(NCS)6], NH4[Cr(NH3)2(SCN)4], trans-[Cr(en)2(SCN)2]NCS, and [Cr(en)3](NCS)3, 

he associated the second prominent peak observed on that of K3[Cr(NCS)6] to the Cr-C distances. An 

application of Mn K-edge XANES spectroscopy on Mn catalysts supported on activated carbon or 

silica gel clearly demonstrated that the Mn species remains on silica gel as permanganate species, but 

turned to be reduced to MnO2 or some other hydrous manganic oxide on active carbon, which cannot 

be distinguished by X-ray diffraction because of the absence of long range order. On Co catalysts, 

highly active catalysts had CoO species, but bad catalysts had metallic Co. For Co-Mo on alumina 

materials which may be catalysts for hydrodesulfurization, the state of Co was found to have a strong 

interaction with alumina support, not with the coexisting molybdena. He also investigated some 

titania catalysts and concluded tetrahedral Ti species were important for some catalysis. 

Although there are enormous amount of brilliant literature related to XANES spectroscopy, 

from the viewpoint of focusing on a specific metal element, one can give several seminal papers to 

this field. Farges et al. reported Ti K-edge XANES spectra of various Ti compounds which have 

different coordination number and local structure, and their mixtures.
26

 They carefully analyzed the 

XANES spectra according to the coordination number of O atoms, the pre-edge peak height, position, 

area, with the aid of theoretical simulation; and discussed on the peak assignment, and quantitative 

analysis of the pre-edge peak. Their criteria for evaluation of the pre-edge peak at Ti K-edge XANES 

spectra have been widely accepted. Wong et al. measured V K-edge XANES spectra of various V 

oxides and other compounds such as vanadate compounds, vanadyl compounds, vanadium 

intermetallics which have a wide range of formal oxidation states, coordination geometries, with 

various ligands.
27

 They paid an attention to the energy positions of the rising edge, the pre-edge, the 

absorption edge, and the second peak above the absorption edge which is assigned to the electric 

dipole transition from 1s to 4p and found a clear linear relationship against the formal charge of the 

vanadium oxide samples. They also found a correlation between the pre-edge peak area and the 

average bond length between V and the adjacent atoms. Westre et al. have performed systematic 
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survey on the pre-edge features at the Fe K-edge XANES spectra of many ferrous and ferric model 

complexes which have different spin state, oxidation state, geometry or ligands.
28

 The detailed 

multiplet analysis by experiments and theoretical simulation based on density functional theory gave 

a comprehensive view of the origin of the “1s → 3d” pre-edge peaks as both of electric quadrupole 

and dipole (from 3d-4p mixing) transitions. They also proposed a general trend of 3d-4p mixing of 

the unoccupied states from DFT calculation on several structural models of Fe complexes. Farges et 

al. also gave great contribution to the interpretation of the Mn,
29

 Ni
30

 and other K-edge XANES 

spectra. For example, on the study of the coordination environment of Ni in Ni silicate glasses, they 

performed systematic survey on the high resolution Ni K-edge XANES spectra of various Ni 

compounds with 4, 5, and 6-coordinated Ni species.
30

 A detailed analysis on the small pre-edge peak 

by careful background subtraction clarified the correlation among the average Ni-O distances, the 

pre-edge peak heights and positions. They applied the findings to the determination of the local 

environment of Ni species in several Ni silicate glasses and found the average coordination number 

of Ni was about 5 for the glass samples discussed in the literature. On the other hand, Cu, Zn, or Ga 

K-edge XANES spectra usually exhibit no or very weak pre-edge peaks in any form. However, for 

example, Nishi et al. reported curve fitting analysis on the Ga K-edge XANES spectra of Ga oxides 

or Ga/SiO2 catalysts having different local environments.
31

 They analyzed the characteristic two 

large peaks above the absorption edge at the Ga K-edge XANES spectra by curve fitting analysis 

with a set of Gaussian and arctangent functions and estimated the contribution of the GaO4 tetrahedra 

and GaO6 octahedra from the extracted peak areas. The XANES analysis results were consistent to a 

similar analysis on EXAFS oscillation of the same samples. 

For the metal elements in the fifth period of the periodic table, Ru, Rh, Pd, or Ag, which are 

practically or potentially important to industrial use such as catalysts for exhaust gas from factories 

or vehicles, or organic synthesis, exhibit a bit less characteristic spectra as their K-edge XANES than 

that of 3d metal elements. However, the shift of the absorption edge observed in these elements is 

quite informative to track the redox reaction of the metal species used in various catalysts, which is 

essentially important for chemical reaction. For example, Dohmae et al. investigated the reduction 

speed of Rh species supported on Al2O3 with in situ time-resolved XAFS.
32

 The rapid shift of the Rh 

K-edge absorption edge to lower energy in about 2 minutes after the gas switching from 20% O2/He 
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to 3% H2/He at 523 K was clearly observed by dispersive XAFS technique. The pre-edge feature of 

Ru K-edge XANES spectra was reported by Miura et al. They measured the Ru K-edge XAFS 

spectra of Ru catalysts effective for C-C coupling reaction of alkyne with acrylates and found the 

Ru/CeO2, which exhibits a predominant catalytic activity, only shows a prominent pre-edge peak 

among other Ru catalysts such as Ru/SiO2, Ru/Al2O3, Ru/TiO2, Ru/MgO.
33

 

On the other hand, the XANES spectra of group 4 – 7 elements have been also studied in detail. 

Kanai et al. reported Zr K-edge XANES spectra of ZrO2, ZrSiO4, Zr(acac)4, Zr(OBu
t
)4 and several 

ZrO2/SiO2 catalysts and observed pre-edge peaks on Zr species having tetrahedral coordination 

sphere.
34

 Tanaka et al. analyzed Nb oxides supported on Al2O3 by means of XAFS.
35

 The Nb K-edge 

XANES spectrum shows a relatively small but distinct shoulder peak near the absorption edge, 

which indicates presence of tetrahedral Nb species. They also pointed out two distinct peaks above 

the absorption edge may represent the two Nb=O bonds in comparison with the similar results of 

Nb/SiO2. Aritani et al. presented Mo K-edge XANES spectra of various Mo compounds and several 

MoO3-MgO binary oxides after high temperature calcination or reduction with hydrogen.
36

 They 

found a similar systematic change of the pre-edge peak to that of 3d metal K-edge XANES spectra, 

that is the Mo species in tetrahedral geometry exhibits larger pre-edge peak than that in octahedral 

geometry. 

There are few papers on Hf L1-edge XANES spectrum, but Uehara et al. used Hf L1-edge 

XANES spectra to analyze high-k gate dielectric material, Hf(Si)Ox ultrathin films.
37

 They did not 

mention in the literature, but observed a clear pre-edge peak at the Hf L1-edge which might be 

related to the local structure of Hf in the film. For Ta, W, and Re, Chen et al. analyzed local structure 

of Ta in Ta oxides supported on Al2O3, SiO2, TiO2, ZrO2 catalysts by Ta L1-edge XANES spectra and 

found almost all of the Ta exists as 6-coordinated Ta species except for Ta2O5/SiO2 which have 

tetrahedral Ta species in its dehydrated form.
38

 Yamazoe et al. used W L1 and L3-edge XAFS spectra 

to identify the state of W species loaded on TiO2 catalyst for photo-oxidation of NH3 by quantitative 

analysis the pre-edge peak area of W L1-edge XANES spectra and ab initio DFT calculation of W 

model species in various geometries.
39

 Oikawa et al. utilized Re L1-edge XANES spectra for 

structural analysis on a new heterogeneous olefin metathesis catalyst and found the catalytically 

active Re species has a tetrahedral local structure.
40
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Furthermore, L-edge XAFS spectra of heavier precious metals such as Ir, Pt, and Au also exhibit 

interesting features. Lytle et al. reported L3-edge XANES spectra of Ir, Pt, and Au metals and their 

compounds such as oxides and found the peak area of the difference spectra are related to differences 

in the electronic structure of the X-ray absorbing atoms.
41

 They also employed this technique to the 

highly dispersed metal catalysts such as 1 wt% Pt/Al2O3 or 1wt% Ir/Al2O3 under He or O2 and 

successfully estimated the oxidation state of the metal clusters by means of L3-edge XANES 

spectroscopy. Mansour et al. proposed a curve fitting procedure on Pt L2 and L3-edge XANES 

spectra for quantitative analysis of the electronic states
42

 and also applied the procedure to Pt/Al2O3 

and Pt/SiO2 catalysts.
43

 Asakura et al. found another interesting phenomenon of a drastic change of 

the Pt L3-edge XANES spectrum caused by adsorption of H2 onto Pt nanoparticles, which can be 

used to quantify the amount of adsorbed H2.
44

 Thus, L-edge XANES spectra of important heavy 

precious metals such as Ir, Pt or Au are sensitive to their electronic structure. 

In brief, XANES spectra of almost all the elements were investigated by many researchers in the 

world for the interesting property themselves and practical application to obtain element specific 

information of the local and electronic structure in various materials, which could be a key to clarify 

their functions or properties. However, in comparison to the 3d transition metal elements, systematic 

and comprehensive survey on the L-edge XANES spectra of 4d and 5d transition metal or lanthanide 

elements are still relatively scarce. 

X-ray Absorption Near Edge Structure of Lanthanide Elements 

One of the characteristic features of L-edge XANES spectra of lanthanide elements (Ln) is large 

absorption edge shift depending on the electronic states of the target elements. For example, Tanaka 

and Baba et al. reported in situ Yb L2-edge XANES spectra of Yb introduced into Y-zeolite during 

decomposition of Yb(II,III) amides species to Yb(II,III) imides, and then Yb(III) nitride by heating 

and evacuation. A large shift of the absorption edge of Yb
2+

 and Yb
3+

, ca. 10 eV, enables a clear 

quantification of Yb species at different oxidation states.
45, 46

 Yoshida et al. evaluated the valence 

state of the highly dispersed Ce species supported on silica quantitatively by curve fitting analysis on 

Ce L3-edge XANES spectra.
47

 Again, a large edge shift dependent on the electronic state of Ce 

enables them to quantify the oxidation number of Ce supported on silica. Shioi et al. used the Eu 
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L3-edge XANES spectra to track the change of the oxidation state of the luminescence center of Eu 

phosphor
48

 and evaluated the sample spectra with linear combination fitting analysis based on that of 

standard compounds to determine the ratio of the Eu
2+

 and Eu
3+

. 

On the other hand, there are less reports on the dependency of Ln L-edge XANES spectra on the 

local structure of Ln species. Antonio et al. measured Er and Lu L1 and L3-edge XAFS spectra of Er 

or Lu incorporated into sodium silicate glasses to determine the local structure of the Er and Lu 

atoms.
49

 Curve fitting analysis on the L3-edge EXAFS spectra clarified the relatively small number 

of coordinated O atoms, 6, but they also used each XANES spectrum and its second derivative to 

evaluate the local symmetry in the analogy with the W L3-edge XANES spectra and mentioned on 

the possibility of 5 or 7 coordinated environment in combination with the presence of the pre-edge 

peak at the L1-edge XANES, which indicates some distortion from inversion symmetry. D’Angelo et 

al. reported a series of papers on Ln L-edge EXAFS
50-54

 and XANES
55-57

 spectra of their aqueous 

complexes and illustrated the solvation model of the Ln aqueous or multidentate ligand complexes 

from La to Lu. They analyzed the XANES spectra in combination with molecular dynamics or 

elaborated XANES fitting procedure with MXAN,
58, 59

 and obtained plausible structural parameters 

which are consistent to the EXAFS results. They also pointed out the L3-edge XANES spectra is 

sensitive to the second shell around the X-ray absorbing atoms. 

However, systematic survey on a specific lanthanide element focused on the local environment 

is relatively scarce. As well known in the K-edge XANES spectra of 3d transition metal elements, 

the author suppose the L1 and L3-edge XANES spectra of lanthanide elements would have an 

interesting relationship to the local structure of lanthanide elements. 

Time-resolved Measurement of X-ray Absorption Fine Structure 

The most common XAFS measurement is operated in the so-called step scanning mode, which 

is realized by a cycle of rotation of a monochromator to change the incident X-ray energy and data 

acquisition at each energy point for a certain time with X-ray detectors such as ion chamber or solid 

state detector, and rotation of the monochromator, and so on. 

In 1981, a fast XAFS data acquisition technique is proposed by Matsushita et al. They obtained 

wavelength dispersive X-ray by a curved crystal and measured the X-ray intensity distribution 
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behind the focus in the presence and absence of a specimen at the focusing point to construct XAFS 

spectrum.
60

 For this technique called dispersive XAFS (DXAFS) at present, they used an X-ray film 

as the detector, and a XAFS spectrum of Cu foil was obtained in 0.1 seconds at that time. In these 

days, the DXAFS techniques are realized with position sensitive detectors such as X-ray CCD 

cameras. Frahm also developed another technique called quick XAFS (QXAFS) in 1988, simply by 

moving a conventional X-ray monochromator continuously, and obtained typical EXAFS spectra of 

Fe and Cu foils consistent to that measured in step scanning mode within 10 seconds covering an 

energy region up to 800 eV.
61

 He also pointed out the quick scanning mode is also applicable to 

XAFS measurement in fluorescent mode. These experimental techniques enable us to track the fast 

change of the samples and opened enormous application of XAFS spectroscopy to transient chemical 

reaction. From a few recent examples, Yamamoto et al. directly observed redox dynamics of high 

performance oxygen storage capacitor, CeO2-ZrO2, by means of D XAFS technique at the both of Ce 

L3-edge and Zr K-edge.
62

 They discussed the diffusion process of oxygen indirectly observed via the 

redox phenomena of Ce and Zr. Uemura et al. investigated the redox behavior of Pt3Sn or PtSn 

nanoparticles supported on Al2O3 by means of in situ time-resolved XAFS.
63, 64

 They found the 

sensitivity of Pt to oxidation was strongly affected by the amount of coexisting Sn species on the 

alumina. 

The author applied these time-resolved XAFS technique to two interesting applications for the 

elucidation of the formation mechanism of Rh metal nanoparticles in polyol process and the 

identification of intermediate species of bromobenzene homocoupling reaction mediated with a Ni 

complex catalyst. 

Needless to say, a number of scientists have been paying attention to fascinating properties of 

nanoparticles induced by the quantum effect, such as catalytic activity, luminescence, and surface 

plasmon resonance, and have already established various methods to prepare small, well-structured, 

and monodisperse nanoparticles. The formation mechanism is also investigated by analyzing the 

formed nanoparticles with, TEM, SEM, and so forth. However, these techniques are only applicable 

to the result of the particle formation and cannot provide direct evidence on the formation 

mechanism of nanoparticles. Then, in situ spectroscopy has been applied to the formation 

mechanism of nanoparticles such as SAXS, XRD, and XAFS. Harada et al. used in situ 
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time-resolved SAXS technique to explore the formation process of several metal nanoparticles in 

various environments. They analyzed the formation of Rh and Pd nanoparticles in aqueous ethanol 

solution of poly(N-vinyl-2-pyrrolidone) (PVP) during photoreduction by in situ time-resolved SAXS 

measurements.
65

 The kinetic analysis based on the SAXS spectra proved the first stage of the Rh 

nanoparticle formation was autocatalytic nucleation and the second stage was the Ostwald ripening 

process. On the other hand, in the case of Pd nanoparticles, the reduction finished quickly and the 

main process of the nanoparticle formation is ascribed to the particle growth step based on the 

Ostwald ripening. They also reported similar analyses on Ag,
66

 Pt and Au.
67

 Ohyama et al. reported 

in situ observation of formation of Rh or Au nanoparticles by means of DXAFS and very fast 

QXAFS techniques.
68-71

 They revealed photodeposition process of Rh metal nanoparticles on TiO2 

from Rh
3+

 aqueous solution in the presence of methanol as a sacrificial reductant. In combination 

with ICP analysis for the quantification of remaining Rh cation in the suspension during the 

photodeposition, they proposed the Rh nanoparticles in a uniform size appear at a constant rate with 

no apparent growth of the nanoparticles. They also employed millisecond time-resolved QXAFS 

measurement to clarify the formation mechanism of Au nanoparticles from HAuCl4 solution in the 

presence of equimolar dodecanethiol, and revealed some part of Au precursor was reduced to Au
+ 

before the nanoparticle formation, the kinetics of the formation mechanism of Au nanoparticles. 

Identification of an intermediate complex generated during homogeneous catalytic reaction 

mediated by an organometallic complex is an important point to demonstrate the reaction mechanism 

of the catalysis. For that purpose, the most common and essential approach is to isolate the 

intermediate compound, recrystallize it in a single crystal form, and measure and solve the 

diffraction patterns. However, both processes of isolation and recrystallization are usually difficult 

and sometimes impossible. In addition, as the geometric and electronic structure of the dissolved 

complex could be different from that in solid form, the recrystallized compounds could be different 

from the true intermediate species because of the absence of the solvation effect. Even though the 

structural analysis by EXAFS spectroscopy is limited to the first or second shells around the X-ray 

absorbing atoms, in situ time-resolved XAFS measurement could be one solution to shed light on the 

intermediate species. The main problem of this approach is that the XAFS spectrum has only 

averaged information of the chemical species during the reaction and one cannot assume each 
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spectrum consists of a specific species. However, a series of time-resolved spectra can be analyzed in 

the aid of kinetics and statistics such as reaction rate equation or factor analysis to perform a 

plausible analysis on the experimental data. 

Outline of the Present Thesis 

The author found a correlation among the local configuration, the characteristic features 

observed at K, L1 or L3-edge XANES spectra for group 5, 6, 7 metal and lanthanide elements in their 

complex oxide forms and proposed two interpretation strategies for in situ time-resolved XAFS 

measurements aiming to elucidate the formation mechanism of Rh metal nanoparticles or the 

intermediate complex in catalytic reaction with organometallic complex. 

For the former theme, a systematic survey of K, L1 and/or L3-edge XANES spectra of Nb, Mo, 

Ta, W, Re complex oxides or compounds was performed. The pre-edge peak areas at the Nb or Mo 

K-edge or Ta, W, Re L1-edge XANES spectra, and the width of the split white lines at the Nb, Mo, 

Ta, W, Re L3-edge XANES spectra depend on the local structure of each element, namely on the 

coordination number of adjacent O atoms and/or crystallographic distortion of the local environment 

of the element. DFT calculation on the primitive hydride complex models also supported the 

experimentally observed dependence of the characteristic features of XANES spectra on the local 

environments. This result encouraged the author to extend the idea to the XANES study on 

lanthanide elements. 

A systematic survey on the L1 and L3-edge XANES spectra of lanthanide elements, La, Pr, Nd, 

Sm, Eu, Gd, Ho, Er, and Yb in their complex oxide forms, demonstrated the pre-edge peak area at 

the Ln L1-edge XANES spectra depends on the change of the local configuration. The group 5, 6, 7 

elements usually take 4 to 6 adjacent atoms, which can be classified into tetrahedral, trigonal 

bipyramidal, or octahedral geometries, but these lanthanide elements usually take 7 to 12 adjacent 

atoms, which is completely different from the group 5, 6, 7 elements. Thus, a new primitive, but 

practical indexing methodology for parameterization of the local configuration only from the 

geometry is introduced for the interpretation of the complicated local configuration. On the Ln 

L3-edge XANES spectra, even though the lifetime broadening of these lanthanide elements are a bit 

smaller than or similar to that of Ta (4.88 eV), W (4.98 eV), and Re (5.04 eV), (La: 3.41 eV, Pr: 3.60 
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eV, Nd: 3.65 eV, Sm: 3.86 eV, Eu: 3.91 eV, Gd: 4.01 eV, Ho: 4.26 eV, Er: 4.35 eV, Yb: 4.60 eV), the 

energy resolution in this range from 5.5 keV to 9.0 keV is lower than in the range above 10 keV (Ta 

L3-edge) because typical Si crystal plane to monochromate the incoming white X-ray from 

synchrotron source is Si(111) in the lower range, but Si(311) in the higher energy. This means energy 

resolution of the lanthanide XANES spectra could be lower than that of Ta, W, Re in practice. This 

brings a difficulty to use derivative spectra of lanthanide XANES to estimate the energy splitting of 

the unoccupied states as performed in group 5, 6, 7 elements. It was overcome simply by evaluating 

the full width at half maximum (fwhm) of the white line of the Ln L3-edge XANES spectra by curve 

fitting analysis with one pseudo-Voigt and one arctangent functions. The fwhm values also show 

correlation with the change of the local structure. The relationship was also supported by DFT 

calculation and other theoretical simulation based on multiple scattering theory. 

On the latter themes, the author tried to clarify the reaction mechanism and the intermediate 

transient chemical species during Rh nanoparticles formation in the absence and presence of bromide 

protecting reagents or during homocoupling reaction of bromobenzene into biphenyl with Ni(cod)2 

as a homogeneous catalyst by means of in situ time-resolved XAFS technique. 

The author investigated the formation mechanism of Rh metal nanoparticles prepared by a 

typical polyol process by means of in situ time-resolved XAFS and ICP-MS techniques. In the 

reaction condition, the formation process of Rh nanoparticles obeys on a first order kinetics, which 

indicates Rh nanoparticles appear consecutively in a uniform size without any observable transient 

chemical species and they do not aggregate with each other. On the other hand, in the presence of 

quaternary ammonium bromides as structure control reagents, the Rh nanoparticles turned to be 

cubic form. To clarify the drastic change of the Rh nanoparticles structure, the author also applied in 

situ time-resolved XAFS technique to the Rh nanocube formation process and found a detailed 

picture of the formation mechanism such as formation of Rh bromide clusters, one of the important 

transient chemical species in the aid of ICP-MS, XRD, UV/Vis, and TEM. 

The main target of the latter experiment, a transient Ni dimer complex previously proposed from 

the detailed reaction results,
72

 could not be caught at this time, but, spectral deconvolution of a series 

of EXAFS spectra based on kinetic equations provided an intermediate spectrum, which can be 

assigned to an intermediate Ni complex generated by oxidative addition of bromobenzene. A curve 
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fitting analysis on the extracted EXAFS spectrum suggested a possible significant coordination of 

solvent, which cannot be reached by the structural analysis on the isolated compounds. 
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Chapter 1 

 

Structural Analysis of Group V, VI, VII Metal Compounds 

by X-ray Absorption Edge Near Structure 

 

Abstract 

The characteristic features of K-, L1-, and L3-edges of X-ray Absorption Near Edge Structure 

(XANES) spectra of group V, VI, and VII elements in their compounds, which have different 

coordination number, number of d electrons, and the coordination sphere symmetry, have been 

classified. Two p → d transitions were observed in the second derivatives of the L3-edge XANES 

spectra for the group V, VI, and VII compounds. These two transitions can be assigned to split d 

orbitals. The splitting of the white line depends on the symmetry of coordination sphere because the 

splitting corresponds to the crystal field splitting of d orbitals. The splitting of d orbitals is correlated 

with the pre-edge peak area of K or L1-edge XANES spectra, which are attributed to the electric 

dipole transition from s to p component of hybridized orbitals. This correlation is supported by DFT 

calculations of virtual hydride complex models of V, VI, and VII elements, which have four-, five-, 

or six-coordinated geometries, respectively. Clarifying the correlation between the splitting of the 

white line and local structure of group V, VI, and VII metal compounds is important to provide 

structural information about unknown group V, VI, and VII metal sites. 
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Introduction 

X-ray absorption near edge structure (XANES) is a powerful probe of the geometric and 

electronic structure within a distance of several angstroms around the target atom. The target atom 

valence is often determined by the position of the K- and/or L3-edges. The local symmetry is inferred 

by the pre-edge peak area of K- or L1-edge XANES spectra, which show “s → d” transitions. The s 

→ d transitions are dipole forbidden transitions for regular octahedral (Oh) site symmetry; however, 

the dipole transition of s-electron to the p-component of the p-d hybridized orbital, which is formed 

in the case of a polyhedron where Oh symmetry is distorted, occurs. This indicates the absence of a 

center of inversion symmetry and the mixing of p and d orbitals. Therefore, central atoms with 

tetrahedral (Td) symmetry exhibit large pre-edge peak areas in K- and L1-edge XANES spectra. 

Recently, Yamamoto reviewed the characteristics of pre-edge peaks in K-edge XANES spectra of 3d 

transition metals, from the view points of the selection rule, coordination number, number of 

d-electrons, and coordination sphere symmetry.
1
 The features of pre-edge peaks in K-edge XANES 

spectra for 4d elements and the L1-edge for 5d elements are analogous to those for 3d elements, but 

the pre-edge peak is broadened because of the large natural width of the core level.
1
 The main peak 

observed at the L3-edge XANES spectrum, so-called white line directly reflects the electronic states 

of vacant d orbitals of the X-ray absorbing atom. In the case of Mo L3-edge, the white line exhibits 

well-resolved two peaks.
2-5

 The splitting and area of these two peaks depends on the symmetry at the 

Mo site because the splitting corresponds to crystal field effects on the d orbitals. The XANES 

spectra of the W L3-edge probe the d orbital character as well as those of the Mo L3-edge because the 

prominent peak of the W L3-edge XANES spectrum is the white line caused by the 2p → 5d 

transition.
6
 Although the features of L3-edge XANES spectra for 5d elements such as Ta

7, 8
 and Re

9
 

are analogous with those for W, there is little information about the relationship between the white 

line splitting and the structure of 5d species. This is because the white line is not distinctly split as 

the Mo L3-edge white line, probably because of the wide natural width of the core level. The white 

line appears to consist of multiple overlapping peaks, which are very likely to correspond to the 

electron transition from 2p orbitals to the split d orbitals. In this study, the characteristic features 

have been classified to evaluate the influence of the period and group of each element in group V, VI, 
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VII on the correlation between the d orbital splitting and pre-edge peak areas of K- or L1- edge 

XANES spectra and the coordination chemistry. A theoretical calculation based on density functional 

theory (DFT) of their simplified model compounds supported the spectral change of each spectrum. 

The energy gaps of split d orbitals of several models having 4-, 5-, and 6-coordinated 4d and 5d 

transition metal centers were calculated by means of DFT. The relationship between the d orbital 

energy gap and the metal center symmetry was classified. The mixing ratio of the vacant p orbital 

with d orbitals for several models was also evaluated, and the correlation between the hybridization 

and the d orbital energy gap was classified. The correlation among the width of white line splitting of 

the L3-edge XANES spectra and pre-edge peak area of the K- or L1-edge XANES spectra and the 

local configuration of group V, VI, VII elements will provide structural information about unknown 

group V, VI, and VII metal sites. 

Experimental Section  

Preparation of Reference Samples  

Reference samples containing the Nb atom in the form of LiNbO3, NaNbO3, and Nb2O5 were 

purchased from Nacalai Tesque Ltd. (Kyoto, Japan). KNbO3 and YbNbO4 were synthesized by 

solid-state reaction. KNbO3: K2CO3 (Nacalai Tesque, 0.384 g, 2.78 mmol) and Nb2O5 (Aldrich, St. 

Louis, MO, USA, 0.669 g, 2.52 mmol) were mixed and ground, followed by heating at 1323 K for 

10 h. YbNbO4: Yb2O3 (Kanto chemical, Tokyo, Japan, 0.799 g, 2.03 mmol) and Nb2O5 (Aldrich, 

0.536 g, 2.02 mmol) were mixed and ground, followed by heating at 1423 K for 24 h. 

MgMoO4, Na2MoO4, and MoO3 were purchased from Nacalai Tesque, and (NH4)6Mo7O24· 

4H2O was purchased from the Wako Chemical Co. (Tokyo, Japan). Ba2NiMoO6 was synthesized by 

solid-state reaction. Ba2NiMoO6: BaCO3, NiCO3 (Wako), and MoO3 were mixed and ground. The 

mixture was heated at 1373 K for 20 h, reground, and then calcined at 1423 K for 12 h. 

Ta2O5 was purchased from Kojundo Kagaku (Tokyo, Japan). YTaO4, KTaO3, LiTaO3, and 

NaTaO3 were synthesized by solid state reaction. YTaO4: Y2O3 and Ta2O5 were mixed, ground, and 

calcined. KTaO3: K2CO3 (2.594 g, 18.77 mmol) and Ta2O5 (7.886 g, 17.85 mmol) were mixed and 

ground, followed by heating at 1373 K for 20 h, hydration by stirring in 100 mL of water, and then 
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finally drying. NaTaO3: Na2CO3 (2.465 g, 23.26 mmol) and Ta2O5 (9.789 g, 22.15 mmol) were 

mixed, ground, and calcined. LiTaO3: Li2CO3 (2.397 g, 32.44 mmol) and Ta2O5 (13.637 g, 30.86 

mmol) were mixed and ground, followed by heating at 1373 K for 10 h and subsequent hydration. 

WO3 and Na2WO4·2H2O were purchased from Nacalai Tesque. (NH4)10W12O41·5H2O was 

purchased from Wako. H3PW12O40·13H2O was kindly supplied by the Nippon Inorganic Color & 

Chemical Co., Ltd. Cr2WO6, Ba2NiWO6, and Sc2W3O12 were synthesized by solid-state reaction as 

described in previous literatures.
10, 11

 Cr2WO6: Cr2O3 (Koso Chemical Co., Ltd., Tokyo, Japan) and 

WO3 were mixed and ground. The mixture was calcined at 1423 K for 24 h. Ba2NiWO6: BaCO3, 

NiCO3 (Wako), and WO3 were mixed and ground. The mixture was heated at 1373 K for 20 h, 

reground, and calcined at 1423 K for 12 h. Sc2W3O12: Sc2O3 (Kanto Chemical Co., Inc.) and WO3 

were mixed, ground, and calcined at 1273 K for 5 h, reground, and then reheated at 1423 K for 24 h. 

NaReO4, NH4ReO4, and Re2O7 were purchased from Aldrich or Strem. Sr2NaReO6, Ba2LiReO6, 

Ba2NaReO6, and La3ReO8 were synthesized by solid-state reaction as described in previous 

papers.
12-15

 Ba2NaReO6: BaCO3 (Wako, 394.2 mg), NH4ReO4 (Wako, 296.2 mg), and Na2CO3 (Wako, 

53.4 mg) were mixed and ground. The mixture was heated at 873 K for 1 h and then at 1173 K for 3 

h. Ba2LiReO6: BaCO3 (Wako, 397.0 mg), NH4ReO4 (Wako, 303.8 mg), and Li2CO3 (Wako, 38.2 mg) 

were mixed and ground. The mixture was heated at 873 K for 1 h and then at 1173 K for 3 h. 

Sr2NaReO6: SrCO3 (Wako, 184.9 mg), Na2CO3 (Wako, 33.8 mg), and NH4ReO4 (Wako, 185.4 mg) 

were mixed and ground. The mixture was heated at 973 K for 1 h and at 1173 K for 4 h. La3ReO8: 

La2O3 (Wako, 200.9 mg) and NH4ReO4 (Wako, 111.6 mg) were mixed and ground. The mixture was 

heated at 873 K for 3 h and then at 1173 K for 4 h. Confirmation of the identity of synthesized 

samples was done by comparison with literature XRD patterns. Re2O7/Al2O3 (18 wt %) was also 

prepared by the impregnation method from NH4ReO4 and Al2O3 (JRC-ALO-8), following calcination 

at 773 K for 3 h. 

XAFS Measurements 

Nb and Mo L3-edge XANES data were recorded at the BL-1A station
16

 on the soft X-ray 

beamline at UVSOR (Institute for Molecular Science, Okazaki, Japan). Spectra of their powder 

samples were recorded in a total electron yield mode at room temperature, using an InSb(111) double 
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crystal monochromator. The photon energy was calibrated using the Nb and Mo L3-edges of Nb and 

Mo metal samples, respectively, and this energy was set as the standard reference energy. Nb and Mo 

K-edge and Ta, W, and Re L1- and L3-edge XANES data were collected at the BL01B1 beamline at 

the SPring-8 (Japan Synchrotron Radiation Research Institute, Hyogo, Japan) in transmission mode 

in air at room temperature. Powder samples were mixed with an appropriate amount of boron nitride 

and pressed into pellets. Incident X-ray and transmitted fluxes were measured by ion chambers filled 

with N2 (50%)/Ar (50%) and Ar (75%)/Kr (25%) for Nb and Mo K-edges and N2 (85%)/ Ar (15%) 

and N2 (50%)/Ar (50%) for Ta, W, and Re L1- and L3-edges. A Si(311) double crystal 

monochromator was used to obtain a monochromatic X-ray beam. Higher harmonic X-rays were 

removed by changing the glancing angle of the X-ray mirrors. The photon energy was calibrated by 

each metal. Data reduction was carried out with the REX2000 ver.2.5.9 program
17

 (Rigaku, Tokyo, 

Japan) and Igor Pro ver. 6.06J (Wavemetrics, Lake Oswego, OR, USA). 

 

Theoretical Calculations 

The splitting of vacant d orbitals and mixing ratio of p to d orbitals were estimated by DFT 

calculations with the Gaussian03 program package
18

 in the B3LYP/LanL2DZ level and the NBO 

package.
19, 20

 Metal hydride complex models (vide infra) were used to evaluate the crystal field effect 

as for the hydride being the nearest anion. As the models of six-, five-, and four-coordinated 4d and 

5d transition metal sites, [MH6]
−
, MH5, and [MH4]

+
 (M = Nb and Ta), MH6, [MH5]

+
, and [MH4]

2+
 (M 

= Mo and W), and [MH6]
+
, [MH5]

2+
, and [MH4]

3+
 (M = Re) were used, respectively. Single point 

calculations were performed on the different structure models, and the splitting of d orbitals by the 

crystal field was estimated as the difference of the energies between the averaged upper and lower 

molecular orbitals. The contribution of p orbitals into d orbitals of the metal center was also 

calculated, from the atomic orbital contribution to the molecular orbitals using the NBO package. 

This was done to evaluate the relationship between the p orbital contribution and the pre-edge peak 

area of K- or L1-edge XANES spectra, which corresponds to the s → d dipole forbidden transition. 

The metal hydride models are very simple point charge models compared from actual reference 

compounds, which have several oxygen bonds. In this study, we focused on the symmetry of the 
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target atom based on the crystal field theory, and the DFT calculations are just preliminary or 

elementary analyses.  

Results and Discussion 

Re L3-Edge XANES Spectra of Re Complex Oxides 

 

Figure 1. Re L3-edge XANES spectra of (a) NH4ReO4, (b) NaReO4, (c) Re2O7, (d) Sr4NiRe2O12, (e) 

La3ReO8, (f) Sr2NaReO6, (g) Ba2NaReO6, and (h) Ba2LiReO6. 

Figure 1 shows the Re L3-edge XANES spectra of reference samples containing the Re
7+

 ion. 

The perovskite compounds Ba2LiReO6, Ba2NaReO6, and Sr2NaReO6 have regular Oh symmetry and 

exhibit two peaks assignable to electronic transition from the 2p orbitals to vacant 5d orbitals (2p3/2 

state to 5d3/2 or 5d5/2 states). On the other hand, L3-edge XANES spectra of La3ReO8 and 

Sr4NiRe2O10, which have a distorted ReO6 unit symmetry, show a similar white line to Re 

compounds containing regular octahedral ReO6 units. Re2O7 has both a highly distorted ReO6 unit 

and a ReO4 unit and exhibits a small white line with only one peak. The reason why the white line of 

Re species of Re2O7 is smaller than that of other Re compounds might be ascribed to the result of the 

convolution of the XANES spectra of each ReO4 and ReO6 units. NaReO4 and NH4ReO4 have 
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complete tetrahedral ReO4 unit symmetry and exhibit one asymmetrical peak as white line. These 

differences in white line shape are interpreted to reflect the influence of the splitting of the Re 5d 

orbitals by the crystal field. The distortion of regular Oh symmetrical units solves the degeneracy of 

5d orbitals and results in smaller splitting of the 5d orbitals. Therefore, La3ReO8 and Sr4NiRe2O10 

which have distorted Oh symmetry show smaller d orbital splitting. NaReO4 and NH4ReO4 with 

almost complete tetrahedral ReO4 unit symmetry have two degeneracy d orbitals as e and t2 

symmetry and much smaller d orbital splitting. Thus, the white line of these compounds shows only 

one peak with a small shoulder peak at around 10536 eV. 

 

Figure 2. Second derivatives of Re L3-edge XANES spectra of (a) NH4ReO4, (b) NaReO4, (c) Re2O7, 

(d) Sr4NiRe2O12, (e) La3ReO8, (f) Sr2NaReO6, (g) Ba2NaReO6, and (h) Ba2LiReO6. 

To clarify the state of vacant d orbitals from the Re L3-edge white line, second derivative spectra 

can be used in an analogous manner to that done for W L3-edge XANES spectra.
6
 Second derivatives 

of the Re L3-edge white line make it clearly apparent that the white line consists of two peaks 

(NaReO4 and NH4ReO4 exhibit a large peak with a shoulder at lower energy), as shown in Figure 2. 

The difference in d orbital energy can be easily elucidated from the energy gap of the two minima in 

the second derivative spectra. Sr2NaReO6, Ba2NaReO6, and Ba2LiReO6 with regular Oh ReO6 unit 
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symmetry exhibit the largest energy gaps, with values of 5.0, 4.9, and 5.1 eV, respectively. 

Sr4NiRe2O12, and La3ReO8, with distorted Oh ReO6 unit symmetry exhibit slightly smaller energy 

gaps of 4.6 and 4.8 eV, respectively. Re2O7 with both a highly distorted octahedral ReO6 unit and a 

tetrahedral ReO4 unit and NaReO4 and NH4ReO4 with complete tetrahedral ReO4 unit symmetry 

show the smallest energy gaps of 2.6, 1.2, and 1.2 eV, respectively. The relationship between their 

local symmetry and the energy gap of Re L3-edge XANES spectra follows a tendency similar to that 

reported for W compounds.
6
 They reported that W compounds with tetrahedral WO4 unit symmetry 

have small energy gaps (1.7 – 1.9 eV), and octahedral WO6 unit symmetry compounds exhibit large 

energy gaps (4.8 – 5.6 eV). Distorted octahedral WO6 unit symmetry compounds exhibit midrange 

energy gaps (3.0 – 4.0 eV). 

Re L1-Edge XANES Spectra of Re Complex Oxides 

  

Figure 3. Re L1-edge XANES spectra of (a) NH4ReO4, (b) NaReO4, (c) Re2O7, (d) Sr4NiRe2O12, (e) 

La3ReO8, (f) Sr2NaReO6, (g) Ba2NaReO6, and (h) Ba2LiReO6. 

Figure 3 shows the Re L1-edge XANES spectra of the reference samples. The L1-edge of 

XANES spectra reflects the electronic state and geometry of the Re species, which are identified by 
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the X-ray absorption edge position and the pre-edge peak intensity. The pre-edge peak of each Re 

L1-edge XANES spectrum at around 12525 eV can be preliminary attributed to electric transition 

from the “2s to 5d” orbitals. A less symmetric Re species (i.e., distorted from Oh symmetry) provides 

a larger pre-edge peak because the forbidden electron transition (2s → 5d) is allowed by the mixing 

of Re and ligand p orbitals into vacant d orbitals. Ba2LiReO6, Ba2NaReO6, and Sr2NaReO6 all have 

an octahedral ReO6 unit and exhibit small pre-edge peaks, while La3ReO8 and Sr4NiRe2O12 have 

distorted octahedral ReO6 unit symmetry and exhibit moderate pre-edge peak areas. By contrast, 

NaReO4 and NH4ReO4 with a complete ReO4 unit and Re2O7 with mixed tetrahedral ReO4 and 

octahedral ReO6 units all exhibit large pre-edge peak areas. To quantitatively evaluate the pre-edge 

peak area, each Re L1-edge XANES spectrum was analyzed by a deconvolution method as 

previously reported by Horsley.
21

 The deconvolution of Re L1- edge XANES spectra was performed 

with three Lorentzian and an arctangent function, which involves electronic transition from the 2s 

core orbital to unoccupied orbitals including multiple scattering effect and to the vacuum level, 

respectively. 

Deconvolution results are shown in Figure 4. Although the pre-edge peaks of Ba2LiReO6, 

Ba2NaReO6, Sr2NaReO6, Sr4NiRe2O12, Re2O7, NaReO4, and NH4ReO4 can all be fitted with one 

Lorentz function, two Lorentz functions were used in the case of La3ReO8. Westre et al. reported that 

the pre-edge features of the Fe K-edge for iron complexes consist of electric dipole and quadrupole 

transitions.
22

 The electric quadrupole transition from the s to d orbitals is usually much weaker than 

the electric dipole transition and that the electric dipole intensity was explained by the mixing of Fe 

4p into Fe 3d orbitals. In the present study, it is assumed that Ba2LiReO6, Ba2NaReO6, and 

Sr2NaReO6 also have no (or little) hybridization of the d and p orbitals and that only quadrupole 

electronic transitions can occur as for the case with Fe complexes. Therefore, the pre-edge peaks of 

Ba2LiReO6, Ba2NaReO6, and Sr2NaReO6 were all assigned to the quadrupole electron transitions 

from 2s to t2g and eg of the 5d orbitals. The large pre-edge peaks of NaReO4 and NH4ReO4 are 

predominantly caused by electric dipole transitions. For La3ReO8, Sr4NiRe2O12, and Re2O7, the 

deviation in ReO6 symmetry from Oh would account for the medium pre-edge peak intensity 

originating from electric dipole transition. 
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Figure 4. Deconvolution of the pre-edge peak for Re L1-edge XANES spectra of (a) Ba2LiReO6, (b) 

Ba2NaReO6, (c) Sr2NaReO6, (d) La3ReO8, (e) Sr4NiRe2O12, (f) Re2O7, (g) NaReO4, and (h) 

NH4ReO4. 

Relationship between the splitting width of white line at L3-Edge XANES and the pre-edge 

peak area at L1-Edge XANES spectra 

The pre-edge peak area of Re L1-edge XANES spectra expresses the mixing ratio of the p 

orbitals of Re and ligands into vacant 5d orbitals, and this mixing ratio depends on the symmetry of 

the Re species. For example, Oikawa et al. estimated the local structure of Re species of Re/Al2O3 

catalysts from Re L1-edge XANES spectra.
23

 The splitting width of the two peaks at the Re L3-edge 

reflects the splitting of the 5d orbitals by crystal field. It can be reasonably expected that the 

combination of pre-edge peak area of Re L1-edge XANES spectra and the energy gap between the 

peaks of the Re L3-edge XANES spectra provides more reliable information on the local structure of 

the Re species. 
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Figure 5. Dependence of the pre-edge peak area of Re L1-edge XANES spectra on the splitting of 

white line of Re L3-edge XANES spectra. Reference samples were Ba2LiReO6, Ba2NaReO6, 

Sr2NaReO6, La3ReO8, Sr4NiRe2O12, Re2O7, NaReO4, and NH4ReO4 (open circle: 18 wt % 

Re2O7/Al2O3). 

Figure 5 shows the pre-edge peak area of the Re L1-edge XANES spectra plotted against the 

energy gap of the split Re L3-edge white line of the reference samples. Figure 5 reveals an interesting 

relationship that the pre-edge peak area has a linear correlation with the energy gap. Octahedral Re 

species appear on the lower right corner in Figure 5, and distortion from Oh symmetry moves species 

toward the upper left corner. La3ReO8, Sr4NiRe2O12, and Re2O7 all have a distorted octahedral ReO6 

unit or mixed states and are located between the octahedral ReO6 species (Ba2LiReO6, Ba2NaReO6, 

and Sr2NaReO6) and tetrahedral ReO4 species (NaReO4 and NH4ReO4). Moreover, the Re L1- and 

L3-edge XANES spectra of 18 wt % Re2O7/Al2O3, which acts as the effective catalyst for olefin 

metathesis, was measured and analyzed in the same procedure above. As shown in Figure 5, the plot 

of 18 wt % Re2O7/Al2O3 is located at the upper left corner. Thus, the Re species in 18 wt % 

Re2O7/Al2O3 can be concluded as a tetrahedral species. 

Analysis of XANES Spectra for Other Reference Samples (Nb, Mo, Ta, and W) 

K- and L3-edge XANES spectra of Nb reference samples (LiNbO3, NaNbO3, KNbO3, Nb2O5, 

YbNbO4), Mo reference samples (BaNiMoO6, (NH4)6Mo7O24·4H2O, MoO3, MgMoO4, Na2MoO4), 

and L1- and L3-edge XANES spectra of Ta reference samples (LiTaO3, NaTaO3, KTaO3, Ta2O5, 
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YTaO4), W reference samples (Ba2NiWO6, Cr2WO6, (NH4)10W12O41·5H2O, WO3, 

H3PW12O40·12H2O, Na2WO4·2H2O, Sc2W3O12) were analyzed in the same way as Re compounds. 

 

Figure 6. Dependence of the pre-edge peak area for Nb K-edge XANES spectra on the energy gap of 

the split Nb L3-edge white line. Reference samples were LiNbO3, NaNbO3, KNbO3, Nb2O5, and 

YbNbO4. 

 

Figure 7. Dependence of pre-edge peak area of Mo K-edge XANES spectra on the energy gap of the 

split Mo L3-edge white line. Reference samples were Ba2NiMoO6, (NH4)6Mo7O24·4H2O, MoO3, 

MgMoO4, and Na2MoO4. 

Figure 6 shows the pre-edge peak area of Nb K-edge XANES spectra plotted against the energy 
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gap of the split Nb L3-edge white line. Figure 6 reveals an interesting correlation similar to that of Re 

compounds shown in Figure 5. Octahedral Nb species including LiNbO3, NaNbO3, and KNbO3 

appear in the lower right corner in Figure 6, and distortion from Oh to Td symmetry shifts toward the 

upper left corner. Nb2O5 has complicated 6- and 7-coordinated NbO6 and NbO7 units and is located 

between distorted octahedral NbO6 species (LiNbO3, NaNbO3, and KNbO3) in Figure 6. YbNbO4 has 

a distorted tetrahedral NbO4 unit and is located in the upper left corner. For Nb compounds, a 

relatively small difference of these features was observed. Nb compounds with complete tetrahedral 

NbO4 unit symmetry would be expected to be plotted in the upper left corner (approximate 2 eV 

energy gap and 6 eV pre-edge peak area) in Figure 6. Figure 7 shows the pre-edge peak area of Mo 

K-edge XANES spectra plotted against the energy gap of the split Mo L3-edge white line and reveals 

a much clearer correlation, in that the octahedral Mo species like Ba2NiMoO6 appear in the lower 

right corner, and distortion from Oh symmetry shifts species toward the upper left corner. 

(NH4)6Mo7O24·4H2O and MoO3 are located between the complete octahedral MoO6 unit species 

(Ba2NiMoO6) and nearly complete tetrahedral MoO4 unit species (Na2MoO4 and MgMoO4). 

 

Figure 8. Dependence of pre-edge peak area of Ta L1-edge XANES spectra on the energy gap of the 

split Ta L3-edge white line. Reference samples were LiTaO3, NaTaO3, KTaO3, Ta2O5, and YTaO4. 
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Figure 9. Dependence of the pre-edge peak area of W L1-edge XANES spectra on the energy gap of 

the split W L3-edge white line. Reference samples were Ba2NiWO6, Cr2WO6, (NH4)10W12O41·5H2O, 

WO3, H3PW12O40·12H2O, Na2WO4·2H2O, and Sc2W3O12. 

Figure 8 shows the pre-edge peak area of Ta L1-edge XANES spectra plotted against the energy 

gap of the split Ta L3-edge white line, where a clear correlation is again apparent. Distorted 

octahedral Ta species such as LiTaO3, NaTaO3, and KTaO3 appear on the lower right corner, with 

distortion from Oh toward Td symmetry shifting the plot toward the upper left corner. Ta2O5 has 

complicated 6- or 7-coordinated TaO6 or TaO7 units and is located between distorted octahedral TaO6 

species (LiNbO3, NaNbO3, and KNbO3) and distorted tetrahedral TaO4 species (YTaO4). Figure 9 

shows the pre-edge peak area of W L1-edge XANES spectra plotted against the energy gap of the 

split W L3-edge white line and reveals a clear linear correlation. Octahedral W species like 

Ba2NiWO6 appear in the lower right corner, and distortion from Oh symmetry shifts species toward 

the upper left corner. WO3, H3PW12O40·12H2O, and (NH4)10W12O41·5H2O have large distorted 

octahedral structures and the plots of WO3 and H3PW12O40·12H2O are located between the 

octahedral WO6 species (Cr2WO6 and Ba2NiWO6) and tetrahedral WO4 species (Na2WO4·2H2O and 

Sc2W3O12). The effects of element group and period on characteristic features of XANES spectra are 

discussed below. 
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DFT Calculations 

We evaluated the mixing ratio of 6p orbitals into 5d orbitals for all ReHx (x = 4, 5, and 6) 

models and investigated the relationship between mixing ratio and the energy gap of split 5d orbitals 

using the DFT calculations. This calculation was carried out to support the relationship between local 

structure and electronic state discussed above. 

 

Figure 10. Crystal field splitting of Re
7+

 d orbitals (d
0
) in 6-coordination: (a) octahedral structure 

with a 1.90 Å bond length for Re−H; (b−f) distance(s) between H atom(s) and the central cation are 

changed by 0.1 Å in the direction(s) marked by the arrow(s); (g−i) H atom(s) are rotated by 15°. 

Figure 10 shows several [ReH6]
+
 models and their calculated 5d orbital splitting. A series of 

[ReH6]
+
 models with various Re−H bond lengths on the z axis are given in Figure 10a−e. The ReH6 

model in Figure 10a has octahedral symmetry (Oh), and all the Re−H lengths are 1.9 Å. The 5d 

orbitals split into the t2g and eg states. When one or two H atoms on the z axis are 0.1 Å closer to or 
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further from the Re atom, a small splitting of the eg state occurs, as shown in Figure 10b−e. The 

shortening or elongation of the Re−H bond makes the dz2 orbital unstable or stable, respectively. 

The average energy gap between the t2g and eg states shows that the coordination distance of Re−H 

has a small effect on the 5d splitting. The [ReH6]
+
 model in Figure 10f involves the central Re atom 

moving 0.1 Å in the yz direction, and this exhibits only a small splitting of the t2g and eg states. 

Rotation of two H atoms on the z axis toward the y direction (Figure 10g) results in a similar 

electronic state to that in Figure 10b−e. However, the energy gap of the t2g and eg states is smaller 

than that of the basic octahedral [ReH6]
+
 model. We also performed calculations where H atoms on 

the x and/or y axis were rotated toward the z axis, shown in Figure 10h,i. Both splitting of the t2g and 

eg states and reduction in the energy gap occur because of stability of the dz2 orbital and instability 

of the dyzand dzx orbitals. These results indicate that Re−H bond length is associated with splitting 

of the t2g state and that the angular distortion from an octahedral structure affects the energy gap 

between the split 5d orbitals. In some instances, the splitting of the t2g and eg states is also affected. 

 

Figure 11. Crystal field splitting of Re
7+

 d orbitals (d
0
) in 4-coordination: (a) tetrahedral structure 

with 1.85 Å bond length for all Re−H; (b−e) distance(s) between the H atom(s) and central cation are 

changed by 0.1 Å in the direction marked by the arrow(s); (d, e) angle(s) of H−Re−H are changed to 

140°. 

DFT calculations were also carried out on [ReH4]
3+

 models in addition to [ReH6]
+
 models, and 

the results are shown in Figure 11. The [ReH4]
3+

 model in Figure 11a has tetrahedral symmetry, and 
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all Re−H bond lengths are 1.85 Å. The 5d orbitals of Re consist of doubly degenerate e states and 

triply degenerate t2 states. The energy gap of the split 5d orbitals is 3.89 eV and is smaller than the 

energy gaps for all [ReH6]
+
 models. Shortening one or two Re−H bonds in Figure 11b,c destabilizes 

the dzx orbital but has little effect on the energy gap between the e and t2 states. Figure 11d shows 

the [ReH4]
3+

 model in which the angle between the H−Re−H bonds of model (a) is changed from 

109.5° to 140.0°, with the two bond lengths remaining 1.85 Å. Increasing this angle results in an 

unstable dxy orbital and a stable dzx, and therefore the splitting of the t2 state is spread. The 

H−Re−H angle has a larger influence on the spreading of the t2 state than Re−H bond length. The 

energy level of the stable dyz orbital is almost midway between the e and the other t2 state. 

Therefore, the split 5d orbitals consist of e and t2 states, except that of dyz. In this case, the energy 

gap of the split 5d orbital is 3.92 eV, and the large angle leads to a large energy gap. Figure 11e also 

shows that changing the angle between the other H−Re−H bonds from 109.5° to 140.0° makes the 

dxy orbital unstable, and in contrast the dyz and dzx orbitals both become stable. The 5d orbital energy 

gap of the [ReH4]
3+

 model in Figure 11e is expressed by the difference between the average energies 

of the four 5d orbitals (dx2−𝑦2, dz2, dzx and dyz) and the energy of dxy because the stable dzx 

and dyz orbitals are close to dx2−𝑦2 and dz2. The energy gap is calculated to be 3.40 eV. These 

results indicate that the energy gap of the split 5d orbitals depends on distortion of the H−Re−H bond 

angle from tetrahedral symmetry. 
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Figure 12. Crystal field splitting Re
7+

 d orbitals (d
0
) in 5-coordination: (a) trigonal-bipyramidal 

structure with 1.90 Å bond length for all Re−H. (b) The distance of H atom to the central cation is 

changed by 0.1 Å in the direction marked by the arrow. (c) z axis is rotated by 15°. (d) 

Square-pyramidal structure with 1.90 Å bond lengths for all Re−H. 

[ReH5]
2+

 models were also calculated using the DFT method, and the results are shown in 

Figure 12. The 5d states of the [ReH5]
2+

 model in Figure 12a, having a trigonal-bipyramidal structure, 

consist of two stable 5d orbitals (dyz and dzx), slightly unstable 5d orbitals (dxy and dx2−𝑦2), and 

an unstable dz2 orbital. The energy gap of the split 5d orbitals is expressed by the difference 

between the average energy of the four orbitals dzx, dyz, dxy, and dx2−𝑦2 and the energy of the 

dz2 orbital because the dxy and dx2−𝑦2 levels are close to the dzx and dyz levels. The energy gap is 

4.62 eV, and this value is between that for tetrahedral [ReH4]
3+

 and octahedral [ReH6]
+
 models. 

Shortening one of the three Re−H bonds on the xy plane by 0.1 Å has hardly any effect on the 5d 

states, as shown in Figure 12b. On the other hand, distortion of the trigonal-bipyramidal structure by 

moving two H atoms on the z axis in the x direction (Figure 12c) leads to an unstable dzx orbital and 

a smaller energy gap (4.29 eV) for the split 5d orbital than that of [ReH5]
2+

 (Figure 12a). The 

[ReH5]
2+

 model in Figure 12d, with a square-pyramidal structure, showed different 5d states from 

those of [ReH5]
2+

 in Figure 12a−c. The 5d states in Figure 12d split into dxy, dyz, and dzx orbitals 

and dx2−𝑦2 and dz2 orbitals. These can be assumed to t2g and eg states, respectively. This tendency 

is similar to that of 6-coordinated [ReH6]
+
. However, the energy gap between the “t2g” and “eg” states 

is smaller than that of the [ReH6]
+
 models. The energy gaps of the 5d states of all [ReH5]

2+
 models 

have values between those of the [ReH4]
3+

 and [ReH6]
+
 models. We carried out DFT calculations for 

models of our reference samples to compare calculated results with experimental ones. Re 

geometries for the reference samples were obtained from published data.
12-15, 24, 25
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Figure 13. Crystal field splitting of Re
7+

 d orbitals (d
0
) in reference samples and ReO3: (a) NH4ReO4, 

(b) NaReO4, (c) Ba2NaReO6, (d) Ba2LiReO6, (e) Sr2NaReO6, (f) ReO3, (g) Sr4NiRe2O12. 

The calculated 5d states are shown in Figure 13. NH4ReO4 has Td symmetry and exhibits 5d 

states similar to the [ReH4]
3+

 model in Figure 11a. NaReO4 has C2v symmetry and exhibits 5d states 

similar to the [ReH4]
3+

 model in Figure 11c. The structures of Ba2LiReO6, Ba2NaReO6, and 

Sr2NaReO6 have Oh symmetry and exhibit 5d states similar to the [ReH6]
+
 models in Figure 10a. 

ReO3 is similar to the structure in Figure 10f, so the 5d states are close to those of the [ReH6]
+
 model 

depicted in Figure 10f. The relationship between the calculated energy gap of the split 5d state and 

the Re structure of the reference samples is in approximate agreement with the results obtained from 

the split in the Re L3-edge white line. Such agreement indicates that the energy gap of the split 5d 

states for some Re structures can be estimated from DFT calculations. The pre-edge peak of Re 

L1-edge XANES spectra is caused by the mixing of empty 6p orbitals into vacant 5d orbitals. 
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Therefore, a correlation between the local structure and pre-edge peak intensity can be deduced from 

the DFT calculation electronic state. We estimated the p orbital contribution into the vacant 

molecular orbitals (predominantly the d orbitals for all ReHx models in Figures 10−13) using the 

NBO package. 

  

Figure 14. Dependence of the 6p orbital contribution to the energy gap of the split 5d orbital for 

ReHx models. (●: ReHx models; ○: reference sample models). 

The mixing ratio of 6p orbitals into 5d orbitals for all ReHx models is plotted against the energy 

gap of split 5d states in Figure 14, and the relationship is clearly linear. This observation supports our 

earlier relationship showing a correlation between the pre-edge peak area and the energy gap of split 

5d orbitals, obtained from Re L1- and L3-edge XANES spectra, respectively. The linear correlation 

shown in Figure 14 suggests that the structure of Re species can be easily estimated using the 

pre-edge peak areas of Re L1-edge XANES spectra and the energy gap of the split Re L3-edge white 

line. DFT calculation above is based on the crystal field theory, and the metal hydride complex 

models were chosen to evaluate the unoccupied orbitals derived from the metal p and d orbital 

mixing induced by hydrides (dealt like point charges). The p orbital of adjacent oxygen atoms, which 

exist in the reference compounds, may have some influence on the electronic states and the observed 

XANES spectra. However, for instance, the pre-edge peak intensity of the Mo K-edge XANES 

spectrum of the MoO2(acac)2 complex, which has two Mo=O bonds, is smaller than that of 

ammonium heptamolybdate (AHM), which has six Mo−O bonds with highly distorted Mo−O 
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configuration.
26

 If the 2p orbital of the adjacent oxygen strongly affects the unoccupied orbitals, the 

pre-edge peak intensity of the Mo K-edge XANES spectrum of MoO2(acac)2 should be larger than 

that of AHM because the electronic transition from Mo 1s to the unoccupied orbital hybridized with 

the O 2p orbital is allowed. However, the observed characteristics of the XANES spectra are 

opposite. In addition, for example, George et al. discussed the pre-edge intensity of Ti K-edge 

XANES spectra of several Ti cyclopentadienyl complexes with experimental and theoretical results 

based on DFT.
27

 In this paper, there is a clear linear correlation between the Ti 4p orbital contribution 

to unoccupied orbitals and experimental Ti K-edge pre-edge intensity of each Ti complex. The 

importance of the mixing of the 4p orbital into the 3d orbital is also reported in the case of Fe 

complexes with experimental XANES spectra and extended Hückel molecular orbital calculation.
28

 

Therefore, we assumed that the point charge approximation based on the crystal field theory is 

adequate to evaluate the characteristics of XANES spectra in this study. 

Discussion 

The characteristics of XANES spectra strongly correlate to the local structure of the target 

elements. Therefore, we tried to parameterize the distortion from the ideal local structure and 

elucidate the relationship between the distortion parameters and the local structure of the target 

element in a semi-quantitative manner. First, we define the distortion parameter of the average 

distortion in angle from the crystal structure of the reference compounds. The bond length between 

the target metal and the adjacent oxygen atoms may affect the feature of its XANES spectrum, but as 

discussed in the DFT calculation section, the effect of the bond length seems to be much smaller than 

that of the ligand−metal−ligand angle. Thus, the distortion parameters are calculated from the 

O−M−O angle as expressed by 

𝐴distortion = 𝐴𝑖
ideal ±

∑ |𝐴𝑖
ideal − 𝐴𝑖

crystal
|𝑛

𝑖=1

𝑛
 

where n is the number of the geometrically different target elements; 𝐴distortion  is a 

parameterized “distorted angle”; 𝐴𝑖
ideal is an angle of the ideal structure, that is, 90° when the target 

atom has six coordination (i.e., octahedral) and 109.47° when four coordination (i.e., tetrahedral), 

and 𝐴𝑖
crystal

 is each angle of the O−M−O of reference compounds. On this assumption, we found 
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the direct relationship between the parameter 𝐴distortion and the energy gap of the L3-edge XANES 

spectra of reference samples. 

    

Figure 15. Dependence of the energy gap of the split 5d orbital for W reference samples on the 

averaged distorted angle. 

     

Figure 16. Dependence of the energy gap of the split 4d orbital for Nb reference samples to the 

averaged distorted angle. 
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Figure 17. Dependence of the energy gap of split 4d orbital for Mo reference samples to the 

averaged distorted angle. 

   

Figure 18. Dependence of the energy gap of split 5d orbital for Ta reference samples to the averaged 

distorted angle. 
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Figure 19. Dependence of the energy gap of split 5d orbital for Re reference samples to the averaged 

distorted angle. 

Figure 15 shows the clear correlation between the physical and electronic parameters of W 

reference compounds and the corresponding graphs of the other elements (Nb, Mo, Ta, and Re) are 

summarized in Figure 16−19. At present, we do not have a detailed physical explanation of this 

relationship, but at least this empirical and semi-quantitative analysis can be used to estimate the 

degree of the local structure of unknown metal compounds. 

  

Figure 20. Dependence of pre-edge peak area of K- or L1-edge XANES spectra on the energy gap of 

the L3-edge white line. Reference samples were Nb, Mo, Ta, W, and Re. 
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Figure 20 shows again correlation trends of reference sample on the splitting of vacant d orbitals 

and the mixing ratio of p orbitals into d orbitals for Nb, Mo, Ta, W, and Re reference compounds. 

The correlation between local structure and characteristic shape of the XANES spectrum is a wide 

phenomenon common to group 5, 6, and 7 elements. We assume that the natural width and effective 

nuclear charge of each element can qualitatively explain the results. 

  

Figure 21. Dependence of 6p orbital contribution to 5d orbitals on the split 5d orbital energy gap for 

MHx models (M = Nb, Mo, Ta, W, and Re). 

Figure 21 shows the effect of element group or period on the electronic structure of MHx models 

simulated by DFT calculation. Figure 21 exhibits a similar correlation between d orbital energy gap 

and p orbital contribution into d orbital, to the XANES analysis of all the elements presented in 

Figure 20. This result indicates the characteristic features of K, or L1, and L3-edge XANES spectra of 

the elements at different local configuration can be predicted by DFT calculation. 
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Figure 22. Natural widths for the K-, L1-, and L3-edges. Insets shows a magnified view including Nb, 

Mo, Ta, W, and Re. Natural widths are taken from Krause et al.
29

 

Figure 22 shows natural widths for the K-, L1-, and L3-edges. The natural widths of all elements 

vary from 0.2 to 60 eV; however, the natural widths of the K-edge of Nb (atomic number 41) and Mo 

(42) and L1-edge of Ta (73), W (74), and Re (75) are 4.14, 4.52, 5.58, 5.61, and 6.18, respectively, 

and thus are similar to each other. The similarity of W L1-edge XANES spectra for WO4 species and 

Mo K-edge XANES of MoO4 species has been pointed out on the basis of their natural level widths. 

Similar broadening of the pre-edge peak of Nb, Mo K-edge and Ta, W, Re L1-edge XANES is 

expected. Therefore, their pre-edge peak areas are anticipated to exhibit similar values to each other, 

assuming their local structures are alike. 
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Figure 23. Radii of maximum charge density plotted against atomic number Z (reproduced from 

Clementi et al., J. Chem. Phys., 1967, 47, 1300.).
30, 31

 

Figure 23 shows radii of maximum charge density rmax plotted against atomic number. This 

refers to the radius of each orbital in the minimal-basis-set SCF functions of Slater’s expression.
30, 31

 

The arbitrary values of rmax for Nb (atomic number 41) and Mo (42) 4d orbitals and for Ta (73), 

W(74), and Re (75) 5d orbitals are 1.2 – 1.6 and are similar to each other as shown in Figure 23. This 

means that 4d or 5d virtual orbitals for Nb, Mo, Ta, W, and Re experience a similar effective nuclear 

charge and exhibit a similar d orbital splitting value. Therefore, each compound containing Nb, Mo, 

Ta, W, or Re exhibits similar characteristic features on their XANES spectra. 
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Conclusions 

The characteristic features of K-, L1-, and L3-edge XANES spectra for group V, VI, and VII 

elements in their complex oxide form, which have different coordination number, number of d 

electrons, and coordination sphere symmetry, have been summarized. The pre-edge peak area of K or 

L1-edge XANES spectra has a linear correlation to the energy gap of the two white lines of the 

L3-edge XANES spectra, depending on their local structure. This relationship can be attributed to the 

electric dipole transition from s to p component of the unoccupied hybridized orbitals. This 

correlation is supported by DFT calculations of several group V, VI, and VII structural models. This 

correlation indicated that careful analysis of XANES spectral details provides structural information 

about unknown group V, VI, and VII metal sites.  
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Chapter 2 

 

La L1- and L3-edge XANES spectra of Lanthanum Complex Oxides: 

Experimental and Theoretical Approach to Local Structure 

 

Abstract 

La L1, and L3-edge X-ray absorption near edge structure (XANES) of various La oxides were 

analyzed by both of experimental and theoretical approaches from the point of view of local 

configuration of La. The results demonstrate a correlation among both of the pre-edge peak areas of 

the La L1-edge XANES spectra and the full width at half maximum (fwhm) of white line of La 

L3-edge XANES spectra, and the local configuration of La. Theoretical calculation of the XANES 

spectra and local density of states reveals that the origin and the difference of La L1 and L3-edge 

XANES spectra of various La compounds is related to the p-d hybridization of the unoccupied states 

and broadening of the d band of La induced by the change of local configuration of adjacent atoms. 

In addition, a simple index for a local structure defined by the angles of a La atom and the two 

adjacent oxygen atoms, which could be an indicator of centrosymmetry or disorder of the local 

configuration at La site, is found to have a correlation with the pre-edge peak intensity of the La 

L1-edge XANES spectra and the fwhm of white line of La L3-edge XANES spectra. Medium scale 

systematic simulation of the La L1-edge XANES spectra of thousands of virtual La aqueous complex 

models validated the indexing criterion of the local disorder is applicable to the local configuration 

analysis of La. These results indicate that quantitative analysis of La L1 and L3-edge XANES spectra 

could be a practical method for local structure analysis of La materials. 
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Introduction 

In the previous chapter, the author reported a systematic change of the characteristic features of 

K, L1 and L3-edge XANES spectra of group V, VI, and VII elements (Nb, Mo, Ta, W, Re) among 

their complex oxides. It revealed quantitative analysis on the pre-edge peak area of the K or L1-edge 

XANES spectra and the split width of white line of the L3-edge XANES spectra can provide some 

information on the local structure of Nb, Mo, Ta, W, or Re compounds. This result encouraged the 

author to perform a basic research of the XANES spectra of lanthanide elements, which are not so 

much explored in the other elements such as 3d transition metal element or precious metal elements. 

Lanthanide is used in various fields such as magnetic material, dielectric material
1
, phosphor

2
, 

or hydrogen storage
3
 because of its characteristic property derived from the unusual electronic 

configuration of 4f heavy electrons, and the large ionic radii. For example, doping of La into BaTiO3 

has strong influence on its dielectric property.
4-7

 Yb
3+

 and Nd
3+

-doped Bi2O3-B2O3 glass works as 

low coherent wideband light sources.
8, 9

 In many cases, small amount of lanthanide elements is added 

or doped into materials to develop or improve their characteristic property. The effects of lanthanide 

additives must depend on their location or electronic state in the materials, but, in general, it is not 

easy to observe structural or chemical changes induced by trace amount of such additives or 

structural or chemical information of such dopants themselves. 

One of widely used analytical techniques to clarify structural and chemical information of such 

trace element is X-ray absorption spectroscopy (XAS). In particular, extended X-ray absorption fine 

structure (EXAFS), one part of XAS, has been widely used in many fields including lanthanide 

materials. For example, Marcus et al. and Peters et al. studied local structure of Er cation 

incorporated into silica and sodium silicate glasses by means of Er L3-edge EXAFS spectroscopy
10, 11

 

and they estimated the disorder of oxygen atoms around Er, which could be related to the 

photoluminescence property. Antonio et al. applied EXAFS spectroscopy to Er or Lu doped sodium 

silicate glasses to investigate local environments of Er and Lu atoms and also utilized the Er and Lu 

L3-edge XANES spectra and their second derivatives to obtain geometric information around the 

X-ray absorbing elements. It is noteworthy that the curve fitting analysis which is the most common 

approach to EXAFS spectra based on the EXAFS equation proposed by Sayer, Stern and Lytle
12
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strongly depends on the initial structural model, which is usually difficult to construct on amorphous 

materials. Whereas EXAFS oscillation is a sum of discrete sine waves caused by the interference of 

photoelectron waves ejected from the X-ray absorbing atoms, XANES spectrum is a convolution of 

the XANES spectra of every X-ray absorbing atoms. Thus, we do not need a detail structural model 

before interpreting XANES spectrum even though characters of the local structure should be kept in 

mind such as electronic deficiency or local symmetry. 

The relationship between XANES spectra and geometric and electronic structure of various 

elements has been already investigated in detail as discussed in the general introduction and the 

previous chapter. There are also several research papers on the XANES spectra of a series of 

lanthanide elements. For example, Mountjoy et al. reported L1-edge XANES spectra of Ce, Nd and 

Eu phosphate glasses and crystals
13

 and ascribed the presence of the small pre-edge shoulder peaks 

into p-d hybridization which depends on the centrosymmetry in analogy with the La L1-edge 

XANES of La species in K2O-SiO2-La2O3 glasses
14

. D’Angelo et al. have reported a series of K and 

L3-edge XANES and/or EXAFS analysis of various lanthanide aqueous complexes.
15-23

 In particular, 

they utilized molecular dynamics to interpret the Ln L3-edge XANES spectra and obtained structural 

parameters such as atomic distance between the Ln and adjacent O or other (e.g. S of solvent 

molecule) atoms of plausible solvation model. However, to the best of the author’s knowledge, 

fundamental and systematic study focused on one lanthanide element L-edge XANES spectra 

themselves are relatively scarce. It might be because the Ln L-edge XANES usually exhibit 

monotonous, featureless spectra. 

In this chapter, the author studied La L1 and L3-edge XANES spectra of various La complex 

oxides and found a relationship among the pre-edge peak area of La L1-edge XANES spectra and the 

full width at half maximum (fwhm) of white line of La L3-edge XANES spectra, and the local 

configuration of La. The author also proposed a simple criterion to calculate an index defined by the 

angles of La atom and the two adjacent oxygen atoms, which could be an indicator of 

centrosymmetry or disorder of the local configuration at La site, bond angle analysis parameter 

(BAA). In addition, theoretical simulation of La L1 and L3-edge XANES spectra and local density of 

states (LDOS) were performed with the state-of-the-art theoretical simulation codes, ORCA
24

 based 

on molecular orbital theory and FEFF
25-27

 based on multiple scattering theory to simulate the 
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pre-edge shoulder peak at the experimental La L1-edge XANES of reference La compounds and 

explore the origin of the peaks. These theoretical simulation were also performed to validate the 

indexing criterion by medium scale simulation of the pre-edge peak at the La L1-edge XANES 

spectra with ORCA and FEFF of thousands of virtual La aqueous complex models. 

Experimental Section 

Sample Preparation of Lanthanum Oxides 

Lanthanum complex oxides, La4PdO7, La2CuO4, LaCuSrO4, LaFeSrO4, LaSrAlO4, LaCoO3, and 

LaAlO3 were prepared by solid state reaction. La4PdO7: La2O3 (325 mg, 1.0 mmol) and Pd(OAc)2 

(124 mg, 0.5 mmol); La2CuO4: La2O3 (652 mg, 2.0 mmol) and Cu(OAc)2 (363 mg, 2.0 mmol); 

LaCuSrO4: La2O3 (322 mg, 1.0 mmol), Cu(OAc)2 (362 mg, 2.0 mmol) and SrCO3 (295 mg, 2.0 

mmol); LaFeSrO4: La2O3 (325 mg, 1.0 mmol), Fe(NO3)3·9H2O (810 mg, 2.0 mmol), and SrCO3 (300 

mg, 2.0 mmol); LaSrAlO4: La2O3 (328 mg, 1.0 mmol), SrCO3 (310 mg, 2.0 mmol), Al(NO3)3·6H2O 

(750 mg, 2.0 mmol); LaCoO3: La2O3 (327 mg, 1.0 mmol), Co(NO3)2·6H2O (614 mg, 2.0 mmol); 

LaAlO3: La2O3 (325 mg, 1.0 mmol) and Al(NO3)3·6H2O (764 mg, 2.0 mmol). These mixtures are put 

into alumina crucible and heated at 1423 K for 24 h. The identification was done by comparison of 

the XRD patterns of the prepared samples and the reported ones in literatures. 

XAS Measurement and Data Reduction 

La L1 and L3-edge XANES spectra of these materials were measured at the BL5S1, hard X-ray 

XAFS beamline, at Aichi Synchrotron Radiation Center
28

 (AichiSR; Aichi Science and Technology 

Foundation, Aichi, Japan). The XANES spectra of their powder samples were recorded in 

transmission mode under ambient condition, using a Si(111) double crystal monochromator. The 

photon energy was calibrated with the pre-edge peak (4966.0 eV) observed in the Ti K-edge XANES 

spectrum of Ti foil. Powder samples were mixed with an appropriate amount of boron nitride and 

pressed into pellets. Incident and transmitted X-ray fluxes were measured with ion chambers filled 

with He(70%)/N2(30%) and N2(15%)/Ar(85%). Higher harmonic X-ray was cut off with proper 

glancing angle of Rh-coated collimating and focusing mirrors. 

A typical data reduction procedure (e.g. background removal, or normalization) was carried out 
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with the Athena ver. 0.9.18 included in the Demeter package.
29

 Curve fitting analyses on the La L1, 

and L3-edge XANES spectra were also done with the peak fitting function implemented into the 

Athena and the multipeak fitting procedure implemented in Igor Pro ver. 6.32 (Wavemetrics, Lake 

Oswego, OR, USA). 

Theoretical Calculation 

XANES and local density of states (LDOS) calculation of La complex oxides cluster models 

were performed with FEFF. The cluster models were constructed from the crystal structure with 

ATOMS package,
30

 which contains all atoms within 10 Å around the target X-ray absorbing atom (i.e. 

La). If there were nonequivalent La sites, a structural model for each La site was constructed. Both of 

electric dipole transition and electric quadrupole transition were taken into account for the XANES 

simulation using the Hedin−Lundqvist function for the fine structure and the ground state function 

for the background function with self-consistent field (SCF) and full multiple scattering (FMS) 

calculations. For the LDOS calculation, the Lorentzian broadening parameter was 1.0 eV. 

Theoretical simulation of the La L1 and L3-edge XANES spectra for various reference samples 

were performed with the open restricted configuration interaction single-excitation (ROCIS) method 

under the density functional theory (DFT) implemented into the ORCA package.
24

 The geometry 

optimization and ROCIS calculations
31-34

 under the DFT were conducted using the B3LYP functional 

with the Ahlrich’s polarized def2-TZVP basis sets
35, 36

 of triple ζ quality for all the atoms in 

combination with the auxiliary basis set def2-TZVP/J for the resolution of identity. DFT/ROCIS 

calculation was performed with the converged restricted Kohn-Sham wavefunctions. Scalar 

relativistic effects were incorporated explicitly by the ZORA correction.
37

 

On the XANES simulation with ORCA, virtual La aqueous complex models, which are virtual 

minimal La aqueous complex with the exact relative positions of La and O atoms taken from the 

X-ray crystal structure, was used instead of a large cluster model of lanthanide complex oxides in a 

similar manner to the previous literature.
33

 For example, an aqueous complex model for LaCoO3 was 

constructed and examined in the following procedure (Figure 1). First, the positions of La and the 

adjacent 12 O atoms were extracted from the crystal structure reconstructed from the X-ray 

diffraction pattern of LaCoO3, which matches that of the prepared LaCoO3. Second, two H atoms 
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were put next to each O atom to terminate the O atoms and compensate the negative charges and 

their positions were optimized in the molecular dynamics framework with universal force field
38

 

keeping the positions of La and O atoms fixed using Avogadro
39

, an advanced semantic chemical 

editor. Third, the positions of the H atoms were optimized in the same condition of DFT/ROCIS 

calculation described above. 

  

Figure 1. Example of an aqueous model complex of La(H2O)12 from LaCoO3. 

These calculations were performed on PC and the supercomputer located at Information 

Technology Center, Nagoya University. 
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Results and Discussion 

La L1-edge XANES Spectra of La Complex Oxides 

   

Figure 2. La L1-edge XANES spectra of La complex oxides: (a) La4PdO7, (b) La2CuO4, (c) 

LaCuSrO4, (d) LaFeSrO4, (e) LaSrAlO4, (f) LaCoO3, and (g) LaAlO3 

Figure 2 shows the La L1-edge XANES spectra of La4PdO7, La2CuO4, LaCuSrO4, LaFeSrO4, 

LaSrAlO4, LaCoO3, and LaAlO3, which is the La is surrounded by several O atoms with various 

relative positions to La. The overall structure of the L1-edge XANES spectrum of each compound is 

similar to each other, but the intensity of the characteristic pre-edge shoulder peaks at around 6275 

eV varies among the samples. In the previous literature
14

, the pre-edge peaks are assigned to 

electronic transition from 2s to 5d unoccupied states. LaAlO3 and LaCoO3, which have 12 adjacent 

O atoms near the La, show the smallest shoulder peaks. LaSrAlO4, LaFeSrO4, and LaCuSrO4 with 9 

nearest O atoms exhibit a bit more evident pre-edge peaks. Furthermore, La4PdO7 with 7-coordinated 

O atoms and La2CuO4 bearing 8-coordinated O atoms have the largest and the second largest 

pre-edge peaks among the present La compounds. Thus, the pre-edge peak intensity roughly 

increases as the number of adjacent O atoms decreases. 
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Figure 3. Curve fitting results of the pre-edge peak of La L1-edge XANES spectra of La complex 

oxides: (a) La4PdO7, (b) La2CuO4, (c) LaCuSrO4, (d) LaFeSrO4, (e) LaSrAlO4, (f) LaCoO3, and (g) 

LaAlO3 

Curve fitting analysis of the XANES spectrum with one Gaussian and one cubic function were 

performed to quantify the pre-edge peak area of each La L1-edge XANES spectrum as an indicator of 
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La local configuration. The results of La L1-edge XANES spectra are shown in Figure 3. As clearly 

seen, one Gaussian and one cubic function are enough to fit the experimental data. The peak area of 

LaCoO3 and LaAlO3 were the smallest values 0.290 and 0.263, respectively. La4PdO7 shows the 

largest pre-edge peak area, 0.721, and La2CuO4, LaCuSrO4, LaSrAlO4 and LaFeSrO4 exhibit 0.555, 

0.531, 0.495 and 0.388. 

 La L3-edge XANES Spectra of La Complex Oxides 

  

Figure 4. La L3-edge XANES spectra of La complex oxides: (a) La4PdO7, (b) La2CuO4, (c) 

LaCuSrO4, (d) LaFeSrO4, (e) LaSrAlO4, (f) LaCoO3, and (g) LaAlO3 

Figure 4 shows the La L3-edge XANES spectra of La4PdO7, La2CuO4, LaCuSrO4, LaFeSrO4, 

LaSrAlO4, LaCoO3, and LaAlO3. All spectra exhibit one slightly asymmetric and strong white line at 

around 5490 eV. These peaks are assignable to electric dipole transition from 2p3/2 to 5d state. 

LaAlO3 and LaCoO3, which have 12 adjacent O atoms near the La
3+

 cation, show the narrowest 

white lines. LaSrAlO4, LaFeSrO4, and LaCuSrO4 with 9 nearest O atoms exhibit slightly wider ones. 

Furthermore, La4PdO7 with 7-coordinated O atoms and La2CuO4 bearing 8-coordinated O atoms 

have the widest and the second widest white lines among the La samples. Aritani et al. reported the 

width of white line of La2O3 is significantly larger than that of La(OH)3 and pointed out that 

distortion of the local structure of LaO6 unit of La2O3 and La(OH)3 could change the spectral shapes, 
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qualitatively
40

. Similarly, the gradual change of the width of white line of La L3-edge XANES 

spectra are assignable to the difference of the local configuration of LaOx moiety. 

 

Figure 5. Peak fitting results of the white line of La L3-edge XANES spectra of La complex oxides: 

(a) La4PdO7, (b) La2CuO4, (c) LaCuSrO4, (d) LaFeSrO4, (e) LaSrAlO4, (f) LaCoO3, and (g) LaAlO3 

We first calculated second derivatives of La L3-edge XANES spectra to evaluate the d orbital 
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splitting depending on the local configuration of La in the same manner to the previous chapter. 

However, they were too noisy to evaluate the d orbital broadening quantitatively. Thus, the full width 

at half maximum (fwhm) of white line of each La L3-edge XANES spectrum was estimated by curve 

analysis in a similar manner to the previous paper on Cs L3-edge XANES spectra of Cs species in 

catalysts,
41

 for example. The La L3-edge XANES spectrum was fitted with one arctangent function 

which means the electric transition from 2p3/2 to continuum states and one pseudo-Voigt function 

(Lorentzian:Gaussian=1:1) which represents the transition to the unoccupied states. Figure 5 shows 

the peak fitting results of La L3-edge XANES spectra. As clearly seen, fitting procedure successfully 

reproduced the main shape of the white lines. The fwhm of white line of LaCoO3 and LaAlO3 

display the smallest values, 5.09 and 5.05, respectively. La4PdO7 shows the largest fwhm of the 

white line, 6.70, and La2CuO4, LaCuSrO4, LaSrAlO4 and LaFeSrO4 exhibit 6.19, 6.00, 5.57 and 5.51. 

Relationship between the Pre-edge Peak Area of La L1-edge and the fwhm of White Line of La 

L3-edge XANES Spectra 

    

Figure 6. Dependence of pre-edge peak area of La L1-edge XANES spectra on the FWHM of white 

line of La L3-edge of La4PdO7, La2CuO4, LaCuSrO4, LaFeSrO4, LaSrAlO4, LaCoO3, and LaAlO3 

(The number in parentheses denotes the number of the coordinated oxygen atoms to La.) 

Figure 6 shows a linear correlation (R
2
 = 0.95) between the pre-edge peak areas of La L1-edge 

XANES spectra and the fwhm of the white line of L3-edge XANES of La compounds. This 
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phenomenon is not unexpected because the pre-edge peak which should be related to the mixing of p 

states into d states of La, and the d state broadening must be induced simultaneously by the change 

of the local configuration of La. Furthermore, there is an interesting relationship between the local 

structure and the electronic states observed by L1 and L3-edge XANES spectra. That is La4PdO7, 

which has the smallest number of coordinated atoms to La, shows the largest pre-edge peak area and 

the widest fwhm of the white line in its L3-edge XANES region and, as the number of the adjacent O 

atoms increases, the pre-edge peak intensity and the fwhm decreases, respectively. 

Theoretical Calculation of L1 and L3-edge La XANES Spectra and Local Density of States 

The origin of the pre-edge peak of La L1-edge XANES spectra and the white line of La L3-edge 

XANES spectra are temporarily interpreted into electric dipole transition from 2s to p-d hybridized 

unoccupied states and from 2p3/2 to 5d states, respectively. Shoulder peaks at Ln L1-edge XANES 

spectra have been already discussed in several papers. Larson et al. reported that the shoulder peak at 

the La L1-edge XANES spectrum of K2O-SiO2-La2O3 glasses on their XAS study of La coordination 

environments is due to the 2s to nd transition, which maybe means the electric dipole transition to 

p-d hybridized states or electric quadrupole transition to d component.
14

 Materlik et al. discussed the 

Ce, Sm, Gd and Er L1-edge XANES spectra in the atomic and condensed (solid or metallic) states 

and concluded the shoulder peak can be associated to the p-projected density of conduction-band 

states.
42

 Chaboy et al. also explained the decrease of the shoulder peak intensity at the Ce and La 

L1-edge XANES spectra of CeFe2, CeRu2, LaRu2 after hydrogenation by the change of the p-d 

hybridization of unoccupied states.
43

 Ishimatsu et al. also explained the loss of the shoulder peak at 

the La L1-edge caused by hydrogenation of La metal in the same way.
44

 



- 59 - 

 

 

Figure 7. La L1 and L3-edge XANES spectra and LDOS at La site of La2CuO4 calculated with FEFF 

9.0. (The relative energy is originated by the estimated Fermi energy.) 

To clarify the origin of each feature observed at La L1 and L3-edge, theoretical calculation of L1, 

L3-edge XANES spectra and LDOS at La site were performed with FEFF 9.0 code. Figure 7 shows 

the La L1 and L3-edge XANES spectra and LDOS at La site of La2CuO4. The energy axis for both of 

the L1 and L3-edge XANES spectra and LDOS is a relative value to the estimated Fermi level. The 

estimated Fermi level with FEFF code has an uncertainty by a few eV, and the absolute value may be 

a little different from the true value, but it does not matter to discuss the origin of the pre-edge peak 

of the L1-edge and white line of the L3-edge. As clearly seen, the strong white line of La L3-edge is 

ascribed to the unoccupied (mainly) d state. At the La L1-edge, a small but distinct shoulder peak is 

observed at around 1 eV. Both of them are consistent with the discussion above. 

In the previous literature
14

, the pre-edge peak of the L1-edge pre-edge is assumed to be electric 

dipole and quadrupole electronic transitions. However, the quadrupole transition is two orders of 

magnitude weaker than dipole transition. As seen in Figure 7, both of electric dipole and quadrupole 

transition have distinct contribution, but the electric quadrupole transition is indeed significantly 

smaller than dipole transition. To evaluate the contribution of quadrupole transition of La materials 

quantitatively, we also calculated the La L1-edge XANES spectra of LaAlO3, and La4PdO7. 
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Figure 8. La L1-edge XANES spectra of LaAlO3 (left) and La4PdO7 (right) calculated with FEFF 

code with only electric dipole transition and with both of electric dipole and quadrupole transition 

and the differential spectra of electric quadrupole and dipole transitions in the pre-edge region 

(lower). 

In Figure 8, La L1-edge XANES spectra of LaAlO3, which shows the smallest pre-edge peak, 

and La4PdO7, which shows the largest pre-edge peak, calculated with only electric dipole transition 

and with both of electric dipole and quadrupole transition are shown. The quadrupole transition has 

distinct, but weak contribution to the pre-edge peak in both of them. The differential spectrum was 

also calculated for each spectrum and the electric quadrupole contribution in these materials is 

almost same as also shown in Figure 8. This means the quadrupole transition does not depend on the 

local structure of La, but the dipole transition depends on it. It is might be because the d character of 

the unoccupied state may be similar to each other among the La samples, but p character ratio of the 

unoccupied state is altered by the local configuration of La. In addition, this indicates the pre-edge 

peak area extracted by curve fitting of the L1-edge XANES consists of an almost constant 
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contribution of quadrupole transition and varying contribution of dipole transition affected by La 

surroundings. 

   

Figure 9. Dependence of pre-edge peak area of La L1-edge XANES spectra on the p character ratio 

of LDOS around Fermi energy of La L3-edge of La4PdO7, La2CuO4, LaCuSrO4, LaFeSrO4, LaCoO3, 

and LaAlO3 

Figure 9 shows a relationship between the pre-edge peak area of La L1-edge XANES and p 

component contribution to unoccupied states. This correlation (R
2
 = 0.87) also quantitatively 

demonstrates the pre-edge peak of L1-edge XANES spectra is a probe for the p character of the 

unoccupied states. For example, Roe et al. and Westre et al. have already reported similar analysis of 

the pre-edge peak of Fe K-edge XANES spectra of various Fe complexes, which are ascribed to the 

p-d hybridization of the unoccupied orbital in the final state. Roe et al. used extended-Hückel 

calculation to evaluate the Fe 4p character in the final state in order to understand the difference of 

the pre-edge peak area of Fe K-edge XANES spectra and found a clear correlation between the 

pre-edge peak area and the 4p contribution ratio.
45

 Westre et al. performed theoretical calculation of 

various Fe model complexes based on density functional theory in a similar manner, evaluated the 

contribution of each orbitals by Mulliken population analysis, and clarified the relationship among 

the local symmetry, 4p character of the unoccupied orbitals, and the pre-edge peak structure of Fe 

K-edge XANES spectra.
46

 Yamazoe et al. also reported a clear correlation among the energy gap of d 

orbital splitting,
47

 the mixing ratio of 6p orbitals into 5d orbitals, and its local symmetry of various W 
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model molecules. 

Attempt of Parameterization of La Local Configuration and its Relation to the XANES Spectra 

As discussed in Chapter 1 on the XANES spectra and the local structure of some of group V, VI, 

VII metal (i.e. Nb, Mo, Ta, W, and Re) oxides, theoretical simulation of the electronic structure of 

minimal molecular models such as MH4
n+

, or MH6
m+

 (M stands for Nb, Mo, Ta, W, or Re, and n or m 

stand for appropriate numbers for electrons) indicated that change of the atomic distance between the 

X-ray absorbing atom (M) and adjacent atoms had little influence on the pre-edge peak intensity, but 

angular change of ligand−M−ligand strongly affected the pre-edge peak intensity. The 

centrosymmetry of the M cation strongly affects their XANES spectra. 

In group V, VI, VII elements, there are only 4, 5, and 6-coordinated unit such as lowly 

centrosymmetric tetrahedral WO4 unit of highly centrosymmetric octahedral WO6 unit, for example. 

On the other hand, in the case of elements with very large ionic radii such as La, its oxides could be 

accompanied with 7 to 12 coordinated O atoms. The centrosymmetry of La coordination sphere 

might be considered to be high with 12-coordinated atoms and low with 7-coordinated ones. In 

addition, atomic distance between La and coordinated atoms could also vary from about 2.0 Å to 

about 3.5 Å. Therefore, as discussed on lanthanide-doped glass in the introduction, it is not easy to 

determine the local configuration of lanthanide atoms in amorphous materials with EXAFS 

spectroscopy. Thus, a parameterization criterion is introduced for quantitative analysis on the local 

configuration of La. 

In the field of metallurgy, the degree of distortion or defect of the microstructure of every metal 

atom in bulk metal could be evaluated on various criteria with the aid of molecular dynamics
48

 (MD). 

For example, centrosymmetry parameter (CSP) is proposed by Kelchner et al. to evaluate the defect 

or dislocation of metal.
48

 Ackland et al. used bond angle analysis (BAA) to identify the local 

coordination, distinguishing fcc, hcp, bcc, and other structures of each metal atom simulated by MD 

and so forth.
49

 We applied the CSP and simplified BAA methods to parameterize the local 

configuration of the La center and found that a simplified BAA analysis could be used to produce 

well correlated parameters to the characteristic features of the XANES spectra in the following 

procedure. Simplified BAA parameter is defined in the following equation, 
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BAA =
1

𝑛
∑|cos(𝜃𝑖𝑗𝑘)| 

where 𝑛 and 𝜃𝑖𝑗𝑘 denote the number of independent angles and the angle formed by the 

central atom 𝑗, and two of its adjacent atoms, 𝑖 and 𝑘. If there are unidentical sites of La, the BAA 

parameter is calculated as an average value of the each BAA parameter on each site. First, the 

Cartesian coordinates of the nearest adjacent oxygen atoms with an assumption La is located at the 

origin (0, 0, 0) are extracted from the crystal structure within 3.3 Å from La center. Second, the 

absolute values of cosine of every angle formed by La and two adjacent oxygen atoms are summed 

up, and averaged by the number of independent angles. For example, the simplified BAA parameters 

of 6-coordinated regular octahedron, 8-coordinated cube, and 12-coordinated icosahedron are 0.2, 

0.429, and 0.455, respectively. Thus, the simplified BAA parameter increases as the coordination 

number increases at least in the range from 6 to 12. 

    

Figure 10 Dependence of pre-edge peak area of La L1-edge XANES spectra on the BAA parameters 

of La4PdO7, La2CuO4, LaCuSrO4, LaFeSrO4, LaSrAlO4, LaCoO3, and LaAlO3 (The number in 

parentheses denotes the number of the coordinated O atoms to La.) 

The dependence of pre-edge peak area of La L1-edge XANES spectra on the BAA parameters of 

the La oxides is summarized in Figure 10. The pre-edge peak areas of L1-edge XANES spectra have 

a significant correlation (R
2
 = 0.79) to the BAA parameters. This indicates the BAA parameter, which 

could be calculated from an arbitrary model, even an amorphous one, could be an indicator of the 
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coordination number, or at least the local configuration of La in the range from 7 to 12 of its 

coordination number. As mentioned above, the BAA parameter of the regular octahedron is 0.2 and it 

seems to be difficult to extend this criterion into 6 or less coordinated La moiety. 

This result encouraged us to extend the well-known analysis strategy of the pre-edge peak of the 

K-edge XANES spectra of 3d early transition metals to that of the La L1-edge XANES spectra. The 

BAA parameter was inspired by a discussion in metallurgy to interpret the local structure of a metal 

atom in ill-defined model generated by molecular dynamics and might have a relationship with the 

pre-edge peak intensity induced by the p-d hybridization. However, the definition of the BAA 

parameter may look too primitive to associate with some physical meaning straightforwardly. 

Then, La L1-edge XANES simulation of thousands of virtual La(H2O)n complex models was 

employed to validate the BAA parameter as an indicator of the local symmetry. Before the medium 

scale simulation, we first tried to reproduce the pre-edge peak feature at the La L1-edge of the 

reference samples with the ORCA package based on time dependent density functional theory 

(TDDFT) or open restricted configuration interaction singles (ROCIS) and FEFF package based on 

multiple scattering theory. 



- 65 - 

 

ROCIS, TD-DFT, and FMS Calculation of La L1-edge XANES of La Complex Oxides 

 

Figure 11. Experimental and DFT/ROCIS simulated La L1-edge XANES spectrum of various La 

compounds and La(H2O)n model complexes: (a) La4PdO7, (b) La2CuO4, (c) LaCuSrO4, (d) LaFeSrO4, 

(e) LaSrAlO4, (f) LaCoO3, and (g) LaAlO3 (Experimental: solid; simulated: dotted) 
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Figure 12. Experimental and TD-DFT simulated La L1-edge XANES spectrum of various La 

compounds and La(H2O)n model complexes: (a) La4PdO7, (b) La2CuO4, (c) LaCuSrO4, (d) LaFeSrO4, 

(e) LaSrAlO4, (f) LaCoO3, and (g) LaAlO3 (Experimental: solid; simulated: dotted) 

Figure 11 (a) shows the experimental La L1-edge XANES spectrum of La4PdO7 and the 
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corresponding simulated spectrum of La(H2O)7 complex model by ROCIS calculation. The 

simulated spectrum was broadened by Gaussian function by 4 eV (fwhm), and shifted toward the 

higher energy by 19 eV to fit the peaks of the experimental spectrum. The peak positions of the 

simulated spectrum at around 6275, 6284, and 6288 eV reasonably match the three peak positions of 

the experimental one at around 6273, 6284, and 6292 eV. The reason of apparent slight difference of 

the peak positions of the simulated spectra and the experimental ones is maybe because the transition 

to the continuum state is not included in the present simulation, the line width broadening applied to 

each transition might be not appropriate to reproduce the experimental spectrum, and no multiple 

scattering effect, which can change the fine structure potentially, is not considered. The simulated La 

L1-edge XANES spectra of other virtual La aqueous model complexes also reproduce the 

corresponding La complex oxides (Figure 11), and the shoulder peaks of the experimental spectra 

were reproduced as the lowest peaks of the simulated spectra at least qualitatively. In addition, 

TD-DFT calculation on the same models was also performed in similar parameters, and found to also 

reproduce the dominant three peaks observed from 6270 eV to 6300 eV as shown in Figure 12. 

 

Figure 13. Dependence of the peak area at the lowest energy of simulated La L1-edge XANES 

spectra on the BAA parameters of La aqueous complex models of La4PdO7, La2CuO4, LaCuSrO4, 

LaFeSrO4, LaSrAlO4, LaCoO3, and LaAlO3 

For quantitative analysis of the shoulder peak simulated with ORCA, we compare the first 

prominent peak area integrated from 6270 eV to 6278 eV to the BAA parameters, which have been 

already proved to correlate to the experimental shoulder peak at the La L1-edge XANES extracted by 
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curve fitting analysis with a cubic function as a background and a Gaussian function (Figure 10). 

Figure 13 exhibits a monotonous dependence of the lowest energy peak area on the BAA parameters. 

Thus, these results demonstrate both of the DFT/ROCIS and TD-DFT calculation with ORCA are 

capable to simulate the La L1-edge XANES spectra at least in the lower unoccupied states region of 

various real compounds even though the structural model for the calculation is very simple aqueous 

La complex. However, one might be suspicious of the number of the reference samples. Thus, 

XANES simulation of the thousands of virtual La complex models is discussed to support the 

monotonous correlation in the following section. 

 

Figure 14. Simulated La L1-edge XANES spectra of various La complex oxides cluster models with 

FEFF: (a) La4PdO7, (b) La2CuO4, (c) LaCuSrO4, (d) LaFeSrO4, (f) LaCoO3, and (g) LaAlO3 

Figure 14 shows the simulated La L1-edge XANES spectra of the reference compounds with 

FEFF code under full multiple scattering (FMS) framework including electric dipole and quadrupole 

transition. The energy axis was shown as a relative energy to the predicted Fermi energy. FEFF 

calculation of the La complex oxide cluster models reproduced the La L1-edge XANES spectra 

comparable to the experimental ones except for LaSrAlO4 including the pre-edge shoulder peaks 

observed right above the Fermi level. The order of the spectra is same as Figure 2, but the spectrum 

(e) LaSrAlO4 is omitted because a plausible spectrum on the material cannot be achieved. The 
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pre-edge peak area were also evaluated quantitatively in the same manner to the experimental ones, 

that is curve fitting analyses by one background cubic function and one Gaussian function for the 

pre-edge peak. As a result, the peak area has a clear correlation with the BAA parameters again as 

shown in Figure 15. 

 

Figure 15. Dependence of the peak area at the pre-edge peak of FEFF simulated La L1-edge XANES 

spectra on the BAA parameters of La aqueous complex models of La4PdO7, La2CuO4, LaCuSrO4, 

LaFeSrO4, LaCoO3, and LaAlO3 

Thus, FEFF code is also capable to simulate the La L1-edge XANES spectra quantitatively as 

same as ORCA. The contribution of electric quadrupole transition to the pre-edge peak is almost 

constant among the reference compounds. As discussed above, the pre-edge peak has been already 

discussed on Ln compounds having well-defined structure from the point of view of p component of 

the unoccupied states. However, to the best of the author’s knowledge, it has not been discussed 

systematically on the shoulder peak and the p orbital hybridization of La, which has various irregular 

coordination environment of La. 

A possible approach to evaluate the p component contribution to the unoccupied state is 

population analysis of virtual orbitals of the ground state model. For example, George et al. 

discussed the pre-edge peak observed at the Ti K-edge XANES spectra of TiCl4, TiCpCl3, and 

TiCp2Cl2 (Cp = cyclopentadienyl) by the ground state DFT calculation with ADF package on the 

point of the 3d-4p mixing and metal-ligand covalency.
50

 They found the pre-edge peak area can be 

clearly explained by the amount of Ti 4p component of the unoccupied orbitals. Single point 



- 70 - 

 

calculation of the Ti complexes with ORCA package was also performed and confirmed the result of 

Löwdin population analysis agrees with the George’s result. However, it was not the case of our 

virtual La aqueous complex models because of the complexity of the local environment of La. Even 

though the single point calculation of the tetrahedral TiCl4 complex exhibits a clear picture of the 

ligand field splitting to e and t2 states, the ground state calculation of the La aqueous model 

complexes, La(H2O)n (n = 7 – 12), exhibits very complicated virtual orbitals, which are not easy to 

find a relationship to the experimental results. The results indicate the virtual complex models and 

ground state calculation are not adequate for the pre-edge peak interpretation. 

ROCIS simulation of La L1-edge XANES of a number of La aqueous complex models and the 

relationship between the pre-edge peak at the La L1-edge and local structure of La 

As discussed above, both of the ROCIS and FMS calculation with ORCA or FEFF 

semi-quantitatively reproduced the characteristic features of the experimental data of the real La 

complex oxides and supported the BAA parameters can be an indicator of the local configuration of 

the La atoms. Unfortunately, there are two weak points, the validity of the BAA parameter definition 

and relatively small number of the reference samples. The former problem is not so easy. For 

example, perfect pentagonal bipyramid geometry for a 7-coordinated moiety belongs to the point 

group, D5h and its electronic states could be explained in a similar manner to a 4-coordinated 

tetrahedral group or a 6-coordinated octahedral group based on the crystal field theory. However, the 

main objectives of the present analysis method such as an atom in amorphous material do have 

irregular configuration beyond the scope of the point group theory. Then, the author takes again a 

theoretical approach into the problems, that is a number of virtual La(H2O)n complex models whose 

the La atom is geometrically shifted from the original position. Suppose the La atom of virtual La 

aqueous complex model is located at the origin (0,0,0) in the Cartesian axis, we virtually construct a 

0.40 Å cubic grid meshed by 0.05 Å, which has 729 = 9 × 9 × 9 intersection points including the 

origin. Then, the La atom was moved to each intersection points without moving the other atoms to 

construct a new complex model. The calculation and evaluation of the pre-edge peak at the La 

L1-edge XANES spectrum was done in the same manner to the previous models. 
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Figure 16. Dependence of the peak area at the lowest energy of simulated La L1-edge XANES 

spectra on the BAA parameters of La aqueous complex models of La4PdO7, La2CuO4, LaCuSrO4, 

LaFeSrO4, LaSrAlO4, LaCoO3, and LaAlO3 and virtual complex models of La(H2O)n (n = 7, 8, 9, 10, 

12). 

Figure 16 shows the simulated results of a number of virtual La(H2O)7n (n = 7, 8, 9, 10, 12) 

complex models and the reference models as already shown in Figure 13. Even though the 

parameterization criterion of BAA parameter is still unclear from the point of physical description, 

the result demonstrated a correlation between the pre-edge peak areas and the BAA parameters of 

each La complex model. It is noteworthy that the La(H2O)7 models exhibit the widest distribution in 

Figure 16. This may reflect the p contribution of La to the excited states can be easily changed by the 

perturbation of the adjacent atoms in the case of La(H2O)7. It is also good news because the 

lanthanide trace elements in glasses are usually coordinated to 6 to 8 adjacent atoms and Figure 16 

indicates a possibility to distinguish the small structural change of lanthanide dopants based on the 

pre-edge peak analysis at the La L1-edge. 

This relationship also indicates a combination of XANES measurement and MD simulation or 

other analysis technique such as high energy X-ray diffraction could open a way for structural 

analysis of amorphous materials. For example, one can simulate the distribution of trace amount 

lanthanide atoms in a glass system with some MD code, but simulation of the XANES spectra of 
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lanthanide atoms in such system is generally very time-consuming because there are enormous 

numbers of lanthanide atoms in different local environments. The BAA parameters could be 

calculated easily from the simulated atomic positions with MD simulation. If the calculated BAA 

parameters of possible structures are significantly different from each other, it would be worth 

measuring their XANES spectra for semi-quantitative analysis of lanthanide local configuration. 

Conclusion 

La L1-edge and L3-edge XANES spectra of various La compounds are summarized and found to 

have a good correlation with the La local structure. These results indicate that quantitative analysis 

on the L1 and L3-edge XANES spectra might give a piece of information of the local configuration of 

trace lanthanide elements in optical glasses, catalysts, magnetic materials, and so on. This 

methodology might also give some insight into thermal vibration of lanthanides element in 

lanthanide complex materials such as skutterudites, for example. Theoretical simulation of La L1- 

and L3-edge XANES spectra and LDOS at La site of various La compounds supported the 

relationship between the local structure of La and its XANES spectrum. The author proposed a new 

criterion to give an index of the distortion of local structure of La. It is a primitive and empirical 

method, and also difficult to directly linked to physical meanings at present, but practical as 

suggested by the theoretical calculation based on ROCIS, TD-DFT or FMS calculation. The present 

result also brought the following two insights. One is DFT/ROCIS, TD-DFT or FMS calculation can 

reproduce the dominant peaks of the La L1-edge XANES of various La complex oxides using simple 

La aqueous complex models or La oxide cluster models. It means the simulation procedures are 

potent to simulate the La L1-edge XANES spectra of La compounds with any structure at least in the 

XANES region. Second is the origin of the characteristic shoulder peak is found to be electric dipole 

transition from 2s to hybridized states with p component. It has been already discussed in previous 

literatures, but an interesting point is that the shoulder peak caused by the p component mixing can 

be an indicator of the geometric structure of La. Thus, the well-known pre-edge peak analysis of the 

K-edge XANES of 3d early transition metals, which is explained by the difference of the local 

structure of 3d metals, can be also applied to the shoulder peak at the L1-edge XANES spectra of La. 

The present results also indicate the possibility of local structure analysis on other lanthanide 
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elements by L-edge X-ray absorption spectroscopy. In addition, the XANES analysis might give a 

complementary insight into the geometrical approach to explore amorphous structure by molecular 

dynamics or Monte Carlo simulation in combination with experimental data such as pair distribution 

function based on hard X-ray or neutron diffraction. 
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Chapter 3 

 

Local Structure and L1 and L3-edge XANES spectra of Early 

Lanthanide Elements in Their Complex Oxides 

 

Abstract 

Pr, Nd, Sm, Eu, and Gd L1-edge and L3-edge X-ray absorption near edge structure (XANES) 

spectra of their complex oxides were measured to investigate the relationship between the 

characteristic feature of the spectra and the local structure around the Pr, Nd, Sm, Eu, and Gd atoms. 

The pre-edge peak area of the L1-edge and the full width at half-maximum (fwhm) of the white line 

of the L3-edge XANES spectra are extracted by curve fitting analyses with one Gaussian and one 

cubic function as a background or with one pseudo-Voigt and one arctangent function, respectively. 

The author found a significant correlation among the pre-edge peak area of the L1-edge or the full 

width at half maximum of white line of the L3-edge XANES spectra and abstract physical indexes, 

bond angle analysis (BAA) parameter, defined by the positions of the adjacent atoms around the 

lanthanide elements, which act as an indicator of disorder of local configuration of the lanthanide 

element. This finding will open a way to estimate the local structure of early lanthanide elements by 

means of L-edge XANES spectroscopy. 
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Introduction 

In the previous chapter, the author demonstrated the La L1 and L3-edge XANES spectra can be 

used as an indicator of the local configuration of La from both of experimental and theoretical 

approaches. From the experimental data, the pre-edge peak area of La L1-edge XANES spectra and 

the fwhm of white line of La L3-edge XANES spectra are proved to have a clear correlation with the 

local environment of La. The author also proposed a primitive but practical structural indexing 

criterion to represent the complexity or disorder of the local environment of the La site and validate 

the indexing criterion by means of theoretical simulation of the La L1-edge XANES spectra on 

thousands of virtual La aqueous complex models. These findings led the author to explore the L1 and 

L3-edge XANES spectra of early lanthanide elements to extend the simple and practical method to 

the other lanthanide elements for a quantitative analysis of the local structure. 

XANES spectroscopy enables us to estimate not only the oxidation state but also 

centrosymmetry of the target atom; however, the fundamental XANES study on lanthanide elements 

from the point of view of geometry is relatively scarce. On the other hand, there are many examples 

of the lanthanide XANES analysis to estimate the valence states of lanthanide elements.
1
 For 

example, a large energy shift of the absorption edge of the Eu L3-edge is utilized to elucidate the 

chemical state of Eu in phosphor material
2
 or to follow the change of the oxidation state of Eu in 

EuO under high pressure.
3
 Saines et al. used Pr L3-edge XANES spectra to determine the oxidation 

state of the Pr atom in Ba2PrSnxSb1-xO6-δ.
4
 Yoshida et al. measured the valence state of Ce supported 

on silica by means of Ce L3-edge XANES spectra.
5
 Hu et al. found peculiar and interesting 

absorption edge shifts of Pr, Nd, Sm, and Dy L-edge spectra of their halides compounds and 

mixed-valent compounds.
6
 

Even though the studies of the local structure and XANES spectra of lanthanide compounds are 

not abundant, there are several papers on the local configuration of lanthanide complexes. Ellis et al. 

investigated lanthanide (Ln
III

) coordination environments using Ln L3-edge XANES and EXAFS 

spectra of the Ln
III

 complex and found that the fwhm’s of the Ln L3-edge XANES spectra are 

sensitive to the XANES spectra to elucidate the hydration environment of lanthanide triflates
7
 

through a XANES fitting procedure with MXAN,
8-10

 not an EXAFS. D’Angelo et al. have reported a 
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series of K and L3-edge XANES and/or EXAFS analysis of various lanthanide aqueous 

complexes.
11-19

 In particular, they also incorporated molecular dynamics and XANES fitting 

procedure to interpret the Ln L3-edge XANES spectra and proposed plausible solvation model. 

However, these papers mainly focused on the difference of a series of lanthanide elements and there 

are few papers focused on the XANES spectra of a specific lanthanide element. 

In the meanwhile, extended X-ray absorption fine structure (EXAFS) spectroscopy, the other 

part of X-ray absorption spectroscopy (XAS), is more widely used technique to analyze the local 

structure around an X-ray absorbing atom based on the quantitative analysis procedure of EXAFS 

oscillation proposed by Sayers, Stern and Lytle.
20

 EXAFS spectroscopy has been applied not only to 

3d, 4d, 5d transition metal elements, but also to lanthanide elements in various materials such as 

semiconductors,
21, 22

 optical devices,
23, 24

 and so forth. On the EXAFS study of the lanthanide 

elements, the Ln L3-edge is usually employed because even La K-edge, which is the lowest 

absorption edge among Ln K-edges, needs sufficient X-ray flux above 38 keV, only available at the 

world largest synchrotron radiation facilities such as SPring-8, Advanced Photon Source (APS) or 

European Synchrotron Radiation Facility (ESRF). And also, the L1 or L2-edge EXAFS can suffer 

from the interference of the EXAFS oscillation generated at the L3-edge. Despite the Ln L3-edge 

XANES spectra are frequently measured simultaneously for the EXAFS experiments, the detailed 

interpretation of the Ln L3-edge XANES are sometimes ignored or limited because of its 

non-descript structure. However, one of the difficulties of the application of EXAFS spectra occurs 

during analysis step by curve fitting procedure based on the EXAFS equation requiring the initial 

structural model, which is not easy to construct on amorphous materials. 

As discussed in the previous chapter, quantitative analysis on the La L1 and L3-edge XANES 

spectra could provide some information on the local structure of La in La complex oxides. Thus, the 

analytical technique could be also applied into early lanthanide elements. In this study, the author 

prepared various lanthanide complex oxides containing Pr, Nd, Sm, Eu, or Gd, measured their 

L-edge XANES spectra, and summarized a relationship between the feature quantities of the spectra 

and the local environment of lanthanide species in a similar manner to the previous chapter. In 

addition, the local structure of Sm of Sm-doped glasses is discussed based on the proposing 

structural–spectral relationship. 
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Experimental Section 

Preparation of Lanthanide Complex Oxides 

Samarium complex oxides, AlSrSmO4, NiSrSmO4, Sm2CuO4, Sm3GaO6, CoSmO3, SrCoSmO4, 

SrAl2Sm2O7, and Sm4CuO7, were prepared by solid state reaction. AlSrSmO4: Sm2O3 (174.7 mg, 0.5 

mmol), Al(NO3)3·9H2O (378.1 mg, 1.0 mmol), and SrCO3 (148.4 mg, 1.0 mmol); NiSrSmO4: Sm2O3 

(176.1 mg, 1.0 mmol), Ni(NO3)2·6H2O (292.3 mg, 1.0 mmol), and SrCO3 (148.4 mg, 1.0 mmol); 

Sm2CuO4: Sm2O3 (87.3 mg, 0.25 mmol), and Cu(OAc)2 (45.0 mg, 0.25 mmol); Sm3GaO6: Sm2O3 

(87.5 mg, 0.25 mmol), and Ga2O3 (15.6 mg, 0.083 mmol); CoSmO3: Sm2O3 (148.2 mg, 0.25 mmol) 

and Co(NO3)3·6H2O (148.2 mg, 0.51 mmol); SrCoSmO4: Sm2O3 (174.5 mg, 0.5 mmol), 

Co(NO3)3·6H2O (290.5 mg, 1.0 mmol), and SrCO3 (147.1 mg, 1.0 mmol); SrAl2Sm2O7: Sm2O3 

(349.8 mg, 1.0 mmol), Al(NO3)3·9H2O (753.3 mg, 2.0 mmol), and SrCO3 (148.3 mg. 1.0 mmol); 

Sm4CuO7: Sm2O3 (695.0 mg, 2.0 mmol) and Cu(OAc)2 (183.4 mg, 1.0 mmol). These mixtures are 

put into alumina crucibles and heated at 1423 K for 24 h. 

Neodymium complex oxides, Nd4PdO7, Nd2CuO4, SrAlNdO4, SrCoNdO4, CoNdO3, and 

MnNdO3, were prepared by solid state reaction. Nd4PdO7: Nd2O3 (331.8 mg, 1.0 mmol) and 

Pd(OAc)2 (111.8 mg, 0.5 mmol); Nd2CuO4: Nd2O3 (336.2 mg, 1.0 mmol) and Cu(OAc)2 (184.2 mg, 

1.0 mmol); SrAlNdO4: Nd2O3 (168.2 mg, 0.5 mmol), Al(NO3)3·9H2O (381.4 mg, 1.0 mmol), and 

SrCO3 (149.8 mg, 1.0 mmol); SrCoNdO4: Sm2O3 (165.4 mg, 0.5 mmol), Co(NO3)3·6H2O (298.9 mg, 

1.0 mmol), and SrCO3 (153.2 mg, 1.0 mmol); CoNdO3: Nd2O3 (338.5 mg, 1.0 mmol) and 

Co(NO3)3·6H2O (501.1 mg, 2.0 mmol); MnNdO3: Nd2O3 (168.8 mg, 0.5 mmol) and MnO (71.8 mg, 

1.0 mmol). These mixtures are put into alumina crucibles and heated at 1423 K for 24 h. 

Praseodymium complex oxides, NbPrO4, VPrO4, AlSrPrO4, NiSrPrO4, CoPrO3, CuPr2O4, and 

SrPrCoO4 were prepared in a solid state reaction of vigorous grinding of precursors followed by 

high-temperature calcination. NbPrO4: Pr6O11 (345.0 mg, 0.338 mmol) and Nb2O5 (265.1 mg, 1.0 

mmol); VPrO4: Pr6O11 (255.3 mg, 0.250 mmol) and V2O3 (114.9 mg, 0.77 mmol); AlSrPrO4: Pr6O11 

(172.7 mg, 0.169 mmol), Al(NO3)3·9H2O (382.0 mg, 1.0 mmol), and SrCO3 (150.2 mg, 1.0 mmol); 

NiSrPrO4: Pr6O11 (170.5 mg, 0.166 mmol), Ni(NO3)2·6H2O (293.8 mg, 1.0 mmol), and SrCO3 (150.0 

mg, 1.0 mmol); CoPrO3: Pr6O11 (255.2 mg, 0.250 mmol) and Co(NO3)3·6H2O (454.0 mg, 1.56 
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mmol); CuPr2O4: Pr6O11 (341.4 mg, 0.334 mmol) and Cu(OAc)2 (181.5 mg, 1.0 mmol); SrPrCoO4: 

Pr6O11 (169.5 mg, 0.166 mmol), Co(NO3)3·6H2O (292.0 mg, 1.0 mmol), and SrCO3 (150.2 mg, 1.0 

mmol). These mixtures were put into alumina crucibles and heated at 1273 K for 24 h (VPrO4, 

CoPrO3, and CuPr2O4) or at 1373 K for 24 h (NbPrO4, AlSrPrO4, NiSrPrO4, and SrPrCoO4). 

Europium complex oxides: Eu3GaO6, Eu2CuO4, EuNbO4, SrAl2Eu2O7, SrNiEuO4, SrCoEuO4, 

and CoEuO3 were prepared by solid state reaction. Eu3GaO6: Eu2O3 (520.2 mg, 1.5 mmol), and 

Ga2O3 (92.8 mg, 0.50 mmol); Eu2CuO4: Eu2O3 (351.2 mg, 1.0 mmol), and Cu(OAc)2 (182.0 mg, 1.0 

mmol); EuNbO4: Eu2O3 (352.2 mg, 1.0 mmol), and Nb2O5 (265.9 mg, 1.0 mmol); SrAl2Eu2O7: 

Eu2O3 (350.3 mg, 1.0 mmol), Al(NO3)3·9H2O (759.1 mg, 2.0 mmol), and SrCO3 (147.4 mg, 1.0 

mmol); SrNiEuO4: Eu2O3 (350.3 mg, 1.0 mmol), Ni(NO3)2·6H2O (290.3 mg, 1.0 mmol), and SrCO3 

(147.0 mg, 1.0 mmol); SrCoEuO4: Eu2O3 (176.5 mg, 0.5 mmol), SrCO3 (147.8 mg, 1.0 mmol), and 

Co(NO3)3·6H2O (293.2 mg, 1.0 mmol); CoEuO3: Eu2O3 (352.0 mg, 1.0 mmol), and Co(NO3)3·6H2O 

(581.2 mg, 2.0 mmol); These mixtures were pelletized and put into alumina crucible and heated at 

1373 K for 24h. 

Gadolinium complex oxides: Gd4CuO7, Gd2CuO4, GdNbO4, SrAl2Gd2O7, SrCoGdO4, and 

CoGdO3 were also prepared by solid state reaction. Gd4CuO7: Gd2O3 (538.5 mg, 1.5 mmol), and 

Cu(OAc)2 (134.9 mg, 0.75 mmol); Gd2CuO4: Gd2O3 (362.9 mg, 1.0 mmol), and Cu(OAc)2 (180.7 

mg, 1.0 mmol); GdNbO4: Gd2O3 (362.2 mg, 1.0 mmol), and Nb2O5 (265.5 mg, 1.0 mmol); 

SrAl2Gd2O7: Gd2O3 (362.5 mg, 1.0 mmol),  Al(NO3)3·9H2O (757.0 mg, 2.0 mmol), and SrCO3 

(147.7 mg, 1.0 mmol); SrCoGdO4: Gd2O3 (363.1 mg, 1.0 mmol), SrCO3 (296.4 mg, 2.0 mmol), and 

Co(NO3)3·6H2O (590.6 mg, 2.0 mmol); CoGdO3: Gd2O3 (363.2 mg, 1.0 mmol), and Co(NO3)3·6H2O 

(582.3 mg, 2.0 mmol); These mixtures were pelletized and put into alumina crucibles and heated at 

1373 K for 12 h. The XRD patterns of the calcined samples were compared to that reported in 

previous literature. 

X-ray Absorption Spectroscopy 

Pr, Nd, Sm, Eu and Gd L1- and L3-edge XANES spectra of reference samples and Sm-doped 

Bi2O3−B2O3 glass samples were measured at the BL5S1, hard X-ray XAFS beamline, and at Aichi 

Synchrotron Center (Aichi Science and Technology Foundation (AichiSR), Aichi, Japan). The 
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XANES spectra of their powder samples were recorded in transmission mode at ambient condition, 

using a Si(111) double-crystal monochromator. The photon energy was calibrated with the pre-edge 

peak of the Ti K-edge XANES spectrum of Ti foil as 4660 eV. Powder samples were mixed with an 

appropriate amount of boron nitride and pressed into pellets. Incident and transmitted X-ray fluxes 

were measured with ion chambers filled with He(70%)/N2(30%) and N2(15%)/Ar(85%), respectively. 

A higher harmonic X-ray was cut off with proper glancing angle of Rh-coated collimating and 

focusing mirrors. Data reduction was carried out with the Athena
25

 ver. 0.9.18 included in the 

Demeter package and Igor Pro ver. 6.34 (WaveMetrics, Lake Oswego, OR, USA). 

Results and Discussion 

Sm L1 and L3-edge XANES Spectra of Sm Complex Oxides 

   

Figure 1. Sm L3-edge (left) and L1-edge (right) XANES spectra of Sm complex oxides: (a) 

Sm4CuO7, (b) Sm2CuO4, (c) Sm3GaO6, (d) AlSrSmO4, (e) SrCoSmO4, (f) SrAl2Sm2O7, (g) 

NiSrSmO4, and (h) CoSmO3. 

Figure 1 exhibits Sm L3 and L1-edge XANES spectra of Sm complex oxides, Sm4CuO7, 

Sm2CuO4, Sm3GaO6, AlSrSmO4, SrCoSmO4, SrAl2Sm2O7, NiSrSmO4, and CoSmO3. All of the Sm 
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L3-edge XANES spectra have one almost symmetric peak called white line at around 6723 eV 

assigned to an electronic dipole transition from 2p3/2 states to 5d states. The white line of each 

spectrum looks almost the same; however, that of Sm4CuO7 is slightly wider than others, and 

CoSmO3 looks to have a bit narrower white line. These featureless shape of the L3-edge XANES 

spectra is far from the L3-edge XANES spectra of complex metal oxides of 4d and 5d metals such as 

Nb, Mo, Ta, W, and Re with regular octahedral moiety (e.g. MO6) exhibit two well-resolved peaks at 

the white line and with tetrahedral moiety (e.g., MO4) show ill-resolved peaks with apparent 

shoulder peaks at the white line. Thus, second derivatives of the L3-edge XANES spectra of Nb, Mo, 

Ta, W, Re clearly show separate electric dipole transition to d states split by crystal field effects as 

shown in Chapter 1, but the Sm L3-edge white lines of Sm atoms coordinated to 7 to 12 adjacent 

oxygen atoms exhibit only one ill-resolved asymmetric peaks, even though the lifetime broadening 

of the Sm L3-edge, 3.86 eV, is a bit smaller than that of Ta (4.88 eV), W (4.98 eV), or Re (5.04 eV). 

The reason why the spectral resolution of the Sm L3-edge XANES spectra is not better than that of 

Ta, W, or Re is their L3-edge XANES spectra were measured using the Si(111) double-crystal 

monochromator which is five or ten times worse energy resolution than Si(311). A conventional 

beamline capable of measuring extremely energy-resolved XANES spectra in the relatively low 

energy X-ray region (e.g. Sm L3-edge, 6.7 keV) is not available (e.g., > 8.6 keV with Si(311) at 

BL01B1, SPring-8, Japan; > 8 keV with Si(311) at NW10A, PF-AR, KEK, Japan). A highly 

elaborate XAFS technique such as high-energy resolution fluorescence detection X-ray absorption 

spectroscopy
26

 might give a better insight discussed below. In analogy with the previous study, the 

width of the white line of the Sm L3-edge XANES spectra should also reflect the d band broadening, 

which is subject to the local structure of lanthanide elements. Thus, in this study, the fwhm of the 

white line was estimated by curve fitting analysis on each spectrum with one arctangent function and 

one pseudo-Voigt function in order to evaluate the d band broadening. 

Figure 1 also shows Sm L1-edge XANES spectra of the same Sm complex oxides, Sm4CuO7, 

Sm2CuO4, Sm3GaO6, AlSrSmO4, SrAl2Sm2O7, and NiSrSmO4. The Sm L1-edge XANES spectra of 

SrCoSmO4 and CoSmO3 (which are tagged as (e) and (h) in Figure 1) are omitted from the right 

graph of Figure 1 because of the presence of the Co K-edge. In each spectrum, there is a weak, but 

distinct pre-edge structure at around 7745 eV, which could be assigned to the dipole electric 
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transition from 2s to a new electronic state generated by hybridization of the p−d states. The degree 

of hybridization should also reflect the local disorder of the first coordination sphere of Sm. 

 

Figure 2. Curve fitting result of the Sm L1-edge XANES spectrum of Sm complex oxides: (a) 

Sm4CuO7, (b) Sm2CuO4, (c) Sm3GaO6, (d) AlSrSmO4, (f) SrAl2Sm2O7, and (g) NiSrSmO4 with one 

Gaussian and one cubic spline function as a background. 

Figure 2 shows curve fitting results of the pre-edge region of Sm L1-edge XANES spectrum of 

Sm complex oxides, Sm4CuO7, Sm2CuO4, Sm3GaO6, AlSrSmO4, SrAl2Sm2O7, and NiSrSmO4 with 

one Gaussian and one cubic spline function as a background to extract the pre-edge peak area as an 

indicator of the local structure of the Sm. All of the Sm L1-edge XANES spectra are fitted well with 

these two functions. To link the estimated pre-edge peak area to a specific local environment of Sm, 
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the criterion for an index of the local environment, bond angle analysis (BAA) parameter, is 

employed to the Sm complex oxides. The simple BAA parameter is defined in the following 

equation, 

BAA =
1

𝑛
∑|cos(𝜃𝑖𝑗𝑘)| 

where 𝑛 and 𝜃𝑖𝑗𝑘 denote the number of independent angles and the angle formed by the 

central atom, 𝑗, and two of its neighbors, 𝑖 and 𝑘. If there are unidentical sites for Sm, the BAA 

parameter is calculated as an average value of each BAA parameter on each site. 
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Figure 3. Peak fitting results of the white line of Sm L3-edge XANES spectra of Sm complex oxides: 

(a) Sm4CuO7, (b) Sm2CuO4, (c) Sm3GaO6, (d) AlSrSmO4, (e) SrCoSmO4, (f) SrAl2Sm2O7, and (g) 

NiSrSmO4. 

Figure 3 shows the peak fitting results of La L3-edge XANES spectra. As clearly seen, fitting 

procedure successfully reproduced the main shape of the white lines. Sm4CuO7 shows the largest 
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fwhm of the white line, 7.29, and Sm2CuO4, Sm3GaO6, AlSrSmO4, SrCoSmO4, SrAl2Sm2O7, and 

NiSrSmO4 exhibit 6.86, 6.95, 6.06, 6.02, 5.97, and 5.93, respectively. 

     

Figure 4. Correlation between averaged bond angle analysis (BAA) parameters and the fwhm of the 

white line of Sm L3-edge XANES spectra (left, R
2
 = 0.62) or the pre-edge peak area of Sm L1-edge 

XANES spectra (right, R
2
 = 0.47) of Sm complex oxides (the number in parentheses denotes the 

number of the coordinated oxygen atoms to Sm) 

The fwhm of the white line of the Sm L3-edge XANES spectra and the pre-edge peak area of 

Sm L1-edge XANES spectra are plotted against simplified BAA parameters as shown in Figure 4. 

One can find a significant correlation with the average BAA parameters and also with the 

coordination number. This suggests two things. One is, if it was possible to obtain the Sm L1- or 

L3-edge XANES spectrum of a material containing Sm atoms with structurally unidentified Sm 

species, it might be possible to discuss the local structure of Sm in that material. The other is, if one 

has some idea on the structure of the material or can simulate structure with molecular dynamics or 

Monte Carlo simulation, for example, one might be able to judge the feasibility of distinguishing the 

local structure of Sm by Sm L1- and/or L3-edge XANES spectra or not, from the BAA parameters 

which could be calculated much easier than the XANES spectrum on each site. 

The fwhm of white line of Sm L3-edge or the pre-edge peak of Sm L1-edge XANES spectra of 

the Sm complexes with smaller coordination numbers such as Sm2CuO4, and Sm4CuO7 look a bit 

larger than the expected values from other samples. It must be because the characteristic features of 
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XANES spectra are subject not only to the coordination number but also to the subtle geometric or 

electronic structure difference of the Sm. In addition, even though the curve fitting analysis on the 

L1-edge XANES spectra is basically done well as shown in Figure 2, it also suffers from the EXAFS 

oscillation at the L2-edge. For example, the difference of the absorbance of the pre-edge region of 

Sm L1-edge XANES spectra is larger than 0.1, and the EXAFS oscillation mainly at the L2-edge in 

the pre-edge region at the L1-edge is smaller than 0.01. This means there is some inevitable 

uncertainty of the pre-edge peak area maybe by ca. 10%. In addition, the standard materials prepared 

to discuss the local structure of lanthanides have their own crystal structure, which can have an 

influence on their L-edge spectra. But, in general, it is impossible to prepare structurally defined 

uniform amorphous reference samples with an exact number of coordinated atoms. It might be also 

possible to make some correction on the influence of the EXAFS oscillation at the L2-edge, but it is 

difficult to perform reliable correction from the practical point of view. On the other hand, as 

discussed below, one can observe a clear systematic difference of the Sm L3-edge XANES spectra of 

Sm-doped glasses, which does not suffer from EXAFS oscillation because of their amorphous nature. 

Therefore, the correlation observed in Figure 4 is plausible despite the uncertainty of the estimation 

of the pre-edge peak area of L1-edge XANES. It should be also pointed out that the correlation 

cannot be extrapolated to six or less coordinated Sm species, which is not discussed in the present 

study. 

In addition, the relationship between the pre-edge peak areas of Sm L1-edge XANES spectra 

and the fwhm’s of the white line of Sm L3-edge XANES spectra is presented in Figure 5. As clearly 

seen, the two groups of parameters are linearly correlated. This correlation indicates an additional 

two points. One is that both the pre-edge structure of Sm L1-edge XANES and the broadening of the 

main peak of Sm L3-edge XANES spectra are mainly determined by the same parameters, which 

could be hybridization of the p orbital and d orbital induced by the p orbital of the adjacent atoms. 

The other is that, even if it was difficult to obtain both of the L1- and L3-edge XANES spectra 

because of the presence of the absorption edge of other elements, it is possible to estimate the local 

structure of the target atom only by the L1-edge or L3-edge XANES spectra. 
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Figure 5. Correlation between the pre-edge peak area of Sm L1-edge XANES spectra and the fwhm 

of the white line of Sm L1-edge XANES spectra of Sm complex oxides (the number in parentheses 

denotes the number of the coordinated oxygen atoms to Sm) (R
2
 = 0.93). 

Nd L3 and L1-edge XANES Spectra of Nd Complex Oxides 

    

Figure 6. Nd L3-edge (left) and L1-edge (right) XANES spectra of Nd complex oxides: (a) Nd4PdO7, 

(b) Nd2CuO4, (c) SrAlNdO4, (d) SrCoNdO4, (e) CoNdO3, and (f) MnNdO3. 
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Figure 7. Correlation between averaged bond angle analysis (BAA) parameters and the fwhm of the 

white line of the Nd L3-edge XANES spectra (left, R
2
 = 0.79) and the pre-edge peak area of Nd 

L1-edge XANES spectra (right, R
2
 = 0.78) of Nd complex oxides (the number in parentheses denotes 

the number of the coordinated oxygen atoms to Nd) 

Figure 6 shows the Nd L3- and L1-edge XANES spectra of Nd complex oxides, Nd4PdO7, 

Nd2CuO4, SrAlNdO4, SrCoNdO4, CoNdO3, and MnNdO3. The Nd L3-edge XANES spectra exhibit 

one slightly asymmetric and strong white lines at around 6215 eV. The white lines of the Nd L3-edge 

XANES spectrum of Nd4PdO7 and Nd2CuO4 are a bit wider than others, and CoNdO3 having 

12-coordinated Nd species exhibits a narrower white line. The Nd L1-edge XANES spectra also 

exhibit a similar spectrum to each other and have small but distinct pre-edge peaks at around 7135 

eV. This feature could be interpreted into an indicator of the local configuration of Nd as same way 

as Sm. For every Nd complex oxide, we also applied quantitative analysis on both of the L1- and 

L3-edge XANES spectra with averaged BAA parameters summarized in the same manner to Sm as 

shown in Figure 7. A series of Nd complex oxides have a similar correlation with the local structure 

and the XANES spectra to Sm complex oxides as shown in Figure 4. As expected from the results 

above, the pre-edge peak areas of Nd L1-edge XANES spectra and the fwhm’s of the white line of 

Nd L3-edge XANES spectra are also correlated with each other as shown in Figure 8. 
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Figure 8. Correlation between the pre-edge peak area of Nd L1-edge XANES spectra and the fwhm 

of the white line of Nd L3-edge XANES spectra of Nd complex oxides. (The number in parentheses 

denotes the number of the coordinated oxygen atoms to Nd) (R
2
 = 0.89) 

Pr L3 and L1-edge XANES Spectra of Pr Complex Oxides. 

 

Figure 9. Pr L3-edge (left) and L1-edge (right) XANES spectra of Pr complex oxides: (a) NbPrO4, 

(b) AlSrPrO4, (c) NiSrPrO4, (d) VPrO4, (e) CoPrO3, (f) CuPr2O4, and (g) SrPrCoO4 
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Figure 10. Relationship between averaged bond angle analysis (BAA) parameters and the fwhm of 

the white line of Pr L3-edge XANES spectra (left, R
2
 = 0.46) or the pre-edge peak area of Pr L1-edge 

XANES spectra (right, R
2
 = 0.51) of Pr complex oxides. (The number in parentheses denotes the 

number of the coordinated oxygen atoms to Pr) 

Figure 9 shows Pr L3-edge and L1-edge XANES spectra of Pr complex oxides, NbPrO4, 

AlSrPrO4, NiSrPrO4, VPrO4, CoPrO3, CuPr2O4, and SrPrCoO4. Each Pr L3-edge XANES spectra 

shows an almost symmetric and featureless white line at around 5970 eV. There is no apparent 

difference among them. The Pr L1-edge XANES spectra show again small but evident pre-edge 

peaks at around 6840 eV. These spectra were analyzed in the same manner to Sm and Nd oxides. The 

Pr complex oxides also exhibit a linear relationship between the fwhm of the white line of Pr L3-edge 

XANES spectra or the pre-edge peak area of Pr L3-edge XANES spectra and the averaged BAA 

parameters (Figure 10). In a similar manner to Sm and Nd complex oxides, the pre-edge peak areas 

of Pr L1-edge XANES spectra and the fwhm’s of the white line of Pr L3-edge XANES spectra are 

also correlated as shown in Figure 11. 
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Figure 11. Correlation between the pre-edge peak area of Pr L1-edge XANES spectra and the fwhm 

of the white line of Pr L3-edge XANES spectra of Pr complex oxides. (The number in parentheses 

denotes the number of the coordinated oxygen atoms to Pr) (R
2
 = 0.76). 

Eu L3 and L1-edge XANES Spectra of Eu Complex Oxides 

 

Figure 12. Eu L3-edge (left) and L1-edge (right) XANES spectra of Eu complex oxides: (a) Eu3GaO6, 

(b) Eu2CuO4, (c) EuNbO4, (d) SrAl2Eu2O7, (e) SrNiEuO4, (f) SrCoEuO4, and (g) CoEuO3. 

Figure 12 shows the Eu L3 and L1-edge XANES spectra of Eu3GaO6, Eu2CuO4, EuNbO4, 
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SrAl2Eu2O7, SrNiEuO4, SrCoEuO4, and CoEuO3 with various local configuration of Eu cation. The 

absorption edge energy of each compound is similar to each other and this fact indicated all the Eu 

atoms in these compounds are trivalent. Each spectrum illustrates one almost symmetric white line at 

around 6980 eV. However, when one look into the spectra closely, Eu3GaO6 exhibits a bit wider 

white line than the others, and in contrast, SrAl2Eu2O7, SrNiEuO4, SrCoEuO4, or CoEuO3 show a 

little narrower one. The corresponding Eu L1-edge XANES spectra also exhibit a similar spectral 

shape, but the intensity of the pre-edge shoulder peaks at around 8055 eV varies among the samples. 

Eu3GaO6, which has 7 adjacent oxygen atoms, show slightly larger pre-edge peaks than the others, 

and Eu2CuO4, or EuNbO4 bearing 8 coordinated oxygen atoms look to exhibit a little smaller peaks. 

SrAl2Eu2O7, SrNiEuO4, or SrCoEuO4 with 9 or 12 adjacent oxygen atoms also exhibit the small but 

still distinct pre-edge peaks. LaCoO3 has 12 adjacent oxygen atoms around La and shows a very 

small pre-edge peak area as discussed in Chapter 2. CoEuO3 also show the smallest pre-edge peak 

area of the Eu L1-edge XANES spectrum, but has only 8 nearest oxygen atoms within 3 Å with 

highly distorted configuration around Eu, however, it has 12 nearest O atoms within 3.5 Å, which 

means the apparent coordination number is just a guide for the distortion of local configuration. 

 

Figure 13. Relationship between averaged Bond Angle Analysis (BAA) parameters and the fwhm of 

the white line of Eu L3-edge XANES spectra (left, R
2
 = 0.73) and the pre-edge peak area of Eu 

L1-edge XANES spectra (right, R
2
 = 0.69) of Eu complex oxides. (The number in parentheses 

denotes the number of the coordinated oxygen atoms to Eu) 
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The relationship between the pre-edge peak area of Eu L1-edge XANES spectra or the fwhm of 

white line of Eu L3-edge XANES spectra of Eu complex oxides and their averaged BAA parameters 

is summarized in Figure 13. The pre-edge peak area of Eu L1-edge XANES spectra is significantly 

correlated to their average BAA parameters. The author believes that this correlation suggests the 

pre-edge peak area could be an indicator of local configuration of lanthanide. However, the pre-edge 

peak area plots looks a bit more scattered from a possible linear regression. It must be because the 

EXAFS oscillation at the Eu L2-edge inevitably affect the L1-edge XANES spectrum. In general, it is 

quite difficult to quantitatively estimate the influence, but in our case, the amplitude of the EXAFS 

oscillation at the L2-edge in the pre-edge region at the L1-edge is about 0.01 and the pre-edge peak 

intensity is no less than about 0.06. Thus, the uncertainty of the pre-edge peak estimation could be no 

more than about 15%. It is also noteworthy that one of possible samples of the present analysis 

method on local configuration is an amorphous material lightly-doped with lanthanide atoms, which 

will not cause strong EXAFS oscillation at the L2-edge at least in principle. 

 

Figure 14. Correlation between the pre-edge peak area of Pr L1-edge XANES spectra and the fwhm 

of the white line of Pr L3-edge XANES spectra of Pr complex oxides. (The number in parentheses 

denotes the number of the coordinated oxygen atoms to Pr) (R
2
 = 0.78). 

Figure 13 also shows a relationship between the fwhm of white line at the Eu L3-edge XANES 

spectra and their averaged BAA parameters. As expected from the absence of the interference from 
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parameters is clearer than that observed in Figure 3. In a similar manner to Sm, Nd, and Pr complex 

oxides, the pre-edge peak areas of Eu L1-edge XANES spectra and the fwhm’s of the white line of 

Eu L3-edge XANES spectra are also correlated with each other as shown in Figure 14. 

Gd L3 and L1-edge XANES Spectra of Gd Complex Oxides 

 

Figure 15. Gd L3-edge (left) and L1-edge (right) XANES spectra of Gd complex oxides: (a) 

Gd4CuO7, (b) Gd2CuO4, (c) GdNbO4, (d) SrNiGdO4, (e) SrCoGdO4, and (f) SrAl2Gd2O7. 

 

Figure 16. Relationship between averaged Bond Angle Analysis (BAA) parameters and the fwhm of 

the white line of Gd L3-edge XANES spectra (left, R
2
 = 0.68) and the pre-edge peak area of Gd 

L1-edge XANES spectra (right, R
2
 = 0.65) of Gd complex oxides. 
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Figure 15 shows Gd L3 and L1-edge XANES spectra of Gd complex oxides: Gd4CuO7, 

Gd2CuO4, GdNbO4, SrAl2Gd2O7, SrNiGdO4, and SrCoGdO4. All of the Gd L3-edge XANES spectra 

shows one asymmetric peak at around 7250 eV. Gd4CuO7, which has 7-coordinated oxygen atoms 

around the Gd atom, exhibits the widest white line among the samples. In contrast, 9-coordinated Gd 

complex oxides such as SrAl2Gd2O7, SrNiGdO4, or SrCoGdO4 express the narrower white lines. The 

other Gd samples, Gd2CuO4, and GdNbO4 show medium width of the white line. The corresponding 

Gd L1-edge XANES spectra are also summarized in Figure 15. Gd L1-edge XANES spectrum of 

SrNiGdO4 is not shown because of the presence of the Ni K-edge at around 8330 eV. The absorption 

edge energy of each spectrum is similar to each other and exhibits a small but distinct shoulder peak 

at around 8375 eV. Gd4CuO7 exhibits the largest and the second largest shoulder peak and Gd2CuO4 

also show relatively large shoulder peaks. In contrast, the shoulder peaks of SrAl2Gd2O7 and 

SrCoGdO4 are small among the samples. To quantitatively evaluate the shoulder peak areas, curve 

fitting analyses on them were performed in the same manner as performed on the other lanthanide 

complex oxides. Figure 16 shows the dependence of the pre-edge peak area at the Gd L1-edge or the 

fwhm of white line at the Gd L3-edge on the averaged BAA parameters of Gd complex oxides. 

Similarly to the case of Eu oxides, there are significant correlations between the spectral feature 

quantity and the local structure of Gd. Also, the apparent correlation between the fwhm of white line 

at the L3-edge and the BAA parameters is a bit stronger against the pre-edge peak area at the 

L1-edge. 
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Local Structure of Sm in Sm-Doped Bi2O3−B2O3 Glass. 

 

Figure 17 Sm L3-edge XANES spectra of Sm-doped Bi2O3−B2O3 glass: (a) Bi2O3:B2O3 = 25:75, (b) 

Bi2O3:B2O3 = 50:50, and (c) Bi2O3:B2O3 = 75:25, 1 mol % Sm2O3 each. 

One of the most important applications of lanthanide elements are dopants for various optical 

glass. For example, Er-doped silica fiber is an important optical amplifier widely used for optical 

communication. A combination of Sm- or Pr-doped glass phosphor realizes a wide-band 

near-infrared light source which could be used for a medical or agricultural apparatus. The local 

structure of the dopant has an influence on the optical property of these materials because of the 

strong relationship between the electronic the local structures. One of the potent analytical tools of 

the local structure of dopants is EXAFS spectroscopy. However, in general, it is not easy to estimate 

structural parameters by curve fitting analysis because of the amorphous nature. The atomic distance 

of the X-ray absorbing atom and scattering atom has a strong correlation with its displacement or 

disorder, which leads to the uncertainty of these parameters during the curve fitting procedure. 

XANES spectra may have less information than EXAFS, but quantitative analysis is also possible. 

Therefore, we tried to apply the relationship discussed above to Sm-doped Bi2O3−B2O3 glass as an 

example of the local structure estimation by means of XANES spectroscopy. 

Figure 17 shows Sm L3-edge XANES spectra of 1 mol % Sm-doped Bi2O3−B2O3 glass. Fuchi et 

al. reported the optical property of these materials in their previous literature.
27, 28
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other Sm reference compounds. However, there are some differences among the width of their white 

lines. Thus, we performed curve fitting analyses with one arctangent function and one pseudo-Voigt 

function in the range from 6715 to 6730 eV. The curve fitting analysis was done well with one 

arctangent function and a pseudo-Voigt function (Lorentzian:Gaussian = 1:1). 

 

Figure 18 Dependence of the fwhm of the white line of Sm L3-edge XANES spectrum of Sm-doped 

Bi2O3−B2O3 glass on the ratio of Bi2O3 and B2O3: (a) Bi2O3:B2O3 = 25:75, (b) Bi2O3:B2O3 = 50:50, 

and (c) Bi2O3:B2O3 = 75:25, 1 mol % Sm2O3 each. 

Figure 18 shows the dependence of the fwhm of the white line of the Sm L3-edge XANES 

spectrum of Sm-doped Bi2O3−B2O3 glass on the ratio of Bi2O3 and B2O3. The fwhm, which is an 

indicator of the d band broadening, increases from 5.2 to 5.7 as the ratio of the amount of Bi2O3 of 

the matrix increases from 25% to 75%. The dependency is clear, but the physical meaning is unclear. 

The fwhm’s of the Sm-doped glasses are smaller than that of the present Sm reference samples. Thus, 

it must be inappropriate to simply extend the discussion above to the Sm-doped glass samples, 

unfortunately. The author believes this observation indicates that the coordination number of Sm−O 

of Sm species in the Bi2O3−B2O3 decreases, and/or the disorder degree of the first coordination 

sphere of Sm increases as the ratio of amount of Bi2O3 in the matrix increases. Further discussion 

should be followed by experiments such as high-energy X-ray diffraction and theoretical simulation 

of L3-edge XANES spectra. 
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Conclusion 

L-edge XANES spectra of Pr, Nd, Sm, Eu, and Gd complex oxides were classified on the basis 

of coordination number and complexity of the first coordination sphere of lanthanide elements. As a 

result, the study found an interesting relationship between their characteristic features of XANES 

spectra and local structure, which could be used to estimate the local structure of structurally 

unknown materials. This simple XANES analysis strategy was applied to Sm-doped Bi2O3−B2O3 

glasses to obtain some knowledge on the local structure of Sm. It was suggested that the first 

coordination sphere of Sm of Sm-doped Bi2O3−B2O3 glass changed systematically depending on the 

matrix composition, which must have a strong influence on the photoluminescence property as a 

phosphor. The structural analysis of Sm must be discussed with more pieces of evidence based on 

other analytical tools such as high-energy X-ray diffraction patterns with reverse Monte Carlo 

simulation, but we believe the present method could be a complementary technique for the analysis 

of local structure of lanthanide elements. In addition, it is important that it is easy to calculate the 

BAA parameters on any structural model, which could be a model with thousands of atoms generated 

by molecular dynamics or Monte Carlo simulation. On the basis of the BAA parameters, one might 

be able to judge whether it is worth measuring the Ledge XANES spectra in order to distinguish the 

local structure of the target materials. 
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Chapter 4 

 

Local Structure and L1 and L3-edge XANES spectra of Late 

Lanthanide Elements in Their Complex Oxides 

 

Abstract 

Characteristic features of Ho, Er and Yb L1-edge and L3-edge X-ray absorption near edge 

structure (XANES) spectra of their various complex oxides were investigated to find a relationship to 

the local configuration around these late lanthanide atoms. A pre-edge peak area of the L1-edge 

XANES or a full width at half maximum of white line of the L3-edge XANES spectra have a 

significant correlation with an abstract geometrical index defined by bond angles formed by a center 

atom, Ho, Er, or Yb, and two adjacent oxygen atoms, which acts as an indicator of disorder of local 

configuration. Theoretical calculation based on multiple scattering theory revealed a general trend of 

dependence of the pre-edge peak at the Ln L1-edge XANES spectra and the broadening of the white 

line of the Ln L3-edge XANES spectra on the local environment of the Ln atoms. This finding will 

open a way to analyze the local structure of late lanthanide elements by means of the Ln L-edge 

XANES spectroscopy. 
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Introduction 

In the previous chapter 2 and 3, the author discussed on the characteristic structures of Ln L1 

and L3-edge XANES spectra of early lanthanide elements and the local configuration around the Ln 

atom from both of experimental and theoretical viewpoints. These results suggest the feature 

quantities of the XANES spectra provide semi-quantitative information on the local structure of the 

early lanthanide atoms in their complex oxides such as the number of adjacent atoms or the degree of 

disorder. The characteristic features at the L1 and L3-edge XANES spectra can be also classified on 

an abstract physical index defined by the geometry of the nearest atoms. 

XANES study on late lanthanide elements is also relatively rare to the 3d, 4d, or 5d metal 

elements used in various materials. For example, Ho L3-edge XANES spectra were reported in 

several papers
1-5

 according to the high resolution XANES measurement beyond the limitation of 

lifetime broadening, or electronic structure study of superconductors using lanthanide elements. In 

particular, Lytle et al. reported an early example of the Ho L3-edge XANES spectra of Ho2O3 and 

found its second derivative shows two minimum, but did not give a clear explanation at that time. 

However, to the best of the author’s knowledge, a detail discussion on Ho L1-edge XANES spectra is 

not known. Erbium has much wider application than holmium as a dopant for laser devices and its 

L3-edge XANES studies have been reported elsewhere.
6-14

 For example, Ishii et al. measured the Er 

L3-edge XANES spectra of Er2O3 and Si:Er2O3 thin film prepared by laser ablation method to 

investigate the optical activation process of Er and found the second derivatives of the Er L3-edge 

XANES spectra exhibit two minima related to the split 5d orbitals induced by the local configuration 

of Er.
14

 Yb L-edge XANES spectra were also used to investigate the local structure of Yb in various 

materials.
15-18

 Lanthanide L1-edge XANES spectra have been rarely reported, but Quartieri et al. 

used Yb L1 and L3-edge XANES spectra of Yb in synthetic pyrope and grossularite garnets for 

structural analysis in combination with full multiple scattering calculations.
15

 It is also noteworthy 

that Yamamoto et al. utilized Yb L3-edge XANES spectra and their second derivatives to clarify the 

local structure of Yb species supported on silica.
16

 

However, these studies usually present only a few reference XANES spectra for comparison to 

that of the target materials and have not clarified a general trend of the characteristic features of late 
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lanthanide L-edge XANES spectra. In this work, the author investigated a relationship between 

characteristic features of Ho, Er and Yb L1-edge and L3-edge XANES spectra of their various 

complex oxides and the local configuration around these late lanthanide atoms. 

Experimental Section 

Sample Preparation of Holmium Complex Oxides 

Holmium complex oxides, SrHo2O4, Ho3Al5O12, HoNbO4, HoVO4, Ho2Cu2O5, and HoMn2O5 

were prepared in solid-state reaction. SrHo2O4: Ho2O3 (188.0 mg, 0.5 mmol), and SrCO3 (74.5 mg, 

0.5 mmol); Ho3Al5O12: Ho2O3 (188.4 mg, 0.5 mmol) and Al(NO3)3·9H2O (628.1 mg, 0.833 mmol); 

HoNbO4: Ho2O3 (187.4 mg, 0.5 mmol) and Nb2O5 (133.2 mg, 0.5 mmol); HoVO4: Ho2O3 (186.9 mg, 

0.5 mmol), and V2O3 (75.0 mg, 0.5 mmol); Ho2Cu2O5: Ho2O3 (188.7 mg, 0.5 mmol), and Cu(OAc)2 

(182.0 mg, 1.0 mmol); HoMn2O5: Ho2O3 (188.3 mg, 0.5 mmol), and MnO (143.4 mg, 2.0 mmol). 

These mixtures were put into alumina crucible and heated at 1423 K for 24 h. The identification was 

done by comparison of the XRD patterns of the prepared samples and those of the ones reported in 

literatures. 

Sample Preparation of Erbium Complex Oxides 

Erbium complex oxides, BaCuEr2O5, BaNiEr2O5, ErVO4, ErNbO4, Er3Al5O12, and Er2Cu2O5 

were prepared in solid-state reaction. BaCuEr2O5: Er2O3 (191.3 mg, 0.5 mmol), Cu(OAc)2 (91.0 mg, 

0.5 mmol), and BaCO3 (98.4 mg, 0.5 mmol); BaNiEr2O5: Er2O3 (191.7 mg, 0.5 mmol), 

Ni(NO3)2·6H2O (148.5 mg, 0.5 mmol) and BaCO3 (98.9 mg, 0.5 mmol); ErVO4: Er2O3 (383.1 mg, 

1.0 mmol), and V2O3 (153.3 mg, 1.0 mmol); ErNbO4: Er2O3 (381.9 mg, 1.0 mmol), and Nb2O5 

(265.0 mg, 1.0 mmol);; Er3Al5O12: Er2O3 (191.5 mg, 0.5 mmol) and Al(NO3)3·9H2O (632.8 mg, 

0.833 mmol); Er2Cu2O5: Er2O3 (191.7 mg, 0.5 mmol) and Cu(OAc)2 (181.2 mg, 1.0 mmol). These 

mixtures were put into alumina crucible and heated at 1423 K for 24 h. The identification was done 

by comparison of the XRD patterns of the prepared samples and those of the ones reported in 

literatures. 

Sample Preparation of Ytterbium Complex Oxides 

Ytterbium complex oxides, YbFeO3, Yb3Fe5O12, Yb2Cu2O5, Yb3Al5O12, YbVO4, and YbNbO4 
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were prepared in solid-state reaction. YbFeO3: Yb2O3 (196.1 mg, 0.5 mmol) and Fe(NO3)3·9H2O 

(404.8 mg, 1.0 mmol); Yb3Fe5O12: Yb2O3 (196.7 mg, 0.5 mmol) and Fe(NO3)3·9H2O (672.8 mg, 

1.67 mmol); Yb2Cu2O5: Yb2O3 (198.0 mg, 0.5 mmol), and Cu(OAc)2 (183.1 mg, 1.0 mmol); 

Yb3Al5O12: Yb2O3 (197.6 mg, 0.5 mmol), and Al(NO3)3·9H2O (631.6 mg, 0.833 mmol); YbVO4: 

Yb2O3 (592.0 mg, 1.5 mmol), and V2O3 (226.1 mg, 1.5 mmol); YbNbO4: Yb2O3 (393.5 mg, 1.0 

mmol) and Nb2O5 (268.0 mg, 1.0 mmol). These mixtures were put into alumina crucible and heated 

at 1423 K for 24 h. The identification was done by comparison of the XRD patterns of the prepared 

samples and those of the ones reported in literatures. 

XAS Measurement and Data Reduction 

Ln (Ln = Ho, Er, Yb) L1 and L3-edge XANES spectra of these materials were measured at the 

BL5S1, a hard X-ray XAFS beamline, at Aichi Synchrotron Radiation Center
19

 (AichiSR; Aichi 

Science and Technology Foundation, Aichi, Japan). The XANES spectra of their powder samples 

were recorded in transmission mode under ambient condition, using a Si(111) double crystal 

monochromator. The photon energy was calibrated at the pre-edge peak (8980.3 eV) observed in the 

Cu K-edge XANES spectrum of Cu foil. Powder samples were mixed with an appropriate amount of 

boron nitride and pressed into pellets. Incident and transmitted X-ray fluxes were measured with ion 

chambers filled with He(70%)/N2(30%) and N2(75%)/Ar(25%). Higher harmonic X-ray was cut off 

with proper glancing angle of Rh-coated collimating and focusing mirrors. A typical data reduction 

procedure (e.g. background removal, or normalization) was carried out with the Athena ver. 0.9.20 

included in the Demeter package
20

. Curve fitting analyses on the Ln L1 and L3-edge and XANES 

spectra were also done with the peak fitting function implemented into the Athena and the multipeak 

fitting procedure implemented into Igor Pro ver. 6.35 (Wavemetrics, Lake Oswego, OR, USA). 
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Results and Discussion  

Ho L1 and L3-edge XANES spectra of Ho complex oxides  

    

 

Figure 1. Ho L1 (upper left), L3-edge (upper right) XANES spectra and the second derivatives of Ho 

L3-edge XANES (lower) spectra of Ho complex oxides: (a) SrHo2O4, (b) Ho2Cu2O5, (c) Ho2O3, (d) 

HoNbO4, (e) Ho3Al5O12, (f) HoMn2O5, and (g) HoVO4. 

Figure 1 shows the Ho L1 and L3-edge XANES spectra of SrHo2O4, Ho2Cu2O5, Ho2O3, HoNbO4, 

Ho3Al5O12, HoMn2O5, and HoVO4, of which Ho atoms are surrounded by several O atoms in their 
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crystal lattice. The Ho L1-edge XANES spectrum of each Ho compound is those of the other Ho 

compounds in whole, but exhibits characteristic peaks at around 9395, 9408, and 9420 eV. The 

XANES spectrum of SrHo2O4, which has an almost regular octahedral HoO6 unit and a highly 

distorted octahedral HoO6 unit, shows a distinct and the largest pre-edge peak intensity among the 

present Ho samples. Ho2Cu2O5 and Ho2O3 bearing significantly distorted HoO6 units or HoVO4 with 

distorted HoO8 units also exhibit noticeable pre-edge peaks. The pre-edge region of the other Ho 

compounds, HoNbO4, Ho3Al5O12, and HoMn2O5 looks featureless at a glance, but the second 

derivatives of the Ho L1-edge XANES spectra clearly indicate the presence of small pre-edge peaks. 

The Ho L3-edge XANES spectra of the corresponding Ho compounds with no characteristic feature 

are shown in Figure 1 (right). However, there are slight differences in the width of the white line at 

around 8075 eV. The width of white line of SrHo2O4 looks significantly larger than that of the other 

Ho compounds. 

Discussion or even the measurement of Ho L1 and L3-edge XANES spectra have been very rare 

because trace element structural analysis of Ho in its compounds is unimportant due to the high cost 

and limited application of Ho element to practical materials or devices. However, recently, Ho 

element has been used as a dopant for YAG laser to generate a laser emission wavelength in 2 μm
21

, 

which have been already applied into medicinal surgery. Then, even though Ho element is not 

abundant, further applications of Ho element are expected and element specific analytical technique 

for the element should be also important. 

In analogy with the previous analysis strategy on the L1 and L3-edge XANES spectra of early 

lanthanide elements such as La, Pr, Nd, Sm, Eu, and Gd, the author tried to perform curve fitting 

analysis on both of the pre-edge peak intensity of the Ho L1-edge and the full width at half maximum 

of the white line of the Ho L3-edge XANES spectra quantitatively to evaluate the p states mixing into 

unoccupied d states and the broadening of unoccupied d states. The pre-edge region of Ho L1-edge 

XANES spectra were fitted with a cubic function as a background and one Gaussian function for the 

peak and the white line region of Ho L3-edge XANES spectra were fitted with an arctangent function 

as a background and one pseudo-Voigt function (Lorentzian:Gaussian = 1:1). Figure 2 shows all the 

curve fitting analysis on the Ho L1-edge XANES spectra were performed well with only the two 

functions. The pre-edge peak area of Ho compounds are about 0.959 (SrHo2O4), 0.667 (Ho2Cu2O5), 
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0.547 (Ho2O3), 0.348 (HoNbO4), 0.277 (Ho3Al5O12), 0.212 (HoMn2O5), and 0.289 (HoVO4). The 

relationship between the pre-edge peak area and the local structure of each Ho site is discussed 

below. 

 

Figure 2. Curve fitting results of the pre-edge region of Ho L1-edge XANES spectra of Ho complex 

oxides: (a) SrHo2O4, (b) Ho2Cu2O5, (c) Ho2O3, (d) HoNbO4, (e) Ho3Al5O12, (f) HoMn2O5, and (g) 

HoVO4. 
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Figure 3. Curve fitting results of the white line of Ho L3-edge XANES spectra of Ho complex 

oxides: (a) SrHo2O4, (b) Ho2Cu2O5, (c) Ho2O3, (d) HoNbO4, (e) Ho3Al5O12, (f) HoMn2O5, and (g) 

HoVO4. 

To investigate the broadening of unoccupied d states from the shape of white line structure of 

L3-edge XANES spectra, one of the most common techniques is calculating secondary derivatives of 

them as reported in the previous literature (Figure 1, lower). The second derivatives of Ho L3-edge 

XANES spectra of SrHo2O4, Ho2Cu2O5, and Ho2O3 with 6-coordinated Ho atoms (two slightly 
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different sites in each unit cell) exhibit clear two minima, which indicate degenerate d states split into 

two main eg and t2g like states, but those of the other Ho compounds, HoNbO4, Ho3Al5O12, HoMn2O5, 

and HoVO4, do not show distinct minima assignable to split d states. From the fundamental crystal 

field theory, the split d orbitals of 4, 5, or 6-coordinated atoms such as tetrahedral, pentagonal 

bipyramidal, or octahedral geometries are well known as e and t2 states or eg and t2g states and so 

forth. However, d orbital splitting states of an atom coordinated by no less than 7 atoms cannot be 

easily deduced from the crystal field theory. Then, we took a bit more primitive approach to estimate 

the d states broadening from the L3-edge XANES spectra by curve fitting analysis described above 

as shown in Figure 3. The curve fitting results of Ho L3-edge XANES spectra of HoNbO4, 

Ho3Al5O12, HoMn2O5, and HoVO4 looks satisfactory. Those of the other Ho compounds, SrHo2O4, 

Ho2Cu2O5, and Ho2O3, show small differences between the experimental data and fitting lines, but 

also look enough to estimate the fwhm of white line of each spectrum. The fwhm of white line of Ho 

L3-edge XANES spectra are found to be 8.14 (SrHo2O4), 7.96 (Ho2Cu2O5), 7.53 (Ho2O3), 6.59 

(HoNbO4), 6.48 (Ho3Al5O12), 6.39 (HoMn2O5), and 6.25 (HoVO4). 

Relationship between the pre-edge peak area of Ho L1-edge XANES or fwhm of white line of 

Ho L3-edge XANES and the local structure of Ho in their complex oxides 

Common coordination number of lanthanide elements ranges from 6 or 7 to 12 due to their large 

ionic radii. Information on the local geometry of the nearest neighbor atoms to lanthanide atoms 

must be important to understand the electronic state, which should be strongly related to the desirable 

properties such as fluorescence or phosphorescence, for example. EXAFS has been applied to this 

issue as one of the widely accepted analytical techniques to estimate the local structure of X-ray 

absorbing atoms. Even though combinations of EXAFS spectroscopy with Monte Carlo simulation, 

molecular dynamics, and/or hard X-ray diffraction are promising tools for the elucidation of short 

range or even middle range order of amorphous materials having lanthanide atoms, the main 

drawback of EXAFS spectroscopy is the fact that it heavily depends on an initial model of the target 

structure. Curve fitting procedure on EXAFS spectra based on the EXAFS equation and Fourier 

transform of EXAFS oscillation has been winning great success of application of X-ray absorption 

spectroscopy to various materials. However, in some cases, it is quite difficult to construct a 
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plausible initial structure around the X-ray absorbing atom. If a target material was amorphous and it 

was apparent that the X-ray absorbing atoms could be located in enormous different sites, or 

structurally unknown in any sense, it would be impossible to prepare a valid model. In contrast, 

XANES region including pre-edge peaks, white lines and some characteristic structures above the 

absorption edge, can be interpreted into a simple linear superposition of XANES spectra of every 

X-ray absorbing atom. It means that XANES spectra can provide average or statistical information of 

the electronic and geometrical structure.  

BAA =
1

𝑛
∑|cos(𝜃ijk)| 

In the previous chapters of study on the XANES spectra of early lanthanide elements, the author 

proposed an abstract physical index, “bond angle analysis parameter” (BAA), which is defined in the 

following simple equation, where 𝑛 and 𝜃ijk denote the number of independent angles and the 

angle formed by the central atom j and two of its adjacent atoms i and k, respectively. Then, the 

author calculated and the BAA indexes of the Ho compounds and tried to find a relationship to the 

experimental feature quantities. If there are unidentical sites of Ln, the BAA parameter is calculated 

as an average value of each BAA parameter on each site. 

  

Figure 4. Dependence of pre-edge peak area of Ho L1-edge or the fwhm of Ho L3-edge XANES 

spectra on the BAA parameters of SrHo2O4, Ho2Cu2O5, Ho2O3, HoNbO4, Ho3Al5O12, HoMn2O5, and 

HoVO4. (The number in parentheses denotes the number of the coordinated oxygen atoms to Ho) 

Figure 4 shows dependence of the pre-edge peak area of Ho L1-edge or the fwhm of Ho L3-edge 
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XANES spectra of Ho complex oxides on the BAA parameters. Surprisingly, both of them indicate 

the presence of significant correlation between these indexes. If one postulates presence of a linear 

correlation, the correlation coefficients can be 0.94 for the pre-edge peak area of Ho L1-edge XANES 

spectra and 0.95 for the fwhm of white line of Ho L3-edge XANES spectra. At present, the physical 

meaning on the linear correlation hypothesis is vague, but it might be related to the degree of 

hybridization of orthogonal p orbitals into d orbitals, which can increase the pre-edge peak intensity 

and broaden the unoccupied d states. This fact implies both of the pre-edge peak area at Ho L1-edge 

and the fwhm of white line at Ho L3-edge XANES spectra can be an indicator of the local structure 

of Ho atoms. In addition, it is easy to infer a presence of a linear correlation between the pre-edge 

peak at the Ho L1-edge and the fwhm of white line at the Ho L3-edge XANES spectra. For example, 

Ho:YAG lasers utilize not only Ho, but also Tm or other lanthanide elements. On the local structure 

analysis of Ho of a Ho:YAG laser with EXAFS spectroscopy, the presence of Tm could be an 

obstacle because of the absorption edge of Tm at the L3-edge located at 8.6 keV near to that of Ho 

L3-edge at 8.1 keV. Then, the Ho L1 and L3-edge XANES spectroscopy, not EXAFS, can be an 

option. 
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Er and Yb L1 and L3-edge XANES spectra of Er or Yb complex oxides 

   

Figure 5. Er L1 and L3-edge (right) XANES spectra of Er oxides: (a) Er2Cu2O5, (b) Er2O3, (c) 

BaNiEr2O5, (d) BaCuEr2O5, (e) ErNbO4, (f) Er3Al5O12, and (g) ErVO4. 

Figure 5 (left) shows the Er L1 and L3-edge XANES spectra of Er2Cu2O5, Er2O3, BaNiEr2O5, 

BaCuEr2O5, ErNbO4, Er3Al5O12, and ErVO4 of which Er atoms are surrounded by several O atoms 

(Er L3-edge XANES spectrum of BaNiEr2O5 is not shown in Figure 5 (right) because of the presence 

of Ni K-edge (8.33 keV)). The Er L1-edge XANES spectrum of each Er compound is similar to those 

of the other Er compounds, and exhibits characteristic peaks at around 9753, 9765, and 9778 eV. The 

Er L1-edge XANES spectra of Er2Cu2O5 and Er2O3, which have distorted octahedral ErO6 unit, show 

the largest and the second largest pre-edge peak intensities among the present Er samples. 

BaCuEr2O5 and BaNiEr2O5 bearing ErO7 units also exhibit distinct pre-edge peaks. The pre-edge 

region of the other Er compounds, ErNbO4, Er3Al5O12, and ErVO4 are still noticeable. The Er 

L3-edge XANES spectra of the Er compounds are shown in Figure 5 (right) just with one asymmetric 

large white line. There are small differences in the width of the white line at around 8360 eV and the 

width of white line of Er2Cu2O5, and Er2O3 look significantly larger than that of the other Er oxides. 

Quantitative analysis of the pre-edge peak area at the L1-edge and the fwhm of white line at the 

L3-edge XANES spectra was performed in the same way of the Ho case to extract feature quantities 
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from the XANES spectra. 

 

Figure 6. Yb L1 (left) and L3-edge (right) XANES spectra of Er oxides: (a) Yb2Cu2O5, (b) YbNbO4, 

(c) Yb3Al5O12, (d) YbVO4, (e) Yb3Fe5O12, and (f) YbFeO3. 

Figure 6 shows the Yb L1 and L3-edge XANES spectra of Yb2Cu2O5, YbNbO4, Yb3Al5O12, 

YbVO4, Yb3Fe5O12, and YbFeO3. The Yb L1-edge XANES spectrum of each Yb compound exhibits 

characteristic peaks at around 10490, 10503, and 10512 eV. The Yb L1-edge XANES spectrum of 

Yb2Cu2O5, which have distorted octahedral YbO6 unit, shows the largest broad shoulder peak 

intensities among the present Yb samples. The pre-edge peaks at the Yb L1-edge of the other Yb 

compounds, YbNbO4, Yb3Al5O12, YbVO4, Yb3Fe5O12, and YbFeO3 are also noticeable. The Yb 

L3-edge XANES spectra of the Yb compounds are shown in Figure 6 (right). Only the Yb L3-edge 

XANES spectrum of Yb2Cu2O5 shows a broad white line, but the others are narrow and similar to 

each other. Quantitative analysis of these spectra was also performed in the same procedure above 

and discussed later. 
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Relationship between the pre-edge peak area of L1-edge XANES or fwhm of white line of 

L3-edge XANES and the local structure of Er or Yb atoms in their complex oxides 

   

Figure 7. Dependence of pre-edge peak area of Er L1-edge or the fwhm of Er L3-edge XANES 

spectra on the BAA parameters of Er2Cu2O5, Er2O3, BaNiEr2O5, BaCuEr2O5, ErNbO4, Er3Al5O12, 

and ErVO4. (The number in parentheses denotes the number of the coordinated oxygen atoms to Er) 

Figure 7 shows dependence of the pre-edge peak area of the Er L1-edge or the fwhm of white 

line of the Er L3-edge XANES spectra of Er complex oxides on the BAA parameters. The 

relationships between these indexes are not so clear like the Ho case, but the correlation looks 

significant, again. The correlation coefficients can be 0.81 for the pre-edge peak area of the Er 

L1-edge XANES spectra and 0.94 for the fwhm of white line of the Er L1-edge XANES spectra 

under a linear correlation assumption. This means both of the pre-edge peak area at the Er L1-edge 

and the fwhm of white line at the Er L3-edge XANES spectra can be an indicator of the local 

structure of Er atoms, again. In addition, a linear correlation between the pre-edge peak at the 

L1-edge and the fwhm of white line at the Er L3-edge XANES spectra was also found (R
2
 = 0.98). 
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Figure 8. Dependence of pre-edge peak area of Yb L1-edge or the fwhm of Yb L3-edge XANES 

spectra on the BAA parameters of Yb2Cu2O5, YbNbO4, Yb3Al5O12, YbVO4, Yb3Fe5O12, and YbFeO3. 

(The number in parentheses denotes the number of the coordinated oxygen atoms to Yb) 

Dependence of the pre-edge peak area of the Yb L1-edge or the fwhm of the Yb L3-edge 

XANES spectra of the Yb complex oxides on the BAA parameters are shown in Figure 8. 

Unfortunately, characteristics of the Yb L-edge XANES of the present Yb complex oxides were 

classified into two main groups and did not show a gradual change, but a correlation between the 

feature quantities of L-edge XANES spectra and the local structure is plausible in analogy with the 

previous two element cases. Furthermore, a linear correlation between the pre-edge peak at the 

L1-edge and the fwhm of white line at L3-edge XANES spectra exists again (R
2
 = 0.95 for the 

pre-edge peak area (Figure 8, left); R
2
 = 0.85 for the fwhm of white line (Figure 8, right)). 

Theoretical calculation of Ho L1 and L3-edge XANES spectra of virtual Ho aqueous complexes 

As mentioned above, one of the characteristic properties of lanthanide elements is its large 

coordination number. Yamazoe et al. discussed the relationship between the shape of the W L1 and 

L3-edge XANES spectra and their local structures of various W reference compounds, which have 4 

or 6 coordinated O atoms around the W atom
22

. They classified the local symmetries of W species 

into three groups, tetrahedral (i.e. 4-coordinated WO4 unit), “distorted” octahedral, and octahedral 

(i.e. 6-coordinated WO6 unit) ones and found that the pre-edge peak area at the W L1-edge XANES 

spectrum deceases and the width of white line at the W L3-edge XANES spectrum related to d orbital 

splitting increases as the coordination number of W increases from 4 to 6. In the present cases of Ho, 
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Er, and Yb, the pre-edge peak area of Ln L1-edge XANES spectrum also decreases as the 

coordination number of Ln atoms increases, but, in contrast, the fwhm of white line at the Ln 

L3-edge XANES spectrum decreases as the coordination number of Ln atoms increases from 6 to 8. 

To review the experimental results by means of theoretical simulation, the author calculated Ho L1 

and L3-edge XANES spectra of virtual Ho aqueous complexes, Ho(H2O)n (n = 4 – 9) of which 

geometry were optimized by molecular dynamics and quantum mechanics in the same procedure of 

the previous chapter. 

 

Figure 9. Simulated Ho L1-edge XANES spectra of virtual Ho aqueous complexes, Ho(H2O)n (n = 4 

– 9). 

Figure 9 shows the simulated Ho L1-edge XANES spectra of virtual Ho aqueous complexes 

with FEFF
23

, including electric dipole and quadrupole transitions. Four or five-coordinated Ho 

species, Ho(H2O)4 or Ho(H2O)5 must be unreal because there is still large vacancy around Ho with 

only 4 or 5 O atoms, but it is enough to investigate the effect of the geometrical environment of Ho 

on the Ho L-edge XANES spectrum. As expected from the W case
22

 or many other 3d, 4d, 5d metal 

elements, the pre-edge peak gradually decreases as the number of adjacent O atom increases, which 

can be explained by the contribution of p component to the unoccupied states related to the pre-edge 

peak decreases as the intersection of d and p orbitals decreases. Furthermore, the pre-edge peak 

intensity continues to decrease monotonously as the number of coordinated water molecule increases 

from 6 to 9. This trend is consistent with the experimentally observed phenomena. In addition, the 

contribution of the electric quadrupole transition is also evaluated in the same manner to the La case. 
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As a result, the quadrupole contribution is found to be significantly larger than the electric dipole 

transition, but is constant among the Ho aqueous complex models. This means the pre-edge peak 

area can be still an indicator of the local environment of Ho atom. 

 

Figure 11. Simulated Ho L3-edge XANES spectra of virtual Ho aqueous complexes, Ho(H2O)n (left: 

n = 4 – 6; right: n = 6 – 9). 

Figure 11 shows simulated Ho L3-edge XANES spectra of the virtual Ho aqueous complexes, 

Ho(H2O)n (left: n = 4 – 6; right: n = 6 – 9). As expected, Ho(H2O)4 exhibits one asymmetric white 

line at the Ho L3-edge XANES spectrum and the width of white line increases as the number of 

coordinated O atoms increases to 6. In contrast, as the hydration water increases from 6 to 9, the 

fwhm of white line at the Ho L3-edge XANES gets narrower (Figure 11, right). This is also 

consistent with the experimental results. 

Scheme 1. Schematic view of d orbital splitting dependency on the number of coordinated atoms to 

Ho. 
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This phenomenon can be simply interpreted into “re”-degeneracy of d orbital of Ho caused by 

averaging the potential field Ho feels by a number of adjacent ligand atoms because the Ho L3-edge 

absorption derives from 2p3/2 to 5d electric dipole transition. All the five 5d orbitals of an atomic Ho 

atom (i.e. Ho gas) are degenerate in principle. If the Ho atom was located at a potential field 

generated by four atoms tetrahedrally coordinated to the Ho atom, the d orbitals are split into two 

degenerate e state and three degenerate t2 state. When another 2 other ligands are coordinated to the 

Ho atom and forms regular octahedral environment, the d orbitals are a bit widely split into three 

degenerate t2g state and two degenerate e2 state. However, if the coordinated atoms were more than 6, 

the d orbital splitting should be very complicated. One simple model can be the Ho atom located at 

the center of a complete sphere of enormous number of atoms or electrons (Scheme 1). Then, the 

potential field the Ho atom feels should be a similar one in the gas phase, and all five d orbitals are 

degenerate because all the potential fields of the surrounding atoms annihilate the others’ and the Ho 

atom feels a completely isotropic potential field.  

  

Figure 12. Simulated Ho L3-edge XANES spectra of virtual Ho complexes, HoH4 as a free Ho atom 

analog and Ho(H2O)4. 

The Ho L3-edge XANES spectrum of an atomic Ho was also calculated with a HoH4 model 

(Figure 12). Because the XANES simulation of FEFF code is based on multiple scattering theory, a 

Ho atom only model cannot be processed. In addition, the contribution of H atoms to the XANES 

spectrum is negligible. Indeed, the Ho L3-edge XANES spectrum of a HoH4 model exhibits a 

narrower white line than that of the Ho(H2O)4 model, which proved the hypothesis illustrated in 
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Scheme 1. 

Conclusion 

A systematic survey of Ho, Er, or Yb L1 and L3-edge XANES spectra of their complex oxides 

and theoretical calculation of the L1 and L3-edge XANES spectra of virtual Ho aqueous complexes 

gave the following two insights. One is that the intensity of the pre-edge peak at the Ho, Er, or Yb 

L1-edge XANES spectra and the width of white line at the L3-edge XANES spectra can be an 

indicator of the local configuration of the target atom such as distortion or coordination number of 

the local environment. The other is the decrease of the fwhm of white line at the L3-edge caused by 

the increase of the coordination number of lanthanide from 6 to more can be explained by the 

re-degeneracy of d orbitals by averaging of a potential field a lanthanide atom feels. Application of 

the lanthanide XANES spectroscopy to practical material may be not easy because the change of the 

Ln L-edge XANES spectra depending on the small difference of local environment is quite subtle. 

However, the present result indicates a new approach to structural study of local configuration of the 

lanthanide compounds. 
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Chapter 5 

 

In Situ Time–Resolved DXAFS Study of Rh Nanoparticle Formation 

Mechanism in Ethylene Glycol at Elevated Temperature 

 

Abstract 

A combination of in situ time-resolved dispersive XAFS and ICP-MS techniques reveals that the 

formation process of Rh nanoparticles (NPs) from rhodium trichloride trihydrate (RhCl3·3H2O) in 

ethylene glycol with polyvinylpyrrolidone (PVP) at elevated temperature is a first-order reaction, 

which indicates that uniform size Rh NPs appear consecutively and these Rh NPs do not aggregate 

with each other. 
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Introduction 

Metal nanoparticles (NPs) are getting much more attention than ever in both fields of 

fundamental science and engineering. Metal NPs have several unique properties or applications, such 

as surface plasmon resonance,
1
 magnetism,

2, 3
 imaging,

4
 or catalysis.

5
 For example, metal NPs have 

several catalytic activities, such as hydrogenation by Rh NPs,
6-8

 and C–C coupling reaction by Pd 

NPs.
9, 10

 These days, various scientists’ efforts have enabled us to control NP size and/or shape. Their 

formation mechanisms are also vigorously investigated, but still under discussion. To the best of the 

author’s knowledge, there are two common formation mechanisms of NPs proposed by LaMer
11

 and 

Finke.
12, 13

 LaMer et al. studied the formation mechanism of sulphur sol and proposed that the sol is 

formed by simultaneous nucleation from a supersaturated solution of monomer and its growth is by 

attachment of monomers to the resulting nuclei. On the other hand, Finke et al. have studied the 

formation kinetics and mechanism of iridium NPs from iridium precursors by H2 reduction. They 

proposed a different mechanism from LaMer’s in that the nuclei are formed slowly but constantly 

and the NPs grow mainly by autocatalytic reduction of metal precursors on the particle surface, 

which can be called a two-step mechanism
12

 or a four step mechanism for transition metal NP 

formation and agglomeration.
13

 The Finke–Watzky two-step mechanism of Ir nanoparticle 

preparation with hydrogen can be summarized with the equation below. 

[𝐴]𝑡 =  (
𝑘𝑎
𝑘𝑏

+ [𝐴]0) /(1 + (
𝑘𝑎
𝑘𝑏

[𝐴]0) 𝑒𝑥𝑝(𝑘𝑎 + 𝑘𝑏[𝐴]0)𝑡) 

where 𝑘𝑎  and 𝑘𝑏  are the average rate constants for nucleation and autocatalytic growth, 

respectively. [A]𝑡 and [A]0 are the concentrations of nanocluster precursor A at reaction time of 

𝑡and0, respectively.
12

 

X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure 

(EXAFS) spectroscopy was regarded as a potentially powerful method for directly observing the 

nucleation process of nanoparticles.
14

 Indeed, several research groups have recently applied X-ray 

absorption fine structure (XAFS) measurements to investigate the formation mechanism of NPs. For 

example, Harada et al. has investigated Pt,
15

 Rh,
16, 17

 Pd,
17

 Ag,
18

 and Au
19

 metal NP formation by 

photoreduction in polymer solutions and confirmed the two step mechanism proposed by Finke et al. 
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Nishimura et al. studied the formation mechanism of Cu NPs in aqueous PVP solution with NaBH4 

reduction at ambient conditions by means of in situ quick XAFS technique (QXAFS) in fluorescence 

mode and found that stable intermediates such as Cu(OH)2 and Cu
+
-PVP were formed during an 

induction period of nucleation of Cu NPs.
20

 Teramura and Ohyama et al. have investigated the 

photodeposition process of Rh cations on a TiO2 photocatalyst by means of in situ dispersive XAFS 

(DXAFS) technique and proposed consecutive deposition of Rh NPs,
21, 22

 and the nucleation and 

growth process of Au nanoparticles by means of the newly developed in situ fast QXAFS technique 

and found a four atom Au cluster during the induction period.
23, 24

 

In this study, in situ time-resolved XAFS technique was employed in order to understand the 

formation mechanism of Rh NPs in ethylene glycol (EG) at elevated temperature.
25-28

 Interestingly, 

the Rh NP growth does not seem to occur during NP formation and Finke’s two-step mechanism in 

the case of photoreduction condition could satisfactorily address all the experimental observations 

and a distinct scenario could be envisaged for Rh NP formation in EG at elevated temperatures. 

Experimental Section 

Materials and General Procedures of Rh NP Preparation 

RhCl3·3H2O (Wako, Japan), polyvinylpyrrolidone (PVP) (Mw = 40000, Yili Chemical, China), 

and ethylene glycol (EG) (Wako, Japan) were purchased and used without further purification. Rh 

NPs were prepared as follows. RhCl3·3H2O and PVP are dissolved into appropriate amount of EG 

with sonication and are poured into a tube reactor equipped with Dimroth condenser. The 

concentration of Rh is 0.02 mol/L and the Rh/PVP ratios are 1/15, 1/30 or 2/15 (Rh: 0.04 mol/L). 

Reaction conditions are summarized in Table 1. 

Table 1. Summary of experimental conditions 

Run [Rh] mol/L [PVP] mol/L Temperature
a
/°C 

A 0.02 0.30 135 

B 0.02 0.30 100 

C 0.02 0.60 125 

D 0.04 0.30 125 
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a
 Temperature was measured by thermocouple immersed into the reaction mixture. 

In situ Rh K-edge Dispersive XAFS Measurement and Data Reduction 

In situ time-resolved Rh K-edge XAFS spectra were recorded at the BL28B2 beamline of the 

SPring-8 (Ako, Japan). The DXAFS measurement system consists of a polychromator set to a Laue 

configuration with a Si(422) net plane and a position sensitive detector (PSD) mounted on a θ–2θ 

diffractometer (Scheme 1).  

Scheme 1. Main equipment of the DXAFS spectroscopy system at the BL28B2 beamline, SPring-8 

 

The size of an X-ray focal spot on the sample is 0.16 mm in width and 2.4 mm in height and the 

distance between the polychromator and the sample, and the sample and PSD are 920 mm and 640 

mm, respectively. The total energy bandwidth is 22950–24010 eV. The X-ray energy was calibrated 

by the spectrum of a Rh foil. The oil bath filled with silicon oil was placed on a movable stage. A 

side-arm Pyrex reactor equipped with Dimroth condenser and thermocouple was fixed with a clamp 

and immersed into the reaction solution at around the X-ray focal spot. In the beginning of the 

DXAFS measurement, the oil bath was automatically moved up to heat the tube reactor, thus there 

are some delays between the starting time of DXAFS measurements and that of solution heating. The 

exposure time of the PSD depends on the contents of the reaction mixture because the X-ray 

transparency of each reaction mixture is different. Usually, one hundred shots were accumulated for 
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spectral quality. Data reduction of the XAFS spectra was performed through a previously described
21

 

procedure by REX2000
29

 (Rigaku, Japan). The k
3
-weighted EXAFS oscillation in the range of 2.8–

11 Å
–1

 was Fourier transformed. Linear combination fitting (LCF) of a series of XANES spectra was 

performed with Athena included in IFEFFIT package.
30

 In the LCF procedure, the absorption edges 

(E0) of the reference spectra were fixed and the sum of the weights of the reference spectra was also 

fixed to 1 and each weight was between 0 and 1. Fitting was performed in a range of photon energies 

between –30 eV to 50 eV from E0 as a base position in all cases. 

ICP-MS 

The EG solution containing both Rh NPs and Rh
3+

 were first treated with ultrafiltration in 

special tubes (Amicon Ultra 0.5 ml Ultracel 3 k) over a centrifuge operating at 12000 rpm for 0.5 h. 

The filtrate was diluted, digested by 10% HNO3 and finally was diluted again to match an acid 

concentration of about 1%. An Agilent 7500ce ICP-MS, interfaced to a CETAC CEI-100 

microconcentric nebulizer, was used to determine the Rh content in the aqueous phase. Instrument 

control as well as data analysis was carried out using ChemStation B.03.03 software. The nebulizer 

was operated in self-aspiration mode with the sheath liquid (50 mM formic acid, 20 ppb Ge) closing 

the electrical circuit. Analyses were only started when a sufficiently stable signal (RSD 72Ge < 5%) 

was obtained. An ICP-MS tuning solution containing lithium, yttrium, cerium, thallium, and cobalt in 

2% HNO3 (each 10 mg/L, Agilent Technologies) was used for calibration. 

TEM observation 

The high resolution transmission electronic microscope (HR-TEM) images were taken with a 

Tecnai F20 microscopy operating under 200 kV accelerating voltage and JEOL JEM-2100F 

operating at an accelerating voltage of 200 kV. The samples were prepared as follows. Rh 

nanoparticles were precipitated from the EG solution after addition of 4 quantities of acetone (v/v), 

then separated by centrifugation (10 000 rpm for 5 min). Finally, the precipitate was re-dispersed in 

an appropriate amount of methanol (0.08 mol/L) under ultrasonication. One drop of the above 

solution containing Rh nanoparticles was deposited on carbon-coated copper grids and dried at room 

temperature in vacuo. 
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Results and discussion 

TEM observation 

 

Figure 1. TEM images of Rh NPs in the condition of RhCl3·3H2O = 0.02 mol/L, Rh/PVP = 1/15, 

403 K after the reaction for (a) 5 min, (b) 10 min, (c) 30 min, (d) 120 min 

 

Figure 2. TEM images of Rh NPs in the condition of RhCl3·3H2O = 0.02 mol/L, Rh/PVP = 1/15, 

373 K after the reaction for (a) 25 min, (b) 35 min, (c) 65 min, (d) 85 min 
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Figure 1 shows TEM images of Rh NP samples obtained during the Rh NP formation reaction of 

0.02 mol/L RhCl3·3H2O and PVP/EG solution (Rh/PVP = 1/15) at 403 K after reaction for 5, 10, 30, 

and 120 min. All Rh NPs were observed as multipod-type NPs and their average width of branch is 

ca. 3 nm and the average length of the particles is ca. 12 nm. However, at the very beginning, the 

elongation of the branch is observed in Figure 1(a) and (b). It may be because of the aggregation of 

the small Rh units to the multipod NPs, but there is no evidence in the present study. 

Figure 2 shows TEM images of Rh NP samples obtained during the Rh NP formation reaction of 

a 0.02 mol/L RhCl3·3H2O and PVP/EG solution (Rh/PVP = 1/15) at 373 K (e.g. run B) after the 

reaction for 25, 35, 65, and 85 min. All Rh NPs were observed as multipod-type NPs and their 

average particle size is as same as run A. These results indicate that the Rh NP size did not grow 

under these reaction conditions once formed. 

Rh K-edge in situ dispersive XAFS measurement 

 

Figure 3. Rh K-edge XANES spectra (a) Rh foil, (b) a series of Rh K-edge XANES spectra of 

reaction solution containing RhCl3·3H2O at 408 K for 1 h, and PVP in EG (Run A), (c) RhCl3·3H2O. 

(Arrows indicate spectral change for 1 hour) 

Figure 3 shows a series of Rh K-edge XANES spectra of the reaction mixture of RhCl3·3H2O 
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and PVP EG solution (Rh/PVP = 1/15) (run A) and the reference spectra of RhCl3·3H2O (solid) and 

Rh foil. The exposure time of the X-ray on the reaction mixture is 66 msec and good quality XAFS 

spectra were obtained by accumulating the spectra in every 6.6 sec to form a series of spectra. The 

XANES spectrum of the initial state is similar to that of the RhCl3·3H2O. The shift of X-ray 

absorption edge energy (E0) from 23229 eV to 23224 eV indicates a reduction of Rh
3+

 cation to Rh
0
 

species during the polyol process. The XANES spectra after 15 min thermal reduction were similar 

to that of the Rh foil as presented in Figure 3(a). The XANES spectra gradually changed from that of 

the Rh
3+

 cation to that of the Rh
0
 metal with an isosbestic point at around 23259 eV. Thus, the Rh

3+
 

ions are reduced to Rh
0
 during the polyol process without any intermediates on this timescale. 

 

Figure 4. Time course of two fractions of a series of XANES spectra during polyol process at 408 K 

for 1 h (Run A). XANES spectra of initial state (gray cross) and Rh foil (black circle) were used for 

standard spectra of linear combination fitting. 

All Rh K-edge XANES spectra were reproduced with the linear combination fitting of XANES 

spectra of the initial state (Rh
3+

; before heating) and Rh foil. Figure 4 shows the time course of the 

fractions of initial state of Rh
3+

 precursor and Rh foil, respectively. The exponential decay of the 

fraction of Rh
3+

 indicated that the Rh NP formation process depends with pseudo-first order kinetics 

on Rh
3+

 concentration. It is noteworthy that the final XANES spectrum is seen to consist of ca. 90% 

of Rh foil and ca. 10% Rh
3+

 because the XANES spectrum of NPs is usually different from that of 

bulk state.
24
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Figure 5. A series of Rh K-edge XANES spectra of reaction solution containing RhCl3·3H2O, and 

PVP in EG at 373 K for 1 h. (Run B; Arrows indicates spectral change for 1 hour) (Thick black line: 

Rh foil) 

Figure 5 shows a series of Rh K-edge XANES spectra of the reaction mixture during the Rh 

NPs preparation from RhCl3·3H2O with PVP in EG (Rh/PVP = 1/15) at 373 K for 1 h (run B). In this 

case, the XANES spectra also gradually changed from that of the Rh
3+

 cation to that of the Rh
0
 metal 

with the isosbestic point at around 23259 eV, but the final XANES spectrum is not identical to that of 

Rh foil because the reduction of Rh
3+

 did not complete. 

 

Figure 6. Time course of two fractions of a series of XANES spectra during polyol process at 373 K 

for 1 h (Run B). XANES spectra of initial state (gray cross) and Rh metal (black circle) were used 

for standard spectra of linear combination fitting. 

To determine the progress rate of Rh NP formation, these spectra were analyzed by linear 

combination fitting of initial state and Rh metal again (Figure 6). The Rh
3+

 consumption rate looks 

like pseudo-first order kinetics just as at 408 K, but the Finke–Watzky mechanism is also possible.  
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Figure 7. Fitting result of the consumption curve of Rh
3+

 with Finke’s two step mechanism (left) and 

simple exponential curve (right). 

Thus, we attempted to fit the decay of the initial state fraction with eq. (1) and simple 

exponential curve based on the pseudo-first order kinetics. The fitting precision with exponential 

curve is higher (Figure 7) than that with eq. (1) since eq. (1) is based on the assumption that the rate 

of the nucleation and the autocatalytic growth is similar to each other. The stable trend of the first 

few minutes is not well matched with the model of eq. (1) because the temperature rapidly increased 

in this term. In the present system, the autocatalytic step is much faster than the nucleation step. Thus, 

the pseudo-first order kinetics is a much better hypothesis for the present reaction. 

 

Figure 8. Time course of ln([Rh
3+

(t)]/[Rh
3+

(0)]) derived from linear combination fitting of XANES 

(Run B) 
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Figure 9. Time course of ln([Rh
3+

(t)]/[Rh
3+

(0)]) derived from [Rh
3+

(t)] evaluated by ultrafiltration 

and ICP-MS 

Figure 8 shows the time course of the value of ln([Rh
3+

(t)]/ [Rh
3+

(0)]) against reaction time, 

which exhibits a clear linear relationship and the slope is 0.0179 min−
1
. The Rh

3+
 consumption rate 

was also evaluated by means of ultrafiltration and ICP-MS technique under the same condition. 

Figure 8 shows the time course of the value of ln([Rh
3+

(t)]/ [Rh
3+

(0)]) evaluated by ICP-MS. The 

value of ln([Rh
3+

(t)]/ [Rh
3+

(0)]) clearly depends on reaction time in a linear manner and the slope is 

0.0169 min−
1
. Thus, the Rh

3+
 consumption rate is consistent with the in situ DXAFS results and 

obeys (pseudo) first order kinetics. As mentioned above, the essence of the Finke–Watzky 

mechanism
12

 is that the precursor is consumed by two elementary steps, which are the direct 

reduction of precursor over reductant and catalytic reduction of precursor over the surface atoms on 

NPs, and in the same process, new metal–metal bond forms. 

Under these scenarios, the rate law of Rh
3+

 is expressed as 

𝑟 = 𝑘obs[Rh
3+]𝑥 = 𝑘1[Rh

3+] + 𝑘2[Rh
3+][Rh0] 

After derivation, it can be found that the apparent reaction order ‘‘x’’ could not be 1 (which is 

the fitting results of the DXAFS and ICP-MS data) unless [Rh
0
]=constant (which is clearly against 

reality) or 𝑘1 ≫ 𝑘2[Rh
0] (which means the second step is negligible). Therefore, the dominant 

pathway of Rh
3+

 reduction in our system appears to be the direct reaction between Rh
3+

 and ethylene 

glycol. Next, we carried out in situ DXAFS experiments in the condition of Rh/PVP = 1/30 (run C), 

2/15 (run D) at 398 K to investigate the effect of the Rh
3+

 or PVP concentration. In run C or D, the 

overall change of XAFS spectra during Rh NP formation is similar to that of run A. 
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Figure 10. Change of two fractions of a series of XANES spectra during polyol process at 393 K for 

1 h. (Rh/PVP = 1/30 (Run C), Rh/PVP = 2/15 (Run D)) XANES spectra of initial state (“1”, triangle) 

and Rh foil (“2”, circle) were used for standard spectra of linear combination fitting. Cross plots are 

calculated Rh
3+

 consumption at 398 K. 

First, we calculate the apparent kinetic constant 𝑘obs of run A in the same manner as Figure 7 

and it was found to be 0.0219 min−
1
. From the Arrhenius plot of the kinetic constants of run A and 

run B, the kinetic constant at 398 K was estimated to be 0.0112 min−
1
 and the activation energy of the 

reduction step of Rh
3+

 is estimated to be 90.6 kJ/mol. The results of linear combination analysis of 

the XANES spectra of run C and D are shown in Figure 10. In Run C, the concentration of PVP is 

fourfold denser than that in run D. However, the fraction changes are almost identical to each other. 

This indicates PVP concentration has no effect on the Rh NP formation process and may only affect 

the final size of Rh NPs. Cross plots are used to calculate Rh
3+

 consumption at 398 K (‘‘run E’’) 

using the kinetic constant above and on the assumption that the final XANES spectrum is similar to 

those in run C and D. The Rh
3+

 consumption rates in run C, D and the calculated ‘‘run E’’ are also 

identical to each other. This result is consistent with the fact that the Rh NPs formation rate depends 

on the concentration of Rh
3+

 in first order kinetics as discussed above. 
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Figure 11. Rh K-edge EXAFS spectra (a) Rh foil (x 1/2), (b) a series of Rh K-edge EXAFS spectra 

of reaction solution containing RhCl3·3H2O at 373 K for 1 h, and PVP in EG (run B), (c) 

RhCl3·3H2O. (Arrows indicate spectral change for 1 h). 

Figure 11 shows a series of Rh K-edge EXAFS oscillations (run B) and reference spectra of 

RhCl3·3H2O and Rh foil. The EXAFS oscillation of Rh foil is divided in half for clarity. It is clearly 

observed that the RhCl3·3H2O contribution to the obtained EXAFS oscillation gradually decreased 

and the Rh metal contribution increased through a single isosbestic point, just as in their XANES 

spectra. 

 

Figure 12. A series of Fourier transformed spectra of k3-weighted Rh K-edge EXAFS of reaction 

solution containing RhCl3·3H2O at 373 K for 1 h, and PVP in EG (run B; circle: RhCl3·3H2O; 

square: Rh foil) (phase correction has not been performed). 

Figure 12 shows a series of Fourier transformed Rh K-edge EXAFS spectra (run B), which are 

not phase corrected and hence the atomic distance (x axis) does not indicate the actual bond length. 

The peak located at 1.80 Å is assignable to the convolution of Rh–Cl scattering of RhCl3 and Rh–O 
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scattering of Rh ions coordinated to the oxygen of EG. The height of the peak at 1.80 Å decreased as 

reaction time advances, and an alternative peak appeared at 2.42 Å , which is assigned to the Rh–Rh 

scattering of Rh NPs generated during the polyol process, in comparison to the Fourier transformed 

EXAFS spectrum of the Rh foil as a reference. The peak height at 2.42 Å rose during the reaction, 

but the growth of the peak is not saturated because the reduction of Rh precursor was not completed, 

as shown in Figure 5 and 6. 

Table 2. Structural parameters obtained from the curve fitting analysis of the initial and final EXAFS 

spectra (Rh/PVP = 1/15, 408 K, 1 h, run A)
a
 

Ab−Sc
b
 CN

c
 r

d
/Å DW

e
/Å

−2
 R

f
 

Initial     

Rh−Cl 3.4 2.31 0.0031 0.00221 

Rh−O 1.9 2.06 0.0028  

Final     

Rh−Rh 10.2 2.68 0.0047 0.00126 

a
 For the initial spectrum: Δk = 2.8–11 Å

−1
, ΔR = 0.9–2.3 Å ; the curve fitting procedure is performed 

by REX2000 with backscattering factor and phase shift parameters obtained from RhCl3·3H2O and 

Rh2O3 standard samples. Other conditions are the same as the final spectrum described below. For 

final spectrum: Δk = 2.8–11 Å
−1

, ΔR = 1.7–2.9 Å ; the curve fitting procedure is performed by 

Artemis with back scattering and phase shift parameters calculated by FEFF ver. 8.40, and fell within 

the Nyquist criteria. Curve fitting was done in R space. R factor is defined as 

R = ∑
[Im((𝜒dat(𝑅𝑖) − 𝜒th(𝑅𝑖))]

2 + [Re((𝜒dat(𝑅𝑖) − 𝜒th(𝑅𝑖))]
2

[Im(𝜒dat(𝑅𝑖)]2 + [Re(𝜒dat(𝑅𝑖)]2

𝑁pts

𝑖

 

where i = 1, 2,. . ., Npts, Npts: number of data points, 𝜒dat: EXAFS oscillation of experimental data, 

𝜒th: EXAFS oscillation of theoretical data. 
b
 X-ray absorbing and scattering atoms. 

c
 Coordination 

number. 
d
 Atomic distance. 

e
 XAFS Debye–Waller factor. 

f
 R factor. 

To evaluate the structural parameters of the Rh precursor at the initial state and the Rh NPs at 

the saturated final state, curve fitting analyses on the initial and final EXAFS spectra of run A and 
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their results are summarized in Table 2. For the initial spectrum, the coordination numbers of the Rh–

Cl and Rh–O shells are estimated to be 3.4 and 1.9, respectively. These parameters indicate that the 

structure of the initial Rh precursor can be express as RhCl3(EG
2
) or RhCl3(PVP)(EG

1
) where, EG

1
 

means the coordination of one oxygen of two hydroxyl groups of ethylene glycol, EG
2
 means the 

coordination of two O atoms of two hydroxyl groups of ethylene glycol and PVP means the 

coordination of one O atom of pyrrolidone moiety. However, in general, an EXAFS spectrum reflects 

an averaged coordination environment of Rh species. Moreover, it is known that an aqueous solution 

of rhodium chloride consists of several Rh species which can be expressed as Rh(H2O)nCl(6−n) (n = 1, 

2, …, 6) by means of a 
103

Rh NMR study.
31

 Thus, the structure of the initial Rh species is still unclear. 

However, for the final spectrum, the Rh–Rh atomic distance of the Rh NPs is 2.68 Å, which is 

slightly shorter than 2.70 Å of the Rh foil model structure input into the FEFF program for parameter 

calculation, indicating the smallness of the obtained Rh NPs. The coordination number, 10.2, also 

indicates small Rh NPs. If the shape of the Rh NPs is spherical, CN 10.2 is assignable to a particle 

size of ca. 3.0 nm. 

It is difficult to associate the obtained EXAFS spectra directly with the obtained Rh NPs 

because the shape of the Rh NPs is of a multipod-type. From the HRTEM image of typical Rh NPs 

(Figure 13), the multipod-type NPs can be imagined to be aggregated material of spherical NPs 

(average particle size: ca. 3 nm). It may indicate that curve fitting results of the EXAFS spectra are 

consistent with the obtained Rh NP shape. 

 

Figure 13. HRTEM image of Rh NPs in the condition of RhCl3·3H2O = 0.02 mol/L, Rh/PVP = 1/15, 

403 K after the reaction for 120 min 

In order to verify the hypothesis that uniform size Rh NPs are generated consecutively, we 

utilized the EXAFS spectra. EXAFS spectra obtained in transmission mode reflects the averaged 
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state of the target element. In this case, each EXAFS spectrum is a combination of Rh
3+

 and Rh 

metallic species. The aforementioned ICP-MS study revealed the time course of the concentration of 

Rh
3+

 species. Thus, the EXAFS spectrum originated from Rh NPs can be calculated by subtracting 

the Rh
3+

 contribution from each EXAFS spectrum. As shown in Figure 8, the reduction of Rh
3+

 

started at 2 min (= t0) and its reaction constant 𝑘obs was obtained as 0.0169 min
−1

. Thus, the Rh
3+

 

ratio of the reaction mixture is expressed as 

(Rh3+ratio) = exp(−𝑘obs(𝑡 − 𝑡0))(t ≥  t0) 

where t is reaction time, and the absorption of XAFS spectrum at time t was calculated by 

subtracting the Rh
3+

 contribution from each original EXAFS spectrum and normalized by the Rh
0
 

species concentration, which is expressed as 

μt(t;Rh0) =
μt(𝑡)(Rh3+ratio) × μt(𝑡 = 𝑡0)

1 −(Rh3+ratio)
 

where μt(𝑡) is the absorption of XAFS spectrum at time 𝑡, μt(t;Rh0) is the calculated 

absorption of XAFS spectrum of Rh
0
 species at time 𝑡. 

 

Figure 14. A series of calculated and Fourier transformed spectra of k
3
-weighted Rh K-edge EXAFS 

from Run B 

Figure 14 shows a series of Fourier transformed calculated Rh K-edge EXAFS spectra 

μt(t;Rh0). The first several spectra are not shown because almost all of them are derived from the 

Rh
3+

 species and have a lot of noise. The peak height at 2.42 Å is almost constant during the reaction, 

which indicates that the shape and size of the Rh
0
 species in the reaction mixture do not change 

during reaction, at least from 12 min to 60 min.
32, 33

 The XANES region of the calculated XAFS 

spectrum shows an identical spectrum to each other from 12 min onwards. This result also indicates 
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that the once formed Rh NPs did not grow anymore. Finally, to have some insight of the nucleation 

step, we focused attention on the intensity change of the Fourier transformed EXAFS spectra at 2.42 

Å. 

  

Figure 15. Intensity of Fourier transformed EXAFS spectra at 2.42 Å (Rh-Rh) as a function of time 

(plotted the values from the peak intensity at 2.42 Å of Fig. 13) 

Figure 15 shows some plots of the intensity of Fourier transformed EXAFS spectra. The first 

several plots are not shown because of the same reason above. These FT of EXAFS spectra are 

almost identical to each other, and it indicates again the continuous generation of uniform Rh NPs. 

Moreover, when we performed curve fitting analyses on the series of Rh K-edge EXAFS spectra 

(Figure 12), the coordination number change of the Rh–Rh shell resulted in a constant value (ca. 9.7), 

which is comparable to the curve fitting analysis of the final EXAFS spectrum of run A. To shed 

light on the nucleation step in this condition, the initial change of FT of EXAFS was also analyzed as 

below. 

 

Figure 16. The temporal change of intensity of Fourier transformed EXAFS spectra (Run B) 
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Figure 16 shows the temporal change of intensities of Fourier transformed EXAFS spectra at 

1.80 Å and 2.42 Å (run B). Over the first 5 min of the NP formation, the peak intensity at 1.80 Å 

gradually decreased (dissociation of the ligand), but that at 2.42 Å did not change at all. This 

phenomenon might be interpreted to be an observation of a small amount of (Rh
0
)n (n = 1, 2, 3. . .) 

nuclei formation. Namely, at this first step, a portion of Rh
3+

 precursor was reduced by EG to form 

the (Rh
0
)n nuclei and the chloride anion or oxygen of EG dissociated from (Rh

0
)n because of a 

lowering ionic bond strength. However, the concentration of (Rh
0
)n species is very dilute, so the 

explicit Rh–Rh bond is not observed in the FT of EXAFS at this step. This study is summarized as 

follows. Using a combination of in situ time-resolved DXAFS, ICP-MS, and TEM observation, the 

following scheme for the Rh NPs formation mechanism is suggested (Scheme 2). In the first step of 

Rh NPs formation, Rh
3+

 precursor might be thermally reduced by EG to nucleate to be Rh
0
 monomer. 

In the second step, the Rh NPs formed very rapidly to be uniform size NPs, which are stable under 

the reaction conditions. The last step is a repeat of the second step, which is the repeat of uniform Rh 

NP formation. 

Scheme 2. Schematic view of Rh NPs formation mechanism in the present condition 

 

Conclusions  

The polyol process of Rh NP formation, which was performed in the presence of RhCl3 as a 

precursor, PVP as a capping reagent and ethylene glycol as medium and reductant, was observed by 

in situ time-resolved DXAFS measurement, TEM and ICP-MS analysis. These analyses revealed that 

the polyol process of Rh species proceeds with pseudo-first order kinetics of Rh precursor 
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concentration, and produces Rh NPs of a uniform size. PVP concentration does not affect the Rh NP 

formation, at least under the present conditions. 
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Chapter 6 

 

Insights into the Formation Mechanism of Rhodium Nanocubes 

 

Abstract 

The mechanism of formation of rhodium nanocubes in the presence of 

tetradecyltrimethylammonium bromide and polyvinylpyrrolidone in ethylene glycol was studied in 

situ by XAFS, in conjunction with other ex situ techniques including MALDI-TOF MS, XRD, TEM, 

and UV−vis spectroscopy. Detailed analysis of the XAFS data reveals that Rh nanocubes are formed 

in four distinct stages comprising ligand substitution, slow nucleation, continued nucleation/fast 

growth of nuclei, and shape reconstruction, which were corroborated by the other techniques. All the 

main types of Rh species and the chemical transformations taking place at each stage were clearly 

identified. In particular, combined XAFS and MAILD-TOF MS techniques provide compelling 

evidence that Rh4 cluster act as the critical nuclei species for the formation of the nanocubes. Other 

key findings include (1) RhBr3 is the true precursor of the Rh nanocubes, (2) the consumption rate of 

the precursor appears to follow Finke−Watzky type kinetics, and (3) non-cubic-shaped nanoparticles 

can be transformed into nanocubes, even if all the precursor has been exhaust. These results provide 

a clear understanding of the formation mechanism of the rhodium nanocubes, which is essential for 

rational design of nanoparticles. 
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Introduction 

The shape of transition metal nanoparticles (NPs), defined by the crystallographic orientation of 

the surface facets, is widely regarded to be imperative in controlling their optical, magnetic, 

electronic, and catalytic properties.
1-3

 Numerous studies have been devoted to the development of 

shape-controlled NP synthesis.
4, 5

 Nanocubes (NCs), with (100) facet as the only exposed facet, have 

been successfully synthesized in a variety of noble metals, including Ag,
6-10

 Au,
11-13

 Pt,
14, 15

 Rh,
16-21

 

and Pd.
22-24

 Capping reagents are generally believed to be crucial in controlling the shape of metallic 

NCs, by preferential adsorption on (111) facet to (100) facet.
2
 Br

−
 is one of the most commonly used 

capping reagents, and others like sulfur
25

 and carbonyl
26, 27

 have similar effects. Although it is 

generally accepted that a thorough understanding on the mechanism, especially the original 

nucleation of metallic atoms and further growth to nanoscale particle with well-defined shape, is 

important for developing rational shape-controlled methods, knowledge on the formation mechanism 

of metallic NCs such as the structure of the nuclei, the kinetic profile of the reduction, and the 

function of the additives in the entire process sometimes remains experimentally elusive due to the 

limitation of the conventional characterization methods.
28

 

A number of theoretical and experimental approaches have been carried out to study the 

formation mechanism of nanostructures and colloids. Frenkel et al.,
29, 30

 Finke et al.,
31-33

 and 

Bawendi et al.
34

 have developed several general kinetic models to simulate the rate of nucleation and 

growth as well as the size evolution during the formation process of nanoparticles. These methods 

are unable to provide detailed structural information on intermediate species. Therefore, in situ 

experimental characterizations with relative fast time resolution are highly desirable. Several in situ 

techniques like UV−vis, SAXS/WAXS, TEM, and XAFS have been used in the study of NP 

formation mechanisms. For example, in situ UV−vis spectrometry has been widely used in studying 

Au, Ag, and Cu colloids systems.
35-37

 Kraehnert et al. applied millisecond resolution SAXS study on 

a series of Au NPs.
38-40

 Recently, Alivisatos et al. successfully observed the growth of Pt NPs with in 

situ TEM in the solution.
41

 Among these, in situ XAFS is regarded as a “potentially powerful method 

for directly observing the nucleation process” since “they give information about the identity of 

atoms in the nanoclusters, as well as information about the nearest neighbors of the atoms, allowing 
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atomic-level characterization.”
28

 In fact, a number of in situ XAFS investigations into the synthesis 

of metal nanoparticles have been reported recently.
42-56

 Several of them have gained valuable 

structural information on early stage subnano nuclei, by analyzing the XANES spectra with ab initio 

multiple scattering FEFF calculation.
50, 54-56

 Despite these efforts, no such investigations following 

the formation of cubic NPs have been undertaken. 

In this study, the author applied in situ DXAFS measurements, together with a few ex situ 

techniques, to reveal the formation mechanism of Rh NCs. Detailed analysis of the DXAFS data, and 

in particular the Fourier transformed EXAFS spectra, strongly suggests a four stage scenario for the 

formation of Rh NCs, including (1) exchange of Rh
3+

 ligand sphere, (2) formation of Rh NC nuclei, 

in which the major species are identified as well as their composition, (3) evolution of nuclei into Rh 

NCs, and (4) shape reconstructions, in which the intermediates of shape reconstruction are confirmed. 

In all of these stages, the participation of Br
−
 was found to be crucial. Further confirmation by 

MALDI-TOF, TEM, and XRD analyses has enabled a novel understanding and a detailed 

experimental approach to the sequence of events during Rh NC formation in the presence of TTAB 

and PVP in ethylene glycol. 

Experimental Section 

Materials 

RhCl3·3H2O and ethylene glycol were obtained from Wako, Japan. Polyvinylpyrrolidone (PVP, 

K30) was purchased from Yili Chemical, China. Tetradecyltrimethylammonium bromide (TTAB) 

and RhBr3 were obtained from Aldrich. All chemicals and solvents were used as received without 

any purification. 

Synthesis of Rh NCs 

The synthetic procedure of cubic Rh NPs was adapted from a literature method.
16

 For the 

DXAFS measurement a special apparatus was designed and used (see DXAFS measurements below). 

In a typical experiment, RhCl3·3H2O (53 mg, 0.2 mmol), TTAB (1.009 g, 3 mmol), and PVP (0.333 

g, 3 mmol, in terms of the repeating unit) were added to ethylene glycol (10 mL) in a 25 mL 

side-arm Pyrex reactor. The mixture was stirred at room temperature until all solids were fully 
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dissolved, typically 20−30 min. The solution was heated to 130 °C with vigorous stirring in a 

preheated oil bath, and the reaction temperature was monitored with a thermocouple immersed into 

the solution. In general, the mixture reached the desired temperature within 3 min, and this 

temperature was maintained for 1 h under N2, resulting in a dark brown solution. 

Dispersive XAFS measurements 

The procedure for the DXAFS measurements was similar to that established previously.
45

 

Briefly, the in situ DXAFS spectra of Rh K-edge were recorded on a system consisting of a 

polychromator set to a Laue configuration with a Si (422) net plane and a position-sensitive detector 

(PSD) mounted on a θ−2θ diffractometer at the BL28B2 beamline of the SPring-8 (Ako, Japan), and 

the X-ray energy was calibrated from an inflection point of Rh foil in the XANES spectrum. The size 

of an X-ray focal spot on the sample is 0.16 mm in width and 2.4 mm in length, and the distance 

between the polychromator and the sample and the sample and PSD are 920 mm and 640 mm, 

respectively. The total energy bandwidth is 23000−24000 eV. A side-arm Pyrex reactor equipped 

with a Dimroth condenser was placed at the X-ray focal spot and used as the in situ cell. Signals are 

recorded as the X-ray passes through the tube. Temperature variations are recorded automatically via 

the thermocouple which is immersed into the reaction mixture. The exposure time of the PSD 

depends on the contents of the reaction mixture because the X-ray transparency of the samples 

differs, ranging from 66 to 198 msec. One hundred shots were accumulated to obtain suitable 

spectral quality. Data reduction of the XAFS spectra was performed procedure with Athena and 

Artemis included in Ifeffit package. Linear combination fitting of a series of XANES spectra was 

performed with Athena. The k
3
-weighted EXAFS oscillation in the range of 2−13 Å

−1
 was Fourier 

transformed, and curve fitting analyses were performed in the range 1.6−2.8 Å in R space. For curve 

fitting analyses, the backscattering factor and the phase shift of each scattering paths were calculated 

with FEFF 8.4
57, 58

 using the crystal structures of Rh metal, RhCl3, RhBr3, and Rh2O3. The amplitude 

reduction factor was also estimated by fitting the reference spectra with the parameters calculated 

with FEFF. For the simultaneous fitting of the Rh−Br and the Rh−Rh first shell, the value of σ
2
 was 

fixed to be 0.006. 
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Microscopy and Other Spectroscopic Techniques 

An excess of acetone was added at room temperature to the Rh NC ethylene glycol solution, 

resulting in a cloudy dark suspension, which was centrifuged at 6000 rpm for 6 min. The Rh NCs 

(black solid) was collected by decanting the supernatant. The Rh NCs were stored at room 

temperature under N2. TEM was performed on a JEOL JEM-2010 microscope operating at 300 keV. 

One drop of the Rh NP solution in ethanol was placed on a copper grid coated with a carbon film. 

The grids were dried under N2 for 24 h at room temperature. The size distributions of Rh NCs were 

determined from at least 150 particles. MALDI-TOF spectra were recorded on a Kratos Axima−CFR 

MALDI-TOF MS (Shimadzu Biotech, Kyoto Japan), using Kompact Software v.2.4.1. The mass 

spectrometer was set in linear mode for both positive and negative ion analysis. The dried droplet 

method was applied for all sample preparations. Briefly, a saturated matrix solution of 

2,5-dihydroxybenzoic acid (DHB) or α-cyano-4-hydroxycinnamic acid (CHCA) in methanol and the 

sample suspended in methanol were mixed, deposited (0.5 μL) onto the MALDI plate, and dried at 

ambient temperature of 15 min before analysis. The UV/vis absorption spectra were recorded on a 

Lambda 850 UV/vis spectrometer (Perkin-Elmer) at 25 °C. The ethylene glycol solution was diluted 

100 times by ethylene glycol before measurements. XRD data were measured in transmission mode 

(between two acetate films) on a STOE transmission X-ray powder diffraction system (STADIP) 

using Cu Kα1 radiation (Ge(111) monochromator) and a linear position sensitive detector (PSD). The 

data were collected for all samples in the 2θ range of 2°−90° (step size 0.1, 30 s per step). Using the 

full widths at half-maximum (fwhm) of the Rh reflections of the diffraction patterns, the average 

crystallite size was estimated by applying the Scherrer equation. For the calculation of the crystallite 

size the contribution of peak width from the instrument was taken into account (Si powder was 

used). 

Kinetic analysis 

The kinetic fitting of Rh
3+

 consumption curve using both of Finke-Watzky two-step or four-step 

mechanism is carried out according to the previous paper
59

. The pseudo-elementary step (A as the 

Rh
3+

 precursor, B as the Rh NC, or A’ as the Rh
3+

 precursor, B’ as the Rh NC and C’ as the 

agglomerated Rh NCs) 
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𝐴
𝑘1
→𝐵

𝐴 + 𝐵
𝑘2
→2𝐵

 

or 

𝐴′
𝑘1
→𝐵′

𝐴′ + 𝐵′
𝑘2
→2𝐵′

2𝐵′
𝑘3
→𝐶′

𝐵′ + 𝐶′
𝑘4
→1.5𝐶′

 

equivalent to the differential equations system: 

𝑑[𝐴]

𝑑𝑡
= −𝑘1[𝐴] − 𝑘2[𝐴][𝐵] 

or 

𝑑[𝐴′]

𝑑𝑡
= −𝑘1[𝐴′] − 𝑘2[𝐴′][𝐵′]

𝑑[𝐵′]

𝑑𝑡
= 𝑘1[𝐴′] + 𝑘2[𝐴′][𝐵′] − 2𝑘3[𝐵

′]2 − 𝑘4[𝐵′][𝐶′]

𝑑[𝐶′]

𝑑𝑡
= 𝑘3[𝐵′]

2 + 0.5𝑘4[𝐵′][𝐶′]

[𝐴′] + [𝐵′] + 2[𝐶′] = [𝐴′0]

 

This four-parameter differential equations system can only be solved with numerical solution. 

MatLab 7.12.0.635 was employed to gain the global best fit for Rh
3+

 consumption curve, using a 

Runge-Kutta method. All four parameters were searched in a range of assumed possible value, 

specifically k1 and k2 from 10
-6

 to 10
4
, k3 and k4 from 10

-6
 to 10

2
. 
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Results and discussion 

   

Figure 1. Four distinct stages for the formation of Rh NCs in EG, defined by the peak intensity 

variations in the Fourier transformed EXAFS spectra. 

Rh NCs were prepared according to a well-documented method developed by Somorjai et al.,
16

 

in which RhCl3 was reduced in the presence of TTAB and PVP in ethylene glycol (denoted as the 

RhCl3−TTAB−PVP−EG system). The concentration of the RhCl3·3H2O precursor and the 

Rh:Br
−
:PVP ratio used were slightly modified in order to obtain high quality in situ DXAFS spectra. 

The reaction temperature was set at 130 °C, as control experiments indicated that the formation of 

Rh NCs at this temperature is complete in about 1 h. A typical temperature profile recorded by the 

thermocouple indicates that the temperature of the system rises from below 40 to 120 °C in 3 min 

and further increases to the set temperature (130 °C) over another 7 min. Thereafter, the temperature 

stabilizes at 130 °C with fluctuations of ±3 °C. The time course of the intensities of Fourier 

transformed EXAFS spectra at characteristic peaks (Figure 1) indicates that the RhCl3 is converted 

into Rh NCs via a four stage process ― the key chemical transformations of each of the stages are 

discussed below.  

Modification of the Rh
3+

 Ligand Sphere (ca. 0−3 min) 

Previously, it has been proposed that RhCl3 and TTAB in ethylene glycol react to form the 

species [(n-C14H29)-(CH3)3N]
+
[RhCl4−xBrx]

−
 under similar conditions to those used herein,

18
 with the 
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assignment of the species based on the appearance of a new absorption band in the UV−vis spectrum 

at 275 nm. Indeed, we observed a change in the UV−vis spectrum 3 min after the start of the 

reduction process, with the formation of a new peak at 330 nm. It would appear that this band 

belongs to an intermediate species since its intensity continuously decreases after reaching a 

maximum and eventually disappears after about 30 min (Figure 2). 

 

Figure 2. UV−vis spectra of the Rh samples taken at different stages of the reduction. 

 

Figure 3. Rh K-edge XANES spectra evolution of the reaction solution of RhCl3−TTAB−PVP−EG 

system in Stage I (Arrows indicate spectral change direction) and reference spectra of RhCl3 and 

RhBr3. 

The DXAFS measurements provide further details concerning this initial transformation, 

indicative of substitution of the ligands around the Rh
3+

 ion in the first 3 min, which, coincidentally, 

corresponds to the period of rapid temperature increase from 40 to 120 °C. Figure 3 shows the Rh 
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K-edge XANES spectral variations during stage I (0−2.9 min), and the reference spectra of RhCl3 

and RhBr3. At first, the XANES spectrum is similar to that of RhCl3. Over the range of 23235−23280 

eV, the spectrum gradually becomes “smoother” and its shape becomes more similar to the spectrum 

of RhBr3 (see the arrows in Figure 3). A linear combination fit performed on the spectrum at 2.9 min, 

using RhBr3 and RhCl3 as references, indicates RhBr3 and RhCl3 composition of 100 and 0%, 

respectively. Although one should always be cautious with linear combination fitting, because the 

reference samples do not necessarily represent the real species in the sample, the close similarity in 

XANES spectrum between RhBr3 and the Rh species in the reaction solution at the end of stage I 

suggests the quantitative substitution of Cl
−
 by Br

−
 around the Rh

3+
 ion. Another useful piece of 

information provided by XANES spectra is that no appreciable amount of Rh
3+

 ions were reduced at 

this stage, since the X-ray absorption edge energy (E0) did not change.  

 

Figure 4. Fourier transformed spectra evolution of k
3
-weighted Rh K−edge EXAFS of reaction 

solution of RhCl3−TTAB−PVP−EG system in stage I and reference spectra of RhCl3 and RhBr3. 

Substitution of the ligands is also apparent from the Fourier transformed EXAFS spectra shown 

in Figure 4. The two reference samples, RhCl3 and RhBr3, exhibit a broad band centered at 1.85 and 

2.12 Å, respectively, which may be assigned to Rh−Cl and Rh−Br scatterings of Rh
3+

 ions, 

respectively. At the start of the reduction process (0 min), the peak located at 1.80 Å is mainly due to 

Rh−Cl scattering. Rh−O scattering, originating from the interactions between Rh
3+

 and carbonyl 

group in PVP or hydroxyl group in ethylene glycol, may contribute to this peak as well, but to a 

relatively smaller extent. The intensity and position of this peak did not change until the temperature 
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increased above 100 °C (1.9 min), after which the peak maxima quickly shifted to 2.12 Å (1.9−2.9 

min), indicating that Cl
−
 ligands have been substituted by Br

−
 ligands around the Rh

3+
 ions. The 

coordination number (CN) of Rh−Br at 2.9 min is estimated to be 3.1 ± 0.4, based on the 

curve-fitting for the Fourier transformed EXAFS data presented in Figure 4, which highlights that 

the major Rh species at the end of the stage I has an average, empirical formula of RhBr3. 

 

 

Figure 5. Negative ion MALDI-TOF mass spectra of the RhCl3−TTAB−PVP−EG sample: (a) 3 min 

after reduction; (b) 15 min after reduction; (c) 20 min after reduction; (d) 60 min after reduction. 

The XANES and Fourier transformed EXAFS studies prompted us to carry out a MALDI-TOF 

analysis to confirm the identity of the new Rh species generated during stage I. MALDI-TOF has 

emerged as a powerful technique for NP analysis recently;
60-65

 however, careful selection of the 

MALDI matrix is critical. The sample at the end of stage I (3 min after reduction) was examined in 
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the presence of different matrices including 2,5-dihydroxybenzoic acid (DHB) and 

α-cyano-4-hydroxycinnamic acid (CHCA) and also in the absence of a matrix, using positive and 

negative ion modes. In positive ion mode, only one group of peaks centered at 256.3 (m/z) was 

observed, corresponding to the TTAB cation, irrespective of the matrix applied. 

In negative ion mode, the best signals were obtained in the absence of a matrix, giving rise to a 

series of peaks, enabling unambiguous identification of various Rh species (see Figure 5a). The 

spectrum was dominated by two sets of peaks at m/z ≈ 342 and ≈ 422. Their m/z ratios and isotopic 

distributions may be assigned to RhBr3
−
 (the dominant species) and RhBr4

−
, respectively, 

corroborating the XAFS analysis that Rh is coordinated to Br
−
 ions with an average coordination 

number of 3. RhBr3 is likely to be ionized by accepting an electron to form RhBr3
−
 anions. The 

RhBr4
−
 ion, on the other hand, is probably an artifact of the experiment, generated from the reaction 

of RhBr3 with Br
−
, which is present in excess. Moreover, if RhBr4

−
 was actually present in solution, 

then it should be possible to detect it using ESI-MS; however, this technique failed to identify any 

Rh species, which was not entirely unexpected if the actual species in solution are uncharged. 

Several other Rh monomers, including RhBr2
−
, RhClBr2

−
, and RhClBr3

−
, were also observed in low 

abundance. Peaks are also observed at higher masses, indicating that during stage I some degree of 

clustering takes place ―
 
signals may be assigned to Rh2 and Rh3 clusters, albeit with much lower 

intensities compared to those of Rh1 species. 

RhBr3 appears to be the actual (main) precursor for the formation of Rh NCs. Indeed, Rh NCs 

with similar size and morphology could be obtained when RhCl3 was replaced by RhBr3 as the 

precursor (in the presence of TTAB), suggesting Cl
−
 is not playing an essential role in Rh NC 

formation. Király et al. reported that PdCl4
2−

 transforms to PdBr4
2−

 prior to Pd NP formation in the 

presence of TTAB in water, confirmed by UV−vis, IR, and Raman spectroscopy.
66

 Commencing with 

PtCl4
2−

, Yang et al. proposed that PtBr4
2−

 is the NP precursor in the preparation of Pt NPs with 

various shapes in an aqueous solution containing TTAB.
67

 Consequently, it appears to be a common 

phenomenon that metal chlorides transform, at least partially, to the corresponding bromides when 

Br
−
 ions are present in excess. 

While bromide is essential to modify the ligand exchange kinetics and the reduction potential of 

the central metal ion, it has also been shown that an excess of bromide ions is required to give high 



- 152 - 

 

quality Rh NCs. Excess Br
−
 ions appear to prevent exchange for other donor groups present in the 

reaction mixture such as the O atoms in PVP and ethylene glycol. This feature has been verified from 

DXAFS experiments performed in the absence of TTAB which implies that the Rh−Br CN 

decreases. 

Nuclei Formation (ca. 3−15 min) 

 

Figure 6. Rh K−edge XANES spectra evolution of the reaction solution of the 

RhCl3−TTAB−PVP−EG system in stage II and reference spectra of Rh foil and RhBr3 (arrows 

indicate the direction of spectral change) 

After reaching its maxima at about 3 min, the Rh−Br peak at 2.12 Å in the Fourier transformed 

EXAFS spectra decreases in intensity (Figure 7, left), signaling the start of stage II, which lasts for 

about 12 min (3−15 min). During this period, a gradual decrease in E0 in the XANES spectra (Figure 

6) provides evidence that the reduction of Rh ions has begun. However, since the E0 remains much 

higher than that of Rh foil, the reduction was deemed to be incomplete. Other changes in the XANES 

spectra (two perpendicular arrows in Figure 6) suggest the formation of new Rh species. However, 

Rh NCs are unlikely to exist at this stage since the absorption peak at around 23265 eV, which is 

characteristic of Rh foil (dashed line in Figure 6) and hence Rh NPs, has not yet appeared. It is 

therefore not unreasonable to speculate that some intermediate Rh species, possibly small 

(sub-nanometer) Rh NC nuclei, start to accumulate during stage II. Indeed, analysis of the Fourier 

transformed EXAFS spectra over 3−15 min strongly supports this assumption. 
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Figure 7. Fourier transformed spectra of k
3
-weighted Rh K-edge EXAFS of the reaction solution in 

stage II (3−15 min) and reference spectra of Rh foil and RhBr3. (Upper: the RhCl3−TTAB−PVP−EG 

system; Lower: without TTAB) 

During stage II, the intensity of the Rh−Br scattering peak centered at 2.12 Å decreases. 

Simultaneously, a shoulder peak at higher R, most likely from first shell Rh−Rh scattering, appears 

and grows in intensity (Figure 7, upper; the two arrows indicate the variation of the spectra). Taken 

together, it can be concluded that some of the Rh
3+

 ions are reduced at this stage, possibly resulting 

in the formation of some partially reduced, coordinately unsaturated Rh monomers which 

subsequently react to form Rhx species. It is particularly interesting that the spectra in the range 3−6 

Å remain essentially unchanged during this period; i.e., no significant scattering arising from higher 

shells of surrounding Rh atoms was detected (cf. the Fourier transformed EXAFS spectrum of Rh 

foil between 3 and 6 Å shows three distinct peaks resulting from higher shell Rh−Rh scattering); in 



- 154 - 

 

other words, the major Rhx species at stage II are very small and comprise sub-nanometer scale 

clusters.  

Table 1. The structure and first shell Rh-Rh CN of selected, close packed Rh clusters. 

Hypothetical 

Rh clusters 

 
    

Rh2 Rh4 Rh5 Rh6 Rh13 

First shell 

Rh-Rh CN 1.0 3.0 3.6 4.0 5.5 

Second shell 

Rh-Rh CN None None 0.4 1.0 1.8 

Any close packed clusters with more than 4 atoms will have a second and even higher shell of 

Rh−Rh scattering (see Table 1), and therefore, the major Rh clusters formed at stage II are 

presumably no larger than Rh4. XAFS is a powerful technique capable of revealing structural 

information on sub-nanometer species and can be used to determine the identity of the elements 

coordinated to the metal center as well as their coordination numbers (CNs), albeit with limited 

accuracy. At the sub-nanometer scale, the CN is very sensitive to the size of the cluster, as shown in 

Table 1. For example, a Rh dimer, a tetrahedral Rh4 cluster, and a cuboctahedral structured Rh13 

cluster have Rh−Rh CNs of 1, 3, and 5.5, respectively. 

  

Figure 8. CNs as a function of the reaction time, obtained by fitting of the curves shown in Figures 6 

and 9, for the Rh−Rh and Rh−Br bonds in the RhCl3−TTAB−PVP−EG system (3−30 min). 
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Figure 9. Rh K-edge XANES spectra evolution of the reaction solution of the 

RhCl3−TTAB−PVP−EG system in stage III and reference spectra of Rh foil and RhBr3 (arrows 

indicate the direction of spectral change). 

Figure 8 shows the plot of the CNs for the Rh−Rh and Rh−Br bonds as a function of the time. 

The CNs were calculated on the basis of the curve-fitting for the data presented in Figures 6 and 9. It 

is known that the degree of the disorder of coordination (DW factor) influences the EXAFS 

intensities, which makes the curve fitting challenging as multiple Rh species; coexist in the system, 

whose DW factors could not be determined accurately. To address the problem, fixed DW factors 

were applied for both the Rh−Br scattering peak and the first shell Rh−Rh scattering peak. For 

example, the σ
2
 (the fitting parameter related to the DW factor) for Rh−Rh scattering was fixed to be 

0.006, as this value is close to that of both Rh4−6 clusters
54, 56

 and small Rh NPs
42, 68

 reported in 

recent literature. As mentioned before, the CN of the Rh−Br bond at the start of stage II is 3.1 ± 0.4, 

and this number decreases to 2.0 ± 0.4 over the following 12 min. At the same time, the CN of the 

Rh−Rh bond gradually increases to 3.6 ±0.9 at 15 min. The average Rh−Rh bond length may be 

estimated as 2.71 ± 0.01 Å. For Rh4 clusters (whose abundant existence was evidenced by 

MALDI-TOF analysis, vide infra), this bond length is indicative of Rh−Rh single bonds in a 

tetrahedral cluster
54, 69

 (planar Rh4 clusters generally exhibit shorter Rh−Rh bond lengths, 2.58−2.63 

Å).
70

 Taking into account the errors of the XAFS curve fitting, at the end of stage II the Rh species 

have an average formula of RhxBry (x = 3−6, y= 6−12; note that the EXAFS curve fitting is not able 

to identify the actual Rh species since several are likely to coexist at this stage and EXAFS provides 
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averaged information on all Rh species present). It is noteworthy that XRD analysis further supports 

the XAFS study (the predominant Rh species are very small), as characteristic peaks for Rh NPs in 

the XRD pattern are not observed (Figure 13). MALDI-TOF MS analysis was applied to identify the 

possible composition of the Rh clusters present at the end of stage II, and consequently a sample 

taken at 15 min was analyzed (Figure 5b). Relative to the mononuclear Rh species that dominates the 

spectrum of the sample taken at 3 min, appreciable amounts of di-, tri-, and tetra-Rh clusters are 

observed. As expected, as the nuclearity of the clusters grows the Br:Rh ratio decreases due to the 

increasing number of Rh−Rh contacts. The average valence of the Rh species decreases as the 

clusters grow, indicating that cluster formation is accompanied by (partial) reduction of the Rh
3+

 ions, 

which is expected for the formation of Rh−Rh bonds. Samples taken after different reaction times 

during stage II were also analyzed by MALDI-TOF MS, and it is found that the relative intensity of 

the peaks corresponding to the Rh2−Rh4 clusters increases with time, indicating that cluster 

formation takes place during this stage and accumulate in the reaction medium. Clusters with 

nuclearities > 4 were not observed, in agreement with several recent papers. For example, studies on 

the catalytic dehydrocoupling of amine borane suggested a subnanometer nuclei Rh4−6 cluster as true 

active species in the reaction using [Rh(1,5-COD)Cl]2 as the precursor.
54, 55

 Another study employing 

[RhCp*Cl2]2 as precursor led to a conclusion that Rh4-based subnanometer cluster is active for 

benzene hydrogenation.
56

 Interestingly, in a previous work, a Au4 cluster acting as the nuclei species 

for the Au NP formation was supported by analyzing the XANES spectra with ab initio 

multiple-scattering FEFF calculation.
52

 In this current study, the existence of Rh4 clusters was 

unambiguously supported by MALDI-TOF MS analysis. 

TTAB appears to be critical for the stabilization of these clusters as shown from a comparison 

with in situ XAFS data on a sample prepared in the absence of TTAB (denoted as the 

RhCl3−PVP−EG system, Chapter 5). As shown in Figure 7 (lower), striking differences between the 

two systems were observed. First, the reduction was considerably faster for the RhCl3−PVP−EG 

system ― the peak for Rh−Cl scattering is very weak at 15 min, and the peak for first shell Rh−Rh 

scattering significantly increases. In contrast, the peaks for Rh−Br and the first shell Rh−Rh 

scattering only change moderately when TTAB is present, due to the ligand exchange processes that 

occur during stage I discussed in the previous section. Another significant difference is that for the 
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RhCl3−PVP−EG system the peaks for higher shells of Rh−Rh scattering (R from 3 to 6 Å, see the 

arrows) grow simultaneously with the evolution of the first shell Rh−Rh scattering peak, indicative 

of the formation of much larger Rh species compared to those in the RhCl3−TTAB−PVP−EG system. 

These comparisons imply that in the RhCl3−PVP−EG system the nuclei are unstable and increase in 

size once formed, leading to the rapid formation of NPs. The subnanometer nuclei do not appear to 

be the dominant species in the reaction mixture; instead, the system mainly consists of the precursor 

(RhCl3) and the resulting Rh NPs, with the nuclei present in low abundance, being short-lived, 

transient species. In contrast, during stage II the RhCl3−TTAB−PVP−EG system appears to be 

dominated by “RhBr3” and, relatively stable, intermediate Rh2−4 clusters. 

 

Figure 10. TEM images of Rh NP samples taken at a) 7 min, b) 9 min, c) 11 min, d) 13 min, e) 15 

min after reduction. 

Although XAFS and XRD measurements provide unambiguous information that the vast 

majority of the Rh species in stage II are very small clusters, samples taken at 3, 5, 7, 9, 11, 13, and 

15 min were also analyzed by TEM in order to “see” if any Rh NPs are present. Interestingly, both 
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irregular-shaped and truncated cubic-shaped Rh NPs were observed in all the samples taken between 

7 and 15 min (Figure 10), indicating there is no absolute boundary between stage II and stage III (the 

main stage of NP formation, see below). On the other hand, it is a reminder that what are focused 

under TEM might be in fact unrepresentative species in the system, highlighting the importance of 

combining different techniques before reaching a valid conclusion in the study of NP formation. 

Evolution of the Nuclei into Rh NCs (ca. 15−30 min) 

 

Figure 11. Fourier transformed spectral evolution of k
3
-weighted Rh K-edge EXAFS of the 

RhCl3−TTAB−PVP−EG system in stage III and reference spectra of Rh foil and RhBr3. 

Stage III appears to be the main stage during which the Rh NCs form with both XANES and 

Fourier transformed EXAFS spectra exhibiting dramatic changes. The shape of the XANES spectra 

clearly evolve toward that of Rh foil, and the absorption edge moves to significantly lower values 

(Figure 9), both of which are indicative of a fast reduction process and the formation of Rh(0) 

particles. In contrast to the Fourier transformed EXAFS spectra recorded in stage II, where only the 

first shell Rh−Rh scattering peak increased, during stage III all Rh−Rh scattering peaks grow (Figure 

11), demonstrating unequivocally the formation of Rh NPs. Over the 15−20 min period, the Rh−Rh 

CN increases from 3.6 ± 0.9 to 6.5 ± 0.8, whereas the Rh−Br CN decreases from 2.0 ± 0.4 to 1.2 ± 

0.4. From the densest sphere packing model, in which a one shell Rh13 cluster has a Rh−Rh CN of 

5.5 and a two shell Rh55 cluster has a Rh−Rh CN of 7.8, clusters with between 13 and 55 Rh atoms 

containing 15−66 Br
−
 ligands appear to be present in solution. It should be noted that XAFS gives an 
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averaged composition of the Rh species in the solution rather than the exact species present, and 

combined with TEM, XRD, and MALDI-TOF MS data, it becomes apparent that the system is 

composed of a mixture of Rh NCs (which are much bigger than Rh13−55Br15−66) and Rh1−4 species 

(which are much smaller than Rh13−55Br15−66). TEM shows Rh NCs with an average size of 4.7 nm 

with the majority of the particles being cubic, and the others (ca. 20%) having either elliptical or 

irregular shapes. From HRTEM images (Figure 15) most of the Rh NCs are not perfect cubes but are 

truncated. XRD analysis confirms the TEM data with the average size of the NCs estimated as 4.8 

nm (Figures 13 and 14 and Table 2). The MALDI-TOF spectrum shows the presence of Rh2−4 

clusters, but with lower relative intensities compared to the samples at the end of stage II (Figure 5c). 

Rh4+ clusters were not observed. Together, it is proposed that Rh4 nuclei transformed into Rh NC one 

after another, instead of the slow, diffusion-controlled growth of all Rh4 nuclei (otherwise Rh4+ 

clusters should be detectable). Our assumption is that the formation of a ≈ 5 nm Rh NC starts from 

the transformation of a Rh4 nuclei into a larger cluster (rate determining step), after which it becomes 

a surface catalytic, autoaccelerated process that is completed in a very short time (less than 5 min). 

Although current XAFS and MALDI-TOF data support this hypothesis, a thorough understanding of 

this process requires theoretical approaches in the future.  

Based on EXAFS curve fittings, from 20 to 30 min, the Rh−Rh CN increases further to 10.1 ± 

1.4. TEM indicates that the size of Rh NCs does not change substantially, and hence, the increase in 

the Rh−Rh CN may be attributed to the increased concentration of Rh NCs derived from the Rh4 

nuclei. In addition, the XRD pattern of the Rh peaks sharpen during this time interval compared to 

that observed at 20 min, indicating that crystalline Rh NPs are accumulating relative to the 

amorphous Rh NPs. 
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Figure 12. Kinetic fit of Rh
3+

 consumption curve of RhCl3−PVP−EG and RhCl3−TTAB−PVP−EG 

systems Rh
3+

 consumption in the RhCl3−PVP−EG system (triangle) is fitted using pseudo-first-order 

law (square) and the RhCl3−TTAB−PVP−EG system is fitted using the Finke−Watzky two-step 

mechanism (A → B, nucleation step rate constant k1, A + B → 2B, growth step rate constant k2). 

A striking difference is observed in the DXAFS spectra of stages II and III; it takes 12 min for 

the Rh monomers to undergo an incomplete transformation into Rh2−4 clusters, whereas it takes only 

another 15 min for these clusters to grow into 5.2 nm Rh NCs (≈ Rh7000 “clusters”). Based on the 

interpretation of the data obtained from stages II and III, a Finke−Watzky two-step mechanism
31-33

 is 

strongly supported for the formation of Rh NCs. In the first step RhBr3 is transformed slowly and 

continuously into Rh2−4 clusters, with Rh4 act as plausible critical nuclei for further growth, and this 

process continues throughout stages II and III. The second step involves the fast, autocatalytic 

surface growth of nuclei into Rh NCs. A kinetic simulation and comparison of the consumption rate 

of the Rh precursor between the RhCl3−TTAB−PVP−EG system and the RhCl3−PVP−EG system, 

based on a linear combination analysis of the XANES spectra using the starting solution 

(representing RhCl3), RhBr3 and Rh foil as standards, was undertaken (Figure 12). 

[Rht
3+] = [Rh0

3+]exp(−𝑘1𝑡) (eq.1) 

[Rht
3+] = [Rh0

3+]
𝑘1+𝑘2[Rh0

3+]

𝑘2[Rh0
3+]+𝑘1 exp(𝑘1+𝑘2[Rh0

3+])𝑡
 (eq. 2) 

It is clear that the Rh
3+

 consumption in the RhCl3−PVP−EG system follows the 

pseudo-first-order law (eq. 1) with the observed rate constant of 0.0179 min
−1

 as discussed in the 
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previous chapter. In contrast, the sigmoidal-character Rh
3+

 decay in the RhCl3−TTAB−PVP−EG 

system can be fitted with Finke−Watzky two-step mechanism (eq. 2) with relatively high accuracy. 

According to the fitting result, the rate constant k1 of the nucleation step is 0.00533 min
−1

 and the 

rate constant k1 of the autocatalytic surface growth step is 8.77 min
−1

M
−1

. The fitting result is 

consistent with the in situ DXAFS and MALDI-TOF observation of stages II and III. The significant 

difference between the rate of nucleation and growth enables the well separation of the two 

elementary steps and also explains the reason why Br
−
 addition ensures the final Rh NCs 

monodispersive. It is also noticed that the two-step fitting curve did not precisely follow the 

experimental curve in the range of 3−20 min. We attempted to improve the fitting result by applying 

the Finke−Watzky four-step mechanism which takes Rh NCs’ agglomeration into consideration. 

However, the quality of fitting was not considerably improved (R
2
 = 0.998), which implies that the 

agglomeration steps can be omitted in Rh NC synthesis. From the kinetic simulation, it appears that 

the RhCl3−TTAB−PVP−EG shows a typical feature of Finke−Watzky type kinetics. To the best of 

the author’s knowledge, this is the first time that the kinetic profile of the formation of cubic metal 

NPs has been obtained based on firm experimental evidence. 

It should be noticed that the Rh
3+

 consumption curve based on linear combination analysis is 

informative but not highly accurate. The XANES spectrum of Rh foil was used as the standard 

spectra of Rh NCs, which is not a perfectly representative for Rh NCs. Nevertheless, such analysis 

shed some lights into the kinetic profile of this process. 

Shape Reconstruction (ca. 30−60 min). 
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Figure 13. TEM images of Rh NCs in the RhCl3−TTAB−PVP−EG system after different reaction 

times (from top to bottom: 20, 25, 30, and 60 min). 

70

60

50

40

30

20

10

0

D
is

tr
ib

u
ti

o
n

 (
c

o
u

n
ts

)

108642
Size / nm

70

60

50

40

30

20

10

0

D
is

tr
ib

u
ti

o
n

 (
c

o
u

n
ts

)

108642
Size / nm

70

60

50

40

30

20

10

0

D
is

tr
ib

u
ti

o
n

 (
c

o
u

n
ts

)

108642
Size / nm



- 163 - 

 

  

Figure 14. XRD patterns of Rh samples after different reaction times. 

Table 2. Intensity ratios of different reflection planes and size of Rh NPs estimated by Scherrer 

equation 

 Rh metal 
Rh species 

(≤ 15 min) 

Rh species 

(20 min) 

Rh species 

(30 min) 

Rh species 

(45 min) 

Rh species 

(60 min) 

Size / nm - - 4.8 7.0 8.9 8.3 

I(111)/I(200) 2.13 - 2.03 2.15 2.00 2.09 

I(111)/I(220) 3.58 - 4.64 5.02 4.41 4.85 

I(111)/I(311) 3.23 - 4.19 4.90 4.60 4.86 

After ca. 30 min the Rh−Br scattering intensity in the Fourier transformed EXAFS spectra 

remains constant (Figure 1), which suggests that the Rh−Br monomers and small cluster NC 

precursors have either been exhausted or remained in very low concentration, and consequently the 

RhCl3−TTAB−PVP−EG system moves into a new phase (stage IV). During stage IV both of the 

XANES and the Fourier transformed EXAFS spectra show further variations toward the reference 

spectra of Rh foil; however, these changes are relatively minor. Similarly, changes in the Rh−Rh 

bond and Rh−Br CNs are essentially constant. Notably, the DXAFS analysis reveals that the surface 

of Rh NCs are coated by Br
−
 ligands, as the Rh−Br CN remains at about 0.4 throughout stage IV. 

Despite the fact that the Rh NCs remain similar in size during stage IV, they do not remain 

unchanged. TEM shows that the percentage of cubic and rectangular bar-shaped Rh NPs slightly 

increases from 86% to 89% (Figure 13). At high magnifications (HRTEM), it is clearly seen that the 

sample taken at 30 min contains a mixture of well-defined Rh NCs, truncated NCs, and irregular, 

In
te

n
s

it
y

 (
a

.u
.)

90807060504030
2  / degree

(111)

(200)

(220) (311)

(222)

3 min
8 min

15 min

20 min

30 min

60 min

45 min



- 164 - 

 

amorphous NPs, whereas the sample taken at 60 min is mainly composed of cubic or rectangle Rh 

NCs (Figure 15). The Rh NC crystalline size calculated from XRD also increases from 7.0 to 8.3 nm. 

Combined, these results highlight that the main process that takes place during stage IV is the shape 

reconstruction of irregular, amorphous Rh NPs, generated together with the Rh NCs during stage III, 

to yield Rh NCs (since the cubic form is the thermodynamically favored form under the conditions). 

 

Figure 15. HRTEM images of the Rh NCs observed at different reaction times: left, 20 min; middle, 

30 min; right, 60 min. 

Such a shape reconstruction process could, in principle, be achieved in two ways, both of which 

represent thermodynamically driven, spontaneous processes. The first way is via surface atom 

diffusion ― atoms migrate to cover the higher energy facet (the (111) facet in this case), resulting in 

the progressive development of (100) facets at the expense of (111) facets. The second way involves 

a “detachment−readhesion” mechanism. The surface Rh atoms with higher energies have a higher 

tendency to detach and diffuse into solution, and when they condense with the surface, they tend to 

favor attachment to more stable facets, during which the thermodynamically stable structures 

accumulate. The first mechanism, which involves surface atom diffusion, is unlikely to be the major 

pathway as it generally requires high temperatures ― the Tammann temperature (the temperature at 

which bulk mobility of the metal particles becomes measurable in the solid state) of Rh is as high as 

845 °C.
71

 There have been instances reported of atom diffusion occurring at temperatures lower than 

the Tammann temperature on the nanoscale. (For example, Pd has a Tammann temperature of 640 °C, 

but Pd NPs with sizes of 10 nm reconstruct their shapes at 550 °C with exposure to O2.
72

 Likewise, 

Pt NPs undergo similar changes at 350 °C despite a Tammann temperature of 750 °C.
73

) In these 

aforementioned examples the temperatures are considerably higher than those used in the Rh NC 



- 165 - 

 

synthesis, and therefore this process is unlikely to take place. On the other hand, leaching of metal 

ions from metal NPs into the solution is a well-known phenomenon in catalytic reactions.
74-77

 If the 

“detachment−readhesion” process dominates the reconstruction of the Rh NPs, it is not unreasonable 

to assume that during stage IV the system is in a dynamic state with both Rh NPs and leached Rh 

species present, and therefore it should be possible to detect the leached Rh species by MALDI-TOF 

MS, which is exactly the case (see Figure 4d, sample taken at 60 min). During this stage, the 

MALDI-TOF spectra only showed the presence of monomer species, and no clusters remain. This 

indicates that the nucleation is complete, which corroborates the XAFS findings, and that the 

“detachment−readhesion” process takes place, possibly facilitated by the presence of Br
−
 ions in the 

solution. Once again, the involvement of Br
−
 is critical for this shape reconstruction stage. 

Conclusion 

The formation of Rh NCs from RhCl3 in the presence of PVP and TTAB in ethylene glycol 

involves four distinct stages (Scheme 1), comprising ligand substitution, slow nucleation, continued 

nucleation/fast growth of nuclei, and shape reconstruction. The salient mechanistic features of the Rh 

NC formation process include (1) RhBr3 as the actual Rh NC precursor, (2) Rh4 clusters act as the 

plausible NC nuclei, (3) the kinetics of the formation of Rh NCs can be quantitatively described by 

the Finke−Watzky mechanism, i.e., the formation of nuclei is a slow and continuous process whereas 

the evolution of nuclei into NCs is a fast autoaccelerated process during which Rh NCs with similar 

sizes (≈ 5 nm) are constantly forming, and the significant difference between nucleation and growth 

rate ensures a narrow size distribution, and (4) the formation of the Rh NCs is a highly dynamic 

process, in which irregularly shaped Rh NPs are transformed into Rh NCs through a 

“detachment−readhesion” process, even after all the precursor molecules have been exhausted. 
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Scheme 1. Summary of the Four-Stage Formation Process of Rh NCs from RhCl3
a
 

 

a
The Rh species shown in the five boxes represent the predominant but not the exclusive Rh species 

present, and the chemical transformations illustrated under each arrow represent the major 

characteristic, but not necessarily the only process involved during each stage. 

By combining different experimental techniques, it was shown conclusively that Br
−
 dominates 

the inner sphere of Rh from the end of stage I and furthermore plays an integral role in every single 

stage of the Rh NC formation. Although the system studied here concerns Rh NCs, the four-stage 

scenario described in this paper and other key findings are likely to be applicable to a wide range of 

NP systems providing general insights into the formation mechanism of metal NCs and NPs.  
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Chapter 7 

 

In situ Time–Resolved XAFS Study of the Reaction Mechanism of 

Bromobenzene Homocoupling Mediated by [Ni(cod)(bpy)] 

 

Abstract 

A homocoupling reaction mechanism of bromobenzene mediated by the [Ni(cod)(bpy)] (cod = 

1,5-cyclooctadiene; bpy = 2,2’-bipyridine) complex was investigated by means of in situ 

time-resolved X-ray absorption fine structure (XAFS) with the aid of factor analysis and kinetic 

analysis. A dimer intermediate [Ni(bpy)(Ph)Br]2 proposed in the previous studies by other groups is 

too dilute to observe with the XAFS technique; however, the structures and concentrations on the 

time course of a reactant [Ni(cod)(bpy)], an intermediate [Ni(bpy)(Ph)Br(dmf)2], and a byproduct 

[Ni(bpy)Br2(dmf)] during reaction are revealed. 
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Introduction 

It is significant to elucidate a detailed reaction mechanism in order to design an efficient 

complex catalyst. Up to now, isolation of intermediates, reaction results of various conditions, 

spectroscopy such as UV−vis, IR, and NMR, or computational chemistry has mainly contributed to 

reveal the reaction mechanism of a complex catalyst. However, it is difficult to determine the 

structure of reaction intermediates that are not isolable by these techniques. On one hand, X-ray 

absorption spectroscopy (XAS) has been applied to various heterogeneous catalysts such as 

supported metal oxides, nanoparticles, or fixed complex catalysts. The X-ray absorption fine 

structure (XAFS) technique can determine the oxidation number, local symmetry, and coordination 

environment of the target element based on the core electron transition spectra induced by 

high-energy X-ray. Thus, these features give significant insight into the focused element and could 

determine the molecular structure of the complex in some cases. In the heterogeneous catalyst field, 

for instance, Tromp et al. studied the activation of oxygen on Au/Al2O3 catalysts by in situ 

high-energy resolution fluorescence-detected (HERFD) X-ray spectroscopy and time-resolved XAFS 

and reported that the catalytic activity of small Au nanoparticles in the oxidation of CO arises from 

their ability to transfer charge to oxygen
1
 and other CO adsorption on Pt or Rh particles.

2, 3
 Newton 

et al. also studied CO or NO adsorption process on Pd
4
 or Rh

5-7
 nanoparticles by time-resolved 

XAFS. Grunwaldt and Topsoe et al. investigated the temperature-dependent reduction process of Cu 

of CuO/ZnO by in situ XAFS combined with XRD and TPR.
8-10

 For further examples, Nagai et al. 

reported redox and catalytic behavior of various Pt/support automotive catalysts,
11-14

 and Yamamoto 

et al. observed the redox of Ce of an ordered CeO2−ZrO2 catalyst by time-resolved XAFS.
15

 

Besides, XAFS applications to homogeneous catalysts have been getting more attention than 

ever. For example, Fiddy et al. applied the in situ XAFS technique to the Pd complex in the 

Mizorogi−Heck reaction
16

 to determine the real active species or the intermediate species and found 

that Pd clusters in the solution act as a reservoir of the active Pd monomer. Smolentsev et al. reported 

the intermediate structure of the polymerization step of methyltrioxorhenium by means of in situ Re 

L3-edge XAFS and factor analysis,
17

 and Tromp et al. used energy dispersive XAFS and 

time-resolved UV−vis spectroscopy and revealed reaction intermediates of Cu(II)-catalyzed 
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N-arylation of imidazole.
18

 

Scheme 1. Reaction Mechanism of the Aryl Halides Homocoupling Reaction Mediated by 

[Ni(cod)(bpy)] Proposed by Yamamoto et al. 

 

In 1992, Yamamoto et al. proposed the reaction mechanism of the homocoupling reaction of 

bromobenzene promoted by [Ni(cod)2] (cod = 1,5-cyclooctadiene) in the presence of 2,2’-bipyridne 

and/or triphenylphosphine to give biaryls
19

 (Scheme 1). Its mechanism is considered to consist of 

oxidative addition, transmetalation, and reductive elimination as elementary steps. The proposed 

mechanism is as follows. An aryl halide reacts with [Ni(cod)(bpy)] and forms [Ni(bpy)PhX] first, 

and a disproportionation process of two intermediate species occurs. After that, the [Ni(bpy)(Ph)2] 

rapidly gives out a biaryl product. Many observations are reported about oxidative addition and 

reductive elimination, but a detailed transmetalation mechanism is still unclear. Therefore, in this 

study, the author applied the in situ time-resolved XAFS technique and factor analysis to a 

bromobenzene homocoupling reaction mediated by [Ni(cod)(bpy)] (bpy = 2,2’-bipyridine) to 

investigate the structure and the concentration of existing species including the intermediate because 

XAFS spectra can be used to determine the oxidation state and/or local structure of the target atom 
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and the number or atomic distance of coordination atoms. Unfortunately, we could not find the dimer 

intermediate during the reaction by means of XAFS, but instead, we found the direct observation of 

the coordination of the solvent molecule to some Ni complexes. There is a problem that XAFS 

spectra obtained during catalytic reaction consisted of several components of Ni species formed. 

Thus, factor analysis
20

 was performed to try to extract the XAFS spectrum assignable to each 

species. 

Experimental Section 

Ni K-Edge X-ray Absorption Spectroscopy 

Ni K-edge in situ time-resolved XAFS data were recorded in transmission and quick scan mode 

at SPring-8 BL01B1
21

 (8 GeV, 100 mA). A fixed exit Si(111) double-crystal monochromator with an 

energy resolution of ca. 1.3 eV was used. A Rh-coated mirror was used at a glancing angle of 3.5 

mrad at around 9 keV to cut the high-energy X-ray harmonics off. For all spectra, a metallic Cu 

reference foil was used to provide an energy calibration for the monochromator. First, 100 mM 

bpy/DMF 0.7 mL was injected into a custom built XAFS cell containing [Ni(cod)2] (20 mg, 0.073 

mmol) located in the high-temperature controller equipped cryostat with a microsyringe through the 

rubber septum under N2, and the solution was shaken immediately. The solution was heated to 323 K 

for 30 min to form the [Ni(cod)(bpy)]/DMF precatalyst solution. After the precatalyst formation, 

bromobenzene (2 equiv, 0.14 mmol) was injected into the solution. XAFS data were acquired for 30 

scans per 1.5 h during the catalytic reaction (3 min/spectrum) at 323 K. 

Data Reduction 

XAFS data reduction was performed with REX2000 version 2.5.9 (Rigaku Co., Japan). 

Backscattering factor and phase shift parameters for a curve fitting analysis were calculated with the 

FEFF 8.4 code
22

 using the Hedin−Lundqvist exchange potential. EXAFS spectra were smoothed 

with the Savitzky−Golay algorithm. As Smolentsev et al. discussed in their previous paper,
17

 one can 

estimate the number of existing species in the reaction mixture with the combination of a series of 

XAFS spectra and factor analysis, especially by two empirical functions, the imbedded error (IE) and 

factor indicator (IND) functions, calculated by singular value decomposition (SVD). A matrix of 
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experimental XAFS spectra with elements is symbolized as 𝑚𝑖𝑗, where subscript index 𝑖 refers to a 

particular energy point of the spectrum while 𝑗 refers to a particular time point. The SVD allows 

decomposition of this matrix as mij = 𝑠𝑖𝑘𝑙𝑘𝑚𝑣𝑚𝑗, where 𝑠𝑖𝑘 is an absorption coefficient for the 

component number 𝑘, 𝑙𝑘𝑚 are the elements of the diagonal matrix with the diagonal elements 

sorted in decreased order, and 𝑤𝑘𝑗 = 𝑙𝑘𝑚𝑣𝑚𝑗  is the concentration dependence for the component 𝑘. 

IE function and IND function are expressed as 

IE(𝑛) = √
𝑛∑ 𝑙𝑗𝑗

2𝑐
𝑗=𝑛+1

𝑟𝑐(𝑐 − 𝑛)
 

IND(𝑛) = √
∑ 𝑙𝑗𝑗

2𝑐
𝑗=𝑛+1

𝑟(𝑐 − 𝑛)5
 

where 𝑟 is the number of rows of the data matrix, 𝑐 is the number of columns of the data 

matrix, and 𝑛 is the number of components. The minimum of IE and IND as a function of 𝑛 

corresponds to the correct number of components present. Thus, these criteria allow determination of 

the number of observed intermediates. The minimum will not clearly be defined if the errors are not 

truly random, that is, the systematic error does not exist. Such contributions can lead to appearance 

of the nonchemical components. In this study, IE and IND functions are calculated with the PCA 

function implemented in a commercial software, Igor Pro version 6.22. On the basis of the number of 

the observed components in the reaction mixture, kinetic analysis (global fitting analysis) was 

performed on the series of spectra with Specfit version 2.12 for MS-DOS. The fitting scheme is 

described in the Results and Discussion section. 
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Results and Discussion 

 

Figure 1. A series of Ni K-edge XANES spectra under the reaction of [Ni(cod)(bpy)] and PhBr 

(dotted: before addition of PhBr; black solid: just after the addition of PhBr (acquired for 0−3 min); 

Arrows indicate time course in 1.5 h (acquired for 3−90 min); right: magnified view). 

Figure 1 shows a series of Ni K-edge XANES spectra under the reaction of [Ni(cod)(bpy)] and 

PhBr for 1.5 h. The drastic change of the XANES spectrum after the injection of PhBr within 3 min 

indicates rapid oxidative addition of PhBr to [Ni(cod)(bpy)]. Focusing on the pre-edge region, one 

pre-edge peak at around 8334.0 eV, which can be assigned to an electron transition from the Ni 1s 

orbital to the 3d orbital, was shifted to 8333.4 eV, and a new pre-edge peak at around 8337.5 eV, 

which can be assigned to an electron transition from the Ni 1s orbital to Ni 4pz orbital,
23

 emerged 

first.  

In general, the 1s → 3d transitions of octahedral Ni complexes are forbidden; however, a small 

orbital mixing by lower local symmetry gives some probability for the 1s → 3d transition. Thus, in 

octahedral complexes, the 1s → 4pz pre-edge peak at around 8337.5 eV is absent, and the 1s → 3d 

pre-edge peak shows a much smaller intensity than that in square-planar complexes. Therefore, 

octahedral and square-planar complexes can be distinguished by the presence or absence of the 1s → 

4pz transition. Then, the rise of the white line at around 8350.0 eV and the fall of the two pre-edge 

peaks implies an increase of the average oxidation number of the Ni species and the local 

environment of the center Ni atom, that is, an exchange of ligands, and the formation of a higher 

symmetric Ni complex from [Ni(bpy)PhBr]. 
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Figure 2. IE and IND functions calculated on the XANES spectra. 

Factor analyses on the XANES spectra were performed to determine the number of Ni species 

in the reaction solution, and the results are shown in Figure 2. Usually, the minimum of IE and IND 

as a function of 𝑛 is considered for the number of components present. In the present case, the 

decrement of the value of the IE and IND functions for more than three components is smaller than 

that of one or two components; thus, the number of components was estimated to be three; that is to 

say, there are three Ni species during the reaction. 

Scheme 2. Two Reaction Steps of Oxidative Addition of PhBr to [Ni(cod)(bpy)] and Reductive 

Elimination of Ph−Ph from [Ni(cod)(Ph)Br] 

[Ni(cod)(bpy)] + PhBr → [Ni(bpy)PhBr] + cod 

2 [Ni(bpy)PhBr] + cod → [Ni(bpy)Br2] + [Ni(cod)(bpy)] + Ph−Ph 

Yamamoto et al. have already reported that the formation rate of biphenyl products is 

proportional to the square of [Ni(cod)(bpy)] concentration and that the reductive elimination of 

biphenyl products is generally rapid in their paper.
19

 A dimer intermediate or an intermediate 

complex of the transmetalation step must be a short-lived species, and the three intermediates are 

considered to be [Ni(cod)(bpy)], [Ni(bpy)PhBr], and [Ni(bpy)Br2]. Unfortunately, at present study, 

we could not find any intermediate species in the transmetalation step. The reaction scheme 

including observed Ni species is summarized in Scheme 2. Then, kinetic analysis based on this 

reaction equation was performed. In the kinetic analysis, an individually recorded XANES spectrum 

of Ni(bpy)Br2 was used as the final spectrum. 
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Figure 3. XANES spectra extracted by kinetic analysis 

Figure 3 shows three individual spectra extracted by kinetic analysis. Spectrum 1 is identical to 

the XANES spectrum of [Ni(cod)(bpy)], which was recorded individually, and the characteristic 

pre-edge peak at 8335 eV was reproduced. Thus, spectrum 1 was assigned to [Ni(cod)(bpy)]. 

Spectrum 2 has two pre-edge peaks at 8333 and 8337.5 eV, which were observed by square-planar 

coordinated Ni species, and has three characteristic peaks at 8350, 8365, and 8395 eV, which were 

also observed on the XANES spectrum of Ni(bpy)(mesityl)Br measured by Feth et al.;
24

 thus, 

spectrum 2 is assignable to [Ni(bpy)PhBr]. However, the pre-edge peak of spectrum 2 is smaller than 

that of Ni(bpy)(mesityl)Br. Feth et al. also reported that the pre-edge peak of the Ni K-edge XANES 

spectrum of Ni(bpy)(mesityl)Br decreases when it is treated with polar solvent. Thus, this result may 

indicatea the solvation of DMF to [Ni(bpy)PhBr]. 

 

Figure 4. A series of Ni K-edge k
3
-weighted EXAFS oscillations under the reaction of 

[Ni(cod)(bpy)] and PhBr smoothed by the Savitzky−Golay algorithm. (black dotted line: before 

addition of PhBr; black solid line: just after the addition of PhBr (acquired for 0−3 min); gradation 
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from blue to magenta: time course in 1.5 h (acquired for 3−90 min)). 

Figure 4 shows a series of Ni K-edge EXAFS spectra under the reaction of [Ni(cod)(bpy)] and 

PhBr (smoothed by the Savitzky−Golay algorithm). PhBr addition caused a dramatic change of the 

EXAFS spectrum, and the gradual change of the EXAFS oscillation indicates fast oxidation addition 

of PhBr to [Ni(cod)(bpy)] and slow transformation of [Ni(bpy)PhBr] to another Ni species. In the 

same manner of XANES spectra analysis, factor analysis on the EXAFS oscillation was performed. 

Unfortunately, the primitive component numbers could not be determined from the IE function, 

which is consistent with XANES analysis, but the IND function indicated three individual species, as 

same as XANES analysis. For example, Malinowski reported the application of IE and IND 

functions to the gas−liquid chromatographic retention indices of 22 ethers on 18 chromatographic 

columns. The IE function does not show minima; however, the IND function shows a clear minimum, 

which emphasizes the higher sensitivity of the IND function than the IE function.
25, 26

 

 

Figure 5. EXAFS spectra extracted by kinetic analysis and [Ni(cod)(bpy)] and [Ni(bpy)Br2] for 

reference. 

Kinetic analysis on the EXAFS spectra was also performed on the assumption of three Ni 

species and three EXAFS spectra were extracted as a consequence (Figure 5). Figure 5 also shows a 

comparison between the spectra of species 1 and [Ni(cod)(bpy)], and they are like one another. Thus, 

spectrum 1 is assigned to [Ni(cod)(bpy)] again. 
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Figure 6. A curve fitting analysis of spectrum 3. 

Next, to evaluate the molecular structures of each Ni species represented by the extracted 

EXAFS spectra, curve fitting analysis to each extracted spectrum was performed. A result of curve 

fitting analysis on spectrum 3 is shown in Figure 6, and their structural parameters are summarized in 

Table 1. 

Table 1. Structural Parameters of Spectrum 3
a
 

Ab−Sc CN R/Å dE/eV DW/Å
−1

 

Ni−N(O) 4.3 2.06 0.9 0.086 

Ni−Br 2.0 2.47 − 0.115 

Ni−C 6.7 2.94 − 0.127 

a
 Δk = 2.9−12 Å

−1
; ΔR = 1.3−3.0 Å; R factor = 30% (Ab−Sc: X-ray absorbing atom and scattering 

atom; CN: coordination number; R: atomic distance; dE: edge shift; DW: so-called XAFS 

Debye-Waller factor). 

A curve fitting analysis confirms four N atoms coordinated to the Ni atom by 2.06 Å and two Br 

atoms coordinated by 2.47 Å. Two Br atoms coordinated to the Ni atom means that spectrum 3 is 

assignable to the Ni(bpy)Br2 complex; however, the number of nearest N atoms is ca. 4, despite the 

fact that the Ni(bpy)Br2 complex must have two N atoms. Taking into account that the 

back-scattering factor and phase shift of nitrogen and oxygen are essentially indistinguishable, this 

result indicates an association of two dimethylformamide (DMF) molecules (solvation) to the Ni 

atom. The XANES spectrum of Ni(bpy)Br2 has a small pre-edge peak, which indicates that the local 

structure of the Ni species is a six-coordinated octahedral. Therefore, spectrum 3 stands for the 
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formation of [Ni(bpy)Br2(dmf)2] in the reaction solution. The coordination number of the third shell 

of Ni−C, 6.7, which can be assigned to the carbons of 2,2’-bypyridine positioned at 1, 1’, 3, and 3’ 

and the carbons of the amide moiety of two dmf molecules, is consistent with the assumption of 

[Ni(bpy)Br2(dmf)2]. 

 

Figure 7. A curve fitting analysis of spectrum 2. 

Table 2. Structural Parameters of Spectrum 2
a
 

Ab−Sc CN R/Å dE/eV DW/Å
−1

 

Ni−C(N or O) 3.5 2.08 2.5 0.066 

Ni−Br 0.7 2.61 − 0.106 

Ni−C 5.9 2.98 − 0.084 

a
 Δk = 2.9−12 Å

−1
; ΔR = 1.3−3.0 Å; R factor = 22% (Ab−Sc: X-ray absorbing atom and scattering 

atom; CN: coordination number; R: atomic distance; dE: edge shift; DW: so-called XAFS 

Debye-Waller factor). 

Finally, a result of curve fitting analysis on spectrum 2 that seems to be assigned to a reaction 

intermediate is shown in Figure 7, and the structural parameters are summarized in Table 2. A curve 

fitting analysis suggests three or four C (or N) atoms coordinated to the Ni atom by 2.08 Å and one 

Br atom coordinated by 2.61 Å. Three or four C (or N) atoms and a Br atom and six distant C atoms 

interacting with the Ni center means that spectrum 2 is assignable to the [Ni(bpy)PhBr] complex. 

However, taking into account that the back-scattering factors and phase shifts of carbon, nitrogen, 

and oxygen are essentially indistinguishable, the nearest four light atoms’ coordination can be also 
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interpreted as an association of one DMF to the Ni atom. XANES spectrum 2 also has a small 

pre-edge peak, which indicates that the local structure of the Ni species is five- or six-coordinated.
23

 

Therefore, the curve fitting results suggests that spectrum 2 is assignable to [Ni(bpy)PhBr(dmf)] in 

the reaction solution. 

 

Figure 8. Time course of the concentration of each extracted species (left: XANES; right: EXAFS; 

solid line: species 1; dotted line: species 2; hashed line: species 3). 

Figure 8 shows time course of the concentration of each Ni species. It is confirmed that the 

intermediates extracted from XANES and EXAFS spectra correspond to each other because these 

individually calculated time courses are similar to each other. 

Conclusion 

A combination of in situ time-resolved XAFS measurement and factor analysis clarified the 

structure and concentration on the time course of the reactant [Ni(cod)(bpy)], an intermediate 

[Ni(bpy)(Ph)Br(dmf)2], and a subproduct [Ni(bpy)Br2(dmf)] during reaction. The solvation of dmf to 

the intermediate and subproduct Ni species is found by the present in situ study. It is consistent with 

the previously reported fact that this homocoupling reaction proceeds in polar solvent faster than in 

nonpolar solvent. However, the transmetalation step of homocoupling PhBr mediated by 

[Ni(cod)(bpy)] could not be elucidated in this study. In situ XAFS technique can be applied to 

various homogeneous catalysts in order to shed light on the structures of intermediates and the 

detailed reaction mechanism in near future. 
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Summary 

In this thesis, the author summarized the results of the evaluation of group V, VI, VII or 

lanthanide K, L1 and/or L3-edge XANES spectra from both of experimental and theoretical 

viewpoints and applications of statistical and kinetic analysis to time-resolved XAFS spectra during 

chemical reaction. As a result, the author proposed a new analytical technique of local structure of 

lanthanide elements by the lanthanide L1 and L3-edge XANES spectra and possible application of 

statistics and kinetics to time-resolved XAFS spectra for the elucidation of the transient chemical 

species. 

In Chapter 1, the author reported that the characteristic features at the K, L1 and L3-edge 

XANES spectra of Nb, Mo, Ta, W, and Re in their complex oxides can provide quantitative 

information on the local structure of each element. The area of the pre-edge peak of K or L1-edge 

XANES spectrum, the split width of L3-edge XANES spectrum and the local symmetry of each 

element are correlated with each other. Theoretical calculation based on density function theory of 

simple virtual model compounds clarified the origin of the peaks and the relationship between the 

electronic states and the XANES spectra. The author also proposed an indexing criterion on the local 

configuration based on the angles formed by the target atom and adjacent oxygen atoms. 

In Chapter 2, the author extended the characterization methodology discussed in Chapter 1 to La 

complex oxides and found systematic change of the characteristic features at the La L1 and L3-edge 

XANES spectra, depending on the local structure of La. The pre-edge peaks of La L1-edge XANES 

spectra show similar dependency on the local structure of La to the Nb, Mo K-edge and Ta, W, Re 

L1-edge XANES spectra. In contrast, the La L3-edge only shows less resolved XANES spectrum 

than those of group V, VI, and VII elements discussed in Chapter 1, and then another curve fitting 

procedure were employed to extract characteristic parameter of the local structure. The author also 

proposed a new primitive, but practical criterion to calculate a geometrical index related to the local 

structure, which is different from the criterion for group V, VI, and VII elements. Theoretical 

simulation of La L1 and L3-edge XANES spectra clarified the origin of the prominent peaks and 

demonstrated the validity of the new criterion for local structure parameterization. 

In Chapter 3, a systematic survey on the L1 and L3-edge XANES spectra of five early lanthanide 



- 185 - 

 

elements, Pr, Nd, Sm, Eu and Gd, was performed in a similar manner to Chapter 2. As a result, the 

spectral-structural relationship between the XANES spectra and local structure was also validated in 

various complex oxides of these elements. The analysis approach was applied to Sm-doped 

Bi2O3−B2O3 glass materials to extract the information on the location of Sm species and found a 

significant difference among the samples, which have different photoluminescence property. 

In Chapter 4, a systematic survey on the L1 and L3-edge XANES spectra of three late lanthanide 

elements, Ho, Er and Yb, was performed in a similar manner to Chapter 3. As a result, the 

spectral-structural relationship between the XANES spectra and local structure was again validated 

in various complex oxides of these elements. Theoretical simulation of Ho L1- and L3-edge XANES 

spectra of virtual Ho aqueous complex models exhibits a consistent result with the experimental data 

and explained a general trend of the dependence of the spectral shape of the L1- and L3-edge XANES 

spectra on the local environment of the Ho atom. 

In Chapter 5, the formation mechanism of Rh nanoparticles via a polyol process was 

investigated by in situ time-resolved XAFS. Kinetic analysis combined with ICP-MS and 

conventional TEM measurements revealed the continuous appearance of multipod type Rh 

nanoparticles in a uniform size without further aggregation. 

In Chapter 6, the detailed formation mechanism of Rh nanocubes was investigated by in situ 

time-resolved XAFS in combination with MALDI-TOF MS, TEM, or XRD. Kinetic analysis 

combined with MALDI-TOF MS and conventional TEM measurements revealed the four stages of 

the Rh nanocube formation, ligand exchange of Rh cations, formation of transient Rh2-4 clusters, 

formation of Rh nanocubes or nanoparticles from Rh2-4 clusters, and shape reconstruction of Rh 

nanoparticles into well-defined Rh nanocubes. 

In Chapter 7, the author applied in situ time-resolved XAFS technique to an organometallic 

catalytic cycle of a Ni complex to perform characterization of the intermediate complexes and 

analyzed the XAFS spectra in the aid of statistical and kinetic methods to extract hidden spectra of 

the intermediates. As a result, a transient Ni dimer predicted by other researchers could not be 

observed in the experimental condition, but structure and kinetic behavior of the other important 

intermediate complex generated by an oxidative addition were clarified. 

In short, the author found a new analytical scheme for the estimation of the local configuration 
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of group V, VI, and VII elements, Nb, Mo, Ta, W, and Re and lanthanide elements, La, Pr, Nd, Sm, 

Eu, Gd, Ho, Er, and Yb by means of K, L1, and L3-edge XANES spectroscopy. This strategy gives a 

complementary method for the local structure analysis on them to EXAFS spectroscopy. The author 

also demonstrated the effectiveness of the combination of statistical and kinetic analysis with 

time-resolved XAFS measurement, which will shed light on the further application of XAFS 

technique to nanoscience and homogenous system. 
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