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Abstract 

The present thesis contains an overview of the use of x-ray absorption fine-structure 
spectroscopy (XAFS) and large-angle x-ray scattering (LAXS) techniques for structure 
determination, in particular for solutions, with a number of applications. For the structure 
of the hydrated calcium(I1) ion in CaX2 (X= CI, Br, I, C104) in aqueous solution, the XAFS 
and LAXS studies show a broad and asymmetric distribution of Ca-0 bond distances 
centered at 2.46(2) with a probable hydration number of eight, and a second 
coordination sphere, C a .  .OII at 4.58(5) A. For the hydrated halide ions the LAXS results 
gave the distances C1...0 3.25(1) A, Br...O 3.36(1) A and I.. .O 3.61(1) A. Molecular 
dynamics (MD) simulations were used to calculate theoretical Ca K-edge XAFS spectra 
and thermal displacement parameters from the MD snapshots. 

XAFS studies gave the M-0  bond distances 2.42(1) and 2.45(1) A for the hydrated u4+ 
and ions, and the M-0 [M-F] distances 2.45 [2.10] for UF~+and 2.48 [2.14] A for 
T ~ F ~ 'in aqueous solution, respectively. For all four hydrated species, the most likely total 
coordination number was found to be 10 f 1. 

The crystal structure of the solid compound TlPt(CN)j has been determined by 
combining the results from x-ray powder diffraction (XRD), XAFS and vibrational 
spectroscopy. The XRD data show the tetragonal space group P41nmm (No. 129) with 
a = 7.647(3), c = 8.049(3) A, Z = 2, and a structure comprising TlPt(CN)j entities linked 
together in linear -Tl-NC-Pt(CN)4-Tl- chains. A three-dimensional network is formed by 
the cyano ligands of the platinum atom forming bridges to the neighboring thallium atoms. 
The Pt-T1 bond distance was found to be 2.627(2) A. The local structure around the metal 
ions was described by means of XAFS data measured at both the Pt LEIand TI Lm edges. 
For the data treatment the most important multiple scattering (MS) pathways were 
included. Vibrational spectra were recorded by Raman and infrared absorption 
spectroscopy, showing strong coupling, in particular of the Pt-T1 bond stretching mode. 
Assignments were made using factor group theory, and had to be based on a structural unit 
larger than the crystallographic unit cell. The structure of three related heterobimetallic 
complexes, [(NC)jPt-T1(CN),In', n = 1 - 3, were studied in aqueous solution by means of 
XAFS and vibrational spectroscopy. The short Pt-T1 bond distances, 2.598(3), 2.618(4), 
and 2.638(4) A, increase with the number of cyano ligands on the thallium atom, n = 1, 2, 
and 3, respectively. A comparison with the thalliurn(II1)-cyano complexes [ T ~ ~ ( C N ) , ] ~ - ~ ,  n 
= 1-3, shows the TI-C bond distances to be longer in the [(NC)jPt-T1(CN),In- complexes 
for the same coordination number. For the dimeric platinum(II1) complex [ P ~ ~ ( s N ) I ~ ] ~ -  in 
aqueous solution XAFS studies showed a non-supported Pt-Pt bond, 2.729(3) A, between 
two Pt(CN)j groups. In [Pt(CN)jX]n- complexes the mean Pt-C bond distance of the 
pentacyanoplatinum groups was found to increase with increasing donor ability of the 
ligand X = HzO, OH, I and Pt(CN)5. The crystal structures of the compounds 
T12[Pt(CN)j(OH)] and K2[Pt(CN)jI].0.6H20 were determined by single crystal x-ray 
diffraction techniques. 

Keywords: calcium, uranium, thorium, platinum, thallium, hydration, fluoride, halide, 

metal-metal bond, bimetallic, cyanide, cyano complexes, EXAFS, Raman, IR, normal 

coordinate analysis, x-ray diffraction, molecular dynamics. 
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I n  f r o  ducfion 

Progress in science is often closely connected to the development of new technology or 

improved instrumentation for experimental measurements. Chemistry is a science based 

on experimental observations of matter and its changes. The results of such observations 

are interpreted in terms of models with varying degree of sophistication. The progress of 

technology has allowed a rapid development of the experimental techniques, which allow 

new systems to be studied and new information to be obtained. 

In many cases the development and refinement of the theory and methods of 

interpretation follow after the technological progress. This is a consequence of the wish 

and need to extract as much reliable information as possible out of the experimental data, 

which could be obtained after the construction of new instruments or measuring 

techniques. 

The development of the x-ray absorption fine structure (XAFS) technique for 

structure determination is such a case. Several examples are given in the present thesis on 

how this method has been used in different combinations with other techniques, to give 

information on chemical problems which were not previously possible to obtain. 

Hydrated metal ions with first hydration spheres showing disorder and asymmetry, 

have become possible to study by the XAFS technique. For the biochemically important 

calcium ion an XAFS study has been performed, In combination with large angle x-ray 

scattering (LAXS) and molecular dynamics (MD) simulation (see Section 4.1). The 

hydration and fluoride complex formation of the uranium(1V) and thorium(1V) ions are of 

interest as model for other actinide(1V) ions and the results are useful in particular for 

chemical considerations in connection with the handling and storage of nuclear waste from 

power plants. The large size in combination with high charge give high coordination 

numbers, and an investigation has been made with the new XAFS technique. Likewise, 

excessive multiple scattering has become possible to handle with new XAFS theory and 

programs, which has allowed the study of a number of cyanide complexes with heavy 

metals. Such complexes show interesting bonding properties, which have been investigated 

by normal coordinate analyses of their vibrational spectra. For a crystalline powder, 

TlPt(CN)5, the crystal structure, as well as the local structure and bonding around both the 

Pt and T1 atoms, could be determined using a combination of x-ray powder diffraction, 

XAFS and vibrational spectroscopic techniques. 



I n  froduc fion 

The main experimental techniques used for the current investigations have been 

discussed in this thesis. They represent different aspects of the progress in the 

development of experimental methods. The first method described here (Section I),is the 

X-ray Absorption Fine Structure spectroscopy (XAFS). The basic principles have been 

known since the 1930s by a theory of Kronig explaining the oscillatory fine structure in an 

x-ray absorption spectrum, which may extend for hundreds of electron volts after an x-ray 

absorption edge.' When synchrotron radiation became more easily available for x-ray 

absorption experiments in the 1970s, it was realised that XAFS could become a powerful 

method for determining the local structure around the absorbing atoms in a sample, 

providing information which was not accessible otherwise, e.g. for bio-inorganic and 

amorphous systems, solids as well as solution^.^-^ Great efforts were then made to develop 

the scattering theory of the ejected photoelectrons, and the data treatment methods. 

Recently, the technique has become a well-developed and mature tool for structural 

~ tudies .~"  

The large angle x-ray scattering (LAXS) technique (Section 2) ,provides a somewhat 

different example of the development of a method for structure studies. The technique is 

experimentally simple, and is based on powder diffraction instrumentation developed 

more than 40 years Computer programs were written about 30 years ago based on 

the existing theory.* Neither the experimental technique, nor the theory or data treatment, 

has progressed much further since then, mainly because of the limited field of application. 

Nevertheless, the LAXS technique is quite useful for understanding the local structure in 

amorphous samples, e.g. for first and second hydration shells of metal ions in aqueous 

solutions. The information provided with this method is in some respects complimentary 

to that from the XAFS measurements for solutions and amorphous phases.6 or example, 

more information can be obtained of outer-shell coordination around metal ions when the 

LAXS technique is used. One drawback is, however, that high concentration of the metal 

ion is required for LAXS measurements in order to make the metal-ligand contributions 

more prominent than those from the solvent. This is due to the fact that in a LAXS 

experiment all distances between pairs of atoms in a sample contribute to the x-ray 

scattering, in contrast to the XAFS method where only the interactions around the 

absorbing atom are probed by the backscattering of the ejected photoelectron. 

Vibrational spectroscopy (Section 3) is another technique, which strongly benefits 

from the technological progress. Both for infrared (IR) absorption spectroscopy and Raman 

scattering the instrumentation has reached a high degree of sophistication allowing 



I n  troduc fion 

extremely sensitive and rapid measurement^.^ 1n particular, Raman spectroscopy has been 

revolutionised by the use of lasers as a source of radiation, and by the introduction of the 

Fourier transform technique, which was since the 1970s already well established for the IR 

absorption spectroscopy. Another breakthrough occurred when the extremely sensitive 

CCD detectors were developed (originally for video cameras) and applied for the use in 

Raman m i c r o s ~ o ~ e s . ' ~  

Vibrational spectra are often used in a qualitative way to identify substances and 

characteristic groups. Finger-print techniques and group frequencies are then used to 

recognise a specific pattern of the vibrational transltion energies."'" Molecular vibrations 

are also sensitive and useful for comparisons of changes in the bond character in different 

complexes. However, in order to make detailed interpretations of the chemical bonding, 

analyses accounting for all possible vibrational modes and their interactions in the 

molecules, should be performed. This can be achieved by a so-called normal coordinate 

analysis, which in general is a complicated task. Even though the theory is well 

established, its application requires great care, since there are always more unknown force 

constants than the experimentally observed vibrational frequencies.""2 Correlations and 

approximations have to be introduced for the force constants and the interactions of the 

vibrational modes in a molecular system, with careful consideration of the validity of the 

model. In the present study, normal coordinate analyses have been used to get information 

of the metal-metal bond and the metal-cyanide bonding in a series of Pt-T1 cyano 

complexes. 

A detailed description of the x-ray absorption fine structure spectroscopic (XAFS) 

technique and the data treatment methods used, is given in Section 1. Brief accounts of the 

LAXS and vibrational spectroscopic methods used, follow in Sections 2 and 3 of this 

thesis. 



X-ray Absoru tion Suectroscou~ 

Experimental methods 

1. X-ray absorption spectroscopy, XAS 

1.1 Absorption of x-rays in matter. Electromagnetic radiation in the x-ray region, about 

0.1 to 50 A, is a most powerful probe in the structural characterization of matter. Soon 

after the discovery of x-rays in 1895 by Wilhelm Rontgen, intensive studies on the 

interaction of x-rays with different materials started. The oscillating electric field of the 

electromagnetic radiation interacts with the electrons bound in an atom. Either the 

radiation will be scattered by these electrons, or absorbed and excite the electrons. It was 

found that a narrow parallel monochromatic x-ray beam of intensity I. passing through a 

sample of thickness x will get a reduced intensity I according to the expression: 

In (Io /I) = px (1) 

where p is the linear absorption coefficient, which depends on the types of atoms and the 

density p of the material. It is more convenient to use the mass absorption coefficieizt 

(pip),' which is a measure of the photoelectric absorption (neglecting scattering 

processes), and is independent of the physical state of the absorbing elements of the 

sample. This gives the mass absorption law: 

I(h) 1Io(N = exp[-(p/p) pxl 

where the mass absorption coefficient (plp) of the absorber decreases within the x-ray 

range with decreasing wavelength A, except at certain energies where the absorption 

increases drastically, and gives rise to an absorption edge.' Figure l a  shows the sudden 

increases in the x-ray absorption of a thin foil of platinum metal with decreasing photon 

~ a v e l e n ~ t h . ~Each such edge occurs when the energy of the incident photons is just 

sufficient to cause excitation of a core electron of the absorbing atom to a continuum state, 

i.e. to produce a photoelectron.'3 Thus, the energies of the absorbed radiation at these 

edges correspond to the binding energies of electrons in the K, L, M, etc, shells of the 

absorbing elements. In Somrnerfeld's notation the absorption edges are labeled in the order 

of increasing energy, K, LI, LII, LIII, MI,. ..., corresponding to the excitation of an electron 

from the 1s ( 2 ~ ~ h ) ,  2p ('PI/,), 2p (2~3,2), . . ., orbitals (states), r e~~ec t ive ly . ' ~  2s ( 2 ~ ~ ) ,  3s (2~l/i),  

* Tabulated e.g. in International Tables ofCrystallography, Volu~neC ,  Ed. A.J.C. Wilson, Kluwer 
Academic Publishers, Dordrecht, 1995 
'Beyond each absorption edge the mass absorption coefficient is approximately proportional to z4h3.With 
increasing atomic number Z, the absorption coefficient increases. For a given Z, decreasing h (increasing 
energy) leads to decreasing absorption ~oefficient. '~" 
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Figure 1. a) Plot of the mass absorption coefficient for platinum vs. wavelength, showing positions 
of the K and L absorption edges (ref. 6); b) X-ray absorption spectrum of platinum metal over the 
range 11.3to 12.8 keV, showing the Pt Lm- edge and XAFS oscillations. The tabulated threshold 
energy value is Eo = 11564 eV. Note that the wavelength and energy scales are in opposite 
directions. 



X-roy Absorption Spectroscopy 

The threshold energy of the absorption edge, is the energy when the photoelectron is 

released. This Eo value is normally taken as corresponding to the first inflection point on 

the low energy side of the edge (see Section 1.4.3).For calibrations of the energy scale in 

XAS measurements, often a Cu-foil with a peak at 8980.3 eV on the Cu K-edge, is used 

(see Figure 2a).16a 

The high-energy side of the absorption edge is found to have a fine structure, which 

can be related to structural properties of the material. This phenomenon, nowadays referred 

to as X-ray Absorption Fine Structure (XAFS), has been known for a long time,' but its 

usefulness was not fully recognized until much later by the work by Stern et a1.17 This 

became the starting point of a remarkable development, to make synchrotron-based X-ray 

Absorption Spectroscopy (XASJ a very powerful and versatile structural probe for studying 

the local structure around most elements of the periodic table (except the lightest ones).4 

1.2 Absorption edge structure 

1.2.1 Electronic transitions and photoelectron production. The following cases can be 

distinguished for a sample irradiated by x-rays of increasing energy E,  close to an 

absorption edge (threshold energy Eo) of the absorbing atom:14 

For E < Eo, the pre-edge region (Figure 2b), the probability for x-ray absorption is 

low, except for electronic transitions within the atom to unfilled or partially filled 

energy levels, which can give rise to sharp pre-peaks before the edge (Figure 2c). 

For E = Eo, the edge region, electronic transitions occur with high probability to 

unoccupied bound states or continuum states. 

For E > Eo, the near-edge and EXAFS regions, electronic transitions occur to 

continuum states, and photoelectrons are ejected with the kinetic energy Ek= E - Eo. 

The wavelength of the ejected photoelectron (from an 1s orbital for the Cu K edge, and a 

2p orbital for the Pt LIIIedge) is given by de Broglie's expression: 

where me is the mass of an electron, E is the energy of the incident photon, and Eo (the 

threshold energy) is the minimum energy which is sufficient to liberate a core electron. 
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Figure 2. a) K-edge x-ray absorption spectrum of Cu metal, showing the XANES, NEXAFS and 
EXAFS regions. Note the edge-peak at 8980.3 eV corresponding to an electronic transition in the 
XANES region. b) K-edge spectrum of a [cuc1413. complex showing a pre-edge feature, and the 
start of the EXAFS region (ref. 4b). c) Pre-edge features corresponding to 1s-4p eleceonic 
transitions within copper(1) complexes with different geometry: (A) linear two-coordinate, (B) 
three-coordinate, and (C) four-coordinate distorted tetrahedral (ref. 4b). 
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Figure 3. Schematic representation of the backscattering of platinum Lmedge photoelectron waves 
by nearest neighbor carbon atoms in a planar [P~(cN)~]~-  complex at two different energies of the 
incident x-ray photons. Constructive (left) and destructive (right) interference between the outgoing 
and backscattered photoelectron waves give rise to the EXAFS oscillation. 

The outgoing photoelectron wave can be backscattered from the surrounding atoms. As the 

lunetic energy of ejected photoelectron increases (i.e. its wavelength decreases), the 

outgoing and the backscattered photoelectron wave will interfere. This interference will 

induce variations in the electron density of the absorbing atom, which depend on the 

energy of the ejected photoelectron. Constructive interference will increase the electron 

density and increase the probability of the photon to be absorbed. Therefore, a change in 

interference from destructive (minimum in the absorption) to constructive (maximum in 

the absorption) will give rise to the oscillations in the absorption observed after the edge.4 

No XAFS oscillations are observed for a monoatomic gas, since there are no close 

neighbors for backscattering.13 Figure 3 shows a schematic illustration of this effect for a 

platinum atom surrounded by carbon atoms in a square-planar coordination figure. 

1.2.2 Absorption edge regions: XANES, NEXAFS, EXAFS. The absorption spectrum at 

an absorption edge has traditionally been divided into two major regions (XANES and 

EXAFS), where the EXAFS region refers to the oscillatory structure in the x-ray 

absorption coefficient starting at an energy about 50 eV higher than the threshold energy 

ED.' In recent years important progress in curved-wave and multiple scattering theory has 

been made and implemented in the data analysis (e.g., in the GNXAS and FEFF 

prograrns),4'5*'8 which now allows further structural information to be extracted by 

including the near-edge part of the XANES region in the analyses. Following the 

suggestion by Rehr et a ~ . , ~  based on the new advancements in the data treatment, it seems 

more practical to divide the absorption spectrum in the following way (see Figure 2a): 



Absorp tion edge structure 

1. XANES. The first region contains the X-ray Absorption Near Edge Structure, 

XANES, within about f 10 eV of the main absorption edge. Traditionally, XANES also 

included the NEXAFS region (see below). The theoretical description of the features in 

this edge region is still not fully developed and it has been suggested that atomic-XAFS 

should be included for a full description (see Section 1.4.5).' 

Before the edge (pre-edge region) there are a series of features due to electronic 

transitions from a core level (Is, 2s, etc.) to unoccupied or partially occupied energy levels 

(cJ:Figure 2 ~ ) . ~ ~ , ' ~ , ' ~ "  On top of the absorption edge there is frequently a sharp and intense 

so-called "white" line (see Figure lb). This is due to transitions of the core electron to 

unoccupied energy levels near the continuum; since these energy levels are closely spaced, 

the probability of absorption will increase. The pre-edge features can give information on 

coordination geometry, which affects the energy levels in the valence shell, as shown for 

some Cu(1) complexes in Figure 2c. 

The edge position is influenced by the oxidation state of the absorbing atom. A change 

of one unit in oxidation state makes a significant change in the energy of the electronic 

transitions, which can give a shift of several electron volt in the position of the edge.'" The 

change in ionization energy with oxidation state is mostly affecting the potential energy of 

the electron, which is due to contributions from the coulombic interactions between the 

electrons and the nuclei.'" At a higher oxidation state the attraction between the core 

electrons and the nucleus will increase, since the removal of valence electrons to some 

extent reduces the shielding of the core electrons from the nucleus. This will shift the edge 

features to higher energies, e.g. the vanadium absorption edge in a series of vanadium 

oxides shifts to higher values by about 2.5 eV for each unit increase in oxidation number. 

For LIIIedges of lanthanides, corresponding shifts of 6-8 eV per unit increase in oxidation 

number have been reported.19a 

2. NEXAFS. The Near-Edge X-ray Absorption Fine Structure region, extends from a 

few eV to about 50 eV above the edge (Figure 2a). This region often contains intense 

spectral features, which are due to scattering of photoelectrons ejected with relatively low 

kinetic energy.5 Multiple scattering, mostly dominated by contributions from scattering 

pathways between the atoms of the first shell around the absorber, is prominent in this 

region. In addition, relatively long pathways involving tightly bonded atoms beyond the 

first shell can give significant contributions (see Figure 4b), even for complexes in 

solution. 



X-ray Absorp fion Spectroscopy 

Thus, the edge structure in the XANES and NEXAFS regions is sensitive to the 

geometrical arrangement of the atoms surrounding the absorber, and can give useful 

structural information. The features can e.g.  serve as a fingerprint for the structural 

arrangement of atoms in a group or complex, and pre-edge transition energies can be 

reproduced by  ab-initioc a ~ c u l a t i o n s . ~ ~However, even well beyond the threshold energy, 

the atomic background absorption b(E) may exhibit white lines, resonances and jumps 

due to multi-electron transitions. Further improvements in the theoretical description are 

still needed for quantitative edge calculations. 

@ Absorbing Atom' 

o Photoelectron 

a EXAFS 

Figure 4. Schematic illustration of: a) single backscattering (SS) process dominating in the EXAFS 
region, and b) multiple scattering (MS)process, prominent i n  the NEXAFS region (ref. 13). 



Absorp fion edge sfruc fure 

3. EXAFS. The third region, which extends from energies about 50 eV up to more than 

1000 eV higher than the edge, is the Extended X-my Absorption Fine Stvucture (EXAFS) 

region, and will be treated in more detail below. The EXAFS region is characterized by 

weak oscillations of low frequency, arising from bnckscattering of photoelectrons of high 

lunetic energy, mostly in single backscattering processes (Figure 4a). Previously, the 

analysis of EXAFS was largely restricted to the first coordination shell, giving information 

about the distance from the absorber to its near neighbors. However, this has dramatically 

changed in recent years due to the development of efficient computer codes, describing 

curved-wave scattering theory combined with high-order multiple scattering, which allows 

us to describe the EXAFS functions by calculations based on theoretical models for all 

kinds of system^.^'^^ 

1.2.3 X-ray Absorption Fine Structure, XAFS. With the use of high-order multiple 

scattering theory implemented into the FEFF codes, these theoretical calculations can now 

extend into or describe the NEXAFS region, allowing a unified treatment of the EXAFS 

and NEXAFS regions. Therefore, the need to separate the EXAFS and NEXAFS regions 

has become less strict, and a common name X-ray Absorption Fine Structure (XAFS) is 

often used nowadays for these regions together, and also for this entire technique of 

structure determination. The development in theory, data treatment, and experimental 

techniques, in particular the modern synchrotron radiation sources, now makes the XAFS 

technique competitive with, and complementary to, high precision structural methods such 

as x-ray diffraction. For some complexes (e.g. bio-inorganic) and disordered materials, 

XAFS is the superior method for local structural determination^.^ The multiple scattering 

calculations permit more definitive conclusions concerning distances and disorder, even 

beyond the first shell. 

1.2.4 Lifetime of the Core Hole. When a photoelectron is ejected from the core level, 

an inner-shell vacancy "core hole" is created in the absorber. This excited state of the 

absorber atom has a finite lifetime, before it relaxes via different relaxation mechanisms, 

such as producing Auger electrons (for light elements), or emission of fluorescence 

photons (for heavy elements); c$ Figure 7b.'jb 

The time scale for this electronic excitation (the photoelectron ejection) depends on 

the time, which the incident photon takes to travel the diameter d of the inner shell. For 

example, the K-shell diameter dKfor oxygen can be approximated from dK= (2a,/ Z )  to be 
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-0.13 A (ao= Bohr radius; Z = atomic number). With c = 3.10 '~&s and d~ -0.1 A,we can 

estimate that the excitation takes place in about 10-l7 to seconds for oxygen.21a 

The EXAFS oscillations are a result of the backscattering of the ejected photoelectron 

from the neighboring atoms. This is correlated to the probability that the photoelectron can 

return to the core hole. Thus, for this process the life time of the core hole is important, and 

can be estimated using the Heisenberg uncertainty principle: .rh . s h = 6.6 .10-16, where 

this the core hole lifetime (s) and r is the hole-state width (eV). The estimated hole-state 

widths r for the K and LIII shells are shown in Figure 5.21a For example, in the case of Pt 

LIII-edge,r is 5.31 eV (Appendix C, Reference 19). Therefore, the lifetime of its core hole 

is th - 1.2 .10 '~ '~ .  

We can also calculate the time t that a photoelectron takes for travelling the distance 

between the absorber and neighboring atom, r,  and for going back to the core hole: 

t= (traveling distance)/ speed = 2r 1v 

The speed v depends on the lunetic energy of the photoelectron, Ek = E - Eo. Since 

Ek= ?hmv 2, then v = (2Ek/ m)". This can be expressed as a function of the photoelectron 

wave-vectorc k = [2rn~k]"/ h (see Section 1.4.4).Thus, k = m / h, or, v = hk / m, which 

gives the traveling time: 

z= 2mu 1 (kh) 

For example, when r = 2 A and Ek = 60 eV (k = 4 A-'), the traveling time for the 

photoelectron is about t= 2.5.10.'~ sec, an order of magnitude shorter than the lifetime for 

core hole (in the case of Pt LrII edge, th - 1.2.10-'~ sec). In practice, for the energy range 

corresponding to the EXAFS region 4 5 k I16 k',the photoelectron basically sees the 

central atom with a core hole.15b If Ek is smaller and the photoelectron has low kinetic 

energy (low k-value), the traveling time t is longer and becomes comparable with the 

lifetime of the core hole, ~ h ,which reduces the amplitude of the EXAFS oscillation and 

makes the peaks in the XANES region broader (see Mean free path factor, Section 1.5.5) 

* k is the scattering variable. 

http:2.5.10.'~
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Figure 5. Natural core hole-state widths for K and Lmatomic energy levels (ref. 19,Appendix C) 
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1.3 Synchrotron-based X A F S . ~ ~  X-ray absorption fine-structure (XAFS) spectroscopy can 

in principle be applied for almost all elements of the periodic table (see Table 1). In 

practice, however, there are a number of restrictions for the collection of useful data. The 

EXAFS oscillations are weak, and the information content depends on how wide the data- 

range is, which can be obtained with sufficient signal to noise ratio (see Section 1.7). 

Dilute samples, such as metalloproteins, and light absorber elements (ligand atoms, and 

also calcium in the present study) require intense radiation, and are only possible to study 

with the use of synchrotrons as x-ray ~ o u r c e s . ~  

1.3.1 Synchrotrons as x-ray sources. For producing synchrotron radiation, charged 

particles (electrons or positrons) which have been accelerated in a linear accelerator and 

have a speed close to that of light, are injected into a storage ring under high vacuum. The 

storage ring is not circular; it consists of curved sections (with small diameter 5-10 cm) 

joined with straight parts. Magnetic fields from strong magnets around the ring (bending 

magnets) force the electrons to follow the ring in the curved sections. When the high 

energy particles (3 GeV in SSRL) hit the curved parts, they lose part of their energy as 

synchrotron radiation which is emitted tangential to these curved sections. A radio 

frequency (rJ)cavity in the ring occasionally "kick" the particles and increase their kinetic 

energy (Figure 6c). 

The wavelength of the synchrotron radiation can be tuned by changing the magnetic 

field, e.g. with wigglers or undulators consisting of an array of dipole magnets, giving a 

continuous energy range from infrared to hard x-rays. The possibility to change the 

wavelength and also, the high brilliance of this radiation (number of photons per volume 

unit) allow many experiments which otherwise would be very difficult. XAFS 

spectroscopy has been developed, and is nowadays almost exclusively done by using x-ray 

radiation emitted from synchrotrons. 

Starting from the early 80's, the 2"* generation of synchrotron sources were built, 

which were exclusively designed for the production of "synchrotron light" for research 

purposes. It was then realized that insertion elements, such as wigglers and undulators, 

drastically improved the properties of the radiation, e.g.increased the brilliance (number of 

photons per volume unit) by several magnitudes. A wiggler also shifts the intensity 

maximum of the synchrotron flux to shorter wavelengths, which is useful for XAFS 

spectroscopy of most elements (Figure 6b). During the 90's the 31d generation of 

synchrotron sources were constructed, which are based on these insertion elements 

(Figure 6a).16bx19b 



Year 

TURBO-MOLECULAR 

ROUGHINO STATION 


Figure 6. a) The development of x-ray sources. Bending magnets, wigglers and undulators have an 
increasing number of dipoles for bending the electron beam, which creates x-rays. The energy 
range from an undulator is smaller than that from a wiggler, and is less suited for scanning XAS 
spectra. b) Characteristic synchrotron spectra from the SSRL source SPEAR operated at 3 GeV 
(ref. 23). c) Schematic view of an electron-storage ring (Brookhaven National Laboratory) 
designed as a source of synchrotron radiation, showing one bending magnet and wigglers (ref. 
Winick, H.; Doniach, S; Synchrotron Radiation Research, Plenum Press, 1980, p.31, reproduced 
by permission). 
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There are a number of important advantages using synchrotrons as x-ray sources: 

(1) An EXAFS experiment typically requires scanning an x-ray energy range of about 

1000 eV. This is achieved by rotation of selected monochromator crystals (mostly Si 

or Ge) in special arrangements (see Section 1.8.1).19c 

(2) A high x-ray flux is required in an XAS experiment in order to obtain high signal-to- 

noise data during a reasonable length of time for the data collection (in the order of 30 

minutes per scan), in particular for dilute samples of the absorbing element. 

Synchrotron sources give x-rays of much higher brilliance and five or more orders of 

magnitude greater flux than conventional laboratory x-ray sources (see Figure 6 4 .  

(3) The high stability required in flux, energy, and beam position for an XAS experiment 

can be achieved with a synchrotron x-ray source. 19b,22 

1.3.2 Availability of absorption edges.22When planning an experiment, a synchrotron 

beamline with a suitable flux distribution for the energy range of the absorbing element 

should be chosen. Nowadays, synchrotron beamlines are well equipped for experiments 

using relatively hard x-rays (A < 5 A). 

K-edge spectra show low absorption probability (c$ Figure la), but high fluorescence 

yield for each photon absorbed (cf:Figure 7c), although the fluorescence yield goes down 

for lighter elements (0.17 for Ca and only 0.0058 for 0, cf. Figure 7d). K-edge 

measurements are only possible for elements with Z 5 53, because for higher K-edge 

energies, the synchrotron flux becomes too low (cj: Figure 6b). Moreover, for heavier 

elements, the hole-state width (l?) of the K-shell becomes quite large, resulting in short 

lifetime of the core hole, .rh (see Figure 5; p.12). A shorter core hole lifetime .rh, will give 

broader peaks in the XANES region (cf:Section 1.2.4). 15a 

Elements with K-edge energies lower than about 2500 eV, including C (284 eV), N 

(410 eV), 0 (543 eV), F (697 eV), Na (1071 eV), Mg (1303 eV), A1 (1559 eV), Si (1839 

eV), and P (2149 eV), require soft x-ray vacuum beamlines at synchrotron sources and the 

experiment is technically much more difficult than wlth hard x-rays in air. The reason is 

that x-rays softer than about 2500 eV (5 A) are strongly absorbed by air and by the Be 

windows (transparent for x-rays) which are necessary to keep the ultra high vacuum (UHV 

c lom9ton) within the electron storage ring of the synchrotron. Despite these difficulties in 

such measurements, K-edge spectra of light elements can give valuable information on the 

chemical bonding, by comparing the peaks in the edge region with ab initio calculated 

electronic transition energies. 
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For the heavy elements the triple L-edge spectra are in an accessible energy range. The 

fluorescence yield is relatively low, although increasing with increasing atomic number, 

0.33 for Pt (11.56 keV) and 0.49 for U (17.17 keV), cf Figure 7c. The edge jump generally 

increases in the order LIII > LII> LI which makes the LIII edge the most sensitive one (see 

Figure la). However, for elements with relatively low L-edge absorption energies, the LIII 

and LII edges can be rather close, which limits the useable data range. For example, for Ba 

the synchrotron flux is too low at the K-edge (37.44 keV or 0.331 A), and the usable k-

range between the LIII and LII edges at 5.24 and 5.62 keV, respectively, is only up to k,,, = 

9 A-'. The values of the K and L absorption edges for all elements in the periodic table are 

given in Table 1. 

M edge spectra occur at lower energies and are more complex (five edges), and are 

seldom used for XAS studies. Even for the heaviest elements the L edges can be used, e.g. 

the U LIII edge at 17.17 keV (0.722 A) is still in a convenient range for EXAFS 

measurement^.^^ 

1.3.3 Usefulness and limitations of XAS. The main advantage of synchrotron based x- 

ray absorption spectroscopy (XAS), as compared to diffraction techniques, is its ability to 

probe the local structure around almost any specific element in the periodic table (except 

the lightest). The technique can be used for absorbing atoms in any aggregation state 

(solid, liquid, or gas), in all kinds of environment: crystalline solids, glasses, amorphous 

phases, liquids and solutions. With optimal experimental conditions, XAFS studies can be 

made at trace levels (< 1000 ppm), which is useful e.g,for studies of metal complexes on 

surfaces, catalysts, metal sites in bio-inorganic samples, e tc4  

The local structure can be probed up to 5-6 r\ around the absorbing central atom, but 

requires that multiple scattering effects are taken into account in the data analysis. Due to 

the general reduction of the XAFS amplitude for longer distances and weakly coordinated 

atoms (see Section 1.5), the inner-shell distances are more easily detected and can be 

determined with higher accuracy than outer shell d i~ t ances .~  The edge structure in the 

XANES region contains peaks corresponding to electronic transitions, which are sensitive 

to the electronic structure of the absorber and its chemical bonding. Together with analyses 

of the multiple scattering in the NEXAFS region; this also yields information about the 

coordination geometry. 
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The XAFS region gives average interatomic distances and information on the number 

and chemical identities of near neighbors.
22 However, XAFS provides essentially no 

information on long-range order in a solid, because of the many multiple scattering paths 

which are possible outside the near-neighbor distance^.^ Even for the well-defined 

distances corresponding to the hydrogen bonded second hydration shells around highly 

charged ions in aqueous solution, multiple scattering within the first hydration shell 

dominates over the single back-scattering path from the oxygen atoms of the second 

hydration sphere.24 In addition, there is a strong reduction of the amplitude of the XAFS 

function for long distance^,^ which often makes large angle x-ray diffraction the more 

suitable method for outer shell distances for amorphous phases, (see Section 2.1). 
22,24 

The usefulness of XAFS as a technique for structural analysis depends on accurate 

knowledge of the phase shifts and scattering amplitudes in the XAFS formula (see Section 

1.5.1 and 1.5.2). The ab initio theoretical calculations of these parameters by means of the 

FEFF program, allow inner shell distances to be determined with an accuracy of about 

fO.O1 A and in favorable cases coordination numbers within i: 10 % (normally not better 

than about 25%, c t  Section 1 . 7 ) . ~ , ~ ~  

1.3.4 Principles for measurement of x-ray cihsorptiorz spectra. Figure 7a gives a 

schematic overview of the events occurring when irradiating a sample. The incident x-ray 

beam has the energy E (eV), wavelength h and intensity 10. For a sample of thickness 

x (cm) and density p ( g . ~ m ' ~ )  the transmitted intensity I is given by equation (1): 

I = 10 exp(-p x)  

where p is the linear absorption coefficient (cm-') for the sample. Often the mass 

absorption coefficient (plp) (cm2.g") is used, which is roughly independent of the physical 

state of the material and is approximately additive to give the linear absorption of the 

sample: 

P = P 2 fi ( ~ 1 ~ ) i  

in which f i is the mass fraction of the element i with the mass absorption coefficient 

The EXAFS function, x(E), is defined as the modulation in the absorbance, i.e.: 

where p(E) is the measured absorbance while yo(E) is the "atomic background absorption" 

(absorption for the isolated atom in the field of its neighbors, without specific 

interactions).18 
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Two commonly used experimental detection methods for XAS studies are based on 

measurements of: 1) transmission, or 2) fluorescence. The transmission method is used 

typically for samples with high concentrations (> 2 v\,t %) of the absorber, and measures 

the direct absorption by the sample. In the fluorescence method the absorption is measured 

indirectly by detection of the fluorescent x-rays emitted when the core hole is filled. The 

intensity of the x-ray fluorescence is proportional to the number of absorbed photons, but it 

is competing with other processes, e.g. emission of Auger electrons. When the core hole is 

filled, the released energy can alternatively be used to eject Auger electrons, usually from 

the same shell (see Figure 7b). Therefore, the yield for emitting fluorescent x-rays varies 

considerably (between 0 to I), and is higher for heavier elements, see Figure 7c,d. 

An illustration of the experimental arrangements required for two types of XAS 

experiments is shown in Figure 8. The setup for a fluorescence detection experiment, using 

a Lytle detector, differ from a transmission experiment only in the placement of the second 

ion chamber, i.e, the Lytle detector (Figure 9), and in the orientation of the sample. The 

fluorescence is measured from the front of the sample and is used for samples with low 

concentrations of the absorber (< 2 wt %) andlor high matrix absorption. This method is 

also used for very small samples. 

1.3.5 Transmission XAS measurements. In the transmission experiment, the sample is 

aligned perpendicular to the x-ray beam, with the second detector placed behind it.22 In 

order to avoid errors in the measurements of the EXAFS amplitudes, it is important to 

choose a suitable thickness x of the sample. The optimilm sample thickness depends on the 

energy of the absorption edge for the element being measured. Statistically, the optimum 

SIN value is obtained when ln(Io / I) = Apx = 2.6 (i.e. ''log (Io I I) = 1.1) over the 

absorption edge (Ap is the edge step). However, the amplitude of the absorption signal can 

be reduced by a number of experimental factors, such as leakage through an 

inhomogeneous solid sample (pinholes and particle size), fluorescence from the sample, 

harmonics and detector efficiency with variations in wavelength, etc. These factors 

decrease with decreasing sample thickness. Empirically, it has been found that for a well- 

conducted experiment, an edge step of Ap.x < 1.5 should give errors in the amplitude of 

less than 5%. 

The most commonly used detectors for transmission measurements are gas-filled ion 

chambers. The choice of gas or gas mixture depends on the energy of the beam and the 

desired amount of absorption of the incident beam.13 
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Figure 7. a,b) X-ray absorption of an incoming beam w ~ t h  intensity loby a sample. Primary effect: 
attenuation of transmitted beam to intensity I and generation of photoelectrons. Secondary effects 
when filling the core hole: fluorescent x-rays and Auger electrons (ref. 13). c) Yield of fluorescent 
x-rays after exciting K and L shells, as a function of atomic number Z. d) Fluorescence yield of 
light elements after exciting the K-shell (ref. 21b). 
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Another type of problem may originate from the absorption process in the sample. 

When a photoelectron is ejected, a core hole is created for a short time in the absorbing 

atom (Figure 7b). The process of filling the core hole gives fluorescent x-ray photons of 

characteristic energy, typically a K, line of the absorbing element for a K-edge experiment, 

but also softer x-rays and Auger electrons. Thus, the sample becomes a secondary source 

emitting fluorescent radiation in all directions. If the sample is placed too close to the ion 

chambers I. or I1 (see Figure 8a), a considerable amount of the fluorescent photons from 

the sample may enter the ion chambers. Two different effects are possible: 

1) In the ion chamber I1 this will add to the intensity of the transmitted photons (11) and 

cause an apparent decrease in the measured absorption, log(Io/I1),which is not easy to 

notice since the fluorescence signal is proportional to the absorption, (If/10).16' 

2) In the ion chamber 10,an added fluorescence signal may cause oscillatory variations in 

the curve (Io/ rtc) vs. energy. This is a sign that the fluorescence from the sample is 

strong and will distort the measured absorption. Such an addition of the fluorescence 

signal to the ion chamber I. will look like an increase in the measured absorption and 

therefore, it will increase the apparent amplitude of the EXAFS signal (this is probably 

one reason for high amplitude reduction factors in the data treatment, see Section 

1.5.4). 

A simple way to reduce the effect of fluorescence from the sample is to increase the 

distance from the sample to the detector^.'^^ 

1.3.6 Fluorescence XAS measurements: The absorption of an x-ray photon from the 

incident beam results in photoelectron ejection, which creates a core-hole in the K or L 

shell of the absorber. When the core-hole is filled by an electron from the next shell 

(Figure 7b) another photon is created with an energy corresponding to the K, or L, 

emission lines of the absorbing atom. The intensity of this emitted fluorescent x-ray, If, is 

directly proportional to the amount of absorbed x-rays in the sample, and (If/Io) is thus 

proportional to y. However, there are a number of complications to consider: 

Other competing processes in the absorber, such as multiple electron excitation and 

Auger effects (Figure 7b), reduce the fluorescence yield. 

K, or L, emission lines are also excited from the other elements in the sample which 

creates a background. 

Scattering of the incident x-ray beam by the sample, which can be divided into two 

categories: 
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1) elastic scattering (diffraction) of x-ray photons by tightly bound atomic electrons 

without energy (or wavelength) change; 

2) inelastic (Compton) scattering of x-ray photons interacting with loosely bound 

electrons. Compton radiation has a slightly longer wavelength, which depends on the 

scattering angle 28 ( c t  Figure 29 and 30, Section 1.8.2). The increase in wavelength is 

approximately given by the expression: 

Ah = (h/m,c) (1-cos28) ( 5 )  

where (h/m,c)= 0.02426 A. The intensity of the Compton scattering increases with 

increasing Z (the number of loosely bound electron^).'^^ 

For a proper measurement based on the fluorescence of a characteristic emission line of the 

absorber in the sample, it is important to reduce the background level of radiation from the 

sample. This can be done by the use of an energy-clispersive detector for selecting the 

appropriate wavelength range. By means of a semiconductor, e.g., germanium-diode 

detector, satisfactory discrimination of the fluorescence signal from the background noise 

can be achieved. However, such detectors have a limited count rate and work best for 

samples with weak signals. The Lytle detector is another special type of ion chamber, 

designed to enhance the fluorescence signal by means of x-ray filters and a Soller slit 

(Figure 28). More detailed considerations about the Ly~ le  detector and the requirements for 

how to select x-ray filters are given in Section 1.8.2. 

Fluorescence XAS measurements are mostly used for dilute samples, with low 

concentration of the absorber, such as bio-inorganic samples. For first row transition 

elements, concentrations as low as 1000 ppm or 0.001 M in an aqueous solution can be 

studied.13 

Conversely, samples with high total absorption, causing difficulties in transmission 

measurements, or with low K-edge energies (e.g. calcium) can also yield better results in 

fluorescence mode than in transmission. 

Dilute samples can be thick, but concentrated samples should be thin to avoid self-

absorption (absorption of fluorescence radiation by the sample itself), which reduces the 

intensity of the fluorescent x-rays, I f ,  leaving the sample. In such cases, the amplitude 

reduction factor, so2,sometimes obtains very low values. For a fluorescence measurements 

it is important to use the same experimental setup for all samples, since the background 

intensity partly will depend on the geometrical arrangement of the sample and detector. 
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Figure 11 shows both transmission and fluorescence Pt Lur-edge absorption spectra of 

a 0.1 M PtTl(CN)7 solution, measured simultaneously. A Lytle detector was used for the 

fluorescence measurement. The increasing background in a fluorescence experiment is due 

to the fact that the absorption of x-rays generally decreases when the energy increases (cf 

footnote p. 4 and Figure 1). Then the incident x-ray beam will penetrate deeper and 

increase the effective volume of the sample and more of the produced fluorescent x-rays 

can reach the detector.lSa 
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Figure 11. Pt LLII-edge absorption spectra for 0.1 M [P~TI(cN)~]~-aqueous solution in the 
range 11.3to 12.6keV. a) fluorescence measurement with Lytle detector; b) transmission. 
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1.4 Extraction of the EXAFS modulation. The x-ray absorption fine structure oscillations 

or the XAFS function, x(E), is defined as the modulation in the absorbance, i.e.: 

where p is the measured absorbance while yo is the absorbance of the isolated atom. The 

steps required for extraction of this experimental XAFS function include the following: 

pre-edge background removal 

normalization 

energy calibration and conversion to k-space 

spline fitting and isolation of fine-structure oscillations 

There are several program systems available for these standard procedures which all 

assume yo to be a smooth monotonically decreasing function, notably E X A F S P A K ~ " ~ ~  

W ~ ~ X A S . ~ 'In this work all the procedures for extraction of EXAFS oscillation and data 

refinement was done using the WinXAS program, while the preliminary energy calibration 

and averaging procedures of the raw data were performed with the EXAFSPAK program. 

1.4.1 General background correction:13 The experimental absorption spectrum must 

be corrected for the effects of other atoms in the sample and other electron shells of the 

absorbing atom, and also for instrumental effects or absorption in the sample cell windows, 

etc. Ideally, only the specific absorption of the atom chosen for study should remain for 

EXAFS analysis. For transmission data there is for example the semi-empirical expression 

by ~ i c t o r e e n , " ~which in principle gives a good approximation of the expected shape of 

the variation of the background absorption for the absorbing atom. 

The differences or non-linearity in the ion chamber response, contamination by higher 

order harmonics, etc, will add non-ideal terms depending on the experimental setup to the 

measured background ab~orption."~Therefore, an empirical removal of the background 

absorption is mostly made. Normally, a smooth polynominal (linear or quadratic) function 

is fitted by least-squares methods to the pre-edge region of the spectrum (with lower 

energy than the edge). The fit values are then subtracted from the raw data (cJ: Figure 13a). 

The background in a fluorescence experiment normally shows a tendency to increase, 

opposite to that of the absorption in transmission (Figure 11); since the fluorescence from 

the sample increases with increasing energy (see p.27). A linear polynomial is usually 

sufficient for an empirical background subtraction for fluorescence data.16* 
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1.4.2 Normalization: In many experiments, the exact concentration of the absorbing 

atom and the sample thickness are not precisely known. In the beam path, between the 

detectors I. and 11, there are also cell windows, Mylar films, etc., and also the other 

elements in the sample. This causes the observed signals to be multiplied by energy 

dependent absorption factors.14 

A normalization procedure is used to put the EXAFS on a proper amplitude scale. 

After pre-edge background correction, the EXAFS energy region is next fit by a similar 

procedure and extrapolated to lower energies over the edge. The difference between this 

extrapolation and the background-corrected spectrum at the edge is the step height or edge 

step (Figure 13b). This edge step is proportional to the total amount of the absorbing 

element in the sample.13 The data are then divided by the size of the edge step, to 

normalize the EXAFS to a unit edge, which compensates for uncertainties in the 

concentration and sample thickness.14 

1.4.3 Threshold enevgy Eo: In order to correlate the XAFS oscillation to the kinetic 

energy of the photoelectron, the threshold energy Eo is required, i.e, the minimum energy 

required for the photoelectron ejection. This value is used in the scattering formulas, 

converting the energy of the incident beam E to the scattering variable k by means of the 

relation: k = {0.2625(E - EO))" 

In the version 8 of the FEFF program, the Eo value corresponds to the Fenni energy, 

which should correspond to the inflection point of the edge, i.e. the first maximum in the 

1" derivative of the XAFS edge. However, there is no simple way to experimentally 

determine Ea from the spectrum or edge structure.20aEo is known to be influenced by 

chemical effects such as oxidation state, covalency in the chemical bonds, e t ~ . ' ~ ~  

1.4.4 Conversion to k-space: At this stage, the energy scale is changed from eV to the 

photoelectron wavenumber or wave vector, k (A-I), (see Figure 13c). 

(me v12 p2
Kinetic energy of the photoelectron : E - Eo = ?hm,v2 =- ---

2m, 2m, 

photoelectron momentum = f i  . k 


k = wave vector = -27t 
= photoelectron wavenumber 

he I 

Therefore, when the energy E corresponds to the threshold energy, Eo, then k = 0. 
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In the above formulas, he = wavelength, v = velocity, me = mass and P = momentum of the 

photoelectron, and h is Planck's constant. 

In the early stages of data treatment, we can estimate a value for the threshold energy, 

Eo', using the lStand 2ndderivatives of the spectrum to find the first inflection point. The 

true Eo value can be obtained by refining a shift parameter AEo, for which: Eo = Eo'+ AEo 

(see Section 1.7.3).The effect of this correction of the estimated threshold energy is to 

shift the k-scale, which affects the distance obtained in the data analysis (see Section 1.7). 

The corrected k-scale is given by:15b 

kc, = [k'* - (AEo.2me/h2)]" (8) 

where m, is the electron mass and k' corresponds to the estimated threshold energy, Eo'. 

1.4.5Spline "atomic background" removal: At this stage it is convenient to express 

the variation in the total absorption coefficient ~ ( k )  as the isolated atom absorption po(k) 

times a k-dependent factor, ~ ( k ) :  

F(k) = yo@) { 1+ x(k)} (9) 

The factor ~ ( k )  then represents the fractional change (modulation) in the absorption 

coefficient induced by neighboring atoms, and contains structural information. This ~ ( k )  

factor is a measure of the x-ray absorption fine structure (XAFS) oscillations. Thus, the 

definition of XAFS, ~ ( k ) ,is: 

The crucial function is po(k), the "atomic backgrouncl absorption", which corresponds to 

the (hypotetical) absorption for an "isolated atom at the same energy, usually described by 

the "muffin-tin" potential approximation.52i8 

Scheme 1. In the "muffin-tin potential" approximation, the atoms are described with spherically 
symmetric potential functions sharply increasing toward the atomic centre, each located inside a 
"muffin-tin" sphere (regions I and III). The potential between the spheres (region 11) is constant." 

30 
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The difference p(k) - po(k) thus represents the experimental x-ray fine structure 

oscillations. The amplitude of the oscillations becomes smaller at high k-values due to the 

general decrease in absorption with increasing energy (see footnote in page 4). Division by 

po(k), which is proportional to the number of atoms per unit volume, normalizes the XAFS 

data to a per atom basis, and compensates for the general k-dependence of the absorption. 

Even though po(k) can not be measured experimentally, we must determine the po(k) 

function well enough to obtain the structure-dependent XAFS function in sufficiently good 

approximation for evaluation of structural information by model fitting. The po(k) function 

is normally assumed to be a smoothly varying function, but in later versions of the ab initio 

based FEFF code, theoretical calculations can be performed, which show that po(k) can 

have some oscillatory structure, so-called atomic-XAFS.~ It has been suggested that the 

atomic-XAFS oscillations can be largely responsible for the spurious peaks often observed 

at about half the near-neighbor distance in the Fourier transforms of XAFS 

In the present programs for extracting the EXAFS oscillation according to equation 

(lo), the po(k) function in EXAFS region (after the pre-edge background correction, 

Section 1.4.1) is normally approximated by a numerically determined smooth curve, 

psplin,(k), which is a slowly varying function fitted to the experimental data.29 here fore, 

the experimental XAFS function, ~ ( k ) ,  is not a directly measured quantity but depends on 

the approximation introduced for the yo(k) function 

For normalizing the extracted oscillation, it is often convenient to use pSpli,,(k) as an 

approximation for po(k): 

However, in some cases there are non-linear contributions to the background, in particular 

for the fluorescence data, which makes pspan,(k) a poor approximation of po(k) at high k- 

values for the normalization (see Figure 12a). It is clear that using p,,li,, as an 

approximation of po(k) for the fluorescence data will introduce an error in the amplitude of 

the calculated ~ ( k )  function. In such a case, it can be better to use a theoretical 

approximation, for example according to the Victoreen formula,30 which is an option in the 

EXAFSPAK program (see Figure 12b). The Victoreen polynominal is a semi-empirical 

expression for the "fall off' of the absorption coefficient of the absorbing element between 

the absorption edges with decreasing wavelength, h (cf Figure la). The Victoreen 

approximation of the absorption coefficient, p,ic, is given by: '' ,kXr,,= Cvic k3 - Dvic k4, 
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where the x-ray wavelength is given by: h (A) = (hcIE) = 12398.4 / E (eV), and Cvicand 

DVi,are tabulated Victoreen coefficients for a particular edge and element. When pvic is 

used, the oscillatory part of the x-ray absorption, the EXAFS function, is calculated by: 

By using the Victoreen polynominal we can make sure that background problems with the 

data (in particular common for fluorescence data) or inadequate pre-edge background 

subtraction do not distort the amplitude of the EXAFS data. Figure 13 gives an example of 

the extraction of the XAFS function, using the WinXAS program. 
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Figure 12. a) Pt Lmedge fluorescence data (corrected for pre-edge background) for 0.1 M solution of 
a [P~TI(cN)~]~' complex. In comparison with Fspiine,the pvic function better represents the general 
"fall-off' of the atomic background absorption (po) with increasing energy (see the text); b) 
Transmission data showing that in this case pspline can be a good approximation to pvlcand po 
(example from the EXAFSPAK manual). 
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Figure 13. Extraction of EXAFS oscillation for Pt-Lmedge transmission data for 0.1 M [P~TI(CN)~]~-
aqueous solution. a) fit of linear pre-edge background; b) background subtraction; c)  conversion of 
energy scale to k-space after edge-step normalization; d) @-weighted EXAFS oscillation after spline 
removal. 
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Figure 13-cont. Detailed spline-fitting procedure for the PLLmedge spectrum of the [P~T~(cN)~]'. 
complex in aqueous solution: e) spline-fitting on the curve in  Figure 13c in the k range 0.5-15.6 A-' 
using 8 spline points and k3-weighting; f )  extracted k3-weighted EXAFS oscillation as in d. The 
f i s t  derivative of the spline is shown by the smooth curve; g) preliminary Fourier-transform (no 
window function, full k range) of the EXAFS oscillation in f.  
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1.5 EXAFS equation. The scattering process of the photoelectron can be modelled at 

different levels of scattering theory. The XAFS oscillation, ~ , ( k ) ,  is the sum of modified 

sine waves with different frequency and phase from each backscattering coordination shell 

j, around the central atom i, and can be written in the general form: 

x ,(k) = C Aj(k) sin[yiJ (k)l (13) 
J 

where Aj(k) is the total backscattering amplitude of the jth shell of backscattering atoms 

and Yij(k) is the corresponding total phase f~nct ion . '~  ~ 0 t h  the amplitude and phase 

functions contain structural information. In order to extract this information, we need a 

structural model with parameters, which can be adjusted to improve the fit between the 

experimental data and a calculated XAFS function. 

The early development of the scattering theory can be found in the book by ~ e o , '  and 

by tern."".'^ The curved wave scattering theory including contributions from multiple 

scattering, as developed by Rehr and c o - ~ o r k e r s , ~ , ' ~  can be written in a form analogous to 

the standard XAFS equation: 

in which: 

N, = Number of backscatterers in the jth shell 

R, = Distance between the central atom i and the baclcscatterers in the jth shell in single- 

backscattering (for multiple scattering, half of the total path length, R, = R,,,/ 2) 

so2(k)= Amplitude reduction factor due to multiple excitations, etc. 

feff(k)= Effective amplitude function for each scattering path 

exp [-2oj2k2] = Debye-Waller factor in the harmonic approximation 

o, = Debye-Waller parameter accounting for thermal and configurational disorder 

A(k) = Photoelectron mean free path 

exp [-2Rj I A(k)] = Mean free path factor 

[2kR, + qij(k)]= Total phase = Yij(k) 

$ij(k) = Phase shift due to the coulomb potential of the central atom i 

and of the backscattering atom j 

Figure 14 shows the effect of distance and coordination number on phase and 

amplitude (respectively) of an XAFS spectrum. 
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Figure 14. Comparisons of EXAFS frequency and amplitude for: a) long absorber-backscatterer 
distance resulting in high frequency oscillations, b) short distance resulting in low frequency 
oscillations, and c) amplitude differences by different numbers of nearest-neighbors around the 
absorber (ref 13). 
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1.5.1 Phase: In order to find the total phase of the backscattered photoelectron wave, 

Yij(k), we have to consider firstly, the length of the pathway the photoelectron travels and 

secondly, the phase shifts it will undergo at the scattering process. 

The photoelectron has a wavelength he, given by its kinetic energy Ek (= E - Eo).In a 

single backscattering process, the distance from the absorber to the backscatterer in shell j 

and then back to the absorber atom is 2R,. The number of wavelengths that the 

photoelectron travels is then (2Rj I he). This causes a phase difference of the outgoing and 

incoming waves at the absorber, given by [2n.(2Rj / he)]. Since k = 2n I A,, this part of the 

phase change becomes 2kRj. 

If this was the only contribution to the phase, then the XAFS oscillations for single 

backscattering would be directly connected to the interatomic distances, Rj. However, there 

is another part, $ij(k), which arises from the interaction of the photoelectron with the 

coulomb potentials of the scattering atomic pair, ij. The absorbing atom i creates a k- 

dependent phase shift both on the outgoing and the incoming (backscattered) waves, 26i, 

which varies with the nature of the absorbing atom. In addition, the potential of the 

backscattering atom j, also causes a phase shift, 6,(k), which is smaller for light atoms. The 

sum of the phase shift is then: $j(k) = 26i(k) + 6j(k). 

Figure 15 a and b show 26,(k) and 6j(k) functions calculated by the FEFF program,33 

for Pt as absorber with different backscatterers. The phase shift function (6,) shows more 

features at low k values for the heavy backscatterers, These features are related to the 

features in the corresponding amplitude functions in Figure 16. In Figure 15c, the reason 

for the sharp feature in the Pt-Pt 2.7 A phase shift curve is a scattering resonance, which 

can occur between the photoelectron and electronic shells of the ba~kscat te rer . '~~  

Previously, it was normal practice to derive an experimental value of $ij(k) from 

standard compounds which have similar backscattering conditions for the absorber1 

scatterer pair i j , as the unknown sample. Nowadays, with the event of the ab initio FEFF 

program, in which efficient and accurate approximations for the scattering potentials are 

used,5320a theoretically calculated phase shift function $ij(k) of high quality can be obtained 

and is normally used. 

When the experimental EXAFS function is Fourier-transformed directly, a "Pseudo 

Radial Distribution Function" (PRDF) is obtained (see Section I .@, in which the peak 

positions are shifted about 0.5 A below the true distance, R,. This is a consequence of not 

including the phase shift terms, Qij(k), in the Fourier transformation. In the model fitting, 
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the calculated Qij(k) function is subtracted from the total phase Yij(k)of the backscattering 

shellj, in order to obtain accurate distances from the 2kRj portion of the Yij(k) function. 

1.5.2 Effective amplitude function feff(k): In the plane-wave approximation, the 

curvature of the spherical wave and the size of the backscattering atom is neglected.lbe The 

backscattering amplitude function Fj(k) will then depend only on the nature of the 

backscattering atom, and not on the type of absorber.' The modern curved wave scattering 

theory uses an effective backscattering amplitude, hrf(k,R), which depends on the chemical 

surrounding and makes it slightly ~-de~endent.'O= The fefdk) function can be obtained from 

the FEW program which is based on ab initio ~ a l c u l a t i o n s , ~ ' ~ ~ ' ~ ~  using R-values from an 

assumed model s tr~cture.~ '  With this calculated fel.f(k), a theoretical ~ ( k )  function can be 

obtained (eqn. 14) and compared with the experimental XAFS data in order to improve the 

model (at this stage, minor distance dependence can be ignored). Then by using the refined 

model, another set of FEFF calculations can be performed which results in new fefi(k) 

functions for the final fitting. 

Calculated feff(k) amplitude functions for several investigated species in Paper 111-V, 

with Pt as absorber and a number of different backscatterer atoms are shown in Figure 16. 

For light backscatterers, the amplitude function has its largest value at low k-values and 

decreases for k 2 3 A-'.Therefore, the lightest backscattering atoms contribute little to the 

scattering in the EXAFS region, and hydrogen atoms can not be detected by the XAFS 

method. The maximum of the amplitude function in the EXAFS region moves to higher k- 

values with increasing atomic number. 

For heavy elements, the amplitude function has a more complex shape (with peaks and 

valleys) due to the resonances in the scattering process. The effect is more prominent at 

low k-values when the energy of the ejected photoelectron is low, and the photoelectron is 

mainly backscattered by the valence electrons of tile backscatterer.'jd In Figure 16, such 

features are evident for Pt, T1 and I as backscatterers, even in the EXAFS region. 

The amplitude function to some extent depends on the distance and also the electronic 

structure of the valence shell of the backscatterer, as can be seen from two top curves in 

Figure 16. The Pt-Pt interaction at 3.5 P\ in the linear chain P ~ ( c N ) ~ ~ - - - - P ~ ( c N ) ~ ~ ~ - - -in 

K ~ [ P ~ " ( c N ) ~ ] . ~ H ~ o  the curve below results from the gives the curve at the top, while 

Pt-Pt interaction at 2.7 P\ in the [(Nc)~P~"'-P~"'(cN)~]~- complex. The resonance effects are 

seen to be more pronounced in the latter case. 



Figure 16. Calculated f&k) amplitude functions for a number of backscatterer atoms. Heavy 
backscatterers have their maximum amplitude at high k - ~ a l u e s . ' ~ ~  inThe Pt-Pt interaction at 3.5 
the linear chain P~(cN)~'-...P~(cN)?~-... gives the curve at the top, while the in K ~ [ P ~ " ( C N ) ~ ] . ~ H ~ O  
curve below results from the Pt-Pt interaction at 2.7 A in the [(Nc)~P~"'-P~"'(cN)~]~~ complex. The 
dashed line indicates the start of the EXAFS k-range, k > 3 A-'. 

In Figure 17, it can be seen that the overall shape of the XAFS function (the envelope; 

dashed line) is controlled by the shape of the amplitude function, especially when a kn 

weighting scheme is employed. This influence of f,ff(k) on the shape of the total 

backscattering amplitude, A,(k), (eqn. 13) allows the detection and determination of heavy 

backscatterers in the presence of the light scatterers. This is exemplified by the Pt-C and 

Pt-I contributions to the k3-weighted XAFS function for the [P~I(cN)~]'-complex (Figure 

18). However, such a separation of the interactions is possible only if the backscatterers 

have significantly different atomic numbers. Other terms in the XAFS expression: the 

Debye-Waller factor, exp [-2oj2k2],and the mean free path term, exp [-2Rj/ A(k)] 

will also modify the shape of the total amplitude curve Aj(k) ( Figure 17). 
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Figure 17. Schematic illustration of the influence of different terms in the amplitude function A,(k) 
(eqn. 13, 14), for the first coordination shell of a transition metal. a) ~ ( k )  and envelope A(k); b) 
k3,X(k) and P . A ( ~ ) ;  c) oscillatory part, sin [2kR, + 4,,(k)]; and d) amplitude terms (for S: = 1.0 and 
constant N); backscattering amplitude, f,fXk); Debye-Waller term, exp (-202k"); mean free path 
factor, exp [-2R, / A(k)]; plots of Ilk and kZ functions (ref. 29). 
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Figure 18. Theoretical x(k)*k3 functions for one Pt-C (2.00 A; o2= 0.002 A2; solid line) and one 
Pt-I (2.66 A; o2= 0.003 A2;dashed line) contribution in the [P~I(cN)~]'. complex, calculated by 
means of the FEW7 program. The large differences in phase and amplitude makes it easy to 
differentiate between iodide and cyanide carbon atoms as ligands in the model fitting to the 
experimental EXAFS function. 

1.5.3 k-weighting: There is a general reduction of the XAFS amplitude because of its 

llk dependence (c$ eqn 14), and the fall-off of the back-scattering amplitude function 

feff(k) at high k-values, in particular for light backscattering atoms (Figure 16b). Also for 

backscattering paths with a large Debye-Waller factor, the amplitude will be reduced at 

high k - v a l u e ~ . ~ ~  Therefore, the XAFS function, ~ ( k ) ,  is usually k3-weighted for the distance 

determinations involving light backscatterers. In the case of heavy atoms, for which the 

maximum in the amplitude function feff(k) appears at high k-values (see Figure 16b), k1 or 

k2 weighting schemes may be required in order to balance the contributions from different 

types of backscatterers. 
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1.5.4 Amplitude reduction factor ~:(kj: Usually the calculated ~ ( k )  function has 

higher amplitude than the experimental XAFS data. This intensity reduction of the 

experimental data is mostly due to inelastic losses. One part comes from the inelastic 

losses within the central atom during the ejection of the photoelectron (an intrinsic 

process), another from the excitation of the neighboring environment (extrinsic losses). 

The first part is described by multiplying the calculated ~ ( k )  by an amplitude reduction 

factor, ~:(k), the second is accounted for by the mean free path factor, exp[-2Rj I A(k)] 

(Section 1.5.5). 

Normally, the amplitude reduction factor is connected to multiple excitations of other 

electrons in the absorber, leading to shake-up (excitation to a bound state) or shake-off 

(excitation to the continuum) processes of the outer electrons (Figure 19). This usually 

requires the excess (kinetic) energy of the photoelectron (Ek = E - Eo) to be several times of 

the binding energy of the outer electrons. Af~er  such an excitation process, the 

photoelectron will have a kinetic energy less than (E - Eo), and its EXAFS contribution will 

be shifted in energy and may have a different phase. Therefore, these contributions do not 

add coherently, resulting in a loss in the total EXAFS amplitude. 

Photoelectrons with low kinetic energy (low k-values) are not involved in such 

multiple excitation processes, and therefore at low k-values: ~:(k) = 1. Theoretical 

calculations show that for high energies (k > 7 A-'), S:(k) is almost independent of k with 

a value mostly between 0.7 to 0.8. '5c~16e~31Therefore, ~:(k) can be treated as a scale factor 

(independent of k) in the data analysis, especially when using high k-weighting. 

The so2(k) factor is the only factor directly related to the central absorber atom, which 

significantly affects the EXAFS amplitude. However, due to interference between intrinsic 

and extrinsic processes, an approximate cancellation of the effects may occur and typical 

values are S: = 0.85 - 1.1 from experimental measurement^.'^^,'^^ 20a In our refinements of 

platinum and thallium cyano complexes with known coordination numbers (Papers 111-V), 

the S: values varied between 0.9 to 1.25. 

Beside the inelastic losses, there are also experimental factors affecting the s:, which 

should be considered. In a transmission measurement on a hexahydrated indium(III) ion in 

an alum salt an abnormally high value, S: = This was clearly due 1.9, has been ~bta ined . '~  

to strong fluorescence coming from the sample to the I, ion chamber, which appeared as an 

oscillation when intensity from (I, I rtc) was plotted vs. energy. On the other hand, in 

fluorescence measurements of highly absorbing samples, low values of So2 (-0.4) were 
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obtained for the solid Ca compounds (Paper I). The reason is self-absorption, i.e., the 

fluorescent radiation is absorbed by the sample itself and this reduces the emitted intensity, 

If, leaving the sample (see Section 1.3.6). The self-absorption effect is reduced if thin 

samples can be used. 

By means of calibrations with a proper model compound, reliable so2values can be 

obtained for the experimental conditions used. This is useful in order to get good accuracy 

(down to 1 10 9%) in the determination of the number of backscatterers in a shell, Nj (see 

Section 1.7.6). 

PRIMARYPHOTOELECTRON ELECTRON 

K. E. = (  E-E,), 
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PASSIVE 
ELECTRONS 

SHAKE OFFIUP PROCESSES 

Figure 19. Shake-up and shake-off processes within the absorber, which correspond to excitation 
and ionization, respectively, caused by the excess ecergy, E - Eo, of the photoelectron. These 
processes are important for E - Eo > 200 eV (k > 7 A"), which is much larger than the binding 
energies of the electrons in the outer shells, -60 eV, (ref. 15c). 
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1.5.5 Mean free path factor, exp[-2Rj /A(k)]: The interference between the outgoing 

photoelectron wave with the backscattered wave requires coherence with a well-defined 

phase difference. There is a finite lifetime after which the photoelectron loses this 

coherence, which is determined by: 1) the lifetime of the core hole, 2) interactions between 

the photoelectron and weakly bound electrons of backscatterers. The average time for the 

photoelectron to lose coherence, z, has contributions from the actual travel time before 

inelastic electron-electron occurs, and also from the core hole lifetime. An average 

distance, which the photoelectron can travel before losing its coherence with its initial 

state, is simply given by A= z.v, where A is the photoelectron mean free path and v is its 

velocity: v = Ak / me.'6e 

The reduction of XAFS amplitude by these extrinsic inelastic losses is approximately 

accounted for by the mean free path factor, exp[-2Rj 1 A(k)]. This exponential factor 

describes the probability that the photoelectron travels to the backscattering atom and 

returns to the absorber, without inelastic scattering taking place or the core hole being 

filled. Thus, the weakly bonded valence electrons of the backscatterers and the chemical 

environment around the absorber will influence the inelastic scattering process.15c216e 

For the analyses of the EXAFS data, the energy dependence of A(k) must be evaluated 

explicitly. Previously, it was usually estimated from universal curves for different types of 

material, using tabulated coefficients to generate a A(k) function.'5c,'+ By means of the 

FEFF program direct calculations of A(k) are made for each absorber in the XAFS 

analyses. In Figure 20a calculated A(k) values are shown for the Pt LnIedge for several of 

the molecular species studied in Paper 111-V. Only small differences occur due to the 

different surroundings of the absorber, and the type of backscatterer (C, 0 ,  I, Pt, T1) had no 

influence on the A(k) values for the same complex. However, the A(k) values in Figure 

20b, obtained for Ca, Pt and U as absorbers, show substantial differences. For Ca, the mean 

free path length A(k) increases rapidly with increasing energy of the photoelectron. 

In these figures, the minimum value of A (i.e. the shortest photoelectron mean free 

path) about 5 A, corresponds to the energy when it is easiest to excite loosely bound 

The mean free path A(k)of the photoelectron can be estimated from a semi-empirical equation: 


A(k) =?l- [[+I and k = (O.?MS(EE~)".
+ kn] in which q and < are tabulated valuer," 


glving a universal cuwe of A vs. kinetic energy, Ek= E - Eo.For k > 5 k 1 ,this formula reduces to: 


A(k) = k ' j q  

i 
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electrons in the backscattering atoms, and occurs at about k = 2.5 A-' for Ca, and 

k = 4 - 5 for the heavy atoms. 
Theoretical curves of the mean free path factor, exp[-2Rj 1A(k)], corresponding to the 

calculated A(k) for the complexes in Figure 20a and b, are given in Figure 20c and d. This 

factor, exp[-2Rj / A(k)], has its smallest values in the k-range 3-6 A-'. Figure 20c shows the 

distance dependence of the factor for the different baclcscatterers in Pt-complexes. Figure 

20d shows that for different absorbers there are significant differences between the mean 

free path factors, even for similar R,distances. 

Figure 20. Mean free path A(k),calculated by the FEFF7 program: a) For Pt as absorber, showing 
very little difference between mean free path values for complexes with different backscatterers; b) 
For Ca(II), Pt(N) and U(1V) as absorber in ca(aq12+, [P~(oH)(cN)~]'' and u ( A ~ ) ~ + ,  respectively, 
showing A(k) to be strongly dependent on the absorbing atom. 
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In Figures 20c and d, the probability of coherent interference, i .e .  the value of the 

mean free path factor, is between 0.35 - 0.9 in the EXAFS k-range (3 - 15 A") with a 

minimum between k = 2.5 - 5 A-'. The dampin, of the contributions to the EXAFS 

function by this factor is therefore greatest at low k-values. Therefore, it is difficult to 

detect the contribution of outer-shell distances in EXAFS, because of: 

1) the high damping effect of the mean free path factor at low k-values (cJ Figure 17d), 

2) the higher Debye-Waller factors, exp (-20,'k2), for long distances which damp out their 

contributions at high k-values, and 

3) the inverse distance dependence ( 1 1 ~ ~ )of the ~ ( k )function in eqn. (14). 

Pt-Pt !, . 

Figure 20 -cont. c, d) The mean free path factors, exp [-2R,IA(k)],which have a damping effect on 
the XAFS amplitude (particularly at low k-values) due to inelastic losses, calculated for the 
correspondingA(k) values in a and b. 
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1.5.6 Debye-Waller factor, exp (-2~3~k'):If the backscatterers in a shell are disordered 

with slightly different distances Rj, the EXAFS oscillations from that shell will be reduced 

in amplitude especially at high k-values, because the back-scatterered contributions will be 

slightly out of phase. The scattering process in EXAFS has a time scale of - 10-l6s 

(see Section 1.2.4), which is shorter than that of a molecular vibration, typically s. 

Therefore, for a specific k-value, the ~ ( k )  function represents the average of the 

contributions from all distances R, between the absorber and backscattering atoms in one 

molecular species. An overall average on many such species will describe the distribution 

of the interatomic distances to the backscatterers in a shell, both due to vibrational 

(thermal) disorder and configurational disorder. 

Vibrational disorder. The vibrational movements of bonded atoms will give rise to a 

distribution of scattering path lengths over a range, corresponding to the change in 

interatomic distances. A small difference in path length gives a phase shift in the individual 

contributions to the total ~ ( k )  function, which at high k-values is large enough to reduce its 

amplitude. For a Gaussian distribution (the harmonic approximation of a vibration) of the 

distances between the absorber and the backscattering atoms in a shell, the intensity 

reduction is described by a Debye-Waller factor, exp[-202,ib, k2]. The disorder parameter, 

02,ib,, is the mean-square deviation from the average distance Ro, or more generally (for 

multiple scattering), half of the path length (Figure In the harmonic 

approximation the vibrational contribution is given by: 

o&,= [h 1 8n2mrv] coth [hv 1 2k,T] 

where m, is the reduced mass*, T is the temperature in K, kB is Boltzmann's constant, and 

v is the vibrational frequency. When carrying out EXAFS studies of atoms with weak 

bonds (low vibrational frequency), it may be necessary to cool the sample in order to 

reduce ovibr, the root-mean-square jr.m.s.) deviation. for a less severe damping of the 

EXAFS function at high k-values. A high value of o, ,b ,  can reduce the S/N ratio for the 

corresponding EXAFS contribution which limits the usable k-range. 

Configurational disorder. In addition to the vibrational disorder, "static" or 

"configurational" disorder can sometimes increase the distribution of the distances in a 

shell of backscatterers. For example, the coordination around a metal ion in the solid state 
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can be influenced by packing effects resulting in a lower site symmetry than for a free 

complex. The differences in the coordination distances R, will then give rise to a static 

disorder in the solid. A similar configurational d~sorder occurs for weakly coordinated 

shells in solution or amorphous phases, for irregular coordination geometries which can be 

found in complexes with high coordination number (such as hydrated ca2' and u4'ions in 

Papers I & 11), and for complexes with Jahn-Teller distortions. 

Configurational disorders can be symmetric (e.g Jahn-Teller distortions for CU" ions) 

or asymmetric. For N discrete bonds of the same type symmetrically distributed in a 

coordination shell j, the additional contribution due to the configurational disorder 

parameter, oconf, is given by: 

where Rois the average distance. If the total distribution of the distances can be considered 

to have a Gaussian shape, a disorder parameter, ~ ~ ~ i ~ ~ r d e r  describing the = 02"ib, + o2cOnf, 

width of the distribution, can then be used in a Debye-Waller factor, exP[-2o2~is0,~,,kZ]. The 

damping effect of typical Debye-Waller factor on the XAFS amplitude (especially at high 

k-values) is shown in Figure 21b. 

Figure 21. a) Two normalized Gaussian pair distribution functions with different half-widths: 
o l  = 0.05 A, a2= 0.09 A (ref. 15c);b) corresponding Debye-Waller factors, exp (-2oZkZ). 
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1.5.7Asymmetric distribution of distances in a shell: 

Temperature effect. At room temperature about 99% of all molecular vibrations are in 

the ground state, which means that the harmonic approximation can be applied. At high 

temperatures, the amplitude of the bond stretching and its vibrational movement increases, 

corresponding to a population increase of higher vibrational states. Moreover, because of 

the asymmetry of the potential energy function (the anharmonicity), the distribution of the 

distances becomes asymmetric. Therefore, the increase in the atomic movement will 

enhance the damping of the EXAFS amplitude, and the asymmetry will give a phase shift 

especially at high k. 

For temperatures higher than 300 K, the reduced EXAFS amplitude and the phase shift 

at high k-values can have a negative effect on the resolution and accuracy in the 

determination of interatomic distances and coordination numbers.13 On the other hand, if 

the sample temperature is decreased, the reduced vibrational motion will cause an increase 

in the EXAFS amplitude up to three times at liquid nitrogen temperatures. 4 In addition, the 

usable k-range (with sufficient SIN ratio) for EXAFS oscillations can be extended to a 

higher k-values, which increases the resolution. 

Asymmetry in configurational disorder. Usually, large configurational disorders or 

anharmonic thermal vibrations may cause considerable extent of asymmetry in the 

distribution of distances Rjin a shell, which can be described by an asymmetric pair 

distribution function. Large asymmetry effects can give drastic reduction of the EXAFS 

amplitude (which can make problems in the determination of the coordination number), 

and the mean distance will shift from that obtained when the simple Gaussian distribution 

model is applied.lbf It can be shown that the effect on the EXAFS expression is not only to 

introduce an amplitude modification factor, but also a more easily detected k-dependent 

contribution to the phase shift.15c 

To summarize, the distribution of distances in a shell of backscatterers due to thermal 

and configurational effects, causes a partial cancellation of the EXAFS amplitude at high 

k-values when the contributions from all individual configurations are added together. This 

damping effect on the EXAFS spectrum for a symmetric disorder is given by a Debye- 

Waller factor, exp [-2oj2k2] (see Section 1.5.6),in the EXAFS expression: 
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where: ~ ~ ( k )  
N. S 2(k) 1 feff (k) 1 exp(-?Po2> exp[-2Rj 1A(k)]= 

kRj j 

For asymmetrical disorder, however, a more general expression should be used: 

where P(rj) is the pair distribution function and P(rj)drj is the probability of finding the 

atom j in the range rj to (uj + drj). An asymmetrical distribution will affect not only the 

amplitude but also the phase of the y,(k) function, and thus influence the distance 

determinations. We can replace P(r,) by the effecti~ e distribution function P ( Y , , ~ ) ,which 
A 

incorporates the smoothly varying EXAFS amplitude: 

1
A cumulant expansion of the probability function P(rj,-) can be used in order to 

A 

separate these effects. For a single shell containing N atoms of the same type j, the 

amplitude-determining terms can be written as: 

while the total phase in equation (13) is given by: 

- P(u, h ) r d r  

where: R =  
Ip ( ,  h)dr 

Here, "cumulant averages" C, over the distribution are used for a systematic expansion.'6f 

For R chosen as the centroid (mean distance) of the asymmetrical distribution, then CI = 0, 

and when the distribution is normalized: Co = 0. Thus, only the even cumulants of the 

effective distribution give corrections to the Debye-Waller factor. Including the first 

2 2  2 4correction term, the Debye-Waller factor becomes exp (- 2 0  k + -C4 k ), where Cz= 02 .
3 

The odd cumulants will contribute only to the XAFS phase, and therefore influence 

the determination of the distance. The following expression is used in the WinXAS 

program for the XAFS model f~nc t ion :~ '  
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Nj s:1fedk)l -2R j 
( k ) - Lo.k3] (21)xi (k)= x 

k R; 
exp (-2P 4)eXP (-1

A(k) 
eXp (+ 5'k5  sin[ 2kR1 + 3 1  

where the backscattering amplitude feff(k), the phase shift $ij(k), and the photoelectron 

mean free path A(k), are taken from the FEFF output file fefSnnnn.dat for the jth scattering 

path.20 Coordination number N (or amplitude reduction factor so2),distance R, disorder 

parameter oj, are free running parameters in the refinement (as well as the optional 3'* and 

4" cumulants o ;  and o';,respectively). 

Figure 22a shows the EXAFS of the ca2*(aq) ion fitted with a model function 

assuming a Gaussian distribution of Ca-0 distances. However, since the distribution of 

distances is slightly asymmetric in the first shell, this gives rise to a deviation in the phase 

shift at high k-values. When the third cumulant o' is included in the model function, a 

much better fit is obtained (Figure 22b). 

Sometimes it is difficult to observe the phase shift deviation due to limitations of the 

data range or quality, such as the closeness of other x-ray absorption edges, 

monochromator crystal glitches, low signal-to-noise ratio, presence of other neighboring 

atoms and transform artifacts, which restrict analyses of the high k-region and hide the 

effects of asymmetry. 

For strongly asymmetric distributions, the difference in phase may cause a substantial 

shift of the mean distance Ro (obtained when fitting a Gaussian distribution) from the 

centroid distance R of the asymmetric distribution, 0.1 A or more.'4b When applied in the 

data analysis of the hydrated ca2+ and u4+ions in solution, the mean M - 0  distance shifted 

upwards with more than 0.02 A. 
However, care must be taken to ensure the results are reliable. There is strong 

correlation between the distance R, cumulant o' and threshold energy, all affecting the 

phase of ~ ( k )  function. For example, a small change on AEo shift during the refinement, 

will change the distance R obtained (see Section 1.7.3).Therefore, in order to obtain 

accurate value for R, it is important to have a correct AEo value. 

Consider an aqueous solution of cr(aq13+ ion, which has a symmetric distribution of 

Cr-0 distances. A solid Cr-hydrate can be used as standard compound. In both cases, the 

Gaussian model can be applied and the AEo obtained for the standard compound can be 

used for the data refinement of the solution.24 

In the case of the ca(aqj2+ solution with an asymmetric distribution of the Ca-0 

distances, however, we can fit the data with a model based on the cumulant expansion. A 
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standard solid compound (e.g. CaO or Ca(0H)z) with a symmetrical distribution of 

distances can be used to obtain AEo, using a Gaussian model for the data treatment. If the 

cumulant expansion model gives a good description of the asymmetry for the solution, and 

if we assume that the threshold energy for the solution is close to that of the standard 

compound, then we can use the obtained AEo value for analyzing the solution data. 

Figure 22. Ca K-edge EXAFS data for the ca(aq12' ion with hydration number 8 (solid line). Data 
fitting (dashed line) with a model: a) assuming Gausssian distribution of the Ca-0 distances; 
b) introducing the third cumulant, o ', to account for the asymmetry. 
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1.5.8 Multiple scattering: The single-scattering (SS) term, corresponding to the 

scattering pathway from the absorbing atom to the nearest neighbour and back, 2Rj, is 

commonly used to determine near-neighbor distances. However, the ejected photoelectron 

can be scattered by more than one atom before returning to the absorber. Then multiple 

scattering (MS) effects occur, which modify both the amplitude and the phase of the 

photoelectron wave. Multiple scattering pathways are always longer than the single 

backscattering paths from the nearest neighbours, and are particularly important in the low- 

k XAFS region.2x4 

Although it has long been recognized that multiple scattering (MS) terms are generally 

needed to describe the structure beyond the nearest neighbor distance, there has been 

considerable controversy about how to describe the nature and the extent of multiple 

scattering in XAFS. In the EXAFS equation, multiple scattering pathways can be treated in 

the same way as the single-scattering terms by using a path-by-path approach. This became 

possible by using curved wave scattering theory, ab iizitio calculations of the slightly R-

dependent effective backscattering amplitudes feff(k,R), and computing the mean-free-path 

loss terms (see Section 1 . 7 . 1 ) . ~ ~  

Figure 23 shows typical scattering pathways for a three-atom Pt-C-N configuration, 

with Pt as absorber. The pathway of the single Pt-C or Pt-N backscattering (SS) has two 

"legs": toward and back from the C or N atoms, which is denoted nl,, = 2. The multiple 

scattering Pt-C-N pathway then has nl,, = 3, and Pt-C-N-C nl,, = 4. It is well known that 

the strength of the MS effects depends on the angle of the atomic configuration. In Figure 

23, this is shown for the linear Pt-C-N configuration to give several times higher amplitude 

for the 3-leg and 4-leg pathways than for the single Pt-N backscattering. However, when 

the deviation from linearity for Pt-C-N (angle a) is more than 55', the MS amplitude 

becomes smaller than that of single Pt-N backscattering. 

For a linear configuration, as for Pt-C-N in Figure 23, the strong forward scattering 

from the intermediate C atom to the N atom gives a significant amplitude enhancement in 

the MS process, the so-called "focusing effect". This forward scattering is sensitive to the 

chemical bonding and electron configuration of the intermediate atom, since both its core 

and valence electrons are involved. A single backscatrering process, however, (e.g. Pt-N) 

only involves the core electrons of the neighboring atom. 
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Figure 23. Multiple scattering. Importance of focusing effect for a three-atom system, Pt-C-N. 

The contribution of different scattering paths vs. deviation from linearity (angle a) has been 

calculated using the FEFF8 program for a global 02=0.005 A2. 
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1.6 Fourier-transform. The XAFS function can be written as a sum of modified sine 

waves corresponding to different backscattering shells, j: 

x (k)= P-'mj(k)sin [2kRj+ $ij(k)] (14)
I j 

A Fourier-transform (FT) is useful for separating these frequency functions and converting 

them to corresponding peaks in r-space, with the aim to extract the interatomic distances, 

Rj, between the absorber and the back~catterers.~~ 

1 kmax 
FT [P .xOI  = -Ji-I 

k,, 
P . ~ O . W ( ~ ), e2ikR& (22) 

W(k) is a window function which minimizes the ripples due to termination effects in the 

FT integral at the finite limits k- and kx(see below).13 

The Fourier-transform converts the XAFS fimction from k-space (or frequency 

space) to r-space (distance or real space) and produces a "Pseudo Radial Distribution 

Function" (PRDF), in which the peak positions are related to (but do not directly give) the 

average absorber-backscatterer distances, because of the phase shift, $,(k). 

In the preliminary Fourier-transfonns the phase shift parameter, $ij(k), is normally 

omitted from the sinusodical term for simplicity. Therefore, Fourier-transforms 

uncorrected for phase shift, give peaks in the transform which are shifted by a distance g 

relative to the correct distances (a= 0.2 - 0.5 A). The phase shift correction is normally 

applied during the fitting procedure. l3 

The width of the k-space window (L-+L x )  for the Fourier-transform affects the 

width of the peaks in the PRDF. A shorter k-range gives broader peaks, and therefore, a 

decrease in the effective resolution between similar distances, AR (see Section 1 . 7 3 . ~ ~  

For two shells of backscatterers with similar atomic number, the effective k-range, Ak, is 

related to the resolution limit by: 

For high resolution, as large a window (in k space) as possible should be used. However, it 

is often not possible to use a lower k limit than k- = 3  A-', in order to avoid the increasing 

multiple scattering contributions at lower energies. 

Qualitatively, the PRDF gives an informative picture of the local environment 

surrounding the central atom, but not quantitative structural informat i~n.~~ Beside the 

coordination number and the amplitude reduction factor, there are several k-dependent 

factors which affect the amplitude of the ~ ( k ) ,  such as the Debye-Waller factor, the mean- 
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free path factor and also the effective amplitude function, feff(k). When the ~ ( k )  function is 

Fourier-transformed, these k-dependent factors interfere with each other so that the peak 

area in PRDF can not be used as a direct measure of the coordination number. In that 

respect the PRDF is similar to a radial distribution function obtained by x-ray diffraction 

(see Section 2).14 

However, each peak in the PRDF corresponds to a contribution to the ~ ( k )  function 

from one or more shells of backscatterers. A large peak in the PRDF corresponds to large 

amplitude in the corresponding EXAFS oscillation. In order to obtain accurate structural 

information these oscillations should be analyzed by model calculations in k-space. The 

PRDF is useful for selecting the important backscattering paths and building the model 

function. An important tool in the analysis of the data is to select a specific peak or range 

in r-space by means of Fourier filtering, and bacl<transform it into k-space (see Section 

1.6.2). 

1.6.1 Window fuizctioiz: If the data are weighted so that their amplitude is 

approximately constant over the observed k-range, then an abrupt drop to zero will occur 

outside this range in the Fourier-transform procedure. This sudden change in amplitude of 

the data causes "ringing" in r-space, that is, on both sides of each transformed peak, side 

lobes appear which may interfere with peaks from other shells and make it difficult to 

isolate separate shells. Selecting the k-region for the FT by cutting the ~ ( k )  at a zero value 

of the oscillations has a similar effect (contrary to popular belief!).14 

A window function, W(k), is often used to reduce truncation effects, by making the 

oscillations in the spectrum smoothly approach zero at k,, and k,,, (rather than dropping 

abruptly). This will efficiently suppress the side lobes, but makes the main part of each 

peak in the PRDF slightly broader.14 The window function can be selected in many ways 

for this purpose. A smooth window function facilitates Fourier filtering, but too much 

damping of the ~ ( k )  oscillations should be avoided since the increasing width of the peaks 

may cause loss of information. 

Figure 24 shows a k3-weighted spectrum modified by a Bessel window function, so 

that the weighted EXAFS data rise smoothly from a small value at the low k-side and fall 

smoothly on the high k-side, giving a clean peak in the ~ o u r i e r - t r a n ~ f 0 r m . l ~ ~  
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Figure 24. a) A Bessel type window function (smooth curve) applied on the 2-weighted EXAFS 
data (Pt Lm-edge KzPt(CN)4.3Hz0; dashes) reduces the amplitude at the transform limits hi,and 
&, (solid line). b) Fourier-transforms of the above data with (solid line) and without (dashes) 
window function. 
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1.6.2Fourier filtering: The Pseudo Radial Distribution Function (PRDF) is a useful way to 

visualize the structural information, but more detailed structural results must be obtained 

by analyzing the EXAFS data in k - ~ ~ a c e . ' ~  important application of the Fourier ~n 

technique is Fourier-filtering. In this procedure, a particular region of a Fourier-transform, 

frequently a single shell of backscatterers, is back-transformed to k-space, and the resulting 

isolated EXAFS oscillation, x,(k), is used for further ana ly~is . "~  Figure 25 illustrates the 

selection of a back-transform window for Fourier filtering by the bars(1-2) surrounding the 

peak for the first shell of backscatterers. The corresponding k3.~,(k) oscillation is then 

analyzed by fitting a calculated model function describing the selected range in r-space, in 

order to obtain structural information such as nearest neighbor distance, coordination 

number, Debye-Waller factors (indicative of the degree of the vibrational and 

configurational disorder), and the types of nearest neighbors.29 

This Fourier-filtering procedure allows the m a ~ n  features in the PRDF to be analyzed 

separately, by eliminating features in the PRDF which are not described in the applied 

model function. Spurious peaks at low r-values; which originate from low-frequency 

oscillations in the ~ ( k )  function due to problems in the spline or background elimination, 

can be removed. Multiple scattering contributions, which always occur at r-values higher 

than those for backscattering from the first coordination shell, and which may be difficult 

to account for in a model function, can be eliminated on the high r-side. 

It is important to use a range which is wide enough around the peak in r-space for the 

back-transformation. The narrower the window, the more perfectly sine-like the 

oscillations in the filtered xf(k) function becomes. If the entire peak can be included in the 

r-space window, the distortion by the Fourier-filtering is minimal. However, if shoulders 

and side-lobes of the peak (including truncation ripples) must be excluded, because other 

peaks are too close, there will be some distortion of the k-space data. To make these effects 

similar for the standard and an unknown compouncl, one should choose the same width of 

the r-space window (the position can differ).14 Different steps for extracting the oscillation 

of a single shell, from the treatment and corrections of the raw data to Fourier-filtering, is 

shown in Figure 25." 

1.7 Curvefitting analysis. The data analysis always involves some form of curve fitting of 

a model function to the experimental data.15e Such a model function is usually based on an 

assumed structure, from which separate backscattering paths can be extracted. 
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Rgure 25. Steps in the analysis of an EXAFS spectrum: a) Pre-edge correction by subtracting a smooth polynominal; 
b) Normalization and atomic background correction by spline removal; c) Extraction and k3-weighting of EXAFS function; 
d) Fourier-transform of c resulting in a pseudo-radial distribution function (PRDF). The two major peaks in the PRDF 
correspond to first and second neighbor distances around the absorber; e) Fourier filter windows for filtering the two major 
peaks are defined by the RI-R~and R3-%.regions; f) Back Fourier transform of the peaks in e over the filter ranges, showing 
their individual contributions to the ~ ( k )  function (ref. 4a). (Reproduced bypermission). 
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After Fourier-filtering, the theoretical model function used to describe the filtered 

knx,(k) oscillation, is constructed using eqn. (14). Backscattering amplitudes and atomic 

phase shifts are obtained from ab initio based FEFF calculations for the selected pathways 

from the assumed structure.29 he values of various parameters in the theoretically 

simulated model function are adjusted (by least-squares fitting) until an acceptable fit with 

the experimental function is achieved.13 In the final step, when the model is extended to 

include and describe all significant contributions in the experimental spectrum, fitting to 

the raw (unfiltered) ~ ( k )  data can be performed. 

1.7.1Program systems fov data analysis. 

The FEFF The present version, FEFF8, of the program allows e.g. calculations 

of phase shifts, effective scattering amplitudes (I f-eff I from which FEFF gets its name) for 

possible single and multiple scattering pathways using curved wave scattering theory, for 

XAFS and XANES spectra." The atomic background absorption po, which is normally 

assumed to be a smooth monotonically decreasing function with increasing energy, was 

recently shown to have structure in the NEXAFS region.5 For accurate evaluation of 

XANES and XAFS spectra such variations can be of importance, and improved 

background calculations have been introduced in the later FEFF program codes.20 

Rehr et al. have devised a strategy for multiple scattering (MS) calculations that 

greatly speeds up their path-by-path approach.19 heir method includes mean-free-path 

inelastic loss terms and Debye-Waller factors for each individual MS pathway.5 In this 

formalism the contribution from each individual multiple scattering path p can be 

described in an expression analogous to the standard XAFS equation: 

x,(k) = -I f e d k ' ~ ) I P  ~;(k). exp(-ipa;) exp[-2Rpi A(k)] sin[2kRp + S,(k)] (24) 
kR, 

Here f,fdk,R) is the effective curved wave scattering amplitude, Sp(k) is the phase shift for 

the path p, A(k) is the inelastic mean free path for the photoelectron, Rp is half of the total 

backscattering pathway Rp = RPath/2,opis the root-mean-square displacement (the Debye- 

Waller parameter) of the path Rp, and So2 is the amplitude reduction factor which accounts 

for e.g. multiple electron excitation effects.18 

The important backscattering pathways appear as peaks in the r-space Fourier-

transform (PRDF) of the experimental ~ ( k )  function (see Section 1.6).By Fourier-filtering 
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and back-transformation procedures, we can select an r-range for analysis and ignore the 

contributions outside this range. All the significant contributions, including multiple 

scattering, should be accounted for in the model fitting of the selected r-range. 

For an assumed structural model, the FEFF program can calculate the contributions 

from all possible pathways in this r-range. Since it is not obvious which of the MS paths 

that can be ignored in the model, Rehr et al. have developed efficient path filters to discard 

the insignificant ones. This allows accurate calculations to be carried out of the remaining 

important paths, normally for the Debye-Waller parameter op= 0. 

A model function, describing the filtered ~ , ( k )function, is then constructed by 

including the Debye-Waller factors for the most important paths. The parameters for each 

path can be adjusted individually, but care must be taken to introduce appropriate 

constraints not to exceed the meaningful number of adjustable parameters. 

The calculation is automated and done sequentially in different steps: 33 

The scattering potentials, phase shifts, dipole matrix elements and absolute energies are 

calculated. 

The possible scattering paths for the cluster are described. 

The effective scattering amplitudes and other XAFS parameters are calculated for each 

scattering path. 

The XAFS contributions from selected paths can be combined to obtain a complete 

XAFS model function 

ATOMS for crystal structure^.^^ For crystal structures the ATOMS program is available to 

simplify the input to FEFF. ATOMS runs from an input file called atoms.inp, which 

contains the crystallographic information of a crystal structure. The output of ATOMS 

which contains a list of atomic coordinates for that crystal structure, is in fact a text file 

that can serve as the input file for FEFF; namedf e f l i ~ 2 ~ . ~ ~  

EX4FSPAK. Several independent program packages allow analyses of XAFS data with the 

use of FEFF files of phase and amplitude data. These include for example, EXAFSPAK?~ 

an analysis package developed at Stanford Synchrotron Radiation Laboratory (SSRL), 

which runs under UNIX. In the cllrrent studies, this program has been used for all 

preliminary data treatment, calibrations and averaging procedures. 

WinX4S is a software package running under MS-Windows for ~ ~ - c o m ~ u t e r s . ~ ~It 

contains some useful features: easy-to-use graphics, all necessary numerical hnctions for 
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conventional XAS data reduction including a complete FEFF interface, smoothing, glitch 

removal, etc. For the least-squares refinements of model functions, multiple scattering 

pathways including constraints of the refined parameters, and descriptions of asymmetric 

distributions of distances in a shell by means of third and fourth order cumulants, can be 

introduced. These features have been very useful for most of the analyses in the Papers I-V 

of asymmetric distributions and multiple scattering contributions. 

1.7.2 Amplitude andphase shift tvansfeuability: Previously, EXAFS data analyses of a 

structurally unknown sample were based on backscattering amplitude and phase functions 

extracted from the same absorber-backscatterer pair in a well-characterized standard 

compound. For this extraction, Fourier-filtering of the corresponding peak in the PRDF 

from the standard compound was made to isolate the ~ , ( k )  contribution. 

Approximate phase shift kj(k) and amplitude F,(k) functions for these backscattering 

atoms, parameterized in simple analytical forms, allowed an initial theoretical XAFS model 

function to be c a l c ~ l a t e d . ' ~ ~  The parameters of the actual amplitude and phase functions were 

then refined by fitting this model function to the experimental ~ , ( k )  contribution for the 

standard compound, keeping the known values for distance R, and coordination number N, 

fixed. Once the amplitude and phase functions for a given absorber - backscatterer pair had 

been obtained empirically in this way, the unknown could be analyzed. 13 

Even though this procedure removed some contributions from instrumental effects and 

approximations in the theoretical model functions, the method had severe limitations. It 

was restricted to single-scattering analyses of the EXAFS data, and required a suitable 

standard compound to account for the effects from the chemical environment of the 

backscattering shell on the amplitude and phase functions. Also, truncation effects in the 

Fourier-filtering procedure for the standard compound could affect the derived parameters. 

Another serious drawback was that the Debye-Waller factors of the unknown could only 

be determined relative to those of the standard compound. 

Nowadays, ab initio calculations (with the FEFF codes) of effective back-scattering 

amplitudes, fcff(k,R), and phase shifts, ~$~,(k), give superior results for the determination of 

accurate distances R,, and evaluation of structural disorder, etc. The parameters of 

structural model used to generate the theoretical XAFS spectrum are refined in a curve- 

fitting procedure. In the preliminary structural refinements, one can assume that the 
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effective fefi(k,R) values from curved wave theory are insensitive to small variations in 

near-neighbor distances R, i.e. not strongly dependent on chemical effects. Therefore, in 

this stage a simple model can be used for the FEW calculations. However, for the best 

accuracy in the final stage, feff(k,R) and $,(k) parameters from a theoretical ab initio 

calculation on the complete structural model should be used. 

The phase shift 4ij(k) from theoretical calculations is subtracted from the total phase 

shift of the unknown, yielding an accurate Rj value from the 2kR, portion of the XAFS 

equation (14). The inelastic scattering loss factor; exp[-2RjlA(k)], is obtained with 

sufficient accuracy from the FEFF calculations. However, as discussed above (Section 

1.5.4),the amplitude reduction factor so2(k) can be uncertain to f20% or more, giving low 

accuracy in the number of atoms in each shell. Therefore, it is still useful to experimentally 

determine the amplitude reduction factor, s:, for a closely related standard compound with 

known coordination number. The use of a known so2value leads to better accuracy in the 

determination of the coordination number, and also the Debye-Waller parameters of the jth 

shell in related unknown compound, especially for disordered complexes. 

1.7.3 Non-linear least-squares curve fitting: Usually most systems contain multiple 

shells of backscatterers, and require non-linear curve-fitting techniques in order to extract 

the structural information. For this purpose, the EXAFS is calculated for a proposed 

structure, which is then modified to improve the agreement between the calculated and the 

experimental data. The calculations are based on varying the parameters R,, N,, and oj2in 

eqn. (14); in which the amplitude and phase shift functions f&k) and @,(k) normally are 

calculated theoretically for each scattering ~ h e 1 1 . l ~ ~  

The XAFS equation is a linear function of the coordination number N (and s:), but it 

is a non-linear function of the distance and disorder parameters, Rj and o,. Thus, the fitting 

problem is a non-linear one, and many local minima in the sum of squares function may 

exist. For this reason, it is important to try several different starting points in the 

minimization procedure l4  

The least-squares fitting procedure minimizes the variance S expressed as:I3 

(25) xE 
, = experimental data 
1 

xi = calculated EXAFS using eqn. (14) 
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which gives the parameter values for the best fit.14 The number of parameters which can be 

refined independently (Nidp= degrees of freedom) is limited and can be expressed by: 

Nidp= (2AreAkln)+2 

where Ar is the back-Fourier transform range in A and Ak is the k-range in A-1.4 For a 

k-range of about 13 A-1and a Ar of 1.0 A (often the first shell in the Fourier-transform), the 

number of degrees of freedom is about 10, which means that it is possible to fit up to 10 

independent parameters. 

For each shell of atoms around an absorber we can refine the interatomic distance R, 

coordination number N, and a disorder parameter 02.Also AEo can be refined as a common 

parameter for adjusting the k-scale (see Section 1.4.3). When we extend the Ar-range in the 

Fourier-filtering, we include additional scattering shells and the number of parameters 

increases rapidly. At the same time the degrees of freedom Nidp increases. However, the 

number of parameters which can be refined simultaneously, must often be restricted not to 

exceed Nidp, i.e. the parameters must be fixed or constrained to each other. Usually, in 

order to reduce the number of parameters, the N (and so2) parameters can be fixed at a 

known (or likely) number, and o2varied.15e 

When there are strong chemical bonds around the absorber, the electron density of the 

absorber is not uniform in all directions (as assumed in "muffin-tin potential" theory). This 

could be accounted for by using separate AEo shifts for different scattering paths.'8b 

However, normally only a common AEo value is used. 

There are always strong correlations between some of the parameters, e.g, between the 

number of distances N and the Debye-Waller parameter 02,both of which affect the 

amplitude. The correlation between the distance R and AEo [the correction to the estimated 

threshold energy, see Section 1.4.3)], affects the phase within a shell of the model function, 

~ ( k )If Eo increases 2-3 eV, the Rj value increases about 0.01 A; thus this correlation may 

introduce a systematic error in the determination of the di~tance.~ Independent refinements 

of the R and AEo parameters may work well in order to minimize this type of error, if the 

data quality is good enough (low S/N ratio, wide k-range). Also, when a careful calibration 

of the energy scale has been made (e.g. simultaneous measurement on a metal foil to 

establish its Eo value) the AEo shift, due to chemical effects in the investigated compound, 

can be determined by FEFF8 calculations to within +1 e ~ . ~ '  

Fixing BEo to a value obtained for a standard compound should be done with caution. 

In the case of Ca K-edge EXAFS measurements in Paper I, it was difficult to calibrate the 
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energy scale (no Ca foil available!). We then evaluated an Eo-value from a measurement 

on solids with known Ca-0 distances (assuming chemical transferability), and used this Eo- 

value for the hydrated ion in aqueous solution. The estimated uncertainty in Eo,f 1 eV, 

corresponds to about f0.02 A in the determination of the distance. 

1.7.4 Standard Deviation and Goodness of Fit: 

Standard deviations. The fit errors or "estimated standard deviations" in the WinXAS 

program are calculated from the covariance matrix of the Levenberg-Marquard least-

squares a lg~r i thm.~ '  To calculate this matrix and, hence, meaningful errors in the XAFS 

parameters, an "experimental error" is needed that reflects the overall error in the XAFS 

data. However, such an experimental error is difficult to estimate unambiguously. In the 

WinXAS program, the statistical standard deviation is estimated from the noise at high k- 

values of the zero-weighted ~ ( k )function. Glitches at high k-values can increase the 

apparent estimated error. 

However, the experimental error is more than just data noise; it also includes 

systematic errors in the experiment, in the data reduction procedure, extraction of phases 

and amplitudes or theoretical calculations. In fact, the accuracy of the EXAFS parameters 

are determined mainly by the systematic errors and correlation effects, which are much 

more difficult to estimate. In Reference 4, it is outl~ned how multidimensional contour 

plots in parameter space can be used for analyzing correlation effects and statistical 

uncertainties. 

In order to estimate the actual errors, one can examine how much a change in a 

specific fitting variable, e.g. AEo, will change the desired parameters, e.g. Rj, for a 

particular noise level of the experimental data. 

Model fitting indicators. As for 'goodness of fit' values, the Residual value given in the 

WinXAS program does not depend on the experimental error, but only reflects the 

deviation of the theoretical XAFS curve from the experimental one. The (chi12 (or x2) 

indicator is, on the other hand, calculated from the squared difference between theory and 

experiment divided by the experimental error. Residuals and x2 are calculated from:in 
N 

(chi12 (minimized parameter in fit) : X2 = -1 . C [ YeXp (i) - Y thee (i) ] (26) 
0' i = l  

N 

2 [ yexp ( i ) - y the0 ( i )1 

Residual [%I= i =l 


N 



Curve fitting 

which ye,, and Ytheo are the experimental and theoretical data points, N the number of data 

points and o is an estimate of the experimental error. 

To summarize, the error in the parameters obtained in the least squares fitting 

procedure is estimated from the noise in the data. However, several sources of systematic 

errors are also present. It is useful to estimate the actual errors by analyzing the data at 

different conditions, i. e, different k-weighting and k-ranges, comparisons of r-space and k- 

space refinements, and by independent model fitting for experimental data from different 

scans of the same sample, etc. 

1.7.5 Resolution and accuracy of interatomic bond distances: 22 In an EXAFS 

experiment, the resolution of the interatomic distances in a Fourier transform is related to 

the data range which can be used in the analysis (not the data range scanned, which may 

include regions at high k-values with no observable EXAFS). For example, assume that the 

useable data in an EXAFS scan is up to 1000 eV above the edge. The maximum k-value is 

then approximately k = [0.2625(~-EO)]"= (0.2625*1000)" = 16 kl,and the maximum 

k-range is 0-16 A-'. If the k-range 0-3 A-' is excluded due to overlap with the NEXAFS 

(when multiple scattering is not included in the model), we have a useful Ak range of 

13 A-'. The resolution for two shells of similar backscatterers, which is given by 

AR = 7~ l(2Ak), then becomes 0.12 A. The distances must then differ by at least this much, 

or more for noisy data, to be resolved in the FT. 

If the back-scattering shells have rather similar distances to the absorber (in the above 

example, Ar < 0.12 A) but are very different in amplitude and phase functions, it can still 

be possible to resolve their EXAFS contribution in k-space using non-linear least squares 

curve fitting methods. This was the case for the separation of the T1-N (2.50 A) and T1-Pt 

(2.63 A) distances in T1 LIIIedge EXAFS for the solid compound T1Pt(CN)5, Paper 111. 

Comparing distances from EXAFS and Crystallography. 

The scattering phenomenon is on the femtosecond time scale, or faster.16e So, with this 

technique it is possible to take a snapshot picture of the position of atom A (absorber) 

relative to B (backscatterer), even for a vibrating A-B bond (the vibrational time scale is 

about 10-l2 - lvi3s). At each energy or k-value, the contribution of the backscatterer B to 

the EXAFS h c t i o n ,  x ~ ~ ( k ) ,  is the sum of all individual contributions from A-B pairs of 

atoms. When the photoelectron kinetic energy is varied over the k-range, this provides an 

average of the exact A-B separations (for all AB pairs); cf Scheme 2. The movement 
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along the bond distance is related to the root-mean-square displacement parameter o in the 

Debye-Waller factor term (Section 1.5.6). 

From crystal structures an average distance between the separately determined inean 

positions of atoms in a lattice, is calculated. Therefore, bond distances obtained from 

crystal structures for atoms with a strong bond to the absorber, always suffer from apparent 

shortening due to thermal motion effect^.^' Since the largest vibrational amplitudes always 

are perpendicular to the bond direction, as can be seen from the thermal ellipsoids in a 

crystal structure determination, the distance between the mean positio~zsof the two atoms 

will appear shorter than their mean separation (Scheme 2). At room temperature the 

apparent shortening of the bond distance may account to 0.01-0.03 A, considerably greater 

than all other errors in a well-determined crystal structure.35 

A correction for this systematic error requires information about the movements of 

both the absorber A and backscatterer B, and the correlation due to their bonding 

interaction. A crystal structure determination provides no information about this correlated 

movement. However, "riding motion" correction is sometimes used for strong bonds, 

assuming a lighter ligand atom B to ride on (or follow) the motion of the heavier atom A . ~ ~  

-

Y '  

Mean separation Mean position 

EXAFS Crystallography 
Scheme 2 

As a consequence, carefully determined EXAFS bond distances can be more accurate than 

high precision values from crystal structures. For example, the M - 0  bond lengths of the 

hexahydrated [ G ~ ( H ~ o ) G ] ~ +  [ I~ (H~O)G]~ '  from measurementsand ions EXAFS were 

obtained as 1.957(2) and 2.122(2) f\, respectively, while single crystal x-ray diffraction 

data gave somewhat shorter mean values, 1.944(3) and 2.1 12(4) f \ ,  respectively.24 

EXAFS XRD 
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When there is positional disorder in the crystal structure, and/or too high symmetry of 

the crystal lattice is used, much larger differences can occur. For example, the 

[Cu(en)3](S04) complex appears at room temperature to have six equivalent Cu-N bonds of 

2.15 A. However, the EXAFS shows the local structure around the copper ion to have four 

short Cu-N bonds at 2.04 A and two long Cu-N bonds at 2.28 The d9 electronic 

configuration of Cu(I1) cause a Jahn-Teller elongation of the octahedral coordination. At 

room temperature, the orientation of this elongation changes along the different axes (see 

below), so-called dynamic Jahn-Teller effect. XRD gives the average position of each atom 

and therefore, all bond distances appear to be equal. 36 

1.7.6 Coordination number accuracy:22 The accuracy in the determination of the 

number of back-scatterers in a shell is sometimes given to be as low as f25%.4Part of this 

lack of accuracy is due to the determination of the amplitude reduction factor, so2, which is 

connected to intensity losses due to multiple excitations (see Section 1.5.4). Theoretical 

values of this factor often are about 0.7-0.8. '~~ However, for standard compounds (with 

known coordination number) the experimental values are sometimes even higher than 

unity. In some cases this can be related to fluorescence effects from the sample (Note: 

check the intensity of the I. monitor for sine-like variations from sample fluorescence). 

An important source of error in the XAFS amplitude function can originate from the 

background removal (spline) procedure, in particular for low-Z absorber atoms with strong 

decay of the background ab~orpt ion. '~~ It is important to use a proper approximation for po 

for normalizing the EXAFS oscillation (see Section 1.4.5). Fluorescence measurements 

often give such normalization errors because of the apparent increase in the background 

absorption (see Section 1.3.6). 

However, for carefully conducted experiments, under similar conditions for the sample 

and a good standard compound with known coordination number, an experimental 

determination of the amplitude reduction factor, so2, can be made. The use of such an 

experimentally determined scale factor can give an accuracy better than k 10% in the 

number of backscatterers in a shell, as was found in a study of hydrated yttrium(II1) ions.37 

Another way of obtaining information on the coordination geometry, can be made 

with the use of standard compounds. The XANES spectra for different types of 

coordination geometries often have distinctly different pre-edge features corresponding to 

electronic transitions within the absorber (see Figure 2c). Also in the NEXAFS region, the 
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features due to multiple scattering are dependent on the coordination geometry and can be 

used for qualitative comparisons. In a study of the hydration of y3' in aqueous solution, 

the EXAFS spectra of a number of crystalline standard compounds have been compared 

with that of the ~olution.~' From the near-edge structure, octahedral geometry (six- 

coordination) could be excluded for the hydrated ions in solution. Theoretical calculations 

of the edge structure in XANES region, e.g. by means of the FEFF program, can also be 

useful to distinguish between different coordination geometries (cJ:Figure 2). 

A comparison between bond distances of different known coordination numbers is 

often very useful. In the study of the calcium hydration (Paper I), the strongest evidence 

for the hydration number eight comes from correlations between the Ca-0 bond distances 

and different coordination numbers. 

1.7.7EXAFScurve9tting summary: 34 

Model ~arameters Comments 

R - Interatomic distance - accuracy k 0.01 A for careful Eocalibrations and 

well-defined coordination shells 

N - Coordination number - accuracy i: 25% (k10% with proper standard compound) 

o2- Debye Waller parameter -typical range: 0.0015 Io210.0080 A2 
AEo-Energy scale offset - correction of estimated threshold energy Eo(at which k = 0) 

Restrictions 

Resolution of distances in PDRF - AR = d(2Ak); Ak = k-range 

No. of independent parameters - Nidp= (2AkArln) + 2; Ar = Fourier-filtering r-range 

Correlations 

Amplitude of ~ ( k )  - N correlates strongly with o2and is proportional to the 

amplitude reduction factor so2 
Phase of ~ ( k )  - R correlates strongly with AEo 
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1.8 Technical Points in XAS measurements 

1.8.1 Monochromators and rejection of higher order harmonics. The basic 

monochromator system for synchrotron XAS studies contains two parallel crystals, each 

cut parallel to the same (hkl) plane. The first crystal is used for monochromatization of the 

incident beam. The energy scale of the outgoing beam is then determined by rotating the 

crystal to change the incident angle 8. The second crystal is used to keep the outgoing 

beam parallel to the incident one. 

According to Bragg's law ( 2 d ~  sin0 = nA)*, lattice planes with smaller dm spacing 

are favorable in order to obtain shorter wavelengths. In our experiments at SSRL, we have 

used two-crystal monochromators, at higher energy Si(220) with 2dm-spacing 3.840 A, 
and at lower energy Si(ll1) with 2d~-spacing 6.271 A. The energy resolution (hEIE) of 

the Si(l1 I) monochromator is lower (cJ: Figure 26 and Table 2).lgC 

Detunmg. Synchrotron radiation may simultaneously satisfy the Bragg condition for 

multiple orders of diffraction, 2dm sin0 = nh, (n > 1). However, x-rays corresponding to 

higher order harmonics, n = 2,3, . . . . have energies that may interfere with data collection, 

and should be removed. Higher order harmonics are hardly absorbed in the sample but can 

contribute to the intensity in both the I. and I1 ion chambers, depending on the absorption 

of the gas in the ion chamber, cJ: Figure 1 0 . ' ~ ~  With the double-crystal monochromator 

arrangement, harmonics in the beam transmitted through the monochromator (giving the 

intensity lo) can be reduced by slightly tilting the second crystal from the parallel 

alignment.13 The intensity of higher orders of diffraction will then decrease much more 

than the fimdamental (n = 1 in Bragg's law). This so-called detuning procedure is 

performed by rotating the second monochromator crystal slightly off the Bragg angle 0, by 

means of the force from a piezo-electric crystal.22 

To measure the amount of detuning required for a certain energy range, a sample or 

foil (of the element being investigated) with strong fluorescence is placed in front of the 

Lytle detector. The monochromator is then set to a lower energy than that of the absorption 

edge of the element. Thereby, most of the fluorescence emitted from the sample should 

result from the harmonics in the beam, which will have high enough energy to eject 

photoelectrons. Before collecting data, it should be checked that the detuning is enough for 

the entire scan range. 

* h is the wavelength and 8 is the Bragg angle. 

71 
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Figure 26. Typical energy resolution of a synchrotron x-ray beam diffracted by Si(ll1) and 
Si(220) single crystals, showing that at high energies, Si(220) gives better resolution (ref. 19c). 

Table 2. Properties of some reflecting planes of silicon and germanium crystals (ref. 14) 

Table 3. Detuning data for uranium (ref. 25) 
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~ r a c t i c a lprocedure.25 Create a table like Table 3 with the following columns: percent 

detuned, 10, If, and I$Io. Record the values for I. and If in the rows and begin with the 

monochromator without detuning, 5% (of 10)detuned, 10% (of 10)detuned, and so on. 

Then plot the ratio I$Ioas a function of percent detuning. When the ratio of If/Ioapproaches 

a constant value, the desired amount of detuning has been achieved. 

As an example of the procedure for detuning, consider the actual detuning data 

collected for uranium at beamline 4-3 of SSRL shown in Table 3 and Figure 27. The ratio 

If/Iobecomes constant at 40%. Therefore, the optimal detuning is 40%. 

Once the amount of detuning is determined, the direction of detuning must also be 

determined: whether to detune up or down in piezo voltage. The direction of detuning can 

effect the severity of "glitches" (i.e. sudden intensity variations in 10)in the data. Detuning 

in one direction may reduce or even eliminate glitches, which are present when tuned in 

the other direction. Therefore, a sample should be tested with a scan once with the 

monochromator tuned in one direction and then once in the other. Qualitative comparison 

will then yield the best direction to detune. 

Figure 27. Detuning graph for uranium using Table 3 (ref. 25) 
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1.8.2 Lytle detector.25 The Lytle detector provides a simple way of measuring the 

fluorescent x-rays emitted from a sample (see Figures 8 and 9). Typically, the Lytle 

detector is used for samples having more than 0.1% of the metal ion of interest. For more 

dilute samples, it is often necessary to use the more sensitive germanium detector. The 

advantages of the Lytle detector are that it collects the fluorescence for a much larger solid 

angle and its much higher count rates than for germanium detectors. 

When using a Lytle detector, the sample should normally be positioned such that the 

angle between the incident beam and the measured fluorescent radiation is equal to 45', 

which minimizes elastic scattering into the detector and maximizes the fluorescence signal 

from the sample (see Figures 9 & 28). The gas in the ion chamber of the Lytle detector 

should absorb 90-95% of the fluorescence radiation passing into the Lytle chamber. In 

general, nitrogen can be used for x-ray energies below 3 keV, argon between 3-7 keV, and 

krypton (or heavier gases) for energies above 7 keV (see Figure 10). 25 

With the fluorescent method of detection, one of the major concerns is noise, 

generated by the Compton scattering and the elastic scattering from the sample. X-ray 

filters may be used to reduce the scattering radiation that enters the detector, and the choice 

of a proper x-ray filter is an important consideration. 

When selecting a filter, the K-edge (or L-edge) energy of the filter should be such that 

it absorbs much of the elastic plus Compton radiation scattered by the sample, while 

simultaneously transmitting the desired fluorescent K, radiation. For elements from 

titanium (Ti) to ruthenium (Ru) with atomic number Z, it is preferable to select an x-ray 

filter containing the element with atomic number (Z-1); i,e. one unit less than the measured 

element (Figure 29). Beyond Ru, either Z-1 or 2-2 elements may be used. However, if the 

L-edge of a sample is to be measured, it may be difficult to find an element that satisfies 

the Z-1 or 2-2 condition for the filter. For example, consider an uranium sample, whose 

L,, Compton, and elastic peaks are illustrated in Figure 30. The elements satisfying the Z-1 

or 2-2 conditions are protactinium and thorium, both of which are unavailable to use as 

filter elements. Therefore, the periodic table must be searched to find a suitable element 

that is available, i.e. with a K-edge energy that will absorb the Compton and elastic 

radiation from the uranium sample. In this case strontium is an excellent candidate, with a 

K-edge energy that will absorb much of the radiation scattered towards the detector.25 

For the fluorescence measurements on [P~TI(cN):]~- complex (Paper IV), a Ga filter 

was used (see Table 4). 
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Figure 28. Lytle detector showing the position of the Soller Slit (ref. 25). 
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Figure 29. A manganese (Z= 25) filter is useful for background suppression in a Fe K-edge 
fluorescence experiment (Z=26). The sample is irradiated with a beam with energy hvo,which can 
produce Fe K, fluorescence. The incident beam is also scattered elastically (without energy loss), 
and inelastically (Compton scattering with lower energy). When these three types of radiation go 
through the Mn-filter, the Fe K, line which has lower energy than the Mn K-edge, can pass through 
the filter without too much absorption. However, another contribution to the background arises 
from the Mn K, fluorescence, produced by absorption of the elastic and Compton scattering in the 
Mn filter. (Note: hvovaries over the M S scan range) 

Figure 30. Uranium L, ,Compton, and elastic scattering peaks (ref. 25). 
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One consideration when choosing a filter is its thickness. In a Lytle detector, x-ray 

filters with an attenuation of 3 to 6 absorption lengths,' are often used. For dilute samples, 

it is often preferable to use a filter of 3 absorption lengths, and for more concentrated 

samples, 6 absorption lengths. However, filters with different absorption lengths should be 

tested in order to find the optimal one. Included is a table of selected elements to illustrate 

this (Table 5). 

1.8.3 Properties of useful gases for XAS measurements. The densities, absorption edge 

energies, and absorption coefficients for some useful gases are listed in Table 6. In this 

table, the ratios of the beam transmitted for ion chambers of length 15 cm and 30 cm are 

also given for different energy ranges. These ratios can be calculated using the following 

expression: 

Ratio of the beam transmitted = Ill I. = e -'IP (28) 

where I. is the photon flux of the incident beam, 11is the photon flux of the transmitted 

beam, y is the mass absorption coefficient (cm21g), p is the density of the gas (g/cm3), and 

L is the length of the gas chamber (cm). 

Table 4. Examples of appropriate filter materials for various edges (ref. 14)a 

Element EK (eV) Filter 

Ti 

Mn 

Se 


Zr 


In- LIII 


Ga 


a The elastically scattered background can be estimated from the factor R, which is the 
ratio of the absorption coefficient for elastic scattering to the absorption coefficient for 
the fluorescence radiation, at an energy of 200 eV above the edge. For the background 
due to Compton scattering, R is slightly larger. EK and EF are the K-edge and 
fluorescence energies, respectively, and Efil., is the filter edge energy. 

'One absorption length is defined as: x =lip ; therefore for 3 absorption lengths, I /  I. = exp(-3)= 0.05 
which means that 5% of the radiation is transmitted. 
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Table 5. Selected filter information (ref. 25) 

Element Density Mass Absorption Thickness Transmission Transmission 
(&m3) Coefficient Below for 3 Below and Above Below and Above 

and Above K-edge Absorption Edge for 3 Edge for 6 
(cm2/g) Lengths Absorption Absorption 

(microns) Lengths Lengths 
I / I0 1/10 

Ti 4.54 93 9.6 0.665 0.445 
685 0.050 0.0025 

V 6.11 77 8.0 0.686 0.47 
612 0.05 0.0025 

Cr 7.19 74 9.4 0.606 0.367 
445 0.05 0.0025 

Mn 7.42 64 9.4 0.641 0.410 
43 1 0.05 0.0025 

Fe 7.86 60 9.6 0.635 0.404 
397 0.05 0.0025 

Co 8.90 54 8.1 0.667 0.459 
416 0.05 0.0025 

Ni 8.9 47 11.6 0.614 0.378 
290 0.05 0.0025 

Cu 8.94 4 1 12.0 0.644 0.415 
280 0.05 0.0025 

Zn 7.14 36 15.0 0.680 0.462 
280 0.05 0.0025 

Ga 5.9 3 1 22.0 0.669 0.447 
23 1 0.05 0.0025 

Ge 5.32 30 26.8 0.65 1 0.424 
210 0.05 0.0025 
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Table 6. Useful gases, densities, absorption coefficient, and ratios of transmission (ref. 25) 

Gas 
(Density &m3) 

(Absorption Edge 
eV) 

Energy Range 
(kev) ';"

(cm ' g, I1 1I0 I1 1I0 

(L = 15 cm) (L = 30 cm) 

Helium 2 6.317 0.98 0.97 

(1.78 x 10.~) 3 1.561 1 .O 1.0 
(24.6) 5 0.2611 1 .O 1 .O 

8 0.0495 1 1 .O 1 .O 
10 0.02241 1 .O 1.0 
15 0.00530 1.0 1.O 

20 0.001919 1 .O 1.0 
30 0.0004558 1 .O 1 .O 

Nitrogen 2 493 9.7 10" 9.4 i u 9  

( 1.25 x lo-3) 3 148.2 0.062 0.0039 
( 401.6 ) 5 30.66 0.56 0.32 

8 6.853 0.88 0.77 
10 3.324 0.94 0.88 
15 0.8793 0.98 0.97 
20 0.3396 0.99 0.99 
30 0.0884 1 .O 1 .O 

Neon 2 1258 4.2 x 10.' 1.8 x 10-l5 

( 9.0 x lo-4) 3 405.6 0.0042 1.8 x lo-5 
( 866.9 ) 5 91.06 0.29 0.086 

8 21.81 0.74 0.55 
10 10.90 0.86 0.75 
15 3.037 0.96 0.92 
20 1.213 0.98 0.97 
30 0.3294 1 .O 0.99 

Argon 2 513.5 1 . 1 ~ 1 0 - ~  1 . 2 ~ 1 0 " ~  

( 1.78 x lo.3 ) 3 167.4 0.011 1.3 x lo-4 
( 3202 ) 5 438.6 8.2 x 10.' 6.8 x lo-" 

8 120.2 0.040 0.0016 
10 63.38 0.18 0.034 
15 19.14 0.60 0.36 
20 8.01 0.81 0.65 
30 2.295 0.94 0.88 

Krypton 2 3870 5.3 x 2.8 x 

( 3.74 1u3 )  3 1359 7.8 x 6.1 x lu6' 

( K-edge = 14.3 5 348.9 3.2 x 10.' 1.0 x 10.'' 

LI= 1921.0 8 95.92 0.0046 2.1 x 10'' 
LII= 1727.2 10 51.26 0.0056 0.0031 
LIli= 1674.9 ) 15 115.2 0.0016 2.4 x 1u6 

20 54.84 0.046 0.0021 
30 18.13 0.36 0.13 
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1.8.4 Sample cells. Liquids and solutions are normally inserted between two cell- 

windows, separated by a spacer (Figure 31). The window material must be carefully 

selected (see below). It is important to have homogeneous samples in order to obtain 

quantitative estimates of EXAFS amplitudes. 

Solid samples must often be diluted and distributed homogeneously in an inert and 

low-absorbing matrix, such as boron nitride, BN. A good transmission XAFS sample must 

be uniform, with the compound of interest ground to small size (typically less than x = 0.01 

rnrn).16cThe solid powder mixture is normally held in a metal frame (e.g., Al)' or teflon 

frame, between Mylar tape windows. 

1.8.5 Cell window materials. Figure 32 shows the transmittance through various 

window materials, which can be polymers, metals, glasses or ceramics.23 Polymer films 

can often be used. For example, 6 ym polypropylene, is very transparent but not gas-tight 

(in particular for He). On the other hand, polyimide (Kapton) in 8 ym thickness is much 

stronger and can be used up to a temperature of 250-320' C. Mylar films (- 10 ym) and 

adhesive Mylar tapes are useful for almost all (except \.cry low) energy ranges. 

Metal foils, e.g. Be, A1 and Ti, can be used as window material for high energy x-rays. 

Be is very transparent and chemically inert. A1 is reasonably transparent but not very 

strong and melts at 600°C. Ti is a good choice for a large fluorescence window, and can be 

exposed to corrosive environment, very high temperature and pressure up to =I0 psi. 

Ceramics suitable for windows include boron nitride (BN) and quartz (SiOz). For liquid 

cells with thin spacers, planar windows are important for a well-defined path length though 

the sample<. In the high-energy range, we could use ultra thin glass windows (-35 ym) for 

this purpose.38 The absorption in the glass windows becomes significant at energies lower 

than -8 keV (Figure 33). Note, that this type of glass contains about 5% Zn, and therefore 

is not suitable for Zn (and Cu) samples. 

If other metals are used, watch out for disturbing fluorescence 
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Structure of amor~hous sam~/es 

2. Large Angle X-ray Scattering (LAXS) 

2.1 Structural information by diffraction methods and EXAFS on amorphous samples. 

Diffraction methods and EXAFS are the generally available techniques for studying the 

structure of liquids and solutions. In the liquid phase the molecules are in random 

positions, but there is a short-range preferred orientation of one molecule toward its 

neighbors. Compared to crystalline compounds with ordered three-dimensional 

arrangements, the diffraction patterns of liquids are weak and diffuse. Therefore, the 

description of the structure of a liquid or solution from the diffraction data cannot be as 

detailed and unique as for a crystal. 

A radial distribution curve for a polyatomic molecule in liquid phase has an 

intramolecular part (which is the same as its gas phase curve) and an intermolecular part, 

which contains all types of contacts between the molecules. Therefore, it can be difficult to 

extract the information from an experimentally obtained radial distribution curve for a 

liquid, because of possible overlap between the inter- and intramolecular parts. The 

situation is even more complicated for a solution, because of the many solvent molecules, 

which contribute to the total scattering pattern! 

EXAFS has in this respect a major advantage over x-ray diffraction methods for 

studying amorphous phases: we can choose a specific element as central atom and obtain 

curves representing the distribution of neighboring atoms around this element. 

Neutron diffraction can, in special cases, give a similar distribution curve from a 

difference between the distribution curves of two identical solutions with isotopic 

substitution of one element, e.g calcium. Because the neutron scattering factors are 

different for the two calcium isotopes, only the interactions involving calcium will remain 

in the difference curve, as in the study of calcium hydration by Enderby, Neilson et a1..39540 

Another difference between LAXS and EXAFS is the contributions from outer 

coordination shells. These shells, which are more distant from the central atom, often have 

higher disorder (higher Debye-Waller factors) than the first, more tightly coordinated shell. 

They give oscillations with higher frequency than that of the first shell (because of the 

larger R,value), which die more rapidly at high k (or s)* values, because of the higher 

Debye-Waller factor. For EXAFS there is an additional 1 R 2  damping factor; ct eqn. (14) 

in the intensity function ~ ( k ) ,while the structure-dependent intensity function for LAXS 

's is the scattering variable in the LAXS method: s = 4 7 ~ ~ - 'sin0 
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contains an 1/R factor, see e.g. eqn. (34). Therefore; the contributions of the outer shell 

oscillations are most prominent at low values of the scattering variable, s in LAXS and k in 

EXAFS. However, at low k-values the EXAFS oscillation is also damped by the mean free 

path factor, exp[(2Rj / A(k)] (see Section 1.5.5).Thus, the contributions of the outer shells 

become more damped for the EXAFS data, both at low and high k-values, than for LAXS. 

An additional complication for EXAFS studies of outer coordination shells is the 

multiple scattering within the first coordination shell. The length of multiple scattering 

pathways within this shell can severely overlap e.g. with distances from the central atom to 

the second For LAXS, multiple scattering has a diffuse character without distinct 

pathways and focusing effech4' X-ray photons already scattered by an atom, can be 

scattered once more in the sample, before reaching the detector. The ratio of this secondary 

scattering to the primary intensity is usually small, and can normally be neglected. Only for 

solutions with low absorption (y < - 10 cm-') there is need to consider a correction for this 

effect. The LAXS method is therefore much better suited for the study of e.g. second 

hydration spheres around metal ions (cJ: Figure 36a). However, high concentration is 

required to make the interactions with the metal ion prominent enough, because in LAXS 

all atoms in the sample contribute to the scattered structure-dependent intensity. Both 

methods can provide structural information of the first hydration shell with similar 

accuracy. The EXAFS method can be applied for samples with absorber atoms at much 

lower concentrations because only those interactions involving the absorbing atom will 

contribute. In Figure 34, the results of EXAFS and LAXS measurements on a CaC12 

aqueous solution are compared both in k- (or s-) space and r-space. 

2.2 The radial distribution function and Molecular Dynamics simulations. For a liquid, 

the distance between the scattering centers is not fixed (except within molecular species). 

A function, g,(r), can be used to define the probability of finding an atom of type n at a 

distance r from the atom of type m. This function is called the pair distribution function, 

which is defined such that the probability of finding atoms of type n in a spherical shell of 

radius r and thickness dr  around atom m is 4nrZg,(r)dr. The number of atoms of type n 

(n, ) in this spherical shell is:40 

where n,/V is the average number density, i.e. the number of atoms of type n in the unit 

volume V. 



Radial distribution function 

LAXS EXAFS 

Figure 34. LAXS and Ca K-edge EXAFS measurements on a CaC12(aq) solution. a) LAXS; 
s-weighted structure-dependent intensity data; b) Fourier-transform of a; c) d-weighted EXAFS 
raw data, and d) Fourier-transform of c, not corrected for the phase-shift. 
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The hydrated metal ion can often be considered as an aqua complex, [ M ( O H ~ ) , ] ~ + , ~ ~  

for which we would like to know thq hydration number, i.e. the number of water oxygen 

atoms, n ~ o ,  arranged around the atom M. In the case when we have a well-defined 

hydration shell around a metal ion in solution, the gMo(r) function typically has a sharp 

maximum at a distance rMO, corresponding to the sum of the ionic radii of the metal ion 

and the oxygen atom.43 Then the hydration number, n ~ o ,  can be obtained as:40 

where p,,,,,, (= nolV = const.) is the average number density of oxygen atoms, p d r )  is 

the number density function showing the variation of the number of oxygen atoms with 

distance r (around the metal ion M), and rd is the first minimum after the MO peak. 

Molecular Dynamics (MD) simulations, using potential functions for the interactions 

between ion M and the water molecule, can directly give the gMO(r) function. Eqn. (30), 

then gives a calculated hydration number, as shown in Figure 35, where different potential 

functions for the Ca-0, interaction results in hydration numbers between 8 and 10. 

By the Large Angle X-ray Scattering (LAXS) method we can not directly get the 

g ~ o ( r )  or number density pMo(r) functions, rather we get a modified number density 

function, p(r), including all interactions, from which the M - 0  distance and hydration 

number can be obtained by model fitting, see Section 2.3. In the combined LAXS and MD 

study of the hydration of the calcium ion in Paper I, the experimental results were used to 

evaluate the appropriate potential for calculating the radial distribution function. 
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Figure 35. Molecular Dynamics (MD) simulation of the pair distribution function, gcJ,o(r), 
showing the probability to find water oxygen atoms around the calcium ions. Three different sets of 
potential functions have been used, giving differences in the coordination numbers, nca.@ 
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2.3 LAXS Theory. X-rays are scattered by the electrons in the atoms, and the intensity of 

the scattering depends on the number of electrons within the atom. Since the electrons are 

distributed over the atom, the interference between the scattering from individual electrons 

reduces the intensity at high scattering angles, 20. This is expressed by the x-ray atomic 

scattering factor,f(s), which decreases with increasing s-value (s = 4nX1 sin^).^"^^ 

In the LAXS method, all atoms in the system contribute to the scattered intensity. For 

an isotropic and amorphous sample the total coherently scattered x-ray intensity (in 

electron units), I(s), scattered from a sample is given by the Debye scattering equation:45 

where r,, is the distance between two atoms m and n at the scattering event. The 

summations run over all atoms in the sample. 

The scattering from each specific type of atom m (= n)", regardless of its surrounding, 

has an intensity proportional to fm2(s)."The total structure-independent intensity from all 

atoms in the sample is then f;(s). For mfn ,  if C,f;(s) is subtracted from the total 
m m 

intensity, the stmcture-dependent part of the intensity remains, which is due to the 

interference between the waves scattered from different atoms, m and n, in the sample: 

I($) - f; (f)  = E E Vm(~)fn(s).sin(s.rmn)/(srmn)I 
m m n 

(32) 

m#n 

Assume that based on the stoichiometric composition of the sample, its volume is 

divided into N "stoichiometric" units of volume V, in each of which there is a 

stoichiometric number of atoms. The structure-dependent intensity from this unit of 

volume can be calculated, assuming one atom at a time in the unit volume V as reference 

atom, rn,and all its neighbors within the total sample volume (NV) as n:* 

The intensity i(s) represents the structure-dependent part of the scattered intensity from the 

KV 

unit volume. The summat ionz  is made over all atoms n in the sample volume (NV) and 

'When r,+O, then sin(sr,)/(sr,) +l in eqn. (31) 
There can be different types of atoms n, e .g . ,  n = Ca ,C1, 0, . . . in a ca(aq12+solution 

87 
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vxover all atoms (m) in the unit volume, V. The number of neighboring atoms n around a 
m 

reference atom m (within V) is distance dependent for small r-values, but soon approaches 

the average number density po. Therefore a number density function, ~ , ~ , ( ( r ) ,  becan 

introduced which gives the number of atoms 1%per unit volume V at a distance r from the 

reference atom m. In a spherical shell of radius r and thickness dr  from this atom m, the 

s v  
number of n atoms is 4nr"p,,,(r)dr. The sum x over the sample volume NV can then be 

n 


replaced by an integral: 

By introducing (adding. and subtracting) the average number density po of neighboring 

atoms n per unit volume, the integral can be rewritten as: 

The last term represents the small-angle scattering by an object of the same shape as the 

sample, but with uniform electron density. This scattering, which occurs at s-values lower 

than those used in LAXS measurements, can be neglected. The remaining expression is:41 

where g,,(r) = [p,,(r)lpo] is the mn pair distribution fi~7zction of atoms of type 12 around m; 

eqn. (30). 

System with one type of atom. For simplicity, consider a one-component system, where 

we have only one reference atom in the unit volume (m= 1). If we multiply both sides of 

the equation with a "sharpening factor", f 2(s=0)lf 2(s) [or z2/ f '(s)], the intensity function 

i ( s ) ~ ~ / f ~ ( s )becomes the same as if the electrons had been concentrated in the nucleus of 

the atom (the same situation as in neutron scattering): 
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in the Fourier-transformation. In order to reduce such effects, a so-called damping or 

convergence factor, exp(-b.s2), is applied (b has normally a value about 0.008). The effect 

is to reduce or remove the spurious ripples around the peaks in the Fourier transform, but 

also broadens the peaks by convoluting the peak shapes with a Gaussian function, which 

decreases the resolution. 

exp(-bs2) .
where M(s) = Z is called a "modification" function. 

f 2 ( ~ )  

Now a Fourier-transformation can be performed on the modified structure-dependent 

intensity function, s.i(s).M(s), which can be derived from experimental measurements on a 

system with several types of atoms. 

Smax 

r[p(r) - Pa]= 3 I ii(s).M(s),sin(sr) ds 
S m  

When multiplying the equation by 4nr, a modified electronic radial distribution function 

(RDF) is obtained: 

which often is written 

p(r) can be thought as mean of the modified electronic number density functions, while 

Pois the modified average electronic number density 

Structure information from the D(rj function. The P(r) function is no longer directly 

related to the number density functions p,,(r) in eqn. (40), since the factors f,(s)f,(s)M(s) 

are different for each p,,(r) function. Therefore, they become dependent (convoluted) of 

each other in the Fourier transformation procedure. This makes the interpretation of the 

structural information less straightforward in the modified electronic radial distribution 

function, D(r), which is the Fourier sine-transform of s.i(s).M(s). For example, it is not 
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possible to use eqn. (30) to directly integrate a peak in the D(r) function, in order to get the 

hydration number. However, with the use of model functions, the experimental structure- 

dependent intensity function can be analyzed, both in k- and r-space. Let us now outline 

how this can be done, in order to extract the desired structural information for a solution. 

Often the modified electronic radial distribution is visualized by plotting the difference 

D(r) - 4nr2 Po,in order to bring out the long-range variations around the mean value 

4nr2PO.It can be shown:' that the D(r) function can be written as a sum of pair functions, 

P,,(r)ir,,, which are independent (not convoluted) of each other: 

where n, is the number of atoms m in the unit volume V, and P,,(r) is defined as: 
Smax 

Pmn(r)= sin(srmn).M(s).sin(sr)dcfm(~)fn(~) (43) 
Smin 

The expression for the pair functions Pmn(r) contain the atomic scattering factors, As), 

which are nearly proportional to the number of electrons in the atoms. Thus, interactions 

involving heavy atoms in high concentration will be dominant, and give rise to peak shapes 

in the D(r) function. The positions of these peaks represent the interatomic distances rmn in 

the sample. By making use of known ionic and intramolecular distances from 

crystal structures, it is usually possible from the peak positions and sizes in the D(r) 

function to identify the atoms involved in corresponding interactions within structural units 

in the solution. For quantitative analyses, however, model calculations are performed to 

obtain the intensity contributions and the modified peak shapes of these interatomic 

interactions, which then can be fitted to the i(s) and D(r) curves.46 

The procedure is similar to the XAFS data treatment, for which the effective 

scattering amplitudes, f , f f ( k ) ,  are k-dependent, in addition to other k-dependent factors 

affecting the amplitude, see Section 1.5.An additional complication for XAFS is caused by 

the phase-shift at the back-scattering process, which shifts the peak positions in the 

pseudo-radial distribution function that is obtained by Fourier transformation of the ~ ( k )  

oscillations, Section 1.6.Although the peak heights have some relation with the amplitudes 

of the i(s) and ~ ( k )  functions in the LAXS and XAFS techniques, respectively, the 

convolution of their s or k dependent factors in the Fourier transforms makes the peak 

areas unreliable as a direct measure of the coordination n~mbers .~ '  
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2.4 Model calculations and data analyses. For the purpose of model calculations, it is 

convenient to describe the investigated solution as consisting of molecular species or 

structural units. The bond lengths and intramolecular distances between the atoms p and q 

in a structural unit are then described by their mean values, re,. A symmetric deviation 

from the mean values, e.g. by thermal vibrations, can be described with a Debye-Waller 

factor, e ~ ~ ( - l , , ~ s ~ / 2 )  in a harmonic approximation of the vibrational motion.41 If the same 

notation is used as for EXAFS, the DW factor can be written as exP(-2opq2sZ), where o is 

the root-mean-square (r.m.s) displacement from the mean distance, r,,. The structure- 

dependent intensity contribution from each type of structural unit is then given by: 

where I,, ( = 20) is the r.m.s of displacement range around the mean distance re,. 

Anomalous dispersion effects, which occur close to absorption edges, can change the 

scattering amplitude for the atomic scattering factors f(s) by Af', and also induce a phase 

shift described by a Af" These anomalous dispersion correction terms, Af' 

and Af", which are independent of s, should be included when necessary. This gives 

i,,,c(s) = Ep2qCf'p(s) &(s) (45)+ ~f'~~f'~~]~exp(-l,,~s~/2).sin(sr~~)l(sr~~) 
where the real part of the anomalous dispersion correction, Af', has been subtracted from 

the atomic scattering factor, giving yp(s) =fp(s) - Af'. The sums in eqns. (44) and (45) are 

taken over the different atoms p and q, with p f q, within the structural units in a 

stoichiometric unit volume, V (normally chosen to contain one metal atom)*.46 

It is convenient to divide the interactions within a molecular species into a sum of 

specific atom pair interactions, each multiplied with the frequency factor npq.For a specific 

interaction, e.g. the Ca-0  bond, the calculated intensity contribution is then controlled by 

three main parameters: the distance r,,, the frequency factor or hydration number n,,, and 

the Debye-Waller parameter, lMO? 

Model fitting in s-space. For a full model description of the experimental structure- 

dependent intensity function, contributions should also be included from interactions 

between non-bonded atoms without well-defined separations, i.e. for any interatomic 

'For example, for Ca(C104)2 aqueous solution, there are several structural units in a unit volume V, such as: 
a hydrated ca2+ ion ,two hydrated (C104)- ions, and hydrogen bonded water molecules. 
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distance within the solution. Sometimes, such long non-bonded interactions are modeled as 

an even electron distribution surrounding the molecular In the pair interaction 

model function this could be thought of as a large number of pair interactions with high 

values of the DW parameters (corresponding to large variations about the mean distances). 

Therefore, the corresponding intensity contributions are rapidly damped in s-space, and 

contribute significantly only for low s-values. At high s-values, and after weighting the i(s) 

function with s, these contributions can be neglected, normally for s > 3 - 4 

(Figure 36c). In such a case, the high s-section of the s,i(s) function can be analyzed by 

fitting the experimentally derived s.i(s) curve to a calculated model function, s.iCal,(s), in 

which only well-defined mean interactions (with low Debye-Waller factors) in the 

structural units are inc l~ded. '~  Non-linear least-squares fitting of the s.i(s) functions is then 

normally performed by varying the parameters of the main well-defined atomic pair 

interactions of the s~iCalC(s) contributions, in order to improve the fit to the experimental 

s,i(s) function. 

Before this fitting procedure, the i(s) function can be corrected for alignment errors 

giving rise to low frequency oscillations. Spurious peaks at low r-values (below about 1A) 
in the D(r) function are then removed by means of a Fourier back-transformation 

procedure.7 Often the number of free running parameters must be restricted in the 

refinements, in particular because of correlation between the frequency factor n and the 

Debye-Waller parameter I. 

For the calcium halide solutions studied in Paper I, the structural parameters for the 

Ca-OI bonds, and the X-. ..Ow and 0,. ..Ow hydrogen bonded interactions, were included in 

the model and least squares refinements were performed by means of the STEPLR 

program.47 

Modelfitting in r-space. The individual intensity contributions for the different types of 

pair interactions (eqns 44 or 45) can be Fourier-transformed separately (eqn 47), with the 

same transform conditions (same modification function and s-range as for the D(r) curve; 

eqn. 41). This gives modified pair functions, P',,(r)lr,,, including only the well-defined 

interactions described by the models for the structural units. 

Smax 

Pb,(r)/rpq= jsiCalC(s)M(s) sin(sr)ds 
Smin 

From eqn. (44), the s.icalc(s) can be replaced: 
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Figures 36a and 36b show the r-space fitting for a CaC12(aq) solution with the modified 

pair functions for the hydrated Ca2+ and C1- ions at the top. The peak shapes obtained for 

these interatomic interactions are symmetrically broadened due to the exponential Debye- 

Waller factor, exp(-lPq2s2/2), and also due to the exponential convergence factor, exp(-bs2), 

in the modification function, M(s) (c$ eqn. 40), which Iias the same form as the DW factor. 

The peak shapes for these modified pair functions are then subtracted from the 

experimentally obtained D(r) - 4nr2Po curves. If the model describes all well-defined 

interactions within the structural units of the solution, the peaks in the D(r) - 4zr2 Pocurve 

should be explained by the model function. In a difference only a smooth curve should 

remain with broad features corresponding to intermolecular interactions which are not 

included in the model. It should, however, be emphasized that it is not possible to obtain a 

unique three-dimensional structural model based only on the evaluation of LAXS data, and 

that additional information always is necessary to reduce ambiguities in the interpretation. 

Figure 36b compares the model function [(dashed line) as the sum of the modified pair 

functions in 36a] with the distribution function, D(r) - 4nr2 Po (solid line). The dash- 

dotted line shows the difference. 

Also the less well-defined or long distance intermolecular interactions, which are 

visible as broad peaks at high r-values in the D(r) - 471; Po curves, are often of interest, 

e.g. the second sphere interactions around the calcium ion. Such interactions give too small 

contributions at high s-values to the experimental i(s) function, to allow refinements of 

their structural parameters by fitting with a calculated model s.iCal,(s) curve in s-space. 

Therefore, modelling of the second sphere interactions for the calcium solution was made 

in r-space by fitting Fourier-transformed peak shapes to the D(r)- 4.n: Pofunction, and by 

adjusting the structural .parameters of the corresponding intensity contributions (eqn. 44) 

within reasonable limits. 
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Figure 36. LAXS radial distributions (RDF) for a 2 M CaC12 solution, a) Separate model peak 
shapes: the [ c ~ ( o H ~ ) ~ ] ~ '  ion with the first (Ca-01) and second (Ca-On) hydration sphere including 
the 01-OI interactions (solid line), the hydrated chloride ion (dashed line), and 0 .-O interactions 
in bulk water (dotted line). The dash-dotted line shows the contributions from two chloride ions in 
the second coordination sphere of calcium (-5 A). b) Experimental RDF: ~( r ) -4nr '& (solid line); 
sum of model peak shapes in a (dashed line); difference. Exp.- Model (dash-dotted line). c) LAXS 
s-weighted structure-dependent intensity functions s,i(s) (solid line); model s.icalc(s) (dashed line). 
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2.5 Experimental procedures and preliminary data treatment. The data collection was 

performed by means of a 0-0 diffractometer, where 28 is the scattering angle (Figure 37).Gb 

A line focus of an Mo-Ka x-ray tube was used to illuminate the free surface of the solution 

with radiation of wavelength h = 0.7107 A.A Soller slit reduced sideways divergence of 

the beam, and a slit assembly defined the opening angle of the primary and scattered beam. 

The scattered x-ray intensity was measured in the symmetrical parafocusing 8-0 geometry 

of Bragg-Brentano type, which is normal for a powder d i f f ra~tometer .~~ A ground and bent 

single-crystal LiF monochromator focussed the diffracted beam on a scintillation detector. 

The intensity data were collected at 450 discrete 8-values for 1< 0 < 65'. When expressing 

the intensity data as a function of the scattering variable s = 4n(sin@)/h, this corresponds to 

an s-range of 0.3 - 16.0 A-1. 
In order to obtain the coherently scattered total intensity function, I(sj, appropriate 

corrections for instrumental and sample-dependent effects are applied on the experimental 

intensity, Ie,,(s). Corrections are made for the zero count rate of the detector, polarization 

in the sample and monochromator, and the amount of Compton scattering passing the 

m o n o c h r o m a t ~ r . " ~ ~ ~ ~ ~ ~If the solution has low absorption, corrections for angle-dependent 

absorption effects and multiple scattering,41 should be applied on the Z2,,(s) i n t e n ~ i t i e s . ~ ' ~ ~  

Because the structure-dependent intensity i(s) approaches zero for high s values, scaling of 

the 12,,(s) function to the calculated structure-independent intensity fp2 (s) for a chosen 
P 

stoichiometric unit of volume V, (normally containing one metal atom) can be used for 

normalization of Ie,(s) to electron units (= I(s)/V). When the anomalous dispersion 

corrections are included, the structure-dependent intensity is obtained from i(s) = Z(s) - xp 
(fp2+ AT:^). All corrections and handling of the experimental data are made with the 

KURVLR program.' 
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Figure 37. X-ray scattering (LAXS) measured in the parafocusing Bragg-Brentano geometry of a 
0-0 diffractometer from the surface of a solution. A fociising single crystal LiF monochromator is 
placed before the detector (refs. 7,46). 
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3. Vibrational Spectroscopy 

3.1 Molecular vibrations. The origin of a molecular vibration is the chemical bond 

formed between the atoms, which gives rise to a returning force when an atom is displaced 

from the equilibrium position. Because the frequency of a vibration depends on the forces 

between the atoms and on the atomic masses, careful analyses of the vibrational spectra 

can give important information on the coordination and molecular structure. 

For simple harmonic motion with symmetric displacements the returning force is 

proportional to the displacement of the atom. The corresponding force constant is a 

measure of the curvature at the bottom of the potential energy function (Figure 38), and 

need not in general to be directly correlated to the bond strength.lla However, for related 

compounds shifts in the vibrational frequencies provide sensitive probes for small changes 

in the bond strength and molecular symmetry, and vibrational spectra can be used 

qualitatively to identify molecular species in solution. For a solid the vibrational spectrum 

often becomes more complex due to deviations from the ideal symmetry, coupling of the 

modes, and collective motions within the crystal lattice (see below).lla 

It is often found that similar groups of atoms in different compounds have similar 

group frequencies, which means that the vibrations of a particular group of atoms can be 

assumed to be relatively independent of those of the rest of the molecule. This is so for the 

cyano complexes in the present studies, for which the CN stretching frequency is a 

sensitive indicator of the type of bonding to a metal atom."b However, generally all atoms 

are taking part in the normal vibrations of the molecule, and for a careful analysis of the 

bonding in a group of atoms, the influence of the motion of its neighbors should also be 

accounted for. 

A free molecule with N atoms has 3N degrees of freedom associated with the motions 

of its atoms (movements in x, y, z directions). Collective motions (i.e. movement of the 

entire molecule) are translations and rotations in three directions each, (two rotations if 

linear). The motions remaining for the atoms within a molecule are vibrations, in which the 

atoms move periodically toward and away from one another. The number of so called 

norinal vibrational modes of a molecule composed of N atoms is then 3N-6 (or 3N-5 if 

linear). All these forms of motion are ways for the molecule to store energy in quantified 

form. The energies of the vibrational transitions depend on the arrangement of the atoms in 

space and by the forces between the atoms and their masses. An excited normal vibration 

(in the harmonic approximation) still has the same frequency of the atomic motions but 

increased amplitude. 
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Figure 38. Potential energy curve (solid line) for a stretching vibration of the bond between two 
atoms. The dashed parabolic curve represents the harmonic approximation. 

3.2 Normal Coordinate Analysis. The frequency of the normal vibration is determined by 

the kinetic and potential energies of the atoms in the molecule. The kinetic energy is given 

by the masses of the atoms and their geometrical arrangement. The potential energy is 

connected to the interactions between the atoms and is described in terms of force 

constants. When light with exactly the same fregilency as the vibrational oscillation is 

absorbed and excites a vibrational mode, only the amplitude of its oscillation increases. 

Thus, the 3N-6 normal vibrational frequencies and their corresponding eigenvectors 

describing the motion, can be calculated by solving Newton's equations of motion if the 

masses of all atoms, the geometry of the molecule and the force constants (together called 

the force field) are all known. One problem in nom~al coordinate analysis is that the force 

field is not known in advance and that the number of force constants always exceeds the 

number of normal vibrations. Initial values of the force constants are normally adapted 

from group frequencies or small molecules with similar bonding features, and adjusted to 

minimize the discrepancy between calculated and experimental frequencies. The large 

number of possible parameter combinations prevents a unique solution, and additional 
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information of the system is often necessary for a rellable assignment of the experimental 

frequencies. If the agreement is satisfactory this particular set of force constants is adopted 

as a representation of the potential energy of the system, which then contain valuable 

information about the nature of the interatomic forces in the system.11a The principles of 

the Wilson's GF matrix method, which is used for the calculation of the vibrational 

frequencies, can be found el~ewhere."'"~ 

Normal coordinate analyses, talung all experimentally observed vibrations into 

account, have been performed for the cyano complexes in Papers I11 and IV. The force 

constants have been evaluated, and used for discussions of the chemical bonding in the 

molecular species. 

3.3 Measurement methods: ZR & Raman spectroscopy. 

3.3.1 Principles of the effects. By combining results from infrared (IR) and Raman 

spectroscopic methods, complementary information about the vibrational modes of a 

compound can be obtained. In infrared absorption spectroscopy, photons with energies 

corresponding to the excitation of certain molecular vibrations are absorbed in the sample, 

and the reduced transmittance of the infrared light at those frequencies is m e a ~ u r e d . ~  Such 

resonance absorption of IR radiation requires that the vibrational movement of the atoms 

creates an oscillating electric dipole moment (by changing its direction or amplitude), 

which can couple to the electric field of electromagnetic radiation, if it is oscillating with 

the same frequency. 

In Raman spectroscopy, most of the incident light (usually visible or near infrared 

monochromatic laser light) is scattered without frequency change, which is called Rayleigh 

scattering. However, a small fraction (-10.~) of the scattered light changes its frequency to 

a higher or a lower value. This is the Raman scattering, and the extent of the frequency 

change corresponds to the energy difference between two vibrational states of the 

molecule. 

Raman scattering originates due to different mechanism than the direct absorption in 

IR. In a Raman spectroscopic experiment intense high frequency laser light is required. 

The oscillating electric field of the incident radiation interacts with the deformable electron 

cloud of the molecule, and induces an oscillating electric dipole moment of the same 

frequency vo. The oscillating dipole moment is proportional to the polarizability of the 

molecule and gives rise to Rayleigh scattering in all directions without frequency change. 



Measurement methods 

On top of this, a molecular vibration can change the polarizability of the molecule and 

induce an additional oscillating dipole moment with the same frequency as the vibration, 

v V , b  Excitation of this molecular vibration can then occur when it absorbs (or releases) 

energy with the same frequency as the vibration from (or to) the incident light, which then 

gets the frequency components vo? vv,b as well as vo." 

Thus, the Raman scattering has a frequency lower (Stokes' lines) or higher (anti- 

Stokes' lines) than the frequency of the incident light by an amount corresponding to a 

vibrational transition. At normal conditions, the Stokes' lines are the more intense and used 

for Raman spectroscopy (Figure 39). 
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Figure 39. Raman scattering. 

3.3.2 Selection rules for spectral activity. Simple symmetry arguments applied on the 

molecule by means of Group theory can be used to show which of the vibrational modes 

will be active in IR absorption and/or Raman scattering, or neither. This is done by firstly 

determining the point group of the molecule. Then the normal vibrations of the molecule 

are assigned to their respective irreducible representation (or symmetry species) in the 

corresponding character table. The character table then shows if the symmetry of normal 

vibration will induce a change in the dipole moment (IR-activity) or a change in the 

polarizability (Raman activity). This means that the excitation of such a normal vibration 

can be observed in an IR or Raman spectrum, if the probability for the vibrational 

transition (its intensity in the spectrum) is high enough. 

IR-activity. For a vibration to be infrared active, there must be a change in the x, y or z 

component of the dipole moment vector associated with the vibration (any molecular 

vibration that results in a change of the dipole moment is infrared active). The selection 

rule can be formulated: A vibration will be infrared active if its normal mode belongs to the 
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same symmetry species as the x, y and z vectors in the character table of the point group of 

the molecular species. 

Raman activity. For a vibration to be Raman active, the polarizability must change 

during the vibration. The dipole induced by the electric field is proportional to the 

polarizability, which is described by the polarizability tensor with quadratic terns. The 

selection rule can be formulated: A vibration will be Raman active i f  its normal inode 

belongs to the same symmetry species as the quadratic functions of x, y, and z, in the 

character table of the molecular species (look for x2, y2, z2, xy, xz, yz, or combinations 
2such as x -y 2 .  , In the character table). 

Rule of Mutual Exclusion. For centrosymmetric molecules these symmetry rules lead 

to a very useful Rule of Mutual Exclusion: I f a  molec~lle has a center of symmetry, IR and 

Raman active vibrational modes are mutually exclzisive; i f  a vibration is IR active, it 

cannot be Raman active, and vice versa. None of the IR and Raman bands can coincide. 

In general, the activity or intensity of vibrational transitions measured by these two 

modes of spectroscopy is complementary. 

3.4 Molecular crystals. In a crystal, molecules or ionic molecular species can pack 

together in a regular manner with much weaker intermolecular interactions than the 

intramolecular bonds. A molecular species will occupy a site in the crystal lattice, which 

often has lower site symmetry than the point group symmetry for the free molecule, 

because of the packing effects in the solid compound. This may shift the vibrational 

transition energies, but a more easily visible effect is the splitting of degenerate molecular 

vibrational bands, because of the symmetry reduction; a static effect. 

Another effect of the packing in a crystal is that the vibrations of a number of 

neighboring identical oscillators may couple with each other, which can further split the 

vibrational bands, a dynamic e f f e ~ t . " ~ ' ~ ~  

An illustration is given in Figure 40, which shows the Raman spectra in the C-N 

stretching region of the [ F ~ ( c N ) ~ ] ~ -  ion in its potassium and sodium salts, &[Fe(CN)6] and 

Na4[Fe(CN)6]. Note that some of the bands are shifted above 2080 cm-', which is the 

wavenumber of the v(C-N) band for the free cyanide ion in solution. In most cases the 

internal ligand frequencies decrease when a ligand coordinates. For cyanides, however, the 

o-donation from the carbon atom to the metal ion removes electrons from a weakly 

antibonding (50) orbital, and therefore tends to raise the C-N frequency.llb 



Molecular crvstals 

The different splittings of the frequencies in  the two spectra in Figure 40 show that 

vibrational interactions occur between the [ F ~ ( c N ) ~ ] ~ -  complexes in the crystal. However, 

care must be taken in such comparisons since such dynamic splittings can easily be 

confused with splittings induced by static effects due to reduced molecular symmetry. The 

general way in which solid-state splittings may orig~nate from dynamic effects is illustrated 

in Figure 41, in which it is shown how four single vibrators in a unit cell can interact to 

give four coupled vibrations. If the coupling is strong enough, the four vibrations may 

appear as separate bands in a vibrational spectrum.4" 

Figure 40. The Raman spectra of C-N stretching vibrations for crystalline samples of: 
a) K4[Fe(CN)6] and b) Na4[Fe(CN)6], showing coupling of the C-N vibrations. The highest 
frequency bands in both spectra is the totally symmetric stretching mode (Al,), and the lower two 
bands belong to the E,mode, which is split due to the coupling with the interacting C-N oscillators 
in neighboring complexes.(ref. 48, reproduced with permission) 

Figure 41. Unit cell of a crystal containing four moleci~les (left). The arrows represent stretching 
vibrations of each molecule, which can couple together to give four types of unit cell vibrations 
(right). The coupling between the individual vibrations is represented by the dashed-lines (ref. 48). 
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3.5 Vibrational spectra for the solid TIPt(CN)j compound. Such splittings of vibrational 

frequencies are evident in the spectrum of the solid T1Pt(CN)5 compound (Figure 42), 

treated in Paper 111. In this compound the crystal structure and EXAFS results indicate that 

there is only one type of Pt-T1 bond (Figure 43), and thus only one Pt-TI stretching 

vibration should be expected in the Raman and in the IR spectra. Nevertheless, in the 

Raman spectrum of this compound there are two double peaks which can be assigned to 

Pt-T1 stretching vibrations, i.e. four intense bands at 151, 164 and 195, 211 cm-', and two 

IR absorption bands at 150 and 194 cm-' (cf.Figure 42b). All these bands are typical for a 

strong metal-metal bond, because of their low wavenumbers corresponding to the heavy 

atoms involved, and their high intensity.11c hey are also close to the single, strong and 

polarized Raman bands at 163.7, 162.6 and 159.1 cm-I, observed for the Pt-TI bond in the 

three complexes [(NC)5Pt-Tl(CN)n]n- (n = 1, 2 and 3), in aqueous solution, respectively 

(Paper IV). The vibrational spectra of the solid TlPt(CN)5 compound show a large number 

of bands (Table 7 and Figure 42) with good resolution, which allow a closer analysis of the 

type of splitting. 

X-ray powder diffraction data were collected and interpreted to show that the 

compound crystallizes in the space group P4lnmm (No. 129), which corresponds to the 

crystallographic point group Dl,, in the Schonflies notation (the superscript 7 only gives 

the order of the D4b groups listed in the Irzterr~ational Tables of ~ ~ s t a l l o ~ r a ~ h ~ ) . ~ ~  There 

are two formula units (Z = 2) in the tetragonal unit cell with a = 7.647(3), c = 8.049(3) P\. 

The site symmetry of the Pt-atom is C4, (4mm in the Hermann-Mauguin notation).44 

For an isolated TlPt(CN)5 molecule with 12 atoms in the point group C4,, an analysis 

by group theory shows that 30 molecular vibrations with symmetry species 7-41 + A2 + 4B1 

+ 2Bz + 8E (where the E species correspond to doubly degenerate modes) would be 

expected. If only the isolated Pt(CN)5 group is considered in C4" symmetry, the symmetry 

species of the Pt-C and C-N stretching vibrations are 2Al + B1 + E, which all are Raman 

active, but only Al and E are IR active. Based on this assumption of the symmetry, we can 

expect 4 Raman bands and 3 coincident IR bands in the C-N stretching region, which is 

about 2150 to 2240 cm-', and a similar number of bands in the Pt-C stretching region from 

about 410 to 500 ~ m - ' . " ~  

In a solid compound the site symmetry is frequently lower than the point group 

symmetry for an isolated group, and then the degenerate modes may split their frequencies. 



TIPffCN).5solid spectra 

However, the crystal structure indicates that the site symmetry is the same as the point 

group symmetry for the isolated groups of the T1Pt(CN)5 compound. 

Another type of splitting occurs if there is strong enough interaction between the 

molecules in the unit cell. Then all vibrations may split, which in a case with Z = 2, in 

principle would mean a doubling of the number of vibration^.""^^ 
In the present case, the short distances in the linear -N2-CZ-Pt-Tl-N2-C2-Pt- chain 

result in strong interaction between the atoms. Also, there are bridging cyano groups 

connecting different chains (Figure 43). Thus, a factor group analysis should be made to 

determine the expected number and activity of the vibrational modes.'' 

Vibrational Spectra for PtTI(CN),(s) 

Wavenumber cm" 

Figure 42. Raman and I '  absorption spectra of the solid T1Pt(CN)5. a) Cyanide stretching region. 
b) Low-frequency region. The metal-metal stretching bands are between 150- 211 crn-'. The point 
group symmetry of the space group requires that the dynamic splitting of the vibrational modes is 
correlated to the factor group symmetry DPh(refs. 49, 50). 
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Figure 43. a) Two unit cells of the TIPt(CN)j solid compound. The proposed structural model is 
based on combined results from powder diffraction and EXAFS data (distances in A). The linear 
-N2-C2-Pt-Tl-N2-C2-Pt- chains along the c-axis are connected by bridging cyano (Cl-N1) groups; 
b) The eight formula units (Z = 8) used to describe the interaction between the linear chains 
(bridging cyano ligands not shown). c) The two centrosymmetrically related TlPt(CN)5 entities, 
each with site symmetry Cdv. 
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Table 7. Assignment of the solid state infrared absorption and Raman spectra of the T1Pt(CN)5 
compound, with crystallographic point group symmetry D i,,, after factor group analysis (see text). 

The intensity of a band is indicated by the abbreviations: s strong, m medium, w weak, v very. 

Infrared (cm-') Raman (cm-') Symnzetq 

speciesfor D ah 
Description 

2235 s Azu CN stretchings (axial) 

2233 s A1, 
2219 w Azu CN stretchings (equatorial) 

2210% Alg 
2205 vs E, 

2195 vs EU 

2170 w (2167)" (Ed  C ' ~ Nstretching (equatorial) 

2154 w (21.53)" (Eu) 
13CN stretching (equatorial) 

2153 w BIZ 
503 vw Azu PtC stretchings (axial) 

500 w Alg 
490 m E, PtCN linear bending (axial) 

476 m 

474 w Eu 

457 E, PtC stretchings (equatorial) 

438 vw EU 

E,, B1, PtCN linear bending (equatorial) 

Azu, Eu 

Al,, Bz, 

Eu 

Alg Pt-T1 stretchings 

B1, 

A2u 

~ , b  
Eu 

a Calculated frequencies for the isotopic species (within brackets) 
Splitted possibly by lowered site symmetry (see text). 
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The number of interacting molecular units to be used in the factor group analysis is the 

number of formula units in the Bravais cell, which is the same as the crystallographic unit 

cell for a primitive type of lattice (P).~" '~ In our case the number of formula units in the 

Bravais cell is then Z' = 2, the same as in the crystallographic cell. The correlation method 

can be used for the factor group analysis, as described in Ref. 49 by Ferraro and Ziomek. 

For two formula units of TlPt(CN)5 in the cell, each mith 12 atoms and the site symmetry 

C4", 60 internal or vibrational modes, (3N-6).Z'= 60, and 12 external or lattice modes 

(lattice translations and lattice rotations) are expected. The correlation between site 

symmetry and factor group symmetry (Scheme 3) shows that the internal modes belong to 

the following symmetry species in the factor group D41,: 

r(interna1) = 7A1, + AZg+ 4Blg + 2B2g+ 8Eg+ Alu+ 7A2U+ 2BlU+ 4B2U + 8Eu. 

r(externa1) = Al, + A2, + 2Eg+ AIU+ AzU+ 2E,,. 

The normal modes belonging to the Alg, Big, BZg and E, symmetry species are Raman 

active, while only the A2, and E, species are IR active, and there are (in principle) no 

coincidences. 

Scheme 3. Factor group analysis for TlPt(CN)5. For details see ref. 49. 

Translations Site symmetry Factor group Modes
Rotations 

C4" symmetry, D4h T R 

1, 4 0 0 
(Rz) 

Alu (R,) 1 0 1 

4 Bl (Rz) 1 0 1 

l A 2EA,, 

B2u 4 0 0 

sum = 30 60 12 
vibrational modes internal modes external modes 
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When applying the correlation method to find out how the stretching vibrations for the 

Pt(CN)5 group will split, the following representations are obtained when correlating C4" 

site symmetry with D4h factor group symmetry: 

rstretch(C-N) = 2Alg+ Big + Eg+ 2A2u + B2u + Eu 

rstretch(Pt-C) = 2Alg+ Big + Eg+ 2A2u +B2u +Eu 

The 4 Raman and 3 IR bands expected, are no longer coincident, as they would be for 

an isolated molecule (p.104; cf Figure 42), because of the centrosymmetric arrangement of 

the two T1Pt(CN)5 entities (Figure 43c), but the displacement from the coincident positions 

of the modes 2A1 + BI + E for an isolated TlPt(CN)5 molecular entity should not be very 

large. Thus, from the correlation in Scheme 3, the splitting of the Al mode gives a Raman 

active (Alg) and an IR active (A2,) pair of vibrational modes. The B1 mode splits into B1, 

and B2u, but B2, is inactive so only one Raman active band (Big) is expected, and the E 

species gives an Eg (Raman) and E, (IR) active pair (cJ: Table 7). 

The strongest bands in the cyanide stretching region of the spectra were then assigned 

to these 4 Raman (2A1, + B1, + Eg) and 3 infrared (2A2, + E,) modes, based on the 

following additional considerations: 

The highest vibrational frequencies in the cyanide stretching region should belong to 

the bridging cyano ligands, since in an M-CN-M' type of bridge, the v(C-N) frequency 

shifts to higher wavenumbers with 40 cm-' or more (see The Raman 

vibrational spectrum (Figure 42a, Table 7) shows the highest frequency band in the C-N- 

stretching region at 2233 cm-'. This can then be assigned to the symmetric stretching 

mode, Alg, of the axial bridging cyano group of the linear ...Pt-Tl-N2=C2-Pt... chain 

(Figure 43). The IR band at slightly higher frequency, 2235 cm", must then belong to the 

AZu stretching mode of the axial cyano group. In a similar way, the next highest pair of 

frequencies, 2210 and 2219 cm-' for the bands in the Raman and IR spectra, respectively, 

were assigned to the symmetry species A1, and Azu of the stretching frequencies of the 

(less strongly bridging) equatorial cyano groups. The stretching frequencies E, (Raman) 

and E, (IR) are found at 2205 and 2195 cm-', respectively, and the single Raman band of 

B1, symmetry was ascribed to the weak band at 2153 cm-'. The weak IR bands at 2170 and 

2154 cm-' correspond to the calculated E, frequencies (using the same force constants as 

for the main isotopic species 12c14~)  for the minor isotopic species 12c15~and 1 3 c 1 4 ~ ,  

with natural abundance 0.4 and 1.1 %, respectively. Because of the higher mass, this 

asymmetric stretching frequency (E,) shifts toward lower wavenumber with about 40 cm-'. 
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From measurements of other platinum-cyano complexes, the Pt-C stretching bands can 

be expected in the region from about 410 to 500 ~ m - ~ . ~ ~ ' ~ ~  It has been observed for 

bridging cyano groups, of the type M-CN-M', that the metal-carbon stretching frequency 

generally shifts toward lower wave number^."^ The reason is, in the currently accepted 

view of the bonding, that formation of a o-bond via the lone-pair on the nitrogen atom 

(N:+ M') increases the polarization toward the more electronegative nitrogen atom in the 

cyano ligand and increases the n-bond strength (cjf Section 5.1). This weakens 

simultaneously the Pt-C bond (the Pt-C frequency shifts to lower wavenumber) because it 

decreases the availability of the lone-pair on the carbon atom, which is used for the 

formation of a o-bond to the platinum atom. However, if we assume that the 431 cm-I 

(Raman) and 438 cm-' (IR) bands are the downshifted PtC axial stretching modes, then the 

calculated stretching force constant for the axial Pt-C bonds would get an improbably low 

value (cjf Paper 111), which would correspond to a much longer bond length. Therefore, a 

more realistic assignment is the one given in Table 7. Raman and IR bands in the region 

between 41 1 and 457 cm-' can then be ascribed to the Pt-C stretching modes of the 

equatorial cyano ligands. 

The bending modes of the linear Pt-C-N groups fall into the symmetry species A1 + A2 

+ B1 + B2 + 3E for an isolated Pt(CN)5 unit in the C4" point The A1 and E modes 

are active, and A2 is inactive, in both Raman and IR spectra, while the B1 mode is only 

Raman active. Following the previous careful work by Jones et al. these linear Pt-C-N 

bendings are generally likely to occur at frequencies lower than the Pt-C ~ t r e t c h i n ~ s . ~ ~  

However, for a bridging cyano group with a stronger C-N bond, it is likely that the 

frequencies shift toward higher wavenumbers. We therefore assigned the bands in the 

region from 490 down to 474 cm-I to these bending modes of the axial linear Pt-CN group, 

and the 398 to 315 cm-' bands to the bendings of the linear equatorial Pt-C-N groups. 

Because of the weak coupling between the interacting molecules for these types of modes, 

the splitting is small and the bands are not always resolved. In some cases, more than one 

vibrational mode has to be assigned to the same observed band (cjf Table 7). 

These proposed assignments are aided by the results from the normal coordinate 

analysis in an trial and error procedure. It is in the nature of normal coordinate analyses, 

for which different solutions to the problem of assigning the bands always exist, that the 

most probable assignment should be selected by means of all criteria available. 

However, there are some remaining problems with the description of the coupling of 

the vibrations. For the Pt-T1 bond only one Raman active, Alg,and one IR active, A2,,, band 

would be expected for this factor group symmetry, D4h.Instead, four Raman and two IR 

features were observed in the region 150-220 cm-' ( c j  Figure 42b). There can be two 

reasons for this: (1) lower site symmetry (lower than C4") for the Pt atom (a static effect), 

and/or (2) dynarnical coupling between Pt-T1 groups in neighboring chains. 
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In both cases, in order to explain the experimental vibrational stretching features, an 

enlarged Bravais unit cell must be This should mean, however, that the 

crystallographic unit cell has been chosen too small (and with too high symmetry), since its 

size is smaller than that necessary for interpreting the vibrational spectra. For this purpose, 

it was necessary to choose a structural entity containing at least eight formula units 

(Z' = 8) in four parallel neighboring chains (with the atoms oriented in opposite directions) 

connected by the bridging equatorial cyano groups ( c j  Figure 43b). The eight interacting 

Pt-T1 stretching vibrations within this assumed entity, can then be assigned to the Raman 

active, A1, +B1, + E,, and IR active, Az, + E,, species (see Paper 111), using D4h symmetry. 

The low frequency doublet (1 64 and 151 cm-') with almost equal intensity bands, can then 

originate from the doubly degenerate Eg mode split by a correlation splitting due to 

disturbed site symmetry. 

The description of the crystal structure shows an apparent disorder, which may be 

caused by too high symmetry giving averaged positions of the light atoms. For example, 

the Pt-C distances appear too short from the powder diffraction determination of the crystal 

structure parameters (cJ:Table S2, Paper 111). Possibly, this effect can be caused by a slight 

twisting of neighboring Pt(CN)5 groups relative to each other, because of the repulsion 

between the parallel cyano groups ( c j  Figure 43 a and b). A positional disorder of the 

C-atom would give an apparently shorter Pt-C distance, as described in p. 68 (Scheme 2). 

Such a twist is common for the Pt(CN)4 groups, which are stacked on top of each other in 

the partially oxidized platinum(I1)tetracyano compounds (see Section 5.3).If this proposed 

twisting occur in an ordered manner, it will give rise to a larger crystallographic unit cell 

than the one used. However, since such a disorder only affects some light atom positions, 

the effect is very difficult to detect in the x-ray powder diffraction data. 

In this model, the main splitting of the Pt-T1 vibrational frequencies in the Raman 

spectrum of the TIPt(CN)5 compound is considered to be caused by the dynamic 

movements of the atoms. This is because there is no indication of any large static distortion 

of the local coordination geometry, i.e., with different Pt-T1 distances, neither in the 

powder diffraction determination of the crystal structure, nor in the EXAFS results for the 

local structure. The EXAFS data shows that the disorder (Debye-Waller) parameter 0' for 

the Pt-T1 distance is smaller in the solid PtTl(CN)5 compound, 2.627(2) A, than for the 

three solution complexes, [(NC)5Pt-T1(CN),]n-, n = 1-3 ( c j  Table 20). Also, it is evident 

for the solution complexes that the Pt-T1 stretching frequency shifts rather little for a 

change in the Pt-T1 distance. Therefore, it is unlikely that the large splitting observed here 

of the Pt-T1 stretching vibration frequency in the solid (NC)5Pt-Tl(~) compound could be 

caused by a static distribution of different Pt-Tl distances. 
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3.6 Experimental vibrational spectroscopy.54a 

3.6.1 Infrared absorption measurements. Modem IR spectrometers are almost always 

equipped with interferometers and use the Fourier-transform (FT)technique, which has 

major optical advantages as compared to the dispersive instruments. However, with KBr 

beamsplitters or windows, the strong increase of the IR absorption of KBr in the far-IR 

region (below about 400 cm-') sets a lower wavelength limit at about 350-400 cm-' for 

these instruments. Therefore, polyethylene windows and Mylar beamsplitters are often 

used for the far-IR region (Figure 44a). 

For mid-IR measurements, traditionally 4000 - 400 cm-', finely ground solid samples 

are diluted with KBr in the form of a pressed disc (pellet). This method cannot be used for 

the compounds that are likely to undergo halide exchange. For far-IR measurements a 

polyethylene pellet can be used. 

Liquid cells compnse two windows held apart by a spacer, which gives the path length 

through the cell (Figure 44b). The most common window materials are NaCl, KBr or CsI, 

which can be used down to 600, 350 or 200 cm-', respectively. All are water-soluble 

materials, and IR spectra of aqueous solutions must be measured with water-insoluble cell 

windows such as CaFz and BaF2,for which the low limit of the usable range is cut already 

at 1100 and 870 cm-', respectively. When measuring samples in solution, it is often useful 

to subtract a background spectrum of the cell containing the pure solvent.. 

Teflon plug 
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gaskets 
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a 

Figure 44. a) Transmission ranges for different material for beamsplitters and IR cell-windows, 
b) Liquid cell for IR spectroscopy (ref. 54a,b). 
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3.6.2 Raman spectroscopic measurement^.'^ The experimental setup for a Raman 

experiment is very simple in principle. What is needed is a monochromatic light source to 

excite the molecular vibrations, a very sensitive detector to measure the weak Raman 

signals, and some means to prevent the strong Rayleigh scattering (without wavelength 

change) from reaching the detector. The light source for measuring Raman spectra is 

nowadays almost always a laser (Figure 45). Since water has very weak Raman scattering, 

Raman spectroscopy is very useful for the study of dissolved species in aqueous solutions, 

which is very resricted with IR spectroscopy due to the strong water absorption. 

Monochnnnel dispersive instruments. For optical seasons a visible laser line was mostly 

used previously. A usual setup was an effective monochromator with gratings to 

eliminate the Rayleigh scattering, and a mono-channel photomultiplicator detector for 

detection of the weak Raman lines. A selected wavenumber range was scanned for a 

fixed band width by tilting the gratings of the monochromator. Such an instrument, the 

DILOR 224, which is a dispersive instrument with a triple monochromator and 

holographic gratings, was used for some preliminary measurements on the Pt-T1 

bimetallic complexes and compounds. An argon ion laser giving a green 514.5 nm line 

with about 500 mW at the sample was used to get sufficient intensity. However, the 

solid PtTl(CN)5 sample (Paper 111) decomposed in the intense laser beam, and gave 

strong fluorescence with the green light. Also for the [(XC)*Pt-T1(CN),In-,n = 1 - 3, 

complexes in solution (Paper IV), partial decomposition took place and [P~(cN)(;]~-

complexes were formed. Thus, in order to obtain useful spectra of the present samples, 

which are light sensitive, more modem techniques had to be used. However, the optical 

instruments with visible light are still useful for special purposes, e.g. for solid samples 

in the low wavenumber region below 100 cm-', because the monochromator gives 

better discrimination of the Rayleigh line and no notch filter is used. 

Sample
Laser cell 

Figure 45. Principle of a monochannel Raman instrument 
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Ramarz microscope. A significant recent improvement of the technique came with the use 

of the very sensitive CCD (charged coupled device) multi-channel area detector. The 

quantum efficiency of modern CCD detectors can be over 50%, and thus requires rather 

weak exciting laser light, normally only a few mW. The photosensitive area is typically 

divided into small (30x30 ym) elements (pixels), composed of Si photodetectors. The 

width of the sensitive area allows a large part of the spectrum to be sampled at the same 

time. Diode lasers operating at 782 nm, which reduces fluorescence, are available at 

relatively low cost and can be used with the CCD detector. This has made Raman 

microscopy a useful method especially for solid samples, requiring a very small amount of 

the sample, which can be inspected visually (in the microscope) before and after the 

measurement. The laser light enters into the microscope and illuminates the sample 

through the objective. The back-scattered light goes via a beam-splitter to the detector. A 

notch filter blocking out the Rayleigh line (< ca. 100 cm-'), is necessary to protect 

overloading of the sensitive detector at low wavenumbers. The Renishaw System 1000 

spectrometer, equipped with a Leica DMLM microscope and a Peltier-cooled CCD 

detector, was used for measurements of most solid samples. 

FT-Raman. With the use of infrared lasers, mostly YAG lasers operating at 1024 nm, 

modem Fourier transform interferometers of the same type as for FT-IR instruments 

can be applied also for Raman spectrometers. The intense Rayleigh scattering has to be 

excluded from the interferometer by means of a notch filter, which prevents Raman 

spectra to be obtained below about 100 cm". The Fourier transform technique has 

made Raman spectroscopy both easier to use and applicable to more samples, since 

fluorescence is less of a problem when infrared light is used for excitation. The entire 

spectral region is sampled in a very short time, and a large number of scans can be 

added to get good SIN ratio. A BioRAD FTS6000 instrument equipped with a Raman 

module was used for some of the aquoeus solutions and solid samples. However, 

aqueous solutions and glass cells absorb more with infrared light and the Raman 

intensities are weaker with the longer wavelength. Relatively high laser power 

(normally more than 50 mW) has to be used, which can damage sensitive samples. 



Table 8. Comparison of experimental structural techniques used in the present work 

Technique 
X-ray 
crystallography 

X-ray powder 
diffraction (XPD) 

X-ray scattering 
from amorphous 
samples (LAXS) 

X-ray absorption 
fine-structure 

(XAFS) 
spectroscopy 
Vibrational 
infrared OR) 
absorption 

Vibrational 
Raman scattering 

Nuclear magnetic 
resonance @MR) 
spectroscopy 

Description of Effect 
Difkaction by electrons, 
interference in 
3-dimensional lattice 

Diffraction at certain angles 
9 (given by Bragg's law) 
by the electrons within the 
planes of the crystals 
Scattering by electrons, 
interference between pairs 
of atoms 

Photoelectrons from central 
atom back-scattered by 
ligand atoms 

Absorption of IR radiation 
giving vibrational transition 
due to dipole change during 
vibration 
Scattering of intense 
monochromatic radiation; 
frequency change due to 
change of induced dipole 
during vibration 
Transitions between 
nuclear spin energy levels 
in magnetic field 

Structural information 
Electron density map giving 
precise positions of atoms in 
the unit cell of the crystal 

Unit cell dimensions from 
the 9 values; heavy atom 
positions from peak 
intensities 
Radial distribution function 
(RDF) with interatomic 
distances between pairs of 
atoms 

Coordination distances, 
number and types of ligand 
atoms; central atom with 
Z > - 2 0  
Symmetry information of 
molecular species, bonding 
information for small 
molecules 
Symmetry information of 
molecular species, force 
constants giving bonding 
information for small 
molecules 
Number of magnetically 
equivalent nuclei in each 
environment 

Interaction time 
- lo-'' s with 
average over 
vibrational and 
static disorder 
- lo-'' s with 
average over all 
orientations of the 
crystal powder 
- 10 "s with 
average over 
vibrational and 
static disorder 

- 10.'~ s with 
average over 
vibrational and 
static disorder 
- s 

- 10.'~ s 

10.' -

Sample amount 
Single crystal 
- 10.' mm3 

Crystalline powder 
-0.1 cm3 

Liquid or amorphous 
sample 
- 5 cm3 

Any state, solid 
samples -0.1 cm3, 
liquids - 1 cm' 

Any state, solid 
samples -0.01 cm3, 
liquids -0.1 cm3 

Any state, solid 
samples - 1 mm', 
liquids -0.01 cm' 

Preferably liquids, ca 
2 cm3 

Comments 
If there is static disorder in the 
structure, then systematic 
errors will occur in the 
distances 
The number and precision of 
the atomic positional 
parameters are limited, in 
particular for light atoms 
One-dimensional modified 
RDF with peaks for all well-
defined interatomic distances 
in molecular species or with 
heavy atoms in the sample 
One-dimensional modified 
RDF with peaks only for short 
and well-defined distances to 
atoms around the central atom 
Characterization of solid 
samples; limited application 
for aqueous solutions 

Characterization of solid 
samples; favorable for aqueous 
solutions; different selection 
rules than for IR absorption 

Characterization and structural 
information from the number 
and multiplicity of signals 
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Results and Discussion 

4. Hydration of ions in aqueous solution 

Water is the most important, and also, the most studied solvent. Still, there are a number of 

anomalous properties, which are difficult to explain on a molecular level. A unique 

property of the water molecule is its ability to accept and to donate two hydrogen bonds. In 

order to interpret the X-ray diffraction (LAXS) data on aqueous solutions, and for 

modelling the structure of the "bulk" water, it is useful to assume a small tetrahedrally 

hydrogen bonded ice-like aggregate as a dominant structural feature ( c t  Figure 46a). Then 

one can imagine the structure of water as a network of flickering clusters held together by 

hydrogen bonds, which are continuously breaking and reforming. The hydrogen bonding in 

water, and how it is modified in the presence of ions, is of primary importance for an 

understanding of the properties of electrolyte solutions. Although intensively studied, 

because of its importance e.g. for the chemistry of biological systems, all aspects of the 

hydrogen-bonding network in solutions are not yet fully understood 

In aqueous solution, all ions are hydrated to some extent. A large amount of 

experimental information is available on the structure and dynamics of hydrated ions, 

notably in the recent review by Ohtaki and Radnai?' and in the book by ~ i c h e n s . ~ '  Most of 

the information concerns the hydration of cations, but also the hydration of anions attracts 

increasing interest even though it is weak and structure studies are difficult. However, the 

neutron scattering properties of the different chlorine isotopes, 3 5 ~ 1  has allowed and 3 7 ~ 1 ,  

the hydration of chloride ions in aqueous (D20) solution to be studied using isotopic 

substitution methods. The results show that Cl-...H-O-H hydrogen bonds are formed to 

about six water molecules around each free chloride ion.39 

Cations are always bonded to the oxygen atom of a water molecule. The geometry of 

this arrangement M- o < ~can be a planar trigonal, or with a tilted plane of the water H 

molecule (Figure 46b). For a tetrahedral "lone-pair" coordination of the oxygen atom, the 

tilt angle 8 = 56' is expected. Neutron diffraction (isotopic substitution) experiments 

revealing hydrogen atom positions have been performed on concentrated aqueous (DzO) 

solutions of calcium ions. The hydration number was reported to vary between 6 and 10.~' 

From the Ca-0 and Ca-D distances obtained, the coordinated water molecules were found 

to have a noticeable tilt angle, 8 =36' (Figure 46b). 
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Highly charged metal ions form a tightly bonded first hydration shell of coordinated 

water molecules, which are polarised by the strong electrostatic field of the ion and form 

strong hydrogen bonds (stronger than in bulk water) with water molecules in a secondary 

hydration shell. 

a 
8 

Figure 46. a) Fragment of ice-structure; b) Tilt angle of water coordinated to a calcium ion. 

The structure, bonding and coordination geometry within these hydration spheres 

around the cations are important for an understanding of the water exchange rates and 

mechanisms, and also for complex formation with other ligands. 

Another aspect is the increase in acidity for the coordinated water molecules, which is 

specially pronounced for highly charged ions such u4+and ~ h ~ ' ,  a strongas with 

electrostatic field. The polarisation effect of these ions on the coordinated water molecules 

facilitates the loss and transfer of a proton from a water molecule in the first hydration 

shell to one in the second sphere. In order to suppress this so-called hydrolysis process and 

to ensure that no hydroxo complexes would form, very acidic solutions (1.5 M HCl04) had 

to be used for the studies of the hydrated u4+and ~ h ~ '  ions. In the case of the ca2+ ion, its 

large size gives low acidity, and no additional acid is required to suppress the hydrolysis in 

an aqueous solution. 

In general, for hydration studies using concentrated electrolyte solutions, the role and 

extent of the cation-anion interactions must be considered. In the present studies on 

aqueous solutions of ca2', u4+and ~h~~ ions, it has been sufficient to assume the hydrated 

halide ion to be separated from the hydrated cations, or to be present in the second 

hydration sphere as an ion-pair sharing a solvent molecule with the metal ion. In the limit, 

the anion enters the first hydration sphere and forms a contact ion-pair or a complex. This 

is the case for the fluoride complexes of the u4' and ~ h ~ '  ions, studied in Paper 11. For 

understanding the properties of electrolyte solutions, it is important to distinguish between 

complex formation and solvent-shared ion pairing. Direct structural results about the 

coordination is one way of providing such information. A complication for the presently 
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studied ions is the less well-defined coordination geometry, which leads to a broad 

distribution of the metal-oxygen distances for the high coordination numbers and also often 

an asymmetry in the distribution. 

EXAFS and LAXS are the experimental structural methods used in the present work 

for determining the hydration number of the above ions, i.e, the number of water molecules 

in the first hydration sphere. As described in Sections 1 and 2, the accuracy of the 

coordination number derived from the amplitude of the scattering functions is often not 

better than ? I ,  or even 1 2 ,  in particular for the EXAFS method. 

On the other hand, the accuracy of the metal-ion distances can be better than 

5 0.01 - 0.02 A. Therefore, for estimating the hydration number, it is often more reliable to 

use a correlation between the mean distances and the coordination numbers derived from 

crystal structures or ionic radii, since the effective ionic radius of an ion increases with 

increasing coordination number.43 In the present study, comparisons of the experimental 

M-O(aq) distances for the hydrated ions have been made versus mean M - 0  distances from 

crystal structures. Another useful source of data for predicting bond distances is provided 

by Shannon's effective ionic based on an ionic radius of 1.40 A for the oxide ion. 

Values of interest for the ions in the current study are given in Table 9. However, we have 

to consider that the results from different sources and techniques are slightly different (cfi 

Section 1.7.4 and 2.1), and care must always be taken to ensure that they are comparable. 

Table 9. Comparisons between predicted Ca-0 bond distances (as the sum of 
Shannon's effective ionic radii),43 with the experimentally obtained Ca-O(aq) values, 
assuming an ionic radius 1.40 A for 0'-. Also three sets of correlations between 
coordination number (N) and Ca-0 distances (d) are given, which are evaluated for 
crystal structures. 

Coord. Effective Predicted lStset of 2nd set of 31d set of Experimental 
No. (A? ionic M-0 d - N  d - N  d - N Ca-O(aa) I A


I radius/ P\ distance/ P\ correlation\orrelationb correlationC in this study 

\ ,  \ A, 

6 1 1.00 2.40 2.334(9) 2.35(1) 2.31-2.33 

9 2.521(4) 2.48(4) 2.53 

(2.55-2.57)e 

10 1.23 2.63 

"eference 56. Reference 57. From hydrated ca2'(aq) ions in crystals (see text p. 121). 
Present EXAFS and LAXS results. 9-hydrates with bridging water 
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As can be seen in columns 4 to 6 of Table 9, the experimental mean Ca-0 distance for 

a known coordination number is often shorter than the predicted Ca-0 distances based on 

the effective ionic radius of the oxygen ion, 1.40 P\. The main reason for the shorter 

distance is probably an increase in covalency of the metal-oxygen bond and the 

polarization of the water molecule due to hydrogen bonding. 

4.1 Calcium.The calcium(I1) ion is of similar size as the U(1V) and Th(1V) ions (c$ Tables 

9 and 12), but has a much smaller charge-to-radius ratio. Thus, the effect on the structure 

of its surrounding water molecules is less pronounced, and allows a flexible coordination 

geometry and fast kinetics in the first hydration sphere. The irregular coordination figure 

around the calcium ion is then strongly influenced by its second coordination sphere.58 

These coordination properties makes the calcium ion useful in the control of 

conformational changes in the biological functions of the cell. The hydrated calcium ion 

has a diversity of important roles in biochemical processes in the human body, e.g. in the 

control of metabolism, nerve impulse and muscle contraction, blood clotting, cell division, 

etc.j8 The great importance of the biochemical activities of the hydrated calcium ion has 

led to a number of structural studies in aqueous solution. However, the flexibility of the 

first coordination sphere makes it difficult to interpret the experimental data, which has 

given rise to large variations in the results.42 

EXAFS studies. In the present study, the Ca K-edge EXAFS data were measured (cfi 

Figure34c) in fluorescence mode, using a Lytle detector without fluorescence filter. The 

experiment was set up in helium atmosphere in order to reduce air absorption and 

scattering. For energy calibration of the Ca K-edge EXAFS spectra, the CaO and Ca(OH)2 

solids with known structures were measured and analyzed. The same threshold energy, Eo, 

was used for the solutions as for the solid measured at the same occasion. 

Assuming symmetric distribution of the Ca-0 distances in the first coordination sphere 

of the hydrated calcium ion, resulted in a mean Ca-0 bond distance of about 2.43 P\. The 

Debye-Waller factor, which corresponds to a root-mean-square (r.m.s.) displacement of 

0.10(2) P\, shows a wide distribution of the Ca-0 distances. Moreover, the phase shift of 

the EXAFS data at high k-values reveals that the distribution actually is asymmetric 

(Figure 22). 

The cumulant expansion method was used to model this asymmetry ( c t  Section 1.5.7). 

When the 3'* phase-adjusting cumulant was included the value obtained for the centroid of 

the distribution of the Ca-0 distances, shifted to about 2.46 A for the three solutions 



Table 10. EXAFS parameters for least-squares model fitting of the first hydration shell of the calcium(I1) ion in aqueous solution 
from k and r-space fitting of Fourier-filtered k3-weighted data, together with the solid calibration compounds used. The parameters 
are the coordination number (N), Ca-0 bond distance d, mean-square amplitude of DW factor 02, third phase adjustment cumulant 
C3 for asymmetric distance distribution, phase shift AEo from the calcium threshold energy 4038 eV, and residual? 

a fixed parameter 

N 

Sample 

CaO(s) 

CaCI2 (1.5 mol dm-3) 

Ca(OH)2(s) 

Ca(C104)2 (1.88 mol dm-3) 

Ca(C104)2 (0.94 mol dm'3) 

b 
C [ Y,, (9 - Y the0 (4 I 
i =l 

Residual [Oh] - 
N x 100 

k-range (A-') Na d (A) oe2 (A2) C3 (A3) AEo (eV) so2 Residual 

2.7-9.9 6 2.398" 0.008(1) - 6.0(1) 0.42(2) 20.5 

3.4- 9.6 8 2.435(6) 0.012(2) - 6.0" 0.82(7) 14.2 

3.4-9.6 8 2.461(9) 0.011(1) 0.0011(3) 6.0" 0.81(7) 5.5 
.---.------.--------------------.--.---------.-------..-----------------------....-----..------------------------------------------------------------- 

3.4- 11.4 6 2.374(8) 0.007(1) - 5.0(8) 0.40(4) 17.8 

2.5 - 10.0 8 2.426(4) 0.012(1) - 5.0" 0.83(6) 20 

2.5 - 10.0 8 2.457(7) 0.011(1) 0.0013(3) 5.0" 0.83(5) 7.1 

2.5 - 11.0 8 2.425(4) 0.012(1) - 5.0" 0.89(6) 20.4 

2.5 - 11.0 8 2.453(8) 0.012(1) 0.0012(3) 5.0" 0.90(6) 9.3 

* Measurements at SSRL were performed at two different occasions using different standard compounds for energy calibration. 
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studied. The same value of AEo as for the Gaussian model was used in this refinement. The 

estimated uncertainty in AEoof I 1  eV increases the estimated error in the Ca-0 mean bond 

distance to i0.02 A. 
The results evaluated for the Ca K-edge EXAFS data are summarized in Table 10. 

LAXS studies. Several different calcium halide solutions were investigated by large 

angle x-ray scattering, since the distances for the hydrated halide ions X.. .(H)-0 to some 

extent overlap the Ca-0 distances (Table 11). A consistent value, 2.46(1) A,was obtained 

for the mean Ca-0 bond distance, although for the LAXS data only a Gaussian model could 

be applied to describe the distribution of the distances in the first shell (see Figure 36). 

The mean Ca-OI1 distance from the calcium ion to its rather diffuse second hydration 

sphere (see Figures 34b & 36a), can be determined from the LAXS data (Table 11). 

However, no features corresponding to the second hydration sphere could be seen in the 

EXAFS data (Figure 34d). 

Correlation with cvystal structures. Two separate surveys of Ca-0 bond lengths have 

been made in order to correlate the bond distances d to the coordination number N. These 

include a large number of coordination compounds of calcium(IT) with a wide range of 

organic ligands, in crystal structures of small molecules mostly from the Cambridge 

Structural ata abase.^"'^ The results are given in Table 9, shown as lStand 2nd set of d-N 

correlation. Besides, a number of crystal structures can be separated out containing 

hydrated calcium(I1) ions only surrounded by water molecules, with coordination numbers 

from 6 to 9. All these structures display a fairly wide distribution of the C a - 0 ,  distances. 

But, the arithmetic mean values are found to vary little for reasonably well-determined 

structures. The values are: Ca-60, 2.31-2.33 A, Ca-70, 2.40 - 2.41 A, Ca-80, 2.47-2.49 

A,and Ca-90, 2.53 A (tricapped trigonal prism, 6~2.501,  3 ~ 2 . 5 7 9  A), Ca-90, (with six 

bridging 0,) 2.55 - 2.57 A, and are given as 31d set of d-N correlation in Table 9.59 

When comparing the mean Ca-0 distance, ca. 2.46 A,obtained from both the LAXS 

and EXAFS data in the present study, with the different correlations in Table 9, the 

probable coordination number for the ca2'(aq) ions in solution can be evaluated as 8. 

There is an enhanced polarisation of the coordinated water molecules by the hydrogen 

bonding to the second hydration sphere in aqueous solution. This effect was found to 

shorten the Ca-0 distances by 0.02 A,based on results of high level density functional 

theory (DFT) calculations, for an isolated calcium ion surrounded by 6 water molecules 
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when 12 hydrogen bonded water molecules was added in a second sphere.60 This DM. 

calculation also shows that six-coordination is definitively excluded for hydrated calcium 

ions in aqueous solution, since the calculated C a - 0  bond distance was 2.35 A for the 

hexahydrated ca2+ ion with a hydrogen bonded second sphere of twelve water molecules, 

[ c ~ ( H ~ o ) ~ ] ( H z o ) I ~ ~ ~  ion the calculated mean C a - 0  bond For an isolated [ C ~ ( H ~ O ) ~ ] ~ +  

distance was 2.48 A.60 

Table 11. LAXS parameters for pair functions (eqn. 45) used for modelling 
the experimental data for the calcium halide solutions. Parameter values are 
given for the distance d, the number of distances N, and the mean-square 
variation of the distance 0: in the Debye-Waller factor. The estimated 
standard deviations are given within brackets for refined parameters. 

Sample Distance N d (A) ol2(A2) 



4.2 Uranium(N) and thorium(1V). These ions are important as models for other actinides 

with the same oxidation state, which have similar coordination properties, except for the 

size effects of the "actinide contraction" caused by the poor shielding of the increasing 

nuclear charge from the filling of the 5f shell. Uranium(1V) has a 5f2 electronic 

configuration while thorium(N) has no Sf-electrons. Knowledge of the detailed 

coordination chemistry of the actinides is important because of the need for predictions of 

properties of actinide ions in nuclear waste storage and recovery processes, but 

investigations have been restricted mostly to uranium and thorium for practical and safety 

reasons. 

Hydration. Very high hydration numbers can be expected for the u4'and Th4+ions in 

aqueous solution because of their large size and high charge. From previous LAXS studies, 

hydration numbers of about 8 were reported.42346 However, evidence from other sources 

suggests even higher hydration According to the previous LAXS and the 

current EXAFS studies, the difference in the metal - oxygen bond lengths for these two 

ions is about 0.03-4 A, close to their difference in effective ionic radii, about 0.04 A 
(Table 12).43This indicates that the hydration number is similar for the two ions. 

Table 12. Comparison between predicted M-0 bond distances (as the sum of Shannon's 
effective ionic radii, ref. 43) with the experimentally obtained M-O(aq) values for some ions. 

Ion Coord. No. Effective ionic 
radius I A 

Predicted M-0 
distance1A 

Experimental 
M-O(aq) / A 
in this study." 

6 0.89 2.29 
8 1.004 2.40 2.35-6 

9 1.062 2.46 

6 0.89 2.29 

8 "  1.00 2.40 

9 1.05 2.45 

Present EXAFS results. For a hydrated ~r~~ ion the average bond distance is M-90,2.42 A for 
a trigonal prism (6~2.37 + 3x2.52 A); ref 61. T o r  U(1V) oxide (Figure 47): U-80 2.37 A, ref. 62. 
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From the results of our present EXAFS measurements, we suggest that both the u4* 
and ions are 10-coordinated in aqueous solution. Also, we propose that nine water 

molecules are coordinated in the mono-fluoride complex, UF~', i.e. giving a [ u F ( o H ~ ) ~ ] ~ +  

species. However, the EXAFS technique does not provide precise values for the 

coordination number, and the conclusions were based on comparisons with other data (c$ 

Table 12 and Paper 11). 

Although the M - 0  bonding must be strong, the coordination geometry is probably 

somewhat irregular for such high hydration numbers. As discussed below (p.127), this could 

lead to a slightly asymmetric distribution of the individual metal-oxygen bond distances in the 

first hydration sphere. 

A proper determination of the threshold energy, Eo,is important for obtaining accurate 

experimental distances, in particular in cases when the distribution of distances is wide and 

asymmetry can be expected. For the U LIII-edge EXAFS measurements performed at the 

SSRL, uranium(1V) oxide, U02,  with eight oxygen atoms around each uranium (Figure 

47), was used as standard compound for a calibration of this parameter. 

The distances reported from the crystal structure determination of the uranium(1V) 

oxide are: U-OI 2.37 A; U-U 3.87 A, and U-011 4.53 A.62 The agreement between the 

crystallographic distances and the EXAFS results (Table 13) seems sufficiently good to 

give confidence in theAEo values (and the accuracy of the distances), determined 

independently for the solution data which were measured at the same occasion at the 

SSRL. 

Figure 47. The crystal structure of uranium(1V) oxide. 
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However, U 0 2  is not an ideal standard compound despite the high symmetry of the U- 

Or first coordination shell (Figure 47), because: 

(1) the U-U backscattering dominates the EXAFS oscillations of UO2, in particular at 

high k-values; 

(2) the results for U-0  distances were sensitive to the spline removal procedure, and 

different AEo shift values were obtained dur~ng the refinement process; 

(3) non-stoichiometric compositions,63 UOz+,, can occur for the oxide and may affect 

the crystallographic distances. It is, therefore, doubtful if a AEo value from the 

oxide can be applied for the u4+(aq) solution data. 

The improbably low value, -0.5, of the amplitude reduction factor (so2) for the known 

coordination number of the U 0 2  oxide, shows that there are systematic errors in the 

EXAFS amplitude, probably due to experimental factors. Since there is a direct correlation 

between the amplitude reduction factor and coordination number (eqn. 14), it was not 

possible to use this S: value to estimate the coordination number for the U4+(aq) ion in 

aqueous solution. 

For energy calibration of the x-ray beam from the monochromator, the spectrum of an 

yttrium foil (K edge = 17038 eV) was recorded simultaneously during the EXAFS 

measurements at HASYLAB. The threshold energies, Eo, were arbitrarily defined as the 

inflection point of the uranium LIIIedge spectra. The accuracy of the Eo value (and the 

distances) was checked by measuring and evaluating the EXAFS spectrum of 

Ba2U(C204)4.8H20.This gave a mean bond distance of 2.38 A and coordination number of 

9.0 k 0.7 oxygen atoms for a fixed amplitude reduction factor S: = 1.0, to be compared 

with the crystal structure average, 2.407 A, for nine coordinated oxygen atoms.64 

Uranium LIII-edge EXAFS were measured for several solutions with the hydrated u4+ 
ion, and also with U-F complexes (Paper 11). The Fourier-filtered data, which contain only 

the first shell contributions, were then used for the refinement procedure. Curve fitting was 

made with a model function assuming a Gaussian distribution of U - 0  bond distances 

described by a Debye-Waller factor (Table 13). 



Table 13. EXAFS parameters for least-squares model fitting of the first hydration shell of the uanium(1V) ion in aqueous solution fiom k and r-space fitting of 
Fourier-filtered ??-weighted data. The parameters are the coordination number (m, of DW factor,U-0, U-F and U-U distances d, mean-square displacement c? 

third (phase adjustment) curnulant C3for asymmetric distance distribution, threshold energy shift AEo,amplitude reduction factor S: and residual. 


Sample Comment. 	 Assumed k, FT k-range FT-Filter Scattering Coord. Distance DW factor & S: 3'd Res. 
EoI eV I A-1 range rl A  Path No. R I A  21A2 I eV cumulant 

A: UOz SSRZ, 17160.7 2 3.07- 15.04 1.37-4.74 	 U-0, 8 f 2.360 (1 1) 0.01 10 (18) 4.9 (7) 0.54 (5) 18 
(solid) 	 U-U 12 f 3.872 (3) 0.0054 (5) 

U-On 24 f 4.435 (22) 0.0140 (37) 

B: p ( a q )  
0.05 M 	 SSRL 17158.4 3 2.89- 11.74 I .408-2.83 U-0 10f 2.401 (6) 0.0098 (9) 4.2 (5) 0.86 (7) 8.6 

U-0 10f 2.421 (17) 0.0099 (9) 5.0 (8) 0.89 (7) 0.0004 6.6 

C: e ( a q )  
0.05 M HASYLAB 17166.0 3 2.89- 14.13 1.42 -2.72 U-0 10 f 2.406 (5) 0.0083 (7) 2.5 (5) 1.03 (7) 12.6 

U-0 10 f 2.434 (12) 0.0083 (7) 3.7 (7) 1.09 (8) 0.0004 (2) 7.2 

D: e ( 4  
0.2M 	 HASYLAB 17165.9 3 2.87 - 12.76 1.42-2.79 U-0 10 f 2.406 (6) 0.0090 (8) 3.4 (5) 1.12 (8) --------- 9.7 

U-0 10f 2.423 (14) 0.0090 (8) 4.1 (7) 1.15 (9) 0.0003 8.0 

E: W3+(a) 

(OOSM4't SSRL 17160.3 3 2.93 - 12.47 1.54-2.48 U-F 1.5 (4) 2.108 (18) 0.0030 (18) 4.1(2.9) 0.9 (2) 17 

0.06M F3 	 U-0 9 f 2.451 (8) 0.0090 (17) 


F: UF"(~~)  
( 0 . 0 5 5 ~ P+ HASYLAB 17166.0 3 2.88 - 14.01 1.56-2.56 U-F 0.8 (1) 2.103 (8) 0.0022 f 3.0 f 0.99 (8) ------------ 9.6 
0.055M F-) U-0 9 f 2.43 (2) 0.0089 (9) 

HASYLAB 17166.0 3 	 2.88 - 14.10 1.59- 2.53 U-F 1.2 (2) 2.119 (5) 0.0022 (10) 3.0 f 0.87 (7) 19.3G: ~ ~ ~ ( a q )  
(0.055 M v+ 	 U-0 9 f 2.43 (2) 0.0085 (8) 
0.09M F? 



Uranium(1V) 

For the EXAFS data with the largest k-range, some phase shift deviation was detected 

at high k-values (curve a, Figure 48), which indicated a slight asymmetry in the 

distribution of the U-OI distances. Refinements were also made including the 3 1 ~  cumulant 

to account for the phase-shift caused by the asymmetry, which in all cases resulted in a 

slightly longer U-0 mean bond distance. The AEo value was refined independently in the 

fitting procedure of the models, with and without the 3d cumulant, since no reliable 

independent calibration of the hEo value could be made. 

Figure 48. EXAFS curve fitting of Fourier-filtered data from HASYLAB (Table 13, row 
C). The solid line represents the experimental data and the dots (ooooo) the model function. 
A model assuming symmetric (Gaussian) distribution of the U-0 distances is used for 
curve a, and shows a phase shift at high k-values. The effect of including the 31d cumulant 
in the model function to account for the phase-shift from an asyrnmetic distribution is 
shown in curve b. 

Additional information on the hydration number of the v1ion was obtained from 

comparisons with the ~ r ~ '  (see Table 12), ion, which has almost the same ionic radii as 

but lower charge. In aqueous solution, the ~ r ~ +  ion has very probably the hydration number 

8, and the Er-0 mean distance 2.35-6 The average Er-0 value from a crystal structure 

with a 9-hydrated erbium(II1) ion in a trigonal tricapped prism is 2.42 similar to the 
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value obtained for the u4+solution. Since the charge is higher, the hydration number of 

U4+(aq) should then be higher than 8. 

Another indication of a high coordination number was the comparison with the 

slightly shorter mean U-0  distance 2.38 A, for the 9-coordinated solid compound 

B ~ ~ U ( C ~ O ~ ) ~ . ~ H ~ O , ~ ~as obtained from the EXAFS measurements. We therefore concluded 

that the coordination number 10 i: 1 is the most likely for both the u4+and Th4' ions in 

aqueous solution. 

As was discussed for the calcium ion (p. 121), the mean M-O(aq) distances are often 

shorter for a known coordination number than the predicted M - 0  distances based on the 

effective ionic radii (mostly based on oxides).43 The main reasons seem to be shortening 

due to the increased covalence in the bonding, connected to the strong polarisation of the 

coordinated and hydrogen-bonded water molecules in the first sphere. 

To sumrnarise, the mean U-0  bond distance for the U4+ ion in aqueous solution is 

found to be 2.42 i 0.02 A, with a rather wide and slightly asymmetric distribution (r.m.s 

displacement 0.09 - 0.10 A), of the U - 0  distances. The probable hydration number is 10 1 

1. The main source of error is the uncertainty in the threshold energy, which causes the 

estimated error limit o f f  0.02 A in the determination of the U - 0  bond distance. 

A similar data treatment was made for the thorium(1V) ions, using Thoz  as a standard 

compound.65 For the hydrated Th4+ ion in aqueous solution a mean distance of 2.45 k 0.02 

A was obtained, and a probable hydration number of 10 i 1 (Paper 11). 

Fluoro complexes in aqueous solution. In order to explain the different water 

exchange rates measured by 1 7 0  NMR in a previous i n~es t iga t ion ,~~  for the UF3+and T ~ F ~ '  

complexes as compared to the U4+ and ions in aqueous solution, EXAFS~ h ~ '  

measurements were made on acidic solutions with added NaF. Strong complex formation 

is expected, and UF3+ and UF~" complexes should form according to the equilibrium 

constants. 

A comparison of the U LIIIedge EXAFS data measured at two different sites, SSRL 

and HASYLAB, shows the same deviating feature at k = 10.55 (Figure 49). Thus, this 

feature cannot be a "glitch", i.e. caused by an imperfection in the monochromator crystal, 

but should rather be a result of a multi-electron excitation. These features were removed 

from the data and at the refinement stage, Fourier-filtered data were used. 



Uranium (Il/) 

Figure 49. Comparison of different EXAFS data sets (from Table 13) for U F ~ + ( ~ ~ )  solutions 
showing the multielectron excitation feature at k = 10.55 kl:bottom) E (SSRL), middle) I?, and 
top) G (HASYLAB). 

When evaluating EXAFS spectra it is nor possible to distinguish 0 and F as 

backscatterers, but if the difference between the U-0 and U-F bond distances is large 

enough, they can be modelled separately. For two shells of backscatterers with similar 

atomic number, the effective k-range, Ak, is related to the resolution limit by: AR =- = 
2Ak 

0.16 A for a Ak range of about 10 kl,as in the spectra above. The results of the 

refinements (Table 13), gave U-F distances of about 2.1 1 A and U-0 of about 2.44 A, with 

a separation clearly possible to resolve. The separate E M S  contributions are shown in 

Figure 50, obtained both by k-space fitting of the EXAFS oscillations, and by r-space 

fitting of a filtered range in the Fourier transform. 
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In the refinements the coordination number of the U-0  interaction was fixed to 9 in 

order to be able to refine the amplitude reduction factor (which can be influenced by 

systematic errors), and to estimate a coordination number for the U-F interaction (Table 

13). The results indicate that most fluoride ions added to the solution forms inner-sphere 

complexes with the U(1V) ion, with a much smaller Debye-Waller factor (v.m.s. 

displacement -0.05 A) for the U-F bond than for the U-0 shell. 

a 
Fit , 

Figure 50. Fourier filtered uranium LmEXAFS data for solution G in Table 13 (solid curve in the 
top figure a). The parameters for the model function fitted in k-space (dots) are given in Table 13, 
with the separate U-F and U-0  contributions shown below; b) the result from r-space fitting of the 
U-0 and U-F distances 



Uranium (Iv) 

4.3 Halide ions. Halide ions form a fairly well-defined first hydration shell in aqueous 

solution, as shown by the LAXS studies of the calcium halide solutions in Paper I (ct 

Table 10 and Figure 36). For chloride solutions, neutron diffraction experiments with 

isotopic substitution of the chloride ion have shown that the bonding occurs via the 

hydrogen atom, i.e. with C1-. ..H-0-H hydrogen bonding (Figure 5 1 a ) . ~ ~  

Figure 51. a) Hydrogen bond interaction b) First hydration shell around a chloride ion 
between a water molecule and a halide ion. from the crystal structure of S C C ~ ~ . ~ H ~ O . ~ '  

The x:. .O distances, X = C1, Br or I, obtained from the LAXS studies (Paper I), are 

3.25(5), 3.36(1) and 3.61(1) A (Table lo),  for assumed coordination numbers of 6, 6 and 8 

water molecules, respectively. These distances correspond to the sum of the ionic or van 

der Waal's radii of the halide ion and the water oxygen atom (Table 14), and show that the 

hydrogen bond is weak. A change in the coordination number affects the Debye-Waller 

parameter (Table lo),  but not the distance significantly. 

Table 14. Comparisons between t h ~  sum of Shannon's effective ionic for halide 

ions (X) and oxygen atoms (1.40 A), with the experimentally obtained hydrogen bond 

distances, X...(H)-0, for X = C1, Br and 1.; from the current LAXS results. 


1 Halide I Coord. Effective Predicted Experimental 
Ion No. ionic X-0 Xi. .(H)-O(aq) 

radius I A distance1A / A in this study 
C1- 6 1.81 3.21 3.25(5) 
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The assumptions of the coordination numbers are based on previous results in the 

l i te ra t~re?~and on the following considerations. The C1-...0 distance obtained for the 

chloride ion is somewhat longer than the mean value, 2.15 A for a chloride ion 

octahedrally hydrogen bonded to six water molecules in the crystal structure of 

[ S C ( H ~ O ) ~ C ~ ~ ] C ~ . ~ H ~ O  A recent MD simulation resulted in a hydration (Figure 5 1 b ) . ~ ~  

number of 7.9 for the iodide ion and the highest probability for the 1... .O distance at 3.60 

A.68In the crystal structure of calcium iodide 6.5-hydrate the average 1... .O distance to the 

eight closest surrounding water molecules, is about 3.7 A, cjf Figure 52.69 his structure 

also displays octahydrated calcium ions with the mean Ca-0 distance 2.47 A (three oxygen 

atoms shared between the calcium ions), and 11 second sphere Ca.. .I distances around 

each calcium ion in the range from 5.0 to 5.6 A,mean value 5.30 A. 
It is clear from the LAXS modified radial distribution function (RDF) in Figure 53, 

that there are iodide ions in the second sphere around the calcium ion in approximately the 

stoichiometric ratio. For the calcium halide solutions there is no evidence of formation of a 

contact ion pair, even in concentrated solutions where solvent shared ion-pairs must form 

for stoichiometric reasons. 

Figure 52. The crystal structure of Ca12.6.5H20, showing hydrated iodide 
ions and octahydrated calcium ions, sharing three water molecules (ref. 69). 



Uranium ( IV)  

Figure 53. LAXS distributions (RDF) for a 1.5 M CaI? solution. a) Separate model peak shapes 
(according to pair functions in Table 11): the [ C ~ ( H ~ O ) ~ ] ~ +  ion with the first (Ca-01) and second 
(Ca-On) hydration sphere (solid line), the hydrated iodide ion (dashed line) and 0 . - 0  interactions 
in bulk water,(dotted line). The dash-dotted line represents contributions from 2 iodide ions in the 
second coordination sphere of calcium (-5.3 A). b) Experimental RDF: ~ ( r ) - 4 n r ' p ~(solid line); 
sum of model peak shapes in a (dashed line); difference: Exp. - Model (dash-dotted line). c) LAXS 
structure-dependent intensity functio~ls s.i(s) (solid line); model s.icalc(s) (dashed line). 
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5. Cyano complexes 

5.1 Cyanide as ligand. The C N  ion is isoelectronic with CO and NO', but is a stronger 

o-donor because of its negative charge. The molecular orbital (MO) energy level diagram 

of the valence orbitals in Scheme 4a shows that there is a significant energy difference 

between the C and N orbitals forming the triple bond (the 30 and the two In orbitals) in 

the cyanide ion. The highest occupied MO (HOMO) orbital is the bonding 30 orbital. 

Because of the energy difference there is still some lone-pair character of this MO on the C 

and N atoms, which allows the formation of a o-bond from the ligand to the metal ion: 
0 


M+c=N."~ The lowest unoccupied MOs (LUMO) are the two empty antibonding 2n* 

orbitals, which can receive electron density from filled dx, and d,, orbitals on the metal and 
71 

give rise to a n-bond: M +CzN. This is illustrated in the representation of the orbital 

overlaps in Scheme 4b. 

Formation of a strong M t C s N  o-bond will raise the stretching frequency of the C=N 

bond."b This is probably an effect of a reduced polarization toward the more 

electronegative nitrogen atom, making the C=N bond more symmetrical and stronger.52 

Thus, the effect of an increase in the oxidation state of a metal ion is an increase in the 

vibration frequency of the C-N stretching toward higher w a ~ e n u m b e r s . " ~ , ~ ~ ~ ~ ~  

The cyano ligand also has a marked tendency to act as a n acceptor (NO' and CO are 

even better as n acceptors), which has an important influence on its behavior in complex 

formation. When 7c backbonding occurs the C-N stretching frequency decreases,52 because 

the electron density increases in the antibonding n*-orbitals of the cyano ligand. A lower 

positive charge on the metal ion will promote the n-bonding, as shown by comparing the 

H ~ " ( c N ) ~  complex with the isoelectronic AU'(CN)~ species with much stronger n 

b a ~ k b o n d i n ~ . ~ ~Therefore, the position of the C-N stretching band in the spectra depends 

on the balance between these two effects, i.e. the o-donation and the n ba~kbonding.~ '~  

Also the nitrogen atom can form o-bonds, but only as a bridge between two metal 

atoms in linear M-C=N-M' gro~ps.S1'5Z The vibrational C-N stretching frequency is found 

to shift toward higher wavenumbers at a M-CzN-M' bridge formation, and at the same 

time the M-C frequency usually becomes l ~ w e r . " ~ , ~ ~  It seems that the more symmetrical 

bonding arrangement not only will increase the C=N bond strength, but also can increase 

the strength of the N+M' bond at the same time as M t C  decrease^.^'^ 
Thus, for cyano ligands in a series of related complexes, it is a sensitive probe of the 

change in the C-N bond character to compare the shifts of the C-N stretching vibration 

frequency, which is in a convenient range for vibration spectroscopy."b352 
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Scheme 4. a). Cyanide ion: Energy levels for molecular orbitals (adapted fromref. 51b, p. 328); 
b). Schematic representation of orbital overlap leading to metal M-CN bonding: (1)o donation 
from the lone-pair (30 HOMO, see text p. 134) on C into a vacant metal orbital to form a M t C  
o-bond, (2) n donation from a filled d,, or d,, orbital on the metal M into the vacant anti-bonding 
2n* LUMO orbitals on CN to form a nM+ C bond.(adapted from ref. 63, p. 927) 
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5.2 Thallium. 

Oxidation states. Thallium(I), which has a lone-pair electron in its valence shell (6s2), 

is the most stable oxidation state in aqueous solution. Thallium(I1) is unstable, and 

disproportionates easily to thallium(1) and thallium(II1): 

2 TI,,^+ +TI,,+ + TI,,^+ K = 6.2 1031 (49) 

The trivalent state, thallium(III), is strongly oxidizing, as shown by the reduction potential 

for the ~  1 ~redox pair, ~ 1 E'~ 1 ~ ~= +1.25 V. Moreover, the hydrated T13' ion is a strong 

Bronsted acid (pK, = 1.14 in 3 M NaC104). Thus, in the absence of complexing ligands, 

thallium(II1) is partially hydrolyzed even at pH = 0 (1 M HC104), and the hydrated oxide, 

T1203, may precipitate from concentrated solutions. Strong complex formation is needed to 

stabilize the thallium(m) oxidation state.70 

Cyano Complexes TI(CN);-". Thallium(1n) forms very strong and kinetically stable 

complexes with cyanide ions in aqueous solution. With the use of 2 0 5 ~ 1  NMRand 13c 

spectroscopy, in combination with pH measurements, the stability constants have been 

determined for the four T~(cN);-" complexes (n = 1 - 4). The distribution of the 

monomeric cyano complexes TI(cN);-" as a function of the cyanide concentration is 

shown in Figure 54." 

Figure 54. Distribution of the monomeric cyano complexes [TI(cN)J~-" 
as a function of the free cyanide concentration. [Tl(lD)],,,= 50 mM (ref. 70). 



Thallium 

The structure of the cyano complexes in aqueous solution has been studied previously 

by EXAFS, LAXS and vibrational spectroscopic methods.71 Six-coordination was found 

for the [~1(0~2)6]'+, [T~(CN)(OH~)~]~+  [Tl(CN)2(0H2)4]+ complexes, and and four- 

coordination for the [T1(CN)3(0H2)] and the [Tl(CN)4]' species. 

However, the strong multiple scattering from the linearly coordinated cyano ligands 

could at that time not be handled properly, and the great enhancement of the "TI-N p e a k  

in the Fourier transform due to multiple scattering pathways, was modelled simply with 

one common empirical set of backscattering parameters for the amplitude and phase shift. 

In the current work the model including multiple scattering that was tested out for 

other cyano complexes was applied on the previously obtained EXAFS data, introducing 

the dominant 3 and 4 leg multiple scattering pathways, see Scheme 5. The results are given 

in Table 15 for the [Tl(CN)2(OH2)4]', [T1(CN)3(0H2)] and [T1(CN)4]- species. 

flh 
Single Scattering Paths : M- C- N u 

nleg = 2 n 

M- C- N 
a,__J i='---%/--'u 

Multiple Scattering Paths : M-C- N 
"--_J"fi_J 

M-C-uN 


Scheme 5. EXAFS scattering pathways in the linear T1-C-N units, M = Pt or T1. 

The degeneracy of the triple scattering path (n,,, = 3) is twice of the other paths. 
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The difference between the T1-C and Tl.. .N distances is in all cases between 1.15 to 

1.17 A, as expected for the C-N distance in a cyano ligand, and is consistent with a linear 

coordination geometry.51a"2 The second cyano complex [T~(cN)~]' was found to have a 

T1-C distance of 2.092(4) A. The vibrational spectra indicate a linear trans-configuration, 

as for other dl0 metal ions - e .g . ,copper (I), silver (I), gold (I), and mercury (11), which 

also form linear dicyano complexes.52 A T1-0 bond length of 2.43(1) A was found for the 

hydrated [T~(CN)~(OH~)~] '  complex (Table 15). Probably, there are four water molecules 

completing a pseudo-octahedral coordination around the linear NC-T1-CN entity. 

For the tricyano complex in solution, the T1-C distance 2.133 (4) A was obtained. The 

vibrational spectra indicated a pseudo-tetrahedral Cgv symmetry, [T1(CN)3(OH2)].71 

Although the model fitting for the EXAFS spectra could not distinguish between one and 

two water ligands, a distinct T1-0 bond distance, 2.42(2) $was obtained. 

For the [Tl(CN)4]- complex, tetrahedral symmetry was expected since tetrahedral 

M(CN)4 complexes are formed by many other dl0 ions, e.g . ,copper (I), silver (I), zinc (11), 

cadmium (11), and mercury (II)."~ The TI-C distance was found to be 2.176(6) A. For the 

solid compound K[T1(CN)4], the TI-C bond distance was found to be 2.172(5) A. 

The force constants of T1-C and C-N, obtained from normal coordinate analyses of the 

vibrational spectra,71 have been plotted versus the T1-C distance (Figure 55a and b), and 

the proposed structures of the [T~(cN)~(oH~)~]',[Tl(CN)3(OH2)] and [Tl(CN)4]-

complexes in aqueous solution are shown in Figure 55c. The T1-C force constant decreases 

as expected with an increasing number of cyano ligands. With the use of the force constant 

determined previously for the [ T ~ c N ( ~ ~ ) ] ~ "  extrapolation of the complex in sol~t ion,~ '  

trend in Figure 55a, indicates a T1-C distance of about 2.085 A in [ T ~ c N ( ~ ~ ) ] ~ ' .  When the 

corresponding C-N stretching force constant is plotted against the T1-C distance (cJ:Figure 

55b), the trend indicates an complex.enhanced bond strength for the [ T ~ ( c N ) ~ ( ~ ~ ) ] +  

Several of the cyanide complexes of dl0 ions, such as copper(I), silver(I), gold(I), and 

mercury(II), show an increase in stability for the second complex, M X ~ . ~ ~  

A comparison of the bonding in the series of isoelectronic species, [Au(CN)2Im, 

[Hg(CN)2] and [T~(CN)~]+, shows some interesting features with participation of the d,2 

orbital in the bonding orbitals. Even though the total bond energy is highest for Tl(II1) 

because of the electrostatic attraction, the shortest M-C bond is found for the [Au(CN)2]- 

complex (Tl-C 2.09 A, Hg-C 2.04 A, Au-C 1.97 A).73 The n back-bonding from the metal 

d, to empty anti-bonding ~'(cN') orbitals has important consequences for the bond 
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strength and the vibrational spectra of these cyano complexes. On the one hand, a highly 

charged metal ion, such as thallium(III), gives a strong o-bond because of the ion - dipole 

attraction, but does not allow extensive back-bonding. On the other hand, for gold(1) with 

lower charge an increased amount of x back-bonding occurs, which weakens the C-N 

bonds. 

This balance between the different effects from the bond character in the linear 

[M(CN)2] species, M = Au, Hg, and T1, is reflected in the bond stretching force constants 

from their vibrational spectra. The values obtained for the M-C stretching vibrations are: 

f, = 2.73, 2.52, and 2.38 N cm-' and for the C-N stretching vibrations: f~= 17.72, 18.20, 

and 17.76 N cm-', respectively.71273 The highest fRvalue, i.e. the strongest C-N bond, is 

found for the [Hg(CN)2] complex, while the shortest M-C bond is found for the [Au(CN)2]- 

complex (TI-C 2.09 A, Hg-C 2.04 A, Au-C 1.97 A).71 

Figure 55. a) TI-C and b) C-N stretching force constants vs. TI-C bond distance in [TI(cN),]~-" 
cyano complexes; c) The proposed structures for the [T1(CN)2(OH2)4]', [T1(CN)3(0H2)] and 
[T1(CN)4]' species. 



Platinum 

5.3 Platinum 

Oxidation states. Pt(I1) and Pt(1V) are the common oxidation states for platinum. 

Pt(II), a d8 ion, is almost always four-coordinated in square-planar geometry, because of 

the strong ligand field effect in complexes of the third-row transition elements. Pt(II1) is 

mostly found in binuclear Pt compounds with a single Pt-Pt bond supported by bridging 

ligands.74 Pt(1V) complexes are both thermodynamically stable and kinetically inert with a 

low-spin t$ electron configuration in octahedral coordination geometry. 

Cyano complexes. Platinum(I1) forms very stable complexes with cyano ligands. 

Reaction of [ptc1412- with excess KCN gives K2[Pt(CN)4] '3H20. A neutron diffraction 

crystal structure determination of this compound shows that planar P ~ ( c N ) ~ ~ -  groups are 

stacked to give linear Pt chains with a Pt-Pt separation of 3.478(1) A.75Adjacent P ~ ( c N ) ~ ~ -  

groups in the chain are twisted about 16" from the fully eclipsed configuration (Figure 56). 

Figure 56. The stacking of [P~(cN)~]'-complexes in K2[Pt(CN)4] '3H20. 
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Monomeric platinum(Iyj cyano complexes. X-ray crystallographic studies of 

K2[Pt(CN)6] shows that the [P~(cN)~]~-  ion is regular octahedral with linear Pt-C-N 

bonds.76 The IR and Raman spectra of the [P~(cN)~]~- complex display C-N stretching 

vibrations at higher frequencies, 221 1 cm-', and C-N force constants which are larger than 

for the corresponding divalent complex, P ~ ( C N ) ~ ] ~ - ,  with 2143.5 cm-' for the symmetric 

stretching.77378The crystal structure values for the Pt-CN distances, however, are not 

significantly different for the two oxidation states, K2[Pt(CN)4].3H20, Pt-C, 1.989 A; Pt-N, 

3.148 A;75 Kz[Pt(CN)6]: Pt-C, 2.005 A; Pt-N, 3.153 A,76This is consistent with a higher 

degree of n back-donation from the metal to the empty n*orbitals of the cyano ligands in 

the ~ t "  complex. 

These compounds have been used as standards for testing the multiple scattering 

models, which were derived for the platinum and thallium cyano complexes in Papers III- 

V. Our EXAFS values (Table 1 in Paper IV), actually shows that the corresponding 

distances are slightly shorter for the W ( C N ) ~ ] ~ -  complex, Pt-C 1.985(2) A, Pt-N 3.149(2) 

A, than for [ptIV(C~)614-, complex a normal 2.004(2) and 3.155(2) ,&. For the [ P ~ ( c N ) ~ ] ~ ~  

coordinate analysis has been performed (Table 6 in Paper IV) in order to compare the 

changes in force constants when replacing a cyano group with another ligand. 

Pentacyano complexes of platinurn(1V) are usually viewed as monosubstituted 

hexacyano species. Three compounds of this type, [P~ '~(CN)~X]~- ,  X= C1, Br, I, have been 

characterized with their Rarnan and IR spectra.53 Halopentacyano complexes can be 

prepared by oxidative addition reaction of [P~"(cN)~]~- with cyanogen iodide (ICN) or 

bromide, or by the action of Cl2 or Br2 on I ~ ~ ' ~ ( C N ) ~ I ] ~ - . ' ~In the present work, all 

investigated compounds and solutions were obtained starting from the bimetallic [(NC)sPt- 

Tl(CN)Jn- (n = 0 - 3) complexes. 

An EXAFS study of the structure of the pentacyanoplatinum(N) species 

[P~(cN)~(oH)]~-,[Pt(CN)s(OH2)]- and [P~(cN)~I]~', in aqueous solution is reported in 

Paper V (Table 16, Figure 57). The mean Pt-C bond distance of the pentacyanoplatinum 

groups was found to increase slightly in the pt(CN)5X]n- complexes with increasing donor 

ability of the ligand X = H20, OH and I, with very similar values for I and CN (Table 17). 

The structures of the P~(CN)S(OH)]~- complexes in the solid state and [P~(cN)~I]~- 

were determined by single crystal X-ray diffraction studies of the compounds 

T12[Pt(CN)s(OH)] and K2[Pt(CN)sI].0.6H20, and the distances used for comparisons with 

the EXAFS models (Paper V). 





Results ond Discussion 

Figure 57. Pt LUIedge EXAFS of the 0.1 M [P~I(cN)~]~-aqueous solution. Calculated (+) 
and Fourier-filtered measured EXAFS functions (solid line) with individual contributions 
shown separately (cf:Table 16). 



Platinum 

Both the @(CN)s(OHz)]- and [P~(cN)~(oH)]" complexes belong to the point group 

C4", like the previously studied [P~(cN)~x]~- (X= C1-, Br-, I? complexes,53 which leads to 

similar vibrational spectra. In the cyanide stretching region of [Pt(CN)s(OH2)]- and 

[P~(CN)~(OH)]~-,only the stretching vibrations of the equatorial (but not for the axial) 

cyano ligands could be observed, as previously for the [ ~ t ( ~ ~ ) ~ ~ l ] ~ - s p e c i e s  (Table 17).'~ 

The mean C-N symmetric stretching frequency decreases for X = CN > H20> OH = 

C1> Br > I (Table 17). This would correspond to an increasing n: back-bonding, and seems 

to follow the expected order of increasing electron-releasing ability from CN to I, when 

replacing the CN group with a o donor halide ~ i ~ a n d . ~ ~  The Pt-C symmetric stretching 

frequency is dominated by the equatorial ligands (for X = I, a weak Pt-C axial frequency 

can be seen at 432.9 ~ m - ' ) , ~ ~  and is less sensitive with a slightly increasing trend. 

Table 17. [@(cN)~w"' complexes: distances (A) and symmetric stretching frequencies (cm"). 

Ligand X Mean Pt-C bond Mean Pt-N Pt-C symmetric C-N symmetric 

distance distance stretching frequencya stretching frequencya 

OH2 1.986 (2) 3.144 (2) 464 2207 

OH 1.996 (2) 3.152 (2) 463 2202 

C1 462.9 2204.9 

Br 465.8 (452.5) 2203.0 

2.002(2) 3.154 (2) 467 (432.9) 2195.5 

CN 2.004 (2) 3.155 (2) 469 2211 
I I I 

a Values for X =C1, Br, I from ref 53, for X = CN from ref. 76. 
Pt-C symmetric stretching of the axial ligand 

Purtxzlly oxldzzed cyanide cham complexes. The cyano complexes of platinum(I1) can 

be partially oxidized to give mixed-valence, one-dimensional metallic conductors such as 

K2Pt(CN)4Xo 3.3H20, X = The Pt-Pt distance then decreases to allow strong Br- or C I - . ~ ~  

overlap of the d* orbitals, which gives rise to metallic conductance along the chain 

direction. As a result of the partial oxidation of pt2' to an average oxidation state of pt2 3', 

the Pt-Pt separation decreases from 3.478(1) A in Kz[Pt(CN)d] '3Hz0 to 2.890(1) A in 

K2Pt(CN)4Xo while the stacked P ~ ( c N ) ~ ~ -  groups twist from a nearly eclipsed 

(-16' torsion angle) to a staggered (45") configuration, The increase in the torsion angle 

between the stacked planar Pt(CN)4 groups with shorter Pt-Pt distance is a result of the 

increasing repulsion between the n-orbitals of the CN- groups.79 For large separations (over 

about 3.7 A) an eclipsed conformation with parallel cyano ligands occurs, which gradually 
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transforms to completely staggered at about 2.9 The shortest Pt-Pt distance, 2.798(1) 

A, is found for the R~z[P~(CN)~](FHF)~ 40 compound, for which the formal oxidation state 

of platinum is 2.4." The shortened Pt-Pt separation has been explained to be due to a 

partial removal of d,z electrons from Pt at the oxidation, which allows substantially 

improved d,z orbital overlap and stronger metal-metal b ~ n d i n ~ . ' ~ ' ~ ~  

Binuclearplatinum(llIj cyano complex. In Paper V, an EXAFS study is reported of the 

structure of the platinum(II1) complex [P~Z(CN),~]~-  in aqueous solution (Table 16). A non-

supported Pt-Pt bond, 2.729(3) A, was found to connect two Pt(CN)5 groups in the dimeric 

complex. From the correlation between the Pt-Pt &stance and torsion angle in crystal 

structures discussed above:' it is obvious that the dimeric [(Nc)~P~-P~(cN)~]~- complex 

must have a staggered conformation ( c j  Figure 64). 

However, for other symmetrically bridged diplatinum(II1) complexes considerably 

shorter ~ t ' ' ' - ~ t ~ '  The expected distances can be found, in the range 2.47 to 2.58 

single bond distance for a p t " - ~ t ' ~  bond with bond order 1 is 2.59 A, and has been 

successfully used in correlations between bond order vs. metal-metal distances based on 

Pauling's theory of the metal bond.83 The longer ~t"'-~t'" distance in [ P ~ ~ ( c N ) ~ o ] ~ -  

indicates that there evidently are interactions between the bulky ligands which increase the 

Pt-Pt separation, even in the staggered conformation. 

5.4 Platinum-thallium cyano complexes. Both the redox couples Pt(I1) to Pt(1V) and 

Tl(II1) to Tl(1) have the unusual propeicy of being capable of two-electron transfer. This 

makes Pt-T1 compounds with a metal-metal bond potentially interesting for photo-induced 

redox reactions. Absorbed light can be converted to chemical energy by the ability of the 

metal-metal bond to transfer electrons in a controlled multielectron redox process. 

Such metal-metal bonded compounds are usually only stable in the solid state and not 

in solution, especially not in water. Maliarik et al. found that a new class of Pt-T1 cyano 

species was formed in aqueous solution by reaction between ptn and TI"' ~ o m ~ l e x e s . ~ ~ - ~ ~  

The composition of the complexes depend on the pH of the solution, and hence the amount 

of free CN- since HCN dominates at low pH. The complexes formed were stable for a long 

time in the dark, and five different Pt-T1 cyanide species could be characterized by means 

of multinuclear NMR (lg5pt, 205~1, 13c).The stability constants have been determined by 

means of multinuclear N M R (I9'pt, '05~1) methods.86 A typical distribution of complexes is 

shown in Figure 58, which shows that the dominant bimetallic complex can be controlled 
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by the cyanide concentration and the pH. In solutions with pH el and a ratio CN : Pt : T1= 

7:1:1, up to about 90% of the total Pt and T1 content can be present as the complex 

[(CN)jPt-Tl(CN)]- (this is the case at low metal concentrations, which reduces the relative 

amount of the trimer, [(Nc) j~t-TI-P~(CN) jl3?. 

Figure 58. Typical distribution of Pt-TI cyano species as a function of pH (increasing pH increases 
the free cyanide concentration) calculated from stability constants in ref. 86. Complex I: 
[(CN)SPt-Tl(aq)];II: [(CN)sPt-Tl(CN)]'; 111: [(Nc)~P~-TI(cN)~]*-; and VIV: [(Nc)~P~-TI(cN)~]~-; 
is the trimer, [(Nc)~P~-TI-P~(cN)~]~-. [Pt],,= 40 mM; [T1Itot= 30 mM; [CN],,,= 280 mM. 

The complexes were found to contain strong unsupported Pt-T1 metal-metal bonds 

with a stable Pt(CN)j group. The binuclear complexes could be represented by the formula 

[(NC)jPt-T1(CN)n]n- (n = 0-3). In the present study (Paper IV), the structure has been 

further characterized and bond lengths determined by means of the EXAFS technique for 

three of these complexes, and a complete analysis of their vibrational spectra has been 

performed. 

These binuclear Pt-T1 species [(NC)jPt-T1(CN),In' (n= 0-3) can be viewed as 

metastable intermediate products of the electron-transfer reaction between Pt(I1) and Tl(II1) 

leading to Pt(1V) and Tl(1). When the number of cyano ligands increases the thallium atom 

becomes a less efficient acceptor of the electron pair donated from the platinum atom, 

resulting in a decreasing s-character of the Pt-T1 bond and a smoothly increasing electron 

density at the platinum atom. By interpolation between the values of the lg5pt NMR 

chemical shift for the [P~(cN)~]~-  ppm,and [pt(cN)412- cyano complexes (655 and -213 
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respectively) and the 2 0 5 ~ 1  NMR chemical shift for the Tl+(aq) and Tl(CN)3(aq) species 

(0 and 2842 ppm, respectively) with known oxidation states, "effective charges" could be 

estimated for the metal atoms in the binuclear complexes. The following charges were 

obtained: for [(NC)sPt-Tl(aq)], ~ t ~ . ~ - ~ 1 ~ . ~  forfor [(NC)sPt-T1(CN)]-, ~ t ~ . ~ - ~ 1 ~ . ~  

[(NC)~P~-TI(CN~)]~-, for [(Nc)~P~-TI(cN~)]~- Paper IV).and ~ t ~ . ~ - ~ 1 ~ . ~  (4 
In solution, the binuclear complexes are stable toward redox decomposition in the 

dark at room temperature, but react when heated or exposed to visible light, except for the 

redox-inert [(Nc)~P~-T~(cN)~]~- complex. The reaction product when thallium(II1) is 

reduced is always TI', while oxidation of platinum(1I) gives different products under 

different conditions. Irradiation with light or givesheating of [(Nc)~P~-T~(cN)~]~-

pt(cN)s12- as decomposition product, and [(NC)jPt-T1] gives [Pt(CN)5(0H2)]- or 

[P~(cN)~(oH)]~-(depending on pH). The intermediate complex [(NC)jPt-Tl(CN)]-

decomposes to both [P~(cN)~]~- and [Pt(CN)5(OH2)]a. The complex [(NC)5Pt-Tl(aq)] 

decomposed in the synchrotron light during an EXAFS experiment, and its structure could 

not be determined (Paper IV). 

80°c, pH - 8 - H'
(NC)5Pt-Tl(aq)-TI' --L [P~~(cN)~(oH)]~-+ [P?~(CN)~(H~O)]-

12 hours + H+ 

However, for the other complexes the stability was sufficient to allow collection of 

EXAFS data without any noticeable change in the composition. This was checked by 

comparing repeated EXAFS scans, and also by NMR measurements a few days later. 

The dominance of a single species (as shown in Figure 58) is necessary to allow a 

reliable analysis of the EXAFS data, The highest amount possible to obtain of the 

[(Nc)~P~-T~(cN)~]~-species is only 75 %, whch gives some additional uncertainty in the 

results, as discussed in Paper IV. A problem that had to be solved before the data could be 

analyzed properly, was how to handle the strong multiple scattering contribution from the 

linearly coordinated cyano ligands. This required that a suitable model was found which 

could adequately account for these contributions (see Scheme 5). A favorable circumstance 

is that two metal centers are available, although the EXAFS ranges both for the Pt and T1 

LIIIedges (1 1564 and 12658 eV, respectively) are limited by other absorption edges. For 

these bimetallic samples the usable EXAFS range of the Pt LII1edge is limited to k < 15 A-' 
by the T1 LIIIedge, and the T1 LmEXAFS range is limited to k < 12 Ij" by the Pt LIIedge 

at 13273 eV. 
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The solid TlPt(CN)j compound. When acidifying an aqueous solution with the 

dominating complex [(NC)jPt-Tl(CN)]- (about 100 mM) with perchloric acid to a final free 

acid concentration of about 1.5 M, the neutral [(NC)jPt-Tl(aq)] complex with low 

solubility (-3.7 mM) becomes dominant (Figure 58) and a white crystalline powder with 

the composition TlPt(CN)5 slowly precipitates. Thus, the solid phase and the solution 

complex have the same stoichiometric composition (disregarding the hydration). Since no 

single crystals could be obtained the structure of the compound T1Pt(CN)5 was studied, by 

combining results from X-ray powder diffraction (XRD), EXAFS of the Pt and T1 LIII 

absorption edges, and vibrational spectroscopy by Raman scattering and IR absorption. 

X-ray powder diffraction data were collected for the white powder contained in a 0.20 

mm glass-capillary, which was rotated to minimize effects of preferred crystal orientation 

and radiation damage. The intensity were measured in symmetric transmission mode with 

a powder diffractometer (STOE STADIIP), in order to get symmetric profiles of the 

reflections. Monochromatic Cu Kal radiation was obtained by means of a germanium 

monochromator in the incident beam. The total data collection time was 45 hours. In 

Figure 59, the observed powder XRD profiles are presented. 

From the accurately measured peak positions in the first part of the diffraction pattern, 

2 0  5 50°, the unit cell was determined (see paper 111). Of the two space groups, P4ln 

(No. 85) and P4/nmm (No. 129) which were possible from the reflection conditions (hkO: 

h+k = 2n and OkO: k = 2n), P4lnmm could be used for a successful refinement of the 

structural parameters. The molecular structure was solved manually, by first locating the 

two heavy atoms by testing possible position in a trial and error procedure, combined with 

difference-Fourier maps to locate the positions of the carbon and nitrogen atoms. 

However, there are some indications of irregularities in the model description of the 

structure. Firstly, the peak shapes are somewhat asymmetric, and the first peak in the 

diffraction pattern {001) is clearly much broader than the third one (1 10) (Figure 59). In 

the first part of the diffraction pattern some discrepancies can be seen in the plot of the 

difference between experimental and calculated intensities. Secondly, a common isotropic 

displacement (Debye-Waller) factor had to be used for all atoms, because refinement of 

individual atomic isotropic displacement parameters yielded very large values for the light 

atoms, without significantly improving the overall fit of the model. This indicates some 

disorder in the structure, as discussed in below (p. 15 1). 
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Figure 59. Powder X-ray diffraction intensities of T1Pt(CN)5 as a function of the 
scattering angle 20. Upper trace: Experimental intensity data, Iobs. Lower trace: Lbs- Icalc. 
The vertical markers show calculated peak positions. 
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The XRD positional parameters showed that the structure is composed of TlPt(CN)5 

entities linked together in linear -TI.. .NC-Pt-TI.. . chains with the Pt-TI bond distance 

2.627(2) A. The symmetry of the space group P4/nmm requires that the heavy metal atoms 

and one "axial" cyano group (C2-N2) are positioned on a four-fold axis along the c-axis of 

the unit cell (Figure 43), with four equivalent "equatorial" cyano ligands (Cl-N1) around 

the platinum atom. A three-dimensional network is formed by the equatorial cyano ligands 

of the platinum atom, bridging to the thallium atoms of neighboring parallel chains 

(N1.. .TI), which are oriented in the opposite direction. The nitrogen atom (N2) of the axial 

cyano ligand form a bridge with a short linear bond (TI-N2 2.31 A) to the thallium atom in 

the chain. 

However, even though a precise value was obtained for the Pt-T1 distance from the 

x-ray powder diffraction (XRD) results, some of the distances for the light atoms were 

improbable. For example, the Pt-C1 distance appeared as 1.80(2) A, while a value of 2.00 

A is expected for the four Pt-C distances in equatorial coordination, as e.g, in the standard 

compounds K~[P~"(cN)~] .~H~o In order to get a better description and K ~ [ P ~ ' ~ ( c N ) ~ ] . ~ ~ ' ~ ~  

of the local structure around the Pt and T1 atoms, EXAFS data were recorded both at the Pt 

LIII and T1 LIII edges. The most important multiple scattering (MS) pathways, needed for a 

satisfactory description of the very large MS contributions to the EXAFS data, have been 

evaluated by means of the FEFF program (cf Scheme 5). The results of the EXAFS 

analyses are given in Table 18. 

Vibrational spectra were recorded by means of Raman and infrared absorption 

spectroscopy. The vibrational modes of the T1Pt(CN)5 entities are strongly coupled, in 

particular the metal-metal Pt-T1 bond stretching mode which is split into four Raman and 

two IR bands (see Figure 42). The assignments, which were made using factor group 

theory, show that a larger structural entity than the crystallographic unit cell must be used 

for the description of the vibrational coupling (see Section 3.5). The force constant has 

been evaluated for the Pt-T1 bond and is compared with the correlation between the Pt-T1 

force constants and bond length for the bimetallic solution complexes (cf Figure 63 and 

Table 20). 
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The [(NCjsPt-Tl(CN)nr (n = I - 3) complexes m aqueous solution. The structures of 

these complexes were deduced mainly from the Pt EIrIand T1 LIIIedge EXAFS spectra 

(Paper IV). The results from the data analyses of both the Pt and T1 LIDedges, are given in 

Tables 18 and 19, and the separate EXAFS contributions for the models used are shown in 

Figures 60 and 61 for the [(NC)5Pt-T1(CN)(aq)] complex. The proposed structures of the 

hydrated binuclear Pt-TI species [(NC)5Pt-T1(CN),ln- (n = 1- 3), together with the binuclear 

Pt-Pt complex [(Nc)~P~-P~(cN)~]~- from Paper V, are shown in Figure 64. 

For these complexes, the Rarnan and IR spectra have been obtained from aqueous 

solutions. This gives broad and overlapping bands, and large parts of the IR spectra are 

obscured by the water absorption (cJ Figure 62). On the other hand, there is no coupling of 

the vibrations between different molecular species. The point group symmetry of the 

complexes can be used: 1.e. C4, for the [(NC)5Pt-T1(CN)]- species, C2, for [(NC)5Pt- 

T~(cN~)]~.,  However, because of the few observed bands it and C, for [(Nc)sP~-TI(cN~)]~-. 

is necessary to simplify the assignment by only considering the local group symmetries of 

the two parts of the complexes the -Pt(CN)5 group with Cq, local symmetry, and the 

Tl(CN), group with local symmetry C2, for -Tl(CN)2, and C3v for -Tl(CN)3. 

The general problem for the assignments is the lack of experimental fundamental 

frequencies. For example, for the [(NC)sPt-Tl(CN)]- complex we could only observe eight 

bands of 24 Raman active modes, predicted from Group theory. The Raman bandwidth of 

the CN stretching modes is about 8-13 cm-', and the three Raman bands observed at 

2200.1, 2189.8 and 2177.6 cm-' are strongly overlapping. Thus, these three bands must 

contain all four Raman active fundamental modes for the CN stretchings of the Pt(CN)s 

group, which belong to the symmetry species 2A1 + B1+ E of the point group (24,. 

In the region containing Pt-C and T1-C stretchings, and bendings of the linear Pt-C-N 

even less information is obtained from the Raman spectrum. Only three 

strongly overlapping bands at 468, 41 1 and 362 cm-' were recorded, with the large band 

widths 55, 40 and 34 cm-', respectively. From previous studies of the [TI(cN),]~-" 

complexes, it is clear that the band at 362 cm-' belongs to the TI-C stretching mode. Then 

all Pt-C stretchings (2A1 + B1 + E) and linear Pt-C-N bendings (A1 + BI + B2+ 3 ~ ) , ~ ~must 

be contained in the remaining two Rarnan features. 

However, for the normal coordinate calculations we need to estimate frequency values 

for all the possible vibrational modes. Therefore, for all those unresolved modes that are 

expected to be close in frequency, we assumed the same frequency as that of the observed 

broad band in the appropriate region (see Table 7 in Paper IV). Similar approximations 

were made for the coinplexes [(Nc)~P~-T~(cN~)]~- and [(Nc)~P~-T~(cN~)]~-. 
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Figure 60. Pt Lmedge EXAFS for [(NC)jPtT1(CN)]- in aqueous solution. Calculated (+) 
and Fourier-filtered measured EXAFS functions (solid line) with individual contributions 
shown separately (cfi Table 18). 
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Figure 61. T1 Lnledge for [(NC)5PtT1(CN)]. in aqueous solution. Calculated and Fourier-filtered 
experimental EXAFS functions (cj! Table 19) with individual contributions shown separately. 
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Figure 62. a) Rarnan spectrum of complex 11:[(NC)SP~TI(CN)]-in aqueous solution (-50 mM). 

b) Raman spectra in the low-frequency region of complexes [(NC)5PtTl(C~),]n- n = 1, 2, 3 

(complexes 11,111, IV, respectively) in aqueous solution. c) IR spectra of the above complexes in 

the cyanide C=N stretching region. * HCN band 






Table 19.Results of 11 edge EXAFS analysis. The estimated standard deviations for refined model parameters are given within brackets. 
Fourier-£iltered, k?-weighted EXAFS data were used. 

SampleIEdeV Fourier transform FT-filter 
k-range l A-1 rangea r I 

Scattering 
Path 

Frequency Distance Debye-Waller 
H I A parameter Cr2/ A2 

m, / eV S? Res. 

(NC)&TI 12654.8 3.13- 11.80 1.36- 3.48 TI-N (ax) 1 2.31 (3) 0.0080 lO.S(4.2) 1.3(3) 132 
Solid TI -N ( 4  4 2.50(1) 0.014 (2) 

TI-Pt 1 2.627 (4) 0.006 (1) 
TI-N-C (3) 2 3.50 (2) 0.008 (2) 

12657.6 3.19 - 12.00 1.44-3.47 TI -C 1 2.128 (6) 0.0027 (3) 7.4 (1.0) 0.9 12.5 
TI-0 4 2.505 (5) 0.023 (1) 
TI-Pt 1 2.595 (1) 0.0030 (1) 
TI-N 1 3.284 0.0091 
TI-C-N (3) 2 3.284 (6) 0.0091 (8) 
TI-C-N (4) 1 3.284 0.0091 

[(Nc),P~-TI(cN)~]~-12661.9 2.91 - 11.92 1.40-3.49 TI- C 2 2.206 (2) 0.0051 (2) 6.2 (2) 
Solution TI -Pt 1 2.622 (1) 0.0064 (2) 

TI -N 2 3.356 0.0073 
TI-C-N (3) 4 3.356 (1) 0.0073 (2) 
TI-C-N (4) 2 3.356 0.0073 

[WC)~'~-TI(CN)~P-
Solution 

12658.6 2.84 - 11.19 1.31 -3.59 TI- C 3 2.203 (6) 0.0069 (5) 
TI -Pt 1 2.63.9 (8) 0.009 (1) 

6.2 (6) 

TI-N 3 3.355 0.0100 
TI-C-N (3) 6 3.355 (5) 0.0100 (7) 
TI-C-N (4) 3 3.355 0.0100 

I , .-

" The range of Fourier filtering is given without phase shift correction 
The distance and Debye-Waller parameter for TI-N and TI-C-N (4) are correlated to the dominant path TI-C-N (3). 
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For the Pt-T1 stretching mode of the three [(NC)5Pt-T1(CN)n]n- complexes with n = 1, 2 

and 3, only one strong and polarized Raman band was obtained, at 163.7, 162.6 and 159.1 

cm-', respectively,. The Pt-Pt stretch in the [ N C ) ~ P ~ - P ~ ( C N ) ~ ] ~ '  dimer (Figure 64) was 

observed rather close to these frequencies, namely at 140 cm-'. 

Figure 63 shows that there is a reasonably good correlation between Pt-T1 stretching 

force constants and bond distances for the three heterobimetallic PtTl cyano complexes and 

also for the solid compound. The force constants for the [(NC)5Pt-Tl(CN)n]n- complexes in 

Table 20 have been calculated including full cyano coordination in the complexes, 

according to Figure 64. The calculated force constants for the Pt-TI frequencies without 

including any ligands, are also given. In Reference l l c ,  the following comment is made 

about the force constants calculated in various approximations for metal-metal bonds: 

"It is noted that the metal-metal stretching force constants obtained by rigorous 

calculations are surprisingly close to those obtained by approximate calculations 

considering only metal atoms." 

In the present case, however, the values differ substantially despite the very heavy 

metal atoms. 

Table 20. Characteristics of the Pt-TI bond in the solid T1Pt(CN)5 compound and in the binuclear 
[(NC)jPt-T1(CN),]" complexes in aqueous solution:,bond distance d, Debye-Waller (or disorder) 
parameter 02,NMR coupling constant ' J ,bond stretching frequency v, and force constant F. 

Species d (Pt-T1) ' J ( ~ " P ~ - ~ ~ ~ T ~ )  F(Pt-T1)D-W parameter v(Pt-TI) 

A o2/ A2 Hz cm-' N cm-' 

[(NC)jPt-TlI (aq) 71060 

[(NC)jPt-T1(CN)]-(aq) 2.598(3) 0.0049(2) 57020 163.7 1.736 

[ (NC)~P~-TI(CN)~]~-(aq) 2.618(4) 0.0055(3) 47260 162.6 1.693 

(CN) jPtT1 (s) 2.627(2) 0.0040(1) a 1.648 

[(Nc) ~ P ~ - T ~ ( c N ) ~ I ~ -  2.638(4) 0.0055(3) 38760 159.1 1.563(aq) 

a Splitted into four Raman bands: 211 s, 195 m, 164 s, 151 m (2 IR bands: 194 m, 150 m) 
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Conclusions 

Conclusions 

The main results presented in this thesis concern the structure of hydrated metal ions and 

complexes in aqueous solution. This is a very important field of study, since most chemical 

processes in bio-inorganic and environmental systems depend on the hydration of the 

reacting species. However, such information is not easily available, and often requires a 

combination of methods, experimental as well as theoretical. 

An example of this is the present study of the biochemically important calcium ion, 

which is relatively weakly hydrated (Paper I). The experimental structural information 

obtained by EXAFS and LAXS techniques was connected to a theoretical molecular 

dynamics simulation study. In this way the assumptions and approximations made in the 

MD study were checked, and the combined results could be used to gain detailed 

information on the structural aspects of the water molecules around the calcium ion. The 

new EXAFS data treatment programs could be used to show that the distribution of Ca-0 

bond distances around the hydrated ion not only is broad, but also asymmetric. This is in 

agreement with the MD simulations of the system. 

EXAFS studies were also made of the hydration and fluoride complex formation of 

uranium(1V) and thorium(1V) ions (Paper 11), which is of interest also for the aqueous 

chemistry of other actinide ions in connection with nuclear waste storage problems. The 

EXAFS technique permits structural studies for much lower concentration of the solutions 

than previously possible with the LAXS technique, and also higher resolution of the metal- 

oxygen bond distances. This allowed more reliable information to be obtained about the 

very high hydration numbers for the highly charged and large actinide ions. 

The EXAFS technique also made it possible to study the structure of new bimetallic 

complexes in aqueous solution (Papers IV and V). The recently discovered platinum- 

thallium cyano complexes are of interest as model compounds for controlled reversible 

redox processes, converting solar to chemical energy. These species can be considered as 

intermediates in a two-electron transfer process via the metal-metal bond. The 

concentration and stability of these light-sensitive complexes was sufficient to allow 

EXAFS measurements. By means of a data treatment technique and computer programs 

based on new developments of the theory of the multiple scattering, it was possible to 

evaluate the Pt-T1 bond distance and to connect this information to results from vibrational 

and NMR spectroscopy. 



Conclusions 

Also for a solid compound with a similar Pt-T1 metal-metal bond, for which no single 

crystals could be obtained, the structure was evaluated. This time a combination of 

EXAFS, x-ray powder diffraction and vibrational spectroscopy was used, revealing a 

strong metal-metal bond and a three-dimensional network of bridging cyano ligands (Paper 

111). 

The rapid development of EXAFS spectroscopy into a useful tool for structure studies 

of the coordination around atoms in solutions, in crystalline and amorphous solids, already 

allows many new applications in inorganic and also bio-inorganic chemistry. 

Experimentally, the data quality steadily improves, with synchrotrons specially built to 

give x-ray beams with even higher brightness and flux, and with improved instrumentation 

and detectors. Another important progress in the EXAFS method is the improvement of the 

scattering theory and in the data treatment, which now makes it possible to extract more 

reliable and detailed structural information from the collected data. This development will 

certainly continue, since many applications have become possible which allow new insight 

e.g. into the structural aspects of the chemical role of metal ions in biochemical and 

environmental systems. 
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Summary. page 12: paragraph 3, line 6, k = m / h fi k = mv / h 
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page 77: paragraph 2, m fi m/r 
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Paper I.	 page 6: S0
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 page 7: text in Table 2, eqn. 1 fi eqn. 2; k- and r-space fitting fi k-space fitting
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 page 36: in Fig. S2.b, in the 2nd and 3rd curves, change: Shell II fi Shell I, 

and Shell I fi Shell II, respectively
       page 38: text in Fig. S4, Ca-O 2.37 Å fi  2.47 Å; Cl
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-O 2.15 Å fi 3.15 Å 

Paper III.  page 9: line 4, Fig. 1b fi 2b
 page 14: text in Table 3, Table 6 fi 4

                    page 20: subscript in Table 5, * fi a
  page 15: paragraph 4, Table 7 fi S3
 page 33: text in Fig.S2, correct as: EXAFS data (solid line) for the compounds…;

 eliminate: (dashes) 

Paper IV. page 18: Table 6, first raw, correct: [Pt(CN)5Tl(CN)]- , [Pt(CN)5Tl(CN)2]
2

page 21: paragraph 2, Fig. 7b fi 7c
 page 22: paragraph 1, (cf. Table 7) fi Table 6
 page 27: paragraph 1, line 8, increase fi decrease
 page 28, line 12: Table 6 fi  7
 page 29, paragraph 3: Table 6 fi  7
 page 30: paragraph 2,  lowering of effective charge fi increasing of … 
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Paper V. page 1: in Title, eliminate “Vibrational Spectroscopy”
-page 2: paragraph 3, [Pt(CN)5X]2- fi [Pt(CN)5X]n

 page 6: text in Scheme 1, Tl-C-N fi M-C-N ; M = Pt
 page 6: paragraph 1, (Fig. 13) fi (Fig. 1)
 page 8: line 8, Fig. 2 fi Fig. 2a
 page 10: paragraph 2, Fig. 4 fi Fig. 3; last line, (cf. Fig. 5) fi  Fig. 4
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