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ABSTRACT 

 

In this thesis, two aspects of research in soft X-ray absorption spectroscopy chemistry 

are explored. The first objective was to measure the natural circular dichroism of small chiral 

organic molecules at soft X-ray wavelengths. The second objective was to characterize the 

electronic structure and spectra of a series of organometallic polymers.  

The goal of the first part of this thesis was to enhance the sensitivity of Near Edge X-

ray Absorption Fine Structure (NEXAFS) spectroscopy to the intrinsic “handedness” of 

chiral organic molecules. The phenomenon of X-ray natural circular dichroism (XNCD) has 

been well described by theoreticians; however, there have been few successful measurements 

reported, mainly due to the weakness of the effect and the difficulty of preparing suitable 

samples. The fourth chapter of this thesis outlines the requirements for XNCD experiments 

and the efforts made to prepare appropriate samples.  

The goal of the second part was to use NEXAFS spectroscopy as an analytical 

technique for the elemental and chemical characterization of innovative materials based on 

organoiron compounds. The interpretation of transition metal compounds by NEXAFS 

spectroscopy is difficult due to complex interactions between the metal and its surroundings. 

Two approaches are commonly used; an atomic multiplet model and a covalent bonding 

model, which lead to conflicting spectral assignments. Earlier NEXAFS studies of 

metallocene complexes were found to be lacking as these two models were not adequately 

rationalized. Owing in part to greatly improved instrumental sensitivity and to efficient 

theoretical calculations, the interpretation of NEXAFS spectra for a series of metallocene and 

metal arene complexes was refined. Enhanced understanding of the spectroscopy of these 

compounds eventually contributed to the characterization of a series of organometallic 

polymeric materials. 

Underlining these studies is the remarkable complementarity of NEXAFS 

spectroscopy and chemistry. A comprehensive understanding of the chemistry of the samples 

examined in the measurement of XNCD is shown to be crucial for a successful advancement 

of this spectroscopy. In return, optimization of soft X-ray spectroscopy of metallocenes is 

demonstrated to remarkably benefit the understanding of the organometallic polymers.  
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CHAPTER 1 INTRODUCTION 

 

NEXAFS spectroscopy is a unique tool for studying the elemental and chemical 

composition of a sample. It can also probe the electronic and geometric structure around 

selected atoms as well as local molecular orientation and magnetism. In order to introduce 

this unique tool, the theory of X-ray absorption is reviewed in §1.1, followed by a detailed 

description of NEXAFS spectroscopy in §1.2.  

Chirality is a property of any object that is not superimposable on its mirror image. It 

is highly relevant in chemistry and biochemistry as proteins, nucleic acids and 

oligosaccharides are made of chiral molecules, specifically amino acids and sugars. One of 

the particularities of chiral molecules is that mirror image compounds will absorb left and 

right circular polarized light differently. A review of photon polarization is presented in 

§1.3.1. This spectroscopic effect, named circular dichroism (CD) has been observed for long 

wavelength radiation such as infrared and ultraviolet but has only recently been observed for 

circular polarized X-rays. The objective of the first research project presented in this thesis is 

to determine if NEXAFS spectroscopy, with circular polarized X-rays, is sensitive to the 

handedness of small chiral organic molecules. Natural X-ray absorption dichroism is not only 

observed with circular polarized light but also with linear polarized light; i.e. X-ray Natural 

Linear Dichroism (XNLD). In order to appreciate the distinction between the two phenomena 

involved in each absorption processes, i.e. XNCD and XNLD, the theory of XNLD is 

outlined in §1.3.2 and the theory underlining XNCD along with the motivations for studying 

this effect are presented in §1.3.3. 

Metal arene based materials are attracting increasing interest, with applications in 

polymer, molecular electronics and bioorganometallic sciences. The presence of the transition 

metal species in the polymer backbone or side chain was found to be very effective in 

optimising polymer solubility, as well as the material’s electric, magnetic, optical, redox and 

mechanic properties.
1-3

 The second project described in this thesis makes use of the 

remarkable sensitivity of NEXAFS spectroscopy to elemental and chemical composition to 

characterize metal arene functionalized polymers as well as the ultra violet (UV) induced 

fragmentation of the polymers’ metal moieties.  

By inspecting the literature, it was found that the interpretation of NEXAFS spectra of 

transition metal compounds relies on two competing models, the atomic multiplet theory
4
 and 

the covalent bonding model.
5-8

 To determine which model was most appropriate for the study 
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of metal arene polymers, the NEXAFS spectra of metallocene complexes were first 

investigated. The two competing models are described in §1.4.1 along with a review on 

previous NEXAFS studies of metallocenes. The outcomes of this initial study were used to 

assign the spectra of substituted metal arene monomers for which the identity of the 

substituents was found to significantly affect the NEXAFS spectra. The metal arene polymers 

were examined and the UV-induced fragmentation process investigated. Relevant 

information on the electronic configuration, the structure and the effects of substitution on the 

properties of the metal arene monomers are reviewed in §1.4.2. The photolytic process of 

metal decoordination is also discussed in this section. 

 

1.1 X-ray Absorption Spectroscopy 

The absorption of light by a substance is the result of energy and angular momentum 

transfer from the electromagnetic (EM) radiation to the atoms and/or molecules present in the 

absorber. For X-rays the energy carried by the EM ranges from few electron volts (eV) to 

several tens of keV, which is enough to promote, upon absorption, an electron from a core 

orbital into an unoccupied valence orbital or into the continuum. The energy required for the 

latter process depends on the binding energy (BE) of the core electron. As BE is related to 

atomic number (Z), the energy required to excite an electron from a core orbital, or a core 

shell (K, L, M…), is characteristic of the elements present in the absorber. The probability of 

such processes to occur can be measured as a function of incident X-ray energy leading to 

spectra similar to that in Figure 1.1. 

X-ray absorption spectra are characterized by step-like discontinuities or edges, 

emphasized in Figure 1.1 by red lines and observed at energies corresponding to the BE of 

electrons; for Cr 2p3/2 and 2p1/2 electron BE= 574.1 eV and 583.8 eV, Mn 2p3/2 and 2p1/2 

electron BE= 638.7 eV and 649.9 eV, Fe 2p3/2 and 2p1/2 electron BE= 706.8 eV and 719.9 eV 

and Ni 2p3/2 and 2p1/2 electron BE= 852.7 eV and 870.0eV. 
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Figure 1.1 NEXAFS and EXAFS spectra of stainless steel alloy recorded at chromium 2p, 

manganese 2p, iron 2p and nickel 2p absorption edges. [Sample provided by Syncrude 

Canada Ltd., Figure courtesy of B. Haines, 2007]
9
 

 

The magnitude of the jump is related to the concentration, the density and the 

absorption coefficient of the absorbing element in the sample.  

Near the absorption edges (±10 eV), discreet features, whose origins are related to the 

chemistry of the absorber, may be present. The examination of these fine structures is 

referred to as Near Edge X-ray Absorption Fine Structures (NEXAFS)
a
 Spectroscopy. The 

research described in this thesis contributes to an improved understanding and application of 

NEXAFS spectroscopy. Further information on this technique will be presented in the 

following section. 

At several tens of electron volts above the absorption edge, additional structures can be 

observed due to scattering of photoelectrons by their neighbouring atoms. Examination of 

these structures provides information on the distance between the ionized atom and its 

neighbours and is referred to as Extended X-ray Absorption Fine Structures (EXAFS) 

Spectroscopy
a
. As EXAFS was not used for this thesis, it will not be discussed further. 

 

                                                 

a
 Note that several acronyms have been used to refer to both techniques. For reasons of consistency with our 

published works we will be using NEXAFS and EXAFS throughout this entire document.  
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1.2 Near Edge X-Ray Absorption Fine Structure (NEXAFS) Spectroscopy 

The BE of an electron is defined as the minimum energy necessary to ionize or excite 

an electron to the continuum. This ionization energy, or ionization potential (IP), is typically 

measured by XPS spectroscopy, but can also be estimated from the position of the absorption 

edges observed in X-ray Absorption Spectroscopy (XAS) spectra.
10

 The removal of an 

electron from a core orbital creates a hole in the core orbital and a deshielding of the nucleus. 

The Coulombic attraction between the deshielded nucleus and the remaining electrons is 

enhanced, affecting the energy of all orbitals, including the unoccupied orbitals. Due to this 

core hole effect, the orbital energies shown by NEXAFS do not match the ground state 

energy. Transition to unoccupied orbitals may happen at energies below the IP, leading to the 

presence of fine structures observed below the absorption edge. These fine structures are 

insightful of the chemistry of the absorber, including the functional groups present, the 

electronic and geometric structure around the excited atom, local molecular orientation and 

magnetism.  

X-ray absorption can be described by the X-ray absorption cross-section (x) defined 

as the number of electrons excited per unit time divided by the number of incident photons 

per unit time per unit area. This probability of transition from the initial i  to the final f  

state is described by Fermi’s golden rule in the one-electron approximation by:
10

 

 EitVf fx 
2

)(      Equation 1.1 

where f  (E) is the energy density of the final states and V(t) a time-dependent perturbation 

describing the interaction between the electromagnetic wave, of vector potential A, with an 

electron of charge –e, mass m and linear momentum operator p: 

V(t) = 
mc

e
A · p     Equation 1.2 

The vector potential can be written for a photon of wave vector k (│k│= 2/) and 

polarization electric field vector  interacting with an electron at position r as: 

A =  e
ik · r

      Equation 1.3 

which can be expanded in a truncated Taylor series into: 

 A =  ( 1 + ik · r )     Equation 1.4 

provided that k · r <<1. By integrating equations (1.4), (1.3) and (1.2) into (1.1): 

x  f · p + i( · p)(k · r)i
2 f (E)  Equation 1.5 
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The first part of the expansion f · p i
2
 relates to the interaction between the 

electric field vector () of the electromagnetic radiation with the transition electric dipole 

moment (E1 term). This electric dipole interaction is responsible for most of the 

photoelectronic effects at wavelengths greater than 10
-10 

m, and in the dipole approximation 

only this term is considered. 

The second partfi( · p)(k · r)i
2
 is the origin of higher order terms, such as the 

electric quadrupole moment (E2) and the magnetic dipole moment (M1). The relevance of 

E1·E2 and E1·M1 cross terms in X-ray absorption process will be discussed later as they are 

crucial to XNCD. 

The final state can be a continuum state (photoionization) where the excited electron 

is localized in the potential of the core excited ion or a bound state (photoexcitation) where 

the excited electron is localized in the potential of an overall neutral atom or molecule. In the 

second case, thex is sensitive to the functional group containing the core-excited atom and 

the spectral absorption fine structures are assigned to transitions from the core excited orbital 

to Rydberg and unoccupied molecular orbitals. The sensitivity of NEXAFS spectroscopy to 

functional groups is illustrated in Figure 1.2. 

 

Figure 1.2 Example of the sensitivity of NEXAFS spectroscopy at C 1s edge to functional 

groups in amino acids; a) phenylalanine, b) serine and c) glycine in solid state.  
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1.3 Dichroism in X-ray Absorption Spectroscopy 

The first objective of the research presented in this thesis is to investigate the 

sensitivity of NEXAFS spectroscopy toward the handedness of chiral organic molecules. 

After a brief description of light polarization, X-ray Natural Linear Dichroism (XNLD) and 

X-ray Natural Circular Dichroism (XNCD) in non-magnetic chiral samples will be 

introduced. X-ray dichroism in magnetic samples leads to X-ray Magnetic Linear Dichroism 

(XMLD) and X-ray Magnetic Circular Dichroism (XMCD). As the investigation of magnetic 

samples was outside the scope of the research objectives, XMLD and XMCD will not be 

described in detail. 

1.3.1 X-ray polarization 

In a classical approach, light is described as an electromagnetic wave composed by an 

electric and magnetic field (respectively E and H), which oscillate at right angles to one 

another and perpendicular to the propagation direction k, as described in Figure 1.3.  

 

 

Figure 1.3 Schematic representation of electromagnetic radiation where the electric field (E) 

and the magnetic field (M) oscillate at right angles to one another, normal to the propagation 

direction k. 

 

To simplify the explanation, we first look only at the electric field. The electric field is 

stressed over the magnetic field because its contribution to photon absorption phenomena is 

more important than the contribution of the magnetic component.  
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The polarization of light refers to the propagation of the electric field as described by 

the electric field vector. When the electric field vector oscillates in a single plane, the light is 

linearly polarized. When the electric field vector describes an ellipse or a helix, the light is 

elliptically or circularly polarized; both plane and circular polarized radiations are presented 

schematically in Figure 1.4. 

 

 

Figure 1.4 Schematic representation of a) plane polarized light and b) circular polarized 

light. 

 

In a Cartesian coordinate system, the electric field E of a light wave propagating in the 

z direction can be dissociated into two components: 

Ex = xE0xe
i(ψx)  and  Ey = yE0ye

i(ψy)  Equations 1.6-a and b 

where E0 and ψ are the amplitude and the phase of the light waves, with: 

ψ = ωt - kz + δ      Equation 1.7 

where ω is the frequency, k = 2π/λ and (δx - δy) = phase difference between ψx and ψy. The 

quantities x and y are the normalized unit vectors that describe the state of polarization of 

the electric fields, they can be written as a column vector:
11

 

 = 








αsin 

α cos
       Equation 1.8 

where  is the azimuth of polarization relative to the x axis. This approach is referred to as 

the Jones matrix calculus and offers the advantage over other classical approaches to account 

for the relation between amplitude and phase in the superposition of two waves.
12
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Linear polarized light can be decomposed into two linear polarized waves propagating 

in the z direction and oscillating respectively in the xz and yz planes, as represented in 

Figure 1.5-a, for which (δx - δy) = 0.  

Circular polarized light may as well be described as the superposition of two linear 

polarized waves, as represented in Figure 1.5-b, for which (δx - δy) = ± 90 and where the 

electric polarization vectors for right and left circular polarized light may be written as: 

± = 








 i

1

2

1
      Equation 1.9 

 

Figure 1.5 Schematic representation of a) linear polarized light (red curve) and b) circular 

left polarized light (red curve) as resultants of two linear polarized waves (black and grey 

curves) propagating in the z direction and oscillating along the x and y axis with phase sifts 

of 0º and 90º respectively. 

 

By convention, when looking at the beam coming towards you, an anticlockwise 

rotation corresponds to left circularly polarized light (LCP), as represented in Figure 1.5-b, 

and a clockwise rotation corresponds to right polarized light (RCP).  

Unpolarized light, such as the light emitted by the sun or an incandescent light bulb, is 

a convolution of all possible polarizations; i.e.: linear, circular and elliptical. For simplicity 

the theory of light interaction with matter is often based on a model where light is linearly 

polarized. Yet the polarization of the EM radiation leads to different absorption mechanisms. 
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In the next two sections the absorption of linear and circular polarized light by matter will be 

described with emphasis on the phenomenon that takes place at X-ray wavelengths. 

These descriptions of the interaction of light with matter are done using a 

semiclassical approach where the radiation is treated as a classical electromagnetic wave (e.g. 

Figure 1.3) and the atoms and molecules are considered as quantum objects. An alternative 

description makes use of the quantum mechanical treatment of light where the radiation field 

is quantized as well. In a quantum mechanics approach circular polarization of light is 

accounted for in the sign of the photon spin angular momentum ±ħ, where ħ = h/2 and h is 

the Planck constant (6.626 × 10
-34

 J.s). While this quantum electrodynamics description is 

more complete it is much more cumbersome to treat and the semiclassical approach is often 

preferred as it is considered more intuitive. Also, for this reason the quantum mechanical 

treatment of light is not considered in this thesis.  

1.3.2 X-ray Natural Linear Dichroism (XNLD) 

X-ray Natural Linear Dichroism is a difference in absorption of linear polarized light 

(vertical versus horizontal) due to an anisotropic charge distribution in the sample.
13

 In the 

dipole approximation, high order terms such as E2 and M1 are ignored and x depends only 

on: modified from
10

  

x  f · p i
2
  cos

2
    Equation 1.10  

where  is the angle between electric field vector  and the electric transition dipole moment 

(if), defined by: 

iff p i      Equation 1.11 

The momentum operator p corresponds here to the electric dipole moment operator  that is 

defined for N particles of charge qi and position vector ri by:
14

 

  p =  = 


N

i

ii

1

rq       Equation 1.12 

In the context of XAS this means that the intensity of spectral features associated with XNLD 

will be greater for transitions where the electric field vector  points in the same direction as 

the electric transition dipole moment if.  

XNLD is illustrated in Figure 1.6 for carbon monoxide molecules absorbed on 

Pt(111) with the molecular axis perpendicular to the substrate surface. In the case of a 

transition from a 1s orbital, the transition dipole moment coincides with the maximum 
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density of the unoccupied molecular orbital. The maximum density of the * orbital in CO is 

oriented perpendicular to the molecule axis (1.6-a) while the * orbital is aligned along the 

molecule axis (1.6-b). An intense feature associated with the C 1s*(C=O) transition is 

observed when  (or E in Figure 1.6) is collinear with the * maximum density, 

corresponding to the X-ray propagation direction normal to the Mo substrate surface. As the 

incident angle between the X-rays and substrate is changed, the intensity of the peak 

associated with the C 1s*(C=O) transition decreases while the peak corresponding to the C 

1s*(C=O) transition increases. 

 

Figure 1.6 X-ray absorption linear polarization dependence of carbon monoxide (CO) 

molecules adsorbed on Platinum. a-blue spectrum: illustration of * orbital and C 1s 

NEXAFS spectrum of CO recorded with normal incident X-ray beam; b-red spectrum: 

illustration of * orbital and C 1s NEXAFS spectrum of CO recorded at grazing X-ray 

incidence angle. [Data courtesy of B. Haines] 

 

XNLD has been used successfully to determine the orientation of molecules in highly 

ordered assemblies such as glycine monolayers on copper.
15,16

 Three models were proposed 

for the binding of glycine: bridging, unidentate and flat-lying (see Figure 1.7-a). Glycine 

monolayer NEXAFS spectra recorded at C 1s, N 1s and O 1s edges for different sample 

orientations with respect to the electric field vector of the incident radiation showed 

polarization dependences (see Figure 1.7-b). With the help of Density Functional Theory 

calculations (DFT), the authors were able to determine that the variations in intensity 

observed for resonances assigned to * and * transitions were distinctive of the flat lying 

binding model.  
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Figure 1.7 a) Schematic representation of three possible binding model of glycine on 

copper.
16

 [Reprinted with permission from Journal of Chemical Physics, 112, M. Nyberg, J. 

Hasselström, O. Karis, N. Wassdahl, M. Weinelt, A. Nilsson and L.G.M. Pettersson, The 

electronic structure and surface chemistry of glycine adsorbed on Cu(110),5420-5427, 

Copyright 2000, American Institute of Physics.] b) C 1s, N 1s and O 1s, NEXAFS spectra of 

glycine adsorbed on copper and schematic representation of flat-lying binding model of 

glycine on copper.
15

 [Reprinted with permission from Surface Science, 407, J. Hasseltröm, O. 

Karis, M. Weinelt, N. Wassdahl, A. Nilsson, M. Nyberg, L.G.M. Pettersson, M.G. Samant 

and J. Stöhr, The adsorption structure of glycine adsorbed on Cu(110); comparison with 

formate and acetate/Cu(110), 221-236, Copyright 1998, with permission from Elsevier.] 
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1.3.3 X-ray Natural Circular Dichroism (XNCD) 

X-ray Natural Circular Dichroism is a difference in absorption of circular polarized 

light (left versus right) due to anisotropic charge distribution in chiral samples. Chirality is 

defined as the property of objects to not superimpose on their mirror images and will be 

described in greater detail in Chapter 4.  

In the expression of the absorption cross section:  

x  f · p + i( · p)(k · r)i
2 f (E)  Equation 1.5 

as mentioned in §1.2, the presence of the second part, i.e.fi( · p)(k · r)i
2
, is associated 

with higher order terms, i.e. electric quadrupole moment (E2) and the magnetic dipole 

moment (M1). These higher order terms are associated with interference terms which mix the 

transition electric dipole – electric quadrupole moments (E1·E2 cross term) and electric 

dipole – magnetic dipole moments (E1·M1 cross term).
17

 It is these higher order cross terms 

that are responsible for the anisotropic absorption of LCP and RCP light in non magnetic 

material.  

The transition electric quadrupole moment (E2) resembles two electric dipole 

moments back-to-back and is related to space handedness around the absorbing atom.
17

 As 

the space handedness of a chiral object is opposite to that of its mirror image, the transition 

electric quadrupole moments of two enantiomers (i.e.: two non superimposable mirror 

images) are expected to be non superimposable mirror images as well.  

Left and right circular polarized light have opposite space handedness and their 

interaction with a chiral molecules is expected to lead to (E1·E2)
L
 and (E1·E2)

R
 cross terms 

of opposite sign.  

The contribution of the E1·E2 cross term to circular dichroism was demonstrated by 

Barron to only exist in specific oriented systems and to vanish in randomly oriented 

systems.
18

 Optical activity at UV-wavelengths in non-oriented systems therefore arises from 

the other higher order term, E1·M1.
18,19

 

Magnetic dipole moments (M1) arise during transitions involving circular charge 

redistribution. As for E1·E2, space handedness around the absorbing atom causes M1 in two 

enantiomers to be non superimposable mirror images. Also E1·M1 cross terms associated 

with the absorption of left or right circular polarized light are expected to have opposite signs. 

Unlike the E1·E2 effect, E1·M1 effect is present for both oriented and non-oriented systems.  
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The dissymmetry g-factor
b
 is defined as: 

g = 
RCPLCP

RCPLCP

σσ

σσ
2




      Equation 1.13 

where LCP and RCP are the absorption cross sections recorded with LCP and RCP light 

respectively. XNCD effects can then be displayed in a graphical manner by plotting g-factor 

values as a function of energy. In absence of circular dichroism the g-factor is equal to zero 

over all energies. In presence of circular dichroism, XNCD spectra are characterized by 

positive and negative deviations observed at energies where either (E1·E2)
L
 > (E1·E2)

R
 or 

(E1·E2)
L
 < (E1·E2)

R
 and where either (E1·M1)

L
 > (E1·M1)

R
 or (E1·M1)

L
 < (E1·M1)

 R
. 

XNCD spectra recorded from two enantiomers are expected to be symmetric around the 

energy axis.  

At optical wavelength, E1·M1 cross terms are much larger than E1·E2 cross terms and 

dominate the UV-CD spectra. At X-ray wavelengths, the contribution of M1 and E2 

multipoles to the photoelectronic effect is quite small and only a few recent studies have been 

successful in recording XNCD spectra. 

The first XNCD measurements performed in the late 90s were successful for only a 

few crystals: -LiIO3 at iodine L1, L2 and L3 edges, Na3[Nd(digly)3]·2NaBF4·6H2O (digly = 

dianion of diglycolic acid) at Nd L3 edge and 2[Co(en)3Cl3]NaCl·6H2O (en = ethane-1,2-

diamine) at Co K edge.
17,20-22

 For all crystals XNCD effect was due to E1·E2 interferences 

and the authors supported their assignments by calculating XNCD spectra for which they 

obtained remarkably good agreement with experimental results. Figure 1.8 presents 

experimental NEXAFS spectrum of Na3[Nd(digly)3]·2NaBF4·6H2O recorded at Nd L3 edge, 

along with the XNCD spectra measured from the two enantiomorphic single crystals.
17,21

 As 

expected the very weak XNCD spectra recorded from two enantiomers are mirror images 

around the energy axis. The authors showed that the CD was associated with the chiral 

pathway of the multiple scattered photoelectron.
17

 Specifically, multiple scattering 

calculations showed that XNCD effects only arose for four (or higher) scattering paths; 

backscattering (two paths) and three paths (triangle) created achiral scattering geometries. 

This shows that the XNCD is associated with chiral core excited states; an effect we wish to 

explore at soft x-ray wavelengths. 

                                                 

b
 In literature the dissymmetry g-factor is also referred to as Kuhn asymmetry factor or the anisotropy ratio. 
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Figure 1.8 Experimental Nd L3 edge of enantiomorphic crystals of 

Na3[Nd(digly)3]·2NaBF4·6H2O (digly = dianion of diglycolic acid) (blue) and XNCDE1E2 

signal x100 (green and red).
17

 [Reprinted with permission from Journal of Physical 

Chemistry B, 105, R.D. Peacock and B. Stewart, Natural Circular Dichroism in X-ray 

Spectroscopy, 351-360, Copyright 2001, American Chemical Society.] 

 

The measurement of XNCD spectra from a powder sample of 

2[Co(en)3Cl3]NaCl·6H2O at Co K edge led to an almost featureless curve.
23

 As mentioned 

previously E1·E2 cross term cancels out in randomly oriented samples, therefore the authors 

suggested that the extremely weak structures observed in the XNCD spectra of 

2[Co(en)3Cl3]NaCl·6H2O may originate from the weak E1·M1 interferences.  

The measurement of XNCD associated with E1·M1 cross term only is in fact very 

challenging. Theoretical studies have predicted for organic compounds, i.e. containing low 

atomic number elements, and at K absorption edge a magnitude of g-factor on the order of 

10
-8

 to 10
-3

.
17

   

In Chapter 4 efforts made to select appropriate organic molecules and optimize the 

sample preparation in attempt to observe XNCDE1M1 effect from organic molecules will be 

described.  

 

1.4 NEXAFS spectroscopy of metallocene and metal arene monomers and polymers 

Ferrocene-based materials have found a wide application in molecular electronics and 

bioorganometallic materials.
24-29

 With the development of new synthetic routes, ferrocene-

based polymers and macromolecules are being increasingly examined. Recent studies show 
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that the presence of ferrocene moieties in polymers’ backbone or side chains can improve the 

processability of the polymer as well as its electric, magnetic, optical, redox and mechanic 

properties.
30-33

 Such ferrocene based materials could have potential applications as photonic 

devices, variable refractive-index materials, magnetic and semiconducting nanomaterials, 

composite materials, ceramic and coating agents, to name a few.
1-3

 

NEXAFS spectroscopy is often used to investigate the bonding in transition metal 

compounds. The spectral assignment is subject to two competing models, atomic multiplet 

theory
4
 and covalent bonding model.

6-8
  

We are interested in the use of NEXAFS spectroscopy to characterize the electronic 

structure of metal arene compounds and functionalized polymers and the UV-induced 

fragmentation of the polymers’ metal moieties
34-36

. For these studies, it is essential to 

understand the sensitivity of NEXAFS spectroscopy to bonding (via covalent bonding and 

electronic delocalization effects) as well as atomic electronic structure (via atomic multiplet 

effects) in metallocenes and metal arene complexes.  

The relevance of the atomic multiplet and covalent bonding models to the assignment 

of organometallic NEXAFS spectra will be discussed in the next section. Information on 

metal arene complexes and functionalized polymers will be presented in the following 

section. 

1.4.1 XAS of Organometallics 

The atomic multiplet theory is based on the electronic structure of the metal atom, as 

perturbed by angular momentum interactions and the crystal field environment of the metal 

atom. In an isolated atom, multiplet splitting arises from the lifting of atomic orbital (AO) 

degeneracies (e.g. d
4
, d

6
, etc) into states due to electron correlation and exchange interaction 

effects associated with electron spin and orbital angular momentum. For example, a 3d atom 

with a d
2
 configuration will have 

1
S, 

1
D, 

1
G, 

3
P and 

3
F states. When in an ionic compound, 

this atomic electron configuration is further perturbed by inter-atomic Coulombic 

interactions, described by crystal field theory. Core excitation in NEXAFS spectroscopy (e.g; 

2p  3d transitions) creates additional complications, as the unpaired electrons in the core 

hole orbital and the optical orbital will lead to new spin-spin and spin-orbit interactions.
37

 

This model has been used to assign the NEXAFS spectra of metal cations in a wide range of 

crystal field splitting environments with the help of atomic multiplet calculations.
4
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On the other hand the importance of conjugation between metal 3d orbitals and ligand 

* orbitals in the interpretation of NEXAFS spectroscopy of transition metal complexes has 

been indicated in several studies.
38-45

 In the investigation of planar Ni 3d
8
 and Cu 3d

9,10
 low 

spin complexes, the presence of an intense band at the L2 and L3 edges was assigned to metal-

to-metal transitions (2p  3d), followed by satellite peaks at a few electron-volts higher 

energy.
38-41

 These satellite features were assigned as a transition to a molecular orbital 

showing strong metal-covalent character, and identified as a metal-to-ligand charge transfer 

or MLCT transition (2p  3dmetal/*ligand). These assignments were supported by Hartree-

Fock-based static exchange approximation and DFT calculations.
39

 In the study of 

K2Ni(CN)4·H2O, Ni(dimethylglyoximato)2 and [(n-C4H9)4N]2 [Ni(maleonitriledithiolato)2] 

complexes, the authors were able to relate the variation in intensity of the MLCT transition 

observed for K2Ni(CN)4·H2O > Ni(dimethylglyoximato)2 > [(n-C4H9)4N]2 

[Ni(maleonitriledithiolato)2] to the decrease in the back-donation strength amongst these 

three complexes.
40,41

 

In the studies performed by Hitchcock et al. on manganese, iron and cobalt complexes 

using carbonyl and cyclopentadienyl as ligands, the authors assigned the Inner Shell Electron 

Energy Loss Spectroscopy (ISEELS) spectra with molecular orbital arguments.
6-8

   

Chapter 6 presents our investigation on ferrocene (Fe
II
, 3d

6
) and ferrocenium (Fe

III
, 

3d
5
) and confirms that the covalent bonding model is quite efficient for assignment of the 

closed shell ferrocene spectra. Our findings are supported by Extended Hückel Molecular 

Orbital (EHMO) and Density Functional Theory (DFT) calculations. On the other hand 

several transitions were observed in the C 1s and Fe 2p spectra of ferrocenium which were 

not predicated by either computational studies (i.e. EHMO and DFT), suggesting greater 

contribution from the atomic multiplet model in the NEXAFS spectra of the open shell 

compound.  

Wen et al. recorded the ISEELS spectra of alkane or alkene substitued ferrocene 

complexes (e.g.: CpFeCp-R with Cp= cyclopentadiene and R = C4H9, C2H3) and found that 

they were similar to that of ferrocene. They concluded that the Fe 2p edge had limited 

sensitivity to chemical substitution at remote locations on the cyclopentadiene ligand.
8
 In 

their investigation of ferrocene-labelled peptides and carboxylic acid substituted ferrocene 

complexes, Wilks et al. also found that Fe 2p spectra were unaffected by the substituent 

type.
46
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In contrast, investigation of substituted ferrocene (closed shell) compounds presented 

in Chapter 7 shows that electron donating / withdrawing properties of the ligands and 

substituents, as well as *-conjugation between the cyclopentadienyl ligand and substituent, 

significantly affect the energy and intensity of Fe 2p NEXAFS transitions.  

These findings were used to help interpret the NEXAFS spectra of metal arene 

complexes and functionalized polymers reported in Chapter 8 and 9. 

1.4.2 Metal Arenes and Polymers 

(
6
-benzene)(

5
-cyclopentadienyl)iron(II), or (Bz)(Cp)Fe, was first synthesized in 

1957 by Coffield et al. from reaction of CpFe(CO)2Cl with arene compounds in the presence 

of aluminum chloride (AlCl3). Several years after Nesmeyanov et al. proposed a different 

route which has been since applied extensively to the synthesis of substituted metal arenes, 

fused arenes like pyrene  as well as very large fused arene assemblies such as graphite sheets 

or carbon fibers.
47-49

 The general mechanism of the ligand exchange reaction involves the 

formation of a complex between AlCl3 and Cp ring that weaken the metal Cp bonds, followed 

by a nucleophilic attack by the arene, forming CpFeArene cation.
50

 Aluminum powder is 

added to reduce ferrocenium formed into ferrocene. Numerous alternative routes have been 

proposed since, expending considerably the diversity of arene ligands, including polymers 

and dendrimers containing aromatic groups.
51,52

 

The structure of a series of substituted metal arene complexes have been examined by 

X-ray crystallography. The distance between the iron and the center of gravity of a benzene 

ring was found in the range 1.52 Å – 1.60 Å and between iron and the center of gravity of a 

Cp ring in the range 1.62 Å – 1.79 Å.
53

 The two rings were found to be nearly coplanar with a 

dihedral angle between benzene and Cp ring below 3º.
53

 

The electronic structure of (Cp)Fe
II
(Bz) was found to be similar to that of ferrocene 

with the following molecular orbital sequence: occupied metal orbital Fe 3dx2-y2 and Fe 3dxy 

(degenerate) mixed with unoccupied ligand (Cp) and (Bz) MOs < occupied Fe 3dz2 << 

unoccupied Fe 3dxz and Fe 3dyz (degenerate) mixed with occupied (Cp) and (Bz); note that the 

highest occupied molecular orbital (HOMO) is mostly localised onto the metal (see Figure 

1.9).
54,55

. 
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Figure 1.9 Qualitative molecular orbital diagram of [(Cp)Fe(Bz)]
+
. 

 

Electrochemical studies, including polarography and cyclic voltammetry, on 

(Cp)Fe
II
(monosubstituted-Bz) indicated that electron donating/withdrawing properties of 

substituents significantly affect the half-wave potential (E1/2) values.
50,56,57

 These studies 

suggest that electron donating/withdrawing properties of the substituents are transmitted 

through the benzene ring to the iron center affecting the electron density around the metal.  

A series of (Cp)Fe
II
(substituted-benzene) and (substituted-Cp)Fe

II
(Bz) complexes 

have been examined using 
57

Fe Mössbauer spectroscopy, 
13

C and 
57

Fe nuclear magnetic 

resonance (NMR) spectroscopy. These studies indicated that substituent inductive 

components also affects the electron distribution in the ligand opposite to the substituted 

ring.
58,59

  

An X-ray photoelectron spectroscopy study performed by P.G. Gassman et al. on 20 

(Cp)Fe
II
(substituted-benzene) complexes showed variations in binding energies consistent 

with the electrochemical studies mentioned above.
60

 In addition the decrease in Fe 2p3/2 BE 

for [(Cp)Fe
II
(methylbenzene)][PF6] and [(Cp)Fe

II
(di-, tri-, tetra-, penta-, hexa-

methylbenzene)][PF6] complexes was found to follow the increase in electron donor methyl 

groups.
60
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Chapter 8 presents a series of [(Cp)Fe
II
(monosubstituted-benzene)][PF6] complexes 

examined by NEXAFS spectroscopy at Fe 2p and C 1s edges. The inductive effect of the 

substituents was found to have a minor but significant effect on the transition energies and 

intensities. As seen for substituted ferrocene compounds (Chapter 6) the presence of *-

conjugation between the benzene ring and the substituent leads to additional spectral features 

at Fe 2p. 

Amongst the many substituted metal arene complexes available one was found very 

useful in the preparation of polymeric materials. The reaction of (Cp)Fe(1,n-dichlorobenzene) 

where n=2, 3 or 4, with various oxygen and sulphur dinucleophies led to the synthesis of 

soluble cyclopentadienyliron functionalized polymers containing aromatic ether, thioether 

and amine bridges with relatively high molecular weight.
35,61-63

 The iron moiety is then 

removed by pyrolysis, electrolysis or photolysis leading to the corresponding organic 

polymers; Figure 1.10 presents the details of the synthesis of polyphenylene sulphides used 

by Abd-El-Aziz et al.
35

 The preparation of organic materials such as polyphenylene sulphide, 

a thermoplastic widely used in the polymer industry, requires traditionally extreme 

conditions, suffers from relatively poor yield and the low solubility of the polymer limits the 

length of the polymer chains achieved. On the other hand, the photolytic demetallation of 

cyclopentadienyliron functionalized polymers, at room temperature, was found very efficient 

in preparing polyethers and polythioethers with high molecular weight and yields greater than 

70%.
35
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Figure 1.10 Details of the synthesis of polyphenylene sulfides proposed by Abd-El-Aziz et 

al.
35
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The photolysis of [(Cp)Fe(Bz)
+
][X

-
] (where X

-
 = counterion) and substituted 

derivatives has been extensively investigated due to the use of the cation as polymerization 

photoinitiator.
64

 The mechanism and the intermediates and products formed during the photo-

dearylation of [(Cp)Fe(Bz)
+
][X

-
] (with X

-
 = PF6

-
, BF4

-
, AsF6

-
, SbF6

-
, BPh4

-
) in solution have 

been examined using nuclear magnetic resonance,
65,66

 infrared spectroscopy,
65-67

 UV -visible 

spectroscopy,
65,68-72

 fluorescence spectroscopy,
67,73

 conductivity measurements,
69,70

 

electrochemistry,
74

 time resolved laser spectroscopy,
75

 high pressure liquid chromatography 

and gas chromatography – mass spectroscopy
67

 and electron spray ionization mass 

spectroscopy.
76,77

 The reaction was found to be affected by the nature of the substituents on 

either ligand (benzene or cyclopentadiene rings), the polarity of the solvent, the identity of 

the counterion, the excitation wavelength and the temperature. From these studies a general 

mechanism was suggested: excitation of either [(Cp)Fe(Bz)
+
][X

-
] or the freely solvated cation 

(Cp)Fe(Bz)
+
 causes arene ring slippage from 

6
-Bz to 

4
-Bz followed by replacement of the 

arene by three ligands (L) to form [(Cp)Fe(L)3
+
][X

-
].

78
 The unstable trisubstituted 

intermediate eventually decomposes into ferrocene, metal iron and other species containing 

iron, counter ion and solvent molecules.  

Chapter 9 presents the characterization of polythioethers and polyethers with and 

without pendant iron moieties. Metallated polyether and metallated and demetallated 

polythioether were synthesized by members of the research group of Dr. Abd-El-Aziz 

according to published procedures.
35

 The formation of ferrocene and iron metal was observed 

following the removal of iron moieties from metallated polythioether and were isolated from 

the organic polymer. Conversely, the presence of unidentified impurities containing iron in 

trace amounts was suspected within the organic polymer. With the help of NEXAFS 

spectroscopy these impurities have been identified as high spin 3d
5
 iron species, likely iron 

oxides and counter ion PF6
-
. Investigation of the photolysis process in solid phase in air 

indicated the formation of the same iron species as during photolysis in solution. However 

solid state photolysis in vacuum led to the formation of different iron species, likely to 

contain Fe(II) species. 

NEXAFS study of metallated polyether indicated the presence of spectral features 

characteristics of *-conjugation, similar to that observed on Fe 2p NEXAFS spectra of 

monomer [(Cp)Fe(substituted-Bz)][PF6] examined in Chapter 8. The relevance of these 

results in the scope of potential application of these doped organic materials is discussed in 

Chapter 9. 
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1.5 Summary 

NEXAFS spectroscopy is a very efficient technique for the characterization of organic 

and inorganic material.  

Recent investigations of chiral inorganic compounds indicated the sensitivity of 

NEXAFS spectroscopy for molecule handedness. Few studies have confirmed the presence of 

CD in the NEXAFS spectrum of organic compounds. The objective of the work described in 

Chapter 4 was to measure XNCD effect for a series of small chiral organic molecules. 

Several compounds, including amino acids, have been identified as model compounds for this 

measurement according to experimental and theoretical requirements and restrictions. Both 

sample preparation and data acquisition method have been greatly optimized so the 

measurement of the XNCD effect could be performed. The outcomes of these measurements 

are then discussed. 

In Chapter 5 a combined experimental and theoretical study of an amino acid is 

presented. Computational methods optimized for XAS simulation were used to refine the 

assignment of discreet features observed on the NEXAFS spectra of amino acids.  

In Chapters 8 and 9 NEXAFS spectroscopy’s high sensitivity for electronic structure 

was used to characterize organometallic polymeric material. This study required 

improvement of our understanding of NEXAFS spectroscopy of metallocene and metal arene 

complexes, which is presented in Chapters 6, 7 and 8. Finally NEXAFS sensitivity of 

elemental and chemical composition was used effectively for the identification of impurities 

contained in organic polymeric material derived from demetallation of organometallic 

polymer (see Chapter 9). 
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CHAPTER 2 INSTRUMENTATION AND MEASUREMENTS 

 

The electromagnetic spectrum of X-rays extends from 250 eV to 50 keV, with a 

separation at 10 keV that segregate soft X-rays (lower energy) from hard X-rays.
1
 X-rays 

were observed for the first time in 1895 by W.C. Röntgen who was awarded the Physics 

Nobel prize in 1901 for his discovery. X-rays can be generated in an X-ray tube, where 

accelerated electrons collide with a metal surface (anode), ejecting core electrons from the 

surface of the metal target; relaxation of electrons from higher energy levels refill the core 

hole causing the emission of characteristic X-ray photons. The energy of the emitted photons 

depends on the material the anode is made of; e.g. tungsten, molybdenum, copper, cobalt. 

Such X-ray tubes are used extensively today, with some modifications, to produce X-rays for 

medical application as well as for research, e.g. laboratory crystallography.  

However, for NEXAFS spectroscopy a tuneable, collimated and coherent source of 

radiation with high photon flux and very good polarization characteristics is required, thus 

justifying the use of synchrotrons. In a synchrotron, X-rays are produced from bending 

magnets (BM) and insertion devices (ID), an introduction to both devices is presented in 

§2.1. The process by which NEXAFS spectra are recorded will be described in §2.2 followed 

by an overview of each beam line used to record the spectra presented in this thesis, §2.3. 

  

2.1 Synchrotron Radiation 

Synchrotron radiation is produced when electrons or positrons moving at relativistic 

velocities are accelerated in a curved path.
2
 In a synchrotron, electrons with the energy of 

several tens of MeV are produced by an electron gun and are then accelerated by a linear 

accelerator up to several hundreds of MeV. The electrons are then injected into the booster 

ring where their energy is increased to several GeV. Periodically, the electrons are further 

injected into a storage ring where, due to centripedal acceleration of the bending magnet, the 

electrons emit electromagnetic radiation. The storage ring consists of straight portions where 

electrons travel in a collimated beam of ≈10m diameter. The electron beam is deviated from 

its linear trajectory by magnets (bending magnets and insertion devices) which accelerate the 

electrons producing electromagnetic radiation. The energy lost by the electrons during this 

process is restored to them as they travel through the radio frequency cavities. As bending 
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magnets and insertion devices determine the properties of synchrotron light, they will be 

described in the next section. 

2.1.1 Bending Magnet Sources 

An electron moving at relativistic speed in a linear and uniform motion does not 

radiate. However, if an electron travels through a perpendicular magnetic field it undergoes a 

centripetal acceleration (i.e.: change in direction) which is associated with emission of 

electromagnetic radiation and bending of the electron trajectory. The electromagnetic 

radiation is emitted in a cone that is often described as a searchlight with a propagation 

direction tangent to the trajectory of the electron. The energy of the photons emitted covers 

the electromagnetic spectrum from near infrared to hard X-rays with a flux variable over the 

energy range as represented schematically in Figure 2.1. 

 

 

Figure 2.1 Flux and brightness curve for bending magnet located at the Advanced Light 

Source-Lawrence Berkeley National Laboratory, (ALS-LBNL).  

 

X-ray radiation sources are often characterised by their brightness: 

Brightness = 
on)distributi (spectral  area) (source  n)collimatio (beam

condPhotons/se
 Equation 2.1 

Where the beam collimation in units of mrad
2
 relates to how much the photon beam diverges 

as it propagates while the source area corresponds to the electron beam size in units of mm
2
.  
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The spectral distribution refers to the photon energy range accepted for the measurements. By 

convention a bandwidth of 0.1% is used; i.e. for a measurement at a given energy (), 

photons with energy ± so that /= ± 0.1%, are recorded.  

The electric component of electromagnetic radiation is parallel to the acceleration 

vector and therefore the light emitted by a bending magnet is linearly polarized in the plane 

of the storage ring. This is not true for the radiation emitted above or below the plane of the 

storage ring, which are elliptically polarized. These polarization properties will be discussed 

below. 

2.1.2 Insertion Device Sources 

The characteristics of radiation produced by BM, mostly brightness and critical 

energy, can be increased by increasing the bending magnetic field or using a higher energy 

ring. However serious practical complications and cost issues are associated with this. In 

order to generate brighter light with greater coherence over a wider energy range, so called 

insertion devices (ID) were designed.  

ID consist in periodic arrays of magnets (Nm) located above and below the electron 

pathway of a straight section of the storage ring. As the electrons travel through an ID they 

are forced to wiggle, emitting photons at each change of trajectory (2Nm). There are two 

types of ID, wigglers and undulators, which produce linear polarized radiation. Elliptically 

polarized undulators are undulator type ID that also produce elliptically and circular polarized 

light; all ID will be described below. 

2.1.2.1 Wigglers 

In wigglers, the magnetic field can be very large leading to large oscillation 

amplitudes and high energy radiation; i.e. between 10 keV to 20 keV. Due to large oscillation 

amplitudes, the cone of radiation remains large, comparable to that obtained from BM, but 

with a total brightness 2Nm greater than at a BM (Nm = 1). Figure 2.2 presents schematics of 

the radiation profiles and brightness curves summarizing the characteristics of BM and 

wigglers.  
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Figure 2.2 Schematic representation of bending magnet, wiggler and undulator and diagram 

of typical brightness profile produced by these radiation sources. 

2.1.2.2 Undulator 

The magnetic field in undulators are less than in wigglers leading to smaller 

oscillation amplitudes and therefore a narrower radiation cone and a smaller spectral width, 

as illustrated in Figure 2.2. The tunability of the narrow radiation energy band is achieved by 

changing the gap between the two rows of magnets, thus changing the magnetic field 

experienced by the electrons. 

2.1.2.3 Elliptically polarized undulator 

Wigglers and undulators produce linearly polarized radiation in the plane of the rows 

of magnets, which typically coincide with the plane of the storage ring; i.e. horizontal 

polarized light. Elliptically polarized undulators (EPU) consists of four quadrants of periodic 

magnets with a row of two quadrants above the electron pathway and a row below.
3,4

 In each 

row, one quadrant is fixed and one is movable longitudinally along the electron’s axis (z), as 

illustrated in Figure 2.3. Translation of the four quadrants changes the phase between the 

vertical and horizontal components of the magnetic field (Bx and By). When Bx and By are 90º 

out of phase circularly polarized X-rays are generated and for 180º phase shift, vertical 

polarized X-ray.   
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Figure 2.3 Schematic representation of elliptically polarized undulator with a) 0º phase shift, 

b) 90º phase sift and c) 180º phase shift leading to horizontal linear, circular and vertical 

linear magnetic field respectively. 

 

2.2 Measuring NEXAFS Spectra  

There are various ways of measuring X-ray absorption. The most common methods, 

represented schematically in Figure 2.4, involve measurement of transmitted photons, 

photons in - electrons out, or photons out caused by secondary phenomena (photoelectron 

emission, Auger electron emission, secondary electron emission, fluorescence emission and 

drain currents). All NEXAFS spectra presented in this dissertation were collected using 

transmission mode or total electron yield (TEY) mode, both of which will be described 

below.  

 

Figure 2.4 Schematic representation of the various methods used to measure X-ray 

absorption in a) transmission and b) Fluorescence yield by measuring emitted fluorescence 

photons, Auger electron yield and partial electron yield (PEY) by measuring emitted 

electrons and total electron yield (TEY) by measuring drain current. 
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2.2.1 Detection Techniques 

2.2.1.1 Transmission 

The measurement of X-ray absorption in transmission mode follows a typical layout 

where the sample is placed between a source of X-rays and a detector, which measures the 

transmitted photon flux. The signal recorded is referred to as sample transmission spectrum 

(I) and its measurement as a function of energy leads to an absorption spectrum. Another 

spectrum recorded in absence of the sample allows monitoring the incident photon flux (I0). 

The X-ray transmission spectrum is then obtained by calculating the optical density (OD) 

according to: 

OD = 
0

ln
I

I
       Equation 2.2 

The optical density is distinctive for all elements contained in a sample of thickness t (cm) 

through: 

OD = tE  )(      Equation 2.3 

Where at a particular energy (E) , the mass absorption coefficient (cm
2
.g

-1
) and  the 

sample density (g.cm
-3

) are element specific with  being related to the atomic absorption 

cross section x by: 


i

xii
A n

MW

N
      Equation 2.4 

Where NA is the Avogadro’s number, xi the absorption cross section for the ni atoms of each 

element “i” and the molecular weight MW =
i

iiAn where Ai is the atomic weight.
5
  

NEXAFS spectra recorded in transmission mode, i.e. OD versus energy, provide 

information on the variations in transition probability as a function of energy. 

2.2.1.2 Total Electron Yield  

The formation of a core-hole due to photo-excitation of a core electron upon X-ray 

absorption creates short lived core excited states and leads to a series of relaxation processes. 

These relaxation processes are lead to the emission of fluorescence photons and Auger 

electrons, as represented in Figure 2.4. NEXAFS spectrum can be generated by measuring 

the quantity of emitted photons or electrons as a function of incident photon energy. The 

relative probability of each process is related to the atomic number (Z) of the elements 
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present in the sample. For absorption edges below 2000 eV, as in C 1s, N 1s, O 1s and Fe 2p 

edges, Auger electron emission dominates the relaxation processes. As represented in Figure 

2.5 Auger electrons are created when a valence electron decays in order to refill the core-hole 

vacancy. During the decay process the excess of energy released by the valence electron is 

transferred to another valance electron, the Auger electron, which is then emitted. 

 

Figure 2.5 Schematic representation of relaxation processes following X-ray absorption 

leading to a) excitation and b) ionization and followed by emission of fluorescence photons 

and auger electrons. 

 

An energy analyser located near the surface of the sample can detect the emitted 

electrons and discriminate them based on their kinetic energy. By setting the energy window 

of the energy analyser to a narrow range centred on the energy of the Auger peak, one can 

measure the Auger electron yield (AEY) as a function of excitation energy. If a larger energy 

window is selected, all emitted electrons, apart from greatly scattered electrons with low 

kinetic energy, are recorded; this method is referred to as partial electron yield (PEY). An 

alternative technique that involves recording the drain current from the sample allows 

measuring the quantity of all emitted electrons (i.e.: all photoelectrons and Auger electrons); 

this method is referred to as total electron yield (TEY). 

The incident photon flux (I0) is monitored by measuring the drain current from a mesh 

located upstream from the sample and is used to normalize the sample current according to:  

0I

I
TEY        Equation 2.5 

Details on the edge-specific TEY normalization methods used in this thesis will be described 

in Chapter 7. 
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2.2.2 Soft X-ray Spectromicroscopy Using Transition Detection Technique 

Spectromicroscopy is a technique that combines both high resolution X-ray 

spectroscopy and high spatial resolution (<15 nm) X-ray imaging. 

In an X-ray microscope monochromatic light enters the measurement chamber 

through a silicon nitride (Si3N4) window that isolates the microscope from the high vacuum 

in the beam-line. The light then reaches a Fresnel zone plate (ZP) that blocks in its centre 

unwanted zero order light and focuses first order light into a very small spot on the sample 

(40 nm). Zone plates are circular variable-line-spacing diffractive focusing devices made of 

alternated opaque and transparent concentric rings whose thickness decreases as the radius of 

the ZP increases. 

An Order Sorting Aperture (OSA) located between the ZP and the sample prevents 

light diffracted with a higher diffraction order as well as higher order light, i.e. light with n 

times (with n an integer) the wavelength of first order light, from reaching the sample, see 

Figure 2.6.
6
  

 

Figure 2.6 Focusing scheme of a STXM.
6
 [Reprinted with permission from Journal of 

Synchrotron Radiation, 10, A. L. D. Kilcoyne, T. Tyliszczak, W. F. Steele, S. Fakra, P. 

Hitchcock, K. Franck, E. Anderson, B. Harteneck, E. G. Rightor, G. E. Mitchell, A. P. 

Hitchcock, L. Yang, T. Warwick and H. Ade, Interferometer-controlled scanning 

transmission X-ray microscopes at the Advanced Light Source, 125-136, Copyright 2003, 

with permission from International Union of Crystallography.]  

 

The focal length (f) of a ZP is energy dependent and tuning of X-ray energies during a 

measurement requires the ZP position to be continuously adjusted with the OSA kept 

properly aligned so the focus point remains on the sample. Precise translations of the ZP 
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along the light pathway (z direction) and of the OSA in the x,y plane is achieved with the 

help of very precise stages whose displacements are monitored by laser interferometers.
6
  

The samples are mounted on a piezoelectric controlled stage that allows scanning of 

the sample in x and y directions while monitoring the photon flux transmitted through the 

sample. 

A detector placed after the sample and made of phosphor particles converts the 

transmitted X-ray photons into visible light, which is then recorded by a Photomultiplier 

Tube (PMT).  

NEXAFS spectra are generated using the image sequencing technique described in 

Figure 2.7.
7
 For each image recorded at a different energy an area of interest is selected (dark 

pentagon in Figure 2.7) and the amount of photon transmitted for each pixel over this area is 

averaged to lead to the sample signal (I).  

 

 

Figure 2.7 Schematic representation of NEXAFS spectrum (OD versus energy) generated 

from an image stack. The number of count are averaged per pixel over the area marked off in 

black for this figure. 

 

As mentioned above the microscope chamber is separated from high vacuum by a 

silicon nitride window, and only medium vacuum (10
-3

 to 1 Torr) is required during the 

measurements. Lowering the pressure in the measurement chamber to 100mTorr prevents 

unwanted absorption of the photon beam by carbon, nitrogen and oxygen species contained in 

air, which would lower the photon flux and could interfere with the measurements. Such 

conditions of pressure allow for measurements of compounds which cannot sustain vacuum 

conditions, such as biological samples.  
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Transmission measurements require the sample to be partially transparent to X-rays 

over the energy range scanned. The optimum sample thickness for a given material over a 

specific energy range can be estimated from Equations 2.2 and 2.3 and was determined to be 

on the order of 100 nm for measurements at C 1s edge, 300 nm at N 1s and 400 nm at O 1s 

edge. In order to achieve reliable sample thickness, thin sample films can be prepared by 

chemical vapour deposition (CVD) where the film thickness is monitored by a quartz crystal 

microbalance during the deposition (see § 4.3.1.1). Alternative methods such as spin casting 

or solution casting were also found efficient in preparing thin sample films (see § 4.3.1.1.3 

and § 4.3.1.2). 

The most common substrates used for solid sample are 75-150nm thick Si3N4, SiO or 

Carbon membrane windows or coated grids.  

Liquid samples may also be examined by X-ray spectromicroscopy using wet cells 

where a small drop of sample is trapped between two Si3N4 membrane windows glued to 

each other. The pressure inside the microscope is then maintained at atmospheric pressure by 

flushing the chamber continuously with helium, this is done to prevent pressure discrepancy 

between inside and outside the wet cell (see § 4.3.1.4).  

2.2.3 Soft X-ray Spectroscopy Using TEY Detection Technique 

NEXAFS spectra recorded from soft X-ray spectroscopy in TEY mode are generated 

by monitoring the drain current from the sample while the energy of the incident photons is 

scanned over the desired energy range.  

The main advantage to X-ray spectroscopy is its very low sample preparation 

requirement. Typically milligram amounts of compound are pressed onto the surface of a 

conducting substrate. The most commonly used substrates include indium foil, copper tape, 

carbon tape and doped silicon wafers. For hard surface substrates, such as doped silicon 

wafers, the samples may need to be solution cast (see Chapter 9). The choice of substrate 

depends on the absorption edge the sample will be examined at (to avoid contribution from 

the substrate), the conductivity of the sample and the reactivity of the sample toward the 

substrate. 

The pressure inside the measurement chambers is typically 10
-7

 to 10
-8

 Torr. This 

requires that all samples investigated must have very low vapour pressure to prevent 

desorption of the chemical during measurement which could then contaminate the surface of 
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the various element of the beam-line. Additionally, the measurement of the drain current 

from the sample implies that both the sample and the substrate must be conducting.  

 

2.3 Beam-Line Used for NEXAFS Spectroscopy 

NEXAFS spectra collected for this dissertation were recorded from six different 

beam-lines equipped with two types of end-stations dedicated to either soft X-ray 

spectromicroscopy, using transmission mode, or soft X-ray spectroscopy, using TEY 

detection mode. Specifics of the beam-lines are reviewed below. 

2.3.1 Spectromicroscopy Beam-Lines 

All the spectra presented in Chapter 4, dedicated to XNCD study of small chiral 

organic molecules, were recorded using the Scanning Transmission X-ray Microscopes 

(STXM) located at the Advanced Light Source (ALS, Lawrence Berkeley National 

Laboratory, University of California, US) on beam-lines 5.3.2. and 11.0.2. Also the spectrum 

of ferrocenium, which required the use of inert substrate, (see Chapter 6), was recorded on 

the STXM located on beam-line 10ID1at the CLS.  

Beamline 5.3.2. at ALS is dedicated to polymer science and covers an energy range 

from 250 eV to 700 eV. The light produced by a bending magnet is reflected by a toroidal 

mirror onto a spherical grating monochromator (SGM) and then enters the microscope 

chamber through a silicon nitride window, isolating the measurement chamber from the high 

vacuum of the beam-line. (see Figure 2.8).
8
  

 

Figure 2.8 Layout of beam-line 5.3.2. located at the ALS.
8
 [Reprinted with permission from 

Journal of Synchrotron Radiation, 9, T. Warwick, H. Ade, D. Kilcoyne, M. Kritscher, T. 

Tylisczcak, S. Fakra, A. Hitchcock, P. Hitchcock and H. Padmore, A new bend-magnet 

beamline for scanning transmission X-ray microscopy at the Advanced Light Source, 254-

257, Copyright 2002, with permission from International Union of Crystallography.]  
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The STXM located at beam-line 11.0.2 at the ALS is dedicated to molecular 

environmental science. The light produced by an EPU is focused by a cylinder mirror onto 

the pre-mirror of a monochromator chamber that contains two gratings covering an energy 

range from 75 eV to 2150 eV.
9
 The monochromatized light then travels to two toroidal 

mirrors which direct the beam through the exit slits and into the STXM chamber (labelled 1 

in Figure 2.9).  

 

Figure 2.9 Layout of beam-line 11.0.2. located at the Advanced Light Source, Berkeley-

California.
9
 [Reprinted with permission from Journal of Electron Spectroscopy and Related 

Phenomena, 150, H. Bluhm, K. Andersson, T. Araki, K. Benzerara, G.E. Brown, J.J. Dynes, 

S. Ghosal, M.K. Gilles, H.-Ch. Hansen, J.C. Hemminger, A.P. Hitchcock, G. Ketteler, A.L.D. 

Kilcoyne, E. Kneedler, J.R. Lawrence, G.G. Leppard, J. Majzlam, B.S. Mun, S.C.B. Myneni, 

A. Nilsson, H. Ogasawara, D.F. Ogletree, K. Pecher, M. Salmeron, D.K. Shuh, B. Tonner, T. 

Tyliszczak, T. Warwick and T.H. Yoon, Soft X-ray microscopy and spectroscopy at the 

molecular environmental science beamline at the Advanced Light Source, 86-104, Copyright 

2005, with permission from Elsevier.] 

 

The Spectromicroscopy (SM) beamline located at the CLS (10ID-1) and dedicated to 

polymer science and biological applications is equipped with an EPU that shines light onto a 

cylindrical mirror, which then directs the photons onto a plane grating monochromator (see 

Figure 2.10).
10

 The photons are then reflected by a toroidal mirror through the exit slit into 

the STXM chamber. The energy range covered by the SM beam-line extends from 100 eV to 

2000 eV.  
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Figure 2.10 Layout of SM beam-line 10ID-1 located at the CLS, Saskatoon-Saskatchewan.
10

  

[Reprinted with permission from Canadian Light Source Activity Report, 2001-2004, K. 

Kaznacheyev, Soft X-ray Spectromicroscopy (SM), 67-73, Copyright 2005, with permission 

from Canadian Light Source.] 

2.3.2 Spectroscopy Beam-Lines 

The study of organometallic complexes and polymers required the acquisition of 

NEXAFS spectra at six different absorption edges corresponding to an energy range from 

135 eV (P 2p) up to 2472 eV (S 1s) and the use of three different beam-lines and end-

stations.   

P 2p and S 2p NEXAFS spectra were recorded using the Canadian Synchrotron 

Radiation Facility (CSRF) Mark IV Grasshopper beam-line (port 091) located at the 

Synchrotron Radiation Centre (SRC, University of Wisconsin-Madison, USA), located in 

Madison, Wisconsin.
11

 The light produced by a BM is reflected by a first mirror that focuses 

the beam in a vertical plane on a mirror/slit. The X-rays then travel to a “grasshopper-type” 

monochromator, which covers an energy range from 21 eV to 1000 eV, and through an exit 

slit before reaching the end-station where NEXAFS spectra are recorded in TEY mode. 

C 1s and Fe 2p NEXAFS spectra have been recorded on the Spherical Grating 

Monochromator Soft X-ray Spectroscopy beam-line (11ID-1) located at the Canadian Light 

Source (CLS, University of Saskatchewan, Canada). The monochromator chamber and exit 

slits mechanism were transferred from former SGM beamline located at SRC.
12

 

Electromagnetic radiation from an undulator is reflected by two plane mirrors and one 

cylindrical mirror through liquid cooled entrance slits into a Dragon – type monochromator 

containing three spherical gratings (see Figure 2.11).
13

 Monochromatized light then travels 

through movable exit slits down to a toroidal refocusing mirror before reaching the end-

station.
14

 The use of three gratings allows coverage of an energy range from 250 eV up to 

2000 eV. 
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Figure 2.11 Layout of SGM beam-line 11ID-1 located at the CLS, Saskaton-Saskatchewan.
13

 

[Reprinted with permission from Canadian Light Source Activity Report, 2001-2004, I. 

Coulthard, Spherical Grating Monochromator (SGM), 65-66, Copyright 2005, with 

permission from Canadian Light Source.] 

 

P 1s and S 1s NEXAFS spectra were acquired on the CSRF Double Crystal 

Monochromator (DCM) beam-line located on port 093 at the SRC. Light produced by a 

bending magnet penetrates the double crystal monochromator chamber equipped with a 

boomerang-Golovchenko type mechanism used to coordinate the rotation and translation 

motions of the two monochromators.
15

 The monochromatized beam is then focused by a 

cylindrical mirror onto the sample target, as schematically represented Figure 2.9. The DCM 

beam-line covers an energy range from 1500 eV to 4000 eV.  

 

 

Figure 2.12 Layout of the double crystal monochromator beam-line located port 093 at the 

SRC.
16

 [Reprinted with permission from Nuclear Instruments and Methods in Physics 

Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 316, 

B. X. Yang, F. H. Middleton, B. G. Olsson, G. M. Bancroft, J. M. Chen, T. K. Sham, K. Tan 

and D. J. Wallace, The design and performance of a soft X-ray double crystal 

monochromator beamline at Aladdin, 422-436, Copyright 1992, with permission from 

Elsevier.] 
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CHAPTER 3 CALCULATIONS 

 

During the early decades of NEXAFS spectroscopy, use of the “building block 

approach” to assign spectral features was a common practice. The building block principle 

uses the spectra of simple molecules (i.e.: pseudodiatomic and functional group units) to 

assign more complex assemblies.
1-4

 This method relies on the assumption that the excited 

state is highly localized on the core excited atom, and was found to be satisfying for 

molecules without conjugation, but failed when applied to molecules with a higher level of 

electron delocalization. The alternative method to building block approach makes use of 

computational methods to simulate XAS spectra. The NEXAFS spectra presented in this 

dissertation were assigned with the help of three different computational methods, each 

implementing a different quantum chemistry model. This chapter gives an overview of the 

computational methods. The purpose of section 3.1 is to provide a quantum chemistry 

background to introduce sections 3.2, 3.3 and 3.4 dedicated to the description of each 

method; Extended Hückel Molecular Orbital theory, ab initio theory and Density Functional 

Theory respectively. Further information on quantum mechanics and computational 

chemistry may be found in books dedicated to this field such as the one by C.J. Cramer from 

which the following section has been greatly inspired.
5-7

  

 

3.1 Quantum Chemistry 

Quantum mechanics describes atoms and molecules in terms of their wave character, 

via a wavefunction (Ψ) and observable, i.e. physical variable that can be measured such as 

position, momentum or energy, which is obtained by the action of mathematical operators 

() on a wavefunction (f) to transform it, in most cases, into another function. When the 

output function is the same as the input function multiplied by a constant (ω), or in 

mathematical form: 

ff  ω Ω         Equation 3.1 

the function is termed an eigenfunction, the constant an eigenvalue and the equation an 

eigenvalue equation. 

The celebrated time-independent Schrödinger equation is an eigenvalue equation 

where the Hamiltonian operator (H), which describes the total energy of the system (the sum 
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of the kinetic and potential energies), acts upon an eigenfunction Ψ, corresponding for 

example to the energy wavefunction of the system, and returns to the eigenvalues (E), in this 

case the allowed energy values of the system: 

H = E        Equation 3.2 

The key to all quantum molecular calculations is to solve Equation 3.2 (the time-independent 

Schrödinger equation), in other words, to find the energies and energy wavefunctions of the 

Hamiltonian operator describing the system.  

The Hamiltonian operator can be separated into the kinetic energy (T) for the 

electrons and the nuclei, and the potential energy (V) that corresponds to the attraction 

between the electrons and the nuclei, and the repulsion between electrons and inter-nuclear 

repulsion. 

H
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 Equation 3.3 

Or  H = Tele + TNuc + VNuc-ele + Vele-ele + VNuc-Nuc   Equation 3.4 

where h is the Planck’s constant, me is the mass of an electron (from i through  j), mk (ml) the 

mass of nucleus k (l) and Zk  (Zl)  the atomic number of atom k (l), e the charge of the 

electron, rij (rlk) the distance between electrons i and j (between nuclei l and k) and  denotes 

the Laplacian operator.
5
 The complexity of this equation is such that series of approximations 

have been made to simplify Equation 3.2. 

M. Born and J.R. Oppenheimer suggested the following approximation: as the mass of 

nuclei are much greater than the mass of electrons, nuclei can be considered as immobile 

(nearly zero kinetic energy and constant inter-nuclear repulsion energy) and only the motion 

of electrons is considered. Application of the Born-Oppenheimer approximation causes 

Equation 3.4 to be rewritten as:  

Hele = Tele + VNuc-ele + Vele-ele     Equation 3.5 

and the electronic Schrödinger equation as: 

Hele = Eele      Equation 3.6 

Lets now consider the simplest case of a single electron in an atom for which the 

electronic Schrödinger equation can be solved exactly, e.g. hydrogenic wavefunctions. These 

wavefunctions may then be interpreted for multielectron atoms as atomic orbitals (AOs) 1s
2
, 

2s
2
, 2p

6
, etc… Lets assume that such AOs can be used to build more complicated 

wavefunctions in order to approximate the molecular orbitals (MO) of a multielectron 
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molecule. In other words, lets find a set of trial wavefunctions ϕj constructed by a linear 

combination of atomic-like wavefunctions φi (or basis functions), or in a mathematical form: 





N

i

iijj a 
1

       Equation 3.7 

In such a Linear Combination of Atomic Orbital – Molecular Orbital (LCAO-MO) the set of 

N basis functions, or “basis set”, are provided and only the aij coefficients need to be 

calculated.  

The way out is to make use of the variational principle that states that when solving 

the Schrödinger equation there must be one observable lower than all others, corresponding 

to the ground state energy (E0). The wavefunctions ψ0 associated with E0 can then be 

interpreted as the ground state wavefunction.  

Lets now introduce the equation for the operator expectation value (right hand side of 

Equation 3.8) defined as the mean value of the observable E, i.e. the mean energy value: 
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From Equation 3.7 and 3.8 we have: 
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    Equation 3.9 

According to the variational principle to approach the ground state wavefunctions, one 

must solve for all coefficients aij that lead to the minimal energy E0, the ground state energy. 

Since E is a function its minimal value corresponds to its derivative over all variable, i.e. aij 

(all aij = ak), equal to zero, or 

0




ka

E
      Equation 3.10 

A more convenient way to write Equation 3.9 is: 





 

 


ij

ijji

ij

ijji

ij

jiji
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jiji
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draa
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E




    Equation 3.11 

where the integrals Hij and Sij in the right hand side of the equation respectively correspond to 

the resonance integral and the overlap integral of two basis functions (φ). 
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Partial differentiation of Equation 3.11 leads to N equations of the form: 

 



N

i

kikii ESHa
1

0       Equation 3.12 

Since ai ≠ 0 solving Equation 3.12 consists of finding the N unknowns (Hki – ESki) for the N 

equations, leading to the secular equation: 

0
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  Equation 3.13 

To determine all coefficients ai for all j in the ground state one must: 

- determine all Hij and Sij, using semi-empirical approximation or explicit calculation  

- calculate all the roots of Equation 3.13 which correspond to N different values of Ej 

(i.e. a different value for each MO) 

- solve Equation 3.12 for each MO to determine all aij 

Finally j can be obtained using Equation 3.7.  

This method, used in Hückel Molecular Orbital theory (HMO), is very successful in 

predicating properties of unsaturated molecules such as aromatic compounds. In HMO theory 

Hij is taken as the negative of the average ionization potential of the electron in the 

corresponding valence orbital, the basis functions used for Sij are that of 2p orbitals and N = 

number of carbon atoms. This is a semi-empirical method where all core electrons are 

ignored and where the orbital overlap between adjacent atoms is taken equal to zero. The  

electron repulsions are somewhat included in an average way by the use of experimental 

quantities such as ionization potential. Yet crude, HMO was found quite effective in 

qualitative studies of planar unsaturated compounds.
8,9

  

In an effort to extend Hückel MO theory to molecules other than planar hydrocarbons, 

Hoffmann proposed his Extended Hückel Molecular Orbital theory.
10

 EHMO differs from 

HMO by: 

- larger basis set: four AOs (one 2s and three 2p) per carbon atom, instead of one AO 

(2p) in HMO, and one AO (1s) per hydrogen atom  

- AOs are Slater Type Orbital (STO) wavefunctions  

- overlap integrals, Sij, between AOs are explicitly calculated 

- resonance integrals, Hij, are adjustable parameters accounting for partial atomic 

charge 
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Nevertheless, the approximation that core electrons are not affected by the atom environment 

still holds in EHMO theory and core electrons remain excluded from the calculations. Also, 

semi-empirical parameterization of Hij and the lack of consideration for electron spin do limit 

EHMO in its applications.  

EHMO is used today for its ability to provide a fast qualitatively correct MOs 

description of unsaturated and saturated organic and inorganic molecules. The speed allows 

for the calculation of large assemblies such as organic polymers. However, as pointed out by 

Gimarc, “the real value of EHMO is not in its quantitative results (…) but rather in the 

qualitative nature of the results and in the interpretations those results can provide”.
11

. With 

the generalization of high performance computers, the time consumption argument does not 

hold against the use of more rigorous methods such as ab initio and DFT, described below. 

Yet, it was observed, for the systems investigated in this thesis (i.e. metallocenes and metal 

arenes, see Chapters 6-8), that EHMO was able to generate fast and reliable results while the 

use of ab initio and DFT presented limitations. 

In order to account for many-electron effects, Hartree proposed to separate the 

Hamiltonian operator H (note that subscript “ele” is neglected from now on for clarity) into N 

one-electron operator hi: 

H 



N

i

ih 
1

      Equation 3.14 

where N is the number of electrons and one-electron operator hi is defined by (in atomic 

units): 

hi }{
2

1

1

2 jV
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Z
 i
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k ik

k
i  



     Equation 3.15 

with rik the distance between electron “i” and nucleus “k” and M the total number of nuclei. 

The many-electron wavefunction is then constructed from the product of all one-electron 

wavefunctions: 

N321HP Ψ ...Ψ Ψ Ψ Ψ       Equation 3.16 

where HP subscript means Hartree product. The last term in the right hand side of Equation 

3.15 accounts for the interaction potential between electron “i” and all other electrons “j” and 

is defined by: 





ji ij

j

i d
r

jV r}{


      Equation 3.17 
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with ρj, the charge density of electron j, is defined by: 
2

jj             Equation 3.18 

Since the primary objective is to calculate the one-electron wavefunctions (ψi) one 

must start by guessing a set of ψ in order to build hi and then solve the Schrödinger equation 

from which a new set of ψ is obtained. This new set, which is supposedly more accurate than 

the guessed one, is used to determine a new hi, and so forth until a satisfying convergence is 

achieved for the ψi. This approach termed Self-Consistent Field (SCF) method was proposed 

by D.R. Hartree.
12

 The level of convergence is chosen arbitrarily in an attempt to conciliate 

accuracy and computational time. An important shortcoming of the Hartree SCF method is 

that it violates the Pauli principle as the electrons are not indistinguishable. To account for 

that, D.R. Hartree and V. Fock proposed to replace the HP by SD, where the product of 

wavefunctions is expressed as a determinant (SD subscript meaning Slater Determinant): 
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
    Equation 3.19 

 where χ corresponds to the product of a spatial orbital with an electron spin eigen function; 

i.e. a spin-orbital. In the Hartree-Fock (HF) SCF method, all electrons are indistinguishable 

but also exchange effects associated with electron spin are now accounted for. Yet HF-SCF 

still suffers from an important shortcoming in its inability to account for electron correlation. 

The assumption that each electron sees the other electrons as an average field is not sufficient 

in describing all electron interactions as it neglects the correlated motion of electrons with 

each other. However, in the ideal case of infinite basis sets, HF-SCF energy may differs from 

“true” energy by only the correlation energy, defined as: 

Etrue = EHF-SCF + Ecorr      Equation 3.20 

and Ecorr can be estimated using dedicated methods. 

The implementation of HF-SCF in ab initio theory was found quite successful in 

improving the calculation of MO energies.  

Unlike HMO and EHMO methods that are semiempirical, i.e.: combine theoretical 

parameters and experimental data, ab initio is a more rigorous approach where all parameters 

are explicitly calculated. However, for obvious reasons, an infinite basis set is not 

manageable and only a limited number of basis sets can be computed at the detriment of 

accuracy.  
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For ab initio calculations the following method is commonly used: 

1) select a minimal set of STO (1s, 2s, 2p) 

2) account for orbital contraction by adding appropriate STOs (3d) 

3) account for orbital polarization by adding STOs with l+1 angular momentum quantum 

number; i.e.: polarize a “s” orbital (l = 0) by adding a “p” orbital (l = 1) 

The final number of STOs may easily become very large and might dramatically 

increase computational time. Alternatively STO functions can be replaced by linear 

combinations of Gaussian Type Orbitals (GTO), more easily handled by computers: 

  



M

i

iGTOiSTO a 
1

)(        Equation 3.21 

 where M is the number of primitive GTOs used. 

Ab initio approach to solve the Schrödinger equation for many-electron systems 

requires calculating the energy and wavefunction for every one-electron orbital which 

appears to be a very tedious task. A simpler approach has been suggested where the many-

electron wavefunctions have been replaced by a single density function in order to construct 

the Hamiltonian operator H. The three operators in Equation 3.4 (i.e.: Tele, VNuc-ele and Vele-

ele) can be described in a classical approach as a function of the density of electrons at a 

particular point in space r (ρ(r)), defined by: 

 
2

3232 )r,...r,r,r(r...rr)r( NNdddN     Equation 3.22 

with N the total number of electrons. As ρ(r) is a function of spatial coordinates, the operators 

Tρ(r)ele, Vρ(r)Nuc-ele and Vρ(r)ele-ele are named density functionals leading to the Density 

Functional Theory. 

Through two successive theorems Hohenberg and Kohn were able to demonstrate that 

as ρ(r) determines H, which according to the Schrödinger equation determines ψ and 

eventually the energy (E), in other words: 

E[ρ(r)] = Tele[ρ(r)] + VNuc-ele[ρ(r)] + Vele-ele[ρ(r)] + T[ρ(r)] + Vele-ele[ρ(r)]   Equation 3.23 

The two terms at the end of Equation 3.23 were added by Kohn and Sham and correspond to 

electron kinetic energy correction due to electron-electron interactions and correction for 

non-classical exchange and correlation energies. The one-electron Schrödinger equation can 

now be written: 

iii

KS

ih          Equation 3.24 
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Where, as for HF, in order to calculate each ψi one must first construct hi, then guess a 

starting set of ψ followed by successive iterations until the desired convergence is obtained. 

The immediate advantage of DFT over HMO, EHMO and ab initio is its ability to perform 

calculations with a high level of accuracy and a relatively low computational time cost. A 

great deal of DFT methods aims at enhancing the theory’s performances and liability for 

various systems including organometallics.
13,14

  

NEXAFS spectra presented in this dissertation have been assigned with the help of 

EHMO, ab initio or DFT computational methods, each implemented in a different program. 

The purpose of the following sections is to describe how simulated X-ray absorption spectra; 

i.e. calculations of the transition energies and intensities, are generated from these methods. 

The difficulty in simulating XAS spectra resides in how well the core hole relaxation effects 

are accounted for. As mentioned in §1.2 the formation of a core hole upon X-ray absorption 

modifies the atomic core Coulomb potential and the MOs calculated for the ground state do 

not accurately describe the MOs in the core excited state. All three programs presented in the 

following sections were purposely selected as they are all optimized, using different 

approaches, to account for the core orbital half occupancy. The approaches used for each 

computational method are described. 

The core excitation intensities are approximated by calculating the oscillator strength 

fos , defined as:
1
 

22
ipf

m
fos  


     Equation 3.25 

where ω is the radiation frequency. Note that fos is directly related to the absorption cross 

section, (Cf §1.2) according to:  

dE

df
Cx         Equation 3.26 

where MbeV101.12 222  mceC  (Mb = megabarn). The oscillator strength is thus a 

calculated value of the probability of the transition from the initiali  to the final f  state. 

 

3.2 Extended Hückel Molecular Orbital Theory Calculations 

EHMO calculations have been performed to help interpret the Fe 2p NEXAFS spectra 

of organometallic compounds. Calculations were performed using the Computer Aided 

Composition of Atomic Orbitals (CACAO) program.
15
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EHMO calculations are used to explore the effects of covalent bonding in these 

species as they are well parameterized for organoiron species and have already been applied 

effectively to the calculation of metallocenes.
16-19

 DFT calculations are also appropriate for 

organoiron compounds; however, our particular version of the DFT program could not 

perform these Fe 2p calculations at the time of this investigation. 

As mentioned in Section 1.2, the formation of a core hole following the absorption of 

X-ray affects the energy of all orbitals, occupied and unoccupied. The equivalent ionic core 

virtual orbital model (EICVOM)
20

 is used to account for electronic relaxation due to the 

presence of the core hole. In the EICVOM, the core excited atom is replaced by the atom 

with one greater nuclear charge (e.g. Z+1 approximation), and the molecule is given a +1 

charge to correct the valence electron count.  

The atomic propensity approximation is used to determine the intensity of the 

spectroscopic features.
21

 According to Laporte electric-dipole selection rules, the most 

intense transitions (i.e.: allowed transitions) are those that satisfy a change in orbital angular 

momentum of l =  1; i.e. for 2p core excitation only the transitions 2p  3d and 2p  4s 

are considered, where 3d and 4s orbitals are highly localized on the core excited atom 

(localized core hole approach).  The atomic matrix elements in Equation 3.25 are 

then ppd 23  and pps 24  , however since ppd 23  >> pps 24  transitions to 

4s orbital are neglected. As mentioned in §3.1 EHMO is a valence only method and the 

intensity of the highly localized core excited transitions are estimated by calculating the sum 

of the square of the LCAO coefficients of the 3d AOs that contribute to the unoccupied MO 

of interest; i.e. aij
2
(3d, 4s). Simulated spectra were obtained by calculating a Gaussian line 

shape for each transition using the program SIMILE2.
22

 

EHMO calculations were used to help interpret the Fe 2p NEXAFS spectra of 

ferrocene and metal arene complexes. These calculations demonstrated the importance of 

covalent bonding in the assignment of the NEXAFS spectra of such compounds. Significant 

substituent effects were observed in the spectra, which with the help of EHMO calculations 

were assigned to electron donating / withdrawing properties of the substituents on the ligands 

and * conjugation between unsaturated substituents and ligands. The experimental and 

theoretical results for this study are presented in Chapters 6, 7 and 8. 
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3.3 Ab Initio-IVO Calculations 

Ab initio calculations have been performed to help interpret the C 1s, N1s, and O 1s 

NEXAFS spectra of amino acids and related species recorded for XNCD study as well as in 

the examination of the zwitterionic effect in the N 1s NEXAFS spectra of amino acids and 

related compounds. Calculations were performed using Kosugi’s GSCF3 package, as it is 

highly optimized for the calculation of core-excited states.
23

 This program is based on the 

Improved Virtual Orbital method (IVO) of Hunt and Goddard reviewed below,
24

, where the 

presence of the core hole is explicitly accounted for in the Hartree Fock Hamiltonian. The 

calculations were performed using the high quality GTO extended basis set of Huzinaga et 

al.
25

 A complete list of all basis sets and polarization functions used for these ab initio 

calculations is presented Chapter 5.  

3.3.1 Improved Virtual Orbital 

The ab initio-IVO calculations consist of 3 steps, where the MO wavefunctions are 

calculated for the molecule 1) in the ground state, 2) in ionized state and 3) in the core 

excited state.
24

 

A core excited molecule (with N electrons) can be divided into an “active part” (i.e. 

the core hole and the excited optical electron) and a “passive part” (the other N-1 electrons). 

After ground state calculations (step 1) an electron is explicitly removed from a desired core 

orbital and the N-1 electrons are then allowed to relax in the potential of the core excited 

cation (step 2) where the core hole is prevented from being refilled. Afterwards the passive 

electron part is frozen and excited states are calculated (step 3) for all possible optical orbital 

occupancies, i.e. unoccupied Rydberg and valence orbitals.  

The transition intensities are explicitly calculated according to Equation 3.25. 

Simulated spectra are generated from these calculations by using a Gaussian line shape for 

each calculated excitation, using the program SIMILE2.
22

  

During the examination of the XNCD effects in amino acid solid films it appeared that 

a feature on the low energy side of the main resonance observed at the nitrogen K edge had 

been misinterpreted throughout the literature where the transition had been assigned to 

Nitrogen 1s  Rydberg transitions, mixed with states of *(N-H) character. The dominant 

Rydberg character is reasonable for gas phase spectra; however we expect that Rydberg 

character will be quenched in condensed species.
26,27

 Knowing the degree of Rydberg / 
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valence mixing may be very important in the assignment of NEXAFS spectra used for the 

highly sensitive measurement of XNCD. Therefore, to explore the Rydberg character of this 

resonance, advanced calculations were performed on model molecules using the Shielding-

Refined Improved Virtual Orbital (SR-IVO) method described below. 

3.3.2 Shielding-Refined Improved Virtual Orbital 

The Rydberg or valence character can be inferred by examining the calculated orbital 

size and the energy difference between singlet and triplet core excited states (ES-T) for a 

particular transition. Rydberg orbitals generally have a larger radius than valence orbitals, e.g. 

greater than 3 Å in small molecules. The energy difference between the singlet and triplet 

core excited states, ES-T, is a reflection of the differences in electron-electron repulsion for 

electrons in Rydberg or valence optical orbitals. Generally, core excited states with ES-T > 

0.05 eV are considered to have some valence character. This method has been used 

effectively to characterize the degree of Rydberg – valence mixing in the NEXAFS spectra of 

gaseous
28

 and condensed alkanes.
27

  

The IVO approximation has the potential for spurious Rydberg valence mixing
29,30

 as 

the energy of Rydberg transitions are generally more accurately calculated than valence 

transitions. The (N-1) passive part provides a good description of the electronic environment 

for core  Rydberg transitions, as these transitions converge to the core-ionization threshold 

corresponding to the core-ionized (N-1)-electron cation. However, for core-to-valence 

transitions, the calculation of the passive (N-1) electron part does not account for the 

significant shielding by the excited electron in its valence optical orbital. As a result, the 

nucleus is overshielded and the calculated energy of valence transitions is shifted to higher 

energy. Therefore, Rydberg and valence core excited states will have a different systematic 

error and Rydberg-valence mixing will be anomalous.
30,31 

We can correct for this shielding 

effect by recalculating the passive electron part with the core hole vacancy and the optical 

orbital occupancy. The more-accurately shielded passive electron part is used in subsequent 

IVO calculations. This process is repeated for each core excited state, with the shallower 

optical orbitals frozen. This SR-IVO method was used by Kosugi et al. to remove spurious 

Rydberg / valence mixing in the C 1s  *C-F transition.
29

  

Ab initio SR-IVO calculations were used to help assign the N 1s NEXAFS spectra of 

amino acids and other model compounds. Systematic differences observed between the 
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zwitterionic and un-ionized form of amino acids were assigned to the difference in 

protonation of the amine groups (i.e.: -NH2 vs. –NH3
+
), which leads to a change in the degree 

of Rydberg – valence mixing. The experimental and theoretical results for this study are 

presented in Chapter 5. 

 

3.4 Density Functional Theory Calculations 

DFT calculations have been performed to help interpret the C 1s NEXAFS spectra of 

metallocene and metal arene complexes. DFT has been used effectively and extensively to 

examine the geometric and electronic structure as well as bonding in organometallic and 

sandwich complexes.
32

 The calculations were performed using the Stockholm-Berlin version 

2.1 of deMon  (StoBe2005, dated 12/9/2005).
33

 This program is based on self-consistent 

solutions of the Kohn-Sham DFT. The NEXAFS calculations presented here were performed 

following the procedures of Wilks et al.
34

 and relevant details on basis set and polarization 

functions used for these calculations may be found in Wilks thesis dissertation.
35

  

The NEXAFS spectra are simulated by calculating the transition probabilities between half-

occupied core hole and optical orbital optimized in the potential of this half-occupied core 

hole excited molecule. NEXAFS curves were obtained by Gaussian convolution of the stick 

spectra generated by StoBe.  

DFT calculations were found to be very helpful in the interpretation of the C1s 

NEXAFS spectra of ferrocene and metal arene complexes and confirmed the importance of 

covalent bonding in these compounds. The experimental and theoretical results for this study 

are presented in Chapters 6, 7 and 8. 
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CHAPTER 4 X-RAY NATURAL CIRCULAR DICHROISM 

 

Circular dichroism is the difference in absorption of circular polarized light by chiral 

molecules and assemblies. This effect is measured almost exclusively using infrared (IR), 

visible and UV wavelengths but can be expected at any wavelength. IR and UV absorption 

are respectively related to vibrational and valence electronic excitation while X-ray 

absorption corresponds to core electron excitation. A discussion on the importance of 

chirality in chemistry is presented in §4.1. The objective of this study was to observe CD at 

X-ray wavelength for small organic chiral molecules; these motivations are further explained 

in §4.1.1.  

This controversial experiment has been greatly anticipated by theory. The difficulties 

associated with the theoretical description of the effect and the constrains associated with the 

experimental technique have been assessed and are described in §4.1.2.1 and §4.1.2.2. The 

various approaches established to address these challenges are then presented §4.1.2.3. 

The samples investigated are listed §4.2 along with the reasons why these compounds 

have been selected. The experiments are described in §4.3 and their outcomes are presented 

and discussed in §4.4. While great progress has been made in the selection of samples, the 

preparation methods and in optimizing spectroscopic techniques, XNCD was not observed. 

The last section (§4.5) is a reflection onto why none of the attempts to measure XNCD were 

fruitful and suggestions for further investigation are presented. 

 

4.1 Introduction 

4.1.1 Chirality and Circular Dichroism 

Chirality is defined by the International Union of Pure and Applied Chemistry as the 

“geometric property of a rigid object of being non-superimposable on its mirror image” or for 

an atom “to hold a set of ligands in a spatial arrangement which is not superimposable on its 

mirror image” (Both from IUPAC Compendium of Chemical terminology, 2
nd

 edition 1997). 

Our hands are a familiar example of chiral objects and amino acids are examples of chiral 

molecules (see Figures 4.1). Chirality in chemistry is not limited to the second definition, 

which implies the presence of a chiral atom in the molecule, or stereogenic center, such as the 

tertiary carbon atom in the amino acid example. Molecules as a whole can be chiral objects as 
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can molecular assemblies such as monolayers, carbon nanotubes and polymer films with 

suprastructural chirality. The relevance of these examples from the fields of chemistry, 

biology, surface chemistry and material chemistry shows the extent of chirality in science.  

 

Figure 4.1 a) Chiral objects: left and right hands are mirror images but not superimposable. 

b) Chiral moleclues: alanine. 

 

The most prevalent optical methods used in laboratories to assess chirality are optical 

rotatory dispersion (ORD) and circular dichroism. ORD is related to the ability of a chiral 

substance to rotate the plane of polarization of linear polarized light. In Chapter 1 linear 

polarized light was presented as the resultant of two linear polarized waves propagating in the 

same direction and oscillating in phase in two orthogonal planes. Yet plane polarized 

radiation may also be described as the resultant of left and right circularly polarized radiation 

of equal intensity and propagating in phase in the same direction. The rotation of the plane of 

polarization by a chiral substance is then due to a difference in refractive indexes for LCP and 

RCP radiations. The consequence is a shift in the phases of the two radiations that causes the 

plane of polarization of the resulting plane-polarized wave to tilt by an angle  (Figure 4.2).  

 

Figure 4.2 Schematic representation of the plane polarized light rotation by chiral substance. 
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Two non-superimposable mirror images of a molecule are termed enantiomers and are 

referred to as dextrorotatory (+) for the enantiomer responsible for rotating plane-polarized 

light clockwise and levorotatory (-) for the enantiomer responsible for rotating plane-

polarized light counterclockwise. This asset of ORD is extensively used to help determine 

enantiomeric ratio in mixtures. Enantiomeric purity is a critical concept in many disciplines 

such as organic chemistry, biology and pharmacology as enantiomers are involved in 

drastically different mechanisms. Specific rotation, an intrinsic property of the pure 

enantiomer, is then determined by measuring the angle  of rotation of the plane of 

polarization of the radiation at a specific wavelength, concentration and temperature.  

CD is related to the ability of a chiral substance to change linearly polarized light into 

elliptically polarized light. Selective absorption of LCP or RCP radiation by a chiral 

substance affects the intensity ratio between the two radiations. This causes the resulting 

electric vector to rotate around the propagation axis instead of oscillating in the plane of 

polarization, as described in Figure 4.3 (where no change in refractive index is assumed). CD 

spectroscopy is used routinely in laboratories to characterize secondary and tertiary structures 

of large molecules such as polymers, proteins and nucleic acids.  

 

Figure 4.3 Schematic representation of the elliptical polarization of linear polarized light by a 

chiral substance. 

 

Note that ORD and CD do not lead directly to absolute configuration of the molecules 

investigated and are most often used in an empirical way. The measurement of enantiomeric 

excess by ORD requires knowing specific rotations of the pure enantiomers while CD 

spectroscopy is habitually used as a fingerprint method. Additionally both ORD and CD 

performed in solution are strongly dependent on the solvent or the buffer systems used, the 
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temperature are often limited by competitive absorption processes from the medium and 

surrounding (i.e. oxygen). 

NEXAFS spectroscopy is an element specific tool highly sensitive to the chemical 

and structural environment as well as magnetic properties of the atoms being investigated. 

Dichroism associated with the absorption of circularly polarized X-rays has been observed 

for a series of inorganic compounds, and for very few organic materials. The objective of the 

research presented below is to measure CD at X-ray wavelengths from small organic chiral 

molecules in solid and liquid phases. 

The exact nature of the interaction of circular polarized light with matter is still a very 

fascinating topic as the long lasting question of homochirality in terrestrial life remains 

unresolved. It has been suggested that uneven distribution of the circular polarized radiation 

in daylight may have influenced the enantiomeric selectivity of biomolecules.
1
 Investigation 

of the interaction of circular polarized X-rays with molecules such as -amino acids might 

contribute to a better understanding of this phenomenon. 

For chemists the primary interest in the difficult measurement of XNCD is in its 

potential application in resolving enantiomers. Unlike traditional methods, i.e. ORD, UV-CD, 

IR-CD and chiral-sensitive atomic force microscopy, NEXAFS spectroscopy is suitable for 

samples in gas, liquid and solid state allowing CD measurement for a broader range of 

samples including thin films and monolayers. 

Also theoretical studies have indicated that large XNCD effects are expected in chiral 

molecules for atoms other than the stereogenic center.
2
 If this excited state chirality effect 

was observed experimentally it would provide additional confirmation that chirality is a 

molecular property and that the description of stereogenic centers is not limited to a “chiral 

atom”. This could perhaps leads to examination of XNCD for chiral molecules containing no 

chiral atom, such as polycyclic aromatic compounds like heptahelicene.  

Additionally, an important number of theoretical studies have been dedicated to 

XNCD in organic chiral molecules. Yet very limited experiments have been successful so far 

in recording the timid effect and their agreements with the computed simulations are rather 

poor. A greater collection of experimental results would then contribute improving the 

computational tools used to simulate polarization and non-dipole effects in NEXAFS 

spectroscopy.  
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4.1.2 XNCD of Small Chiral Organic Molecules 

4.1.2.1 Theoretical constrains 

The anisotropic absorption of circular polarized light by a chiral substance is due to 

coupling of the electric transition dipole (E1) of the EM radiation to the magnetic transition 

dipole (M1) or the electric transition quadrupole (E2) in the expression of the X-ray 

absorption cross section (see equation 1.5). At UV wavelengths, processes arising from the 

E1·M1 cross term governs the measured circular dichroism for unoriented samples, as the 

E1·E2 cross term vanishes.
3
 At X-ray wavelengths, CD measurements and calculations 

indicate that the E1·E2 cross term is responsible for the anisotropic absorption by core level 

electrons of circular polarized X-rays while the contribution of E1.M1 cross term is 

controversial and considered by some as insignificant. However the number of crystal classes 

which are expected to exhibit significant XNCDE1E2 is quite limited
4
 prohibiting examination 

of all compounds relevant to our field of interest, i.e.: small organic chiral molecules. 

Therefore to measure CD from such compounds one has to look for the notorious XNCDE1M1 

effect.  

The atomic selection rules for allowed electric quadruple transitions (E2) are: 

- change in orbital angular momentum l = 0, ±2 with l ≠ 0 if l0 = 0 

The atomic selection rules for allowed magnetic dipole transitions (M1) are: 

- l = 0 and l0 ≠ 0 

- no change in principal quantum number, n = 0 

The much more restrictive selection rules that apply to M1 partly explain why the E1·M1 

cross terms show limited to no contribution to XNCD, especially for transitions originating 

from K electron shells (l0 = 0).
5
 No magnetic dipole transition is allowed from perfectly 

spherical orbitals (l0 ≠ 0) and all transitions from deep core shells such as K, L1 and M1 are 

forbidden due to n = 0. Yet relaxation of these selections rules, i.e. 1s-2p orbital mixing, 

have been observed and, as discussed in §4.1.2.3, weak XNCD signal have been recorded and 

assigned with the help of theoretical calculations. 

4.1.2.2 Experimental constrains 

The g-factor defined in Equation 1.9 for small organic molecules such as amino acids 

had been calculated and was predicated to range between 10
-4

 to 10
-3

.
2,6,7

 One of the main 

difficulties in measuring such a small signal reside in the magnitude of the uncertainties 
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associated with X-ray intensity and polarization variability, mainly due to the decay in beam 

intensity and the spatial instability of the beam during measurements.  

Additionally when studying organic materials with X-rays, one must be concerned by 

the risk of sample damage induced by radiation. The sensitivity and mechanism of X-ray 

damage have been extensively investigated for systems similar to the one of interest in this 

thesis; i.e. amino acid, peptides, organic and organometallic polymers.
8-17

  

Due to the weakness of the signal associated with XNCD any small variations in the 

spectra due to beam instability, normalization or X-ray sample damage would jeopardize the 

reliability of the measurement. 

4.1.2.3 Our Approaches 

As established in § 4.1.2.1, the measurement of CD from small chiral organic 

molecules will be restricted to the E1·M1 mechanism. In order to rule out any possible 

contribution from  E1·E2 interactions it was determined that only amorphous samples would 

be examined as E1·E2 cross terms are expected to cancel out for non-oriented samples 

(amorphous, powder, liquid, gas etc..).
3
 This prerequisite has been our primordial concern 

through all the sample preparations and great efforts have been put toward achieving 

randomly oriented samples. 

Regarding the selection rules, on account of their relaxation, several theoretical 

studies concerned with E1·M1 interferences have reported g-factor values in the range of 10
-8

 

at sulfur K edge for unoriented molecules of H2S2
5
 up to 10

-3
 for carbon, nitrogen and oxygen 

K edges of small organic molecules and amino acids where 1s-2p orbital mixing was 

accounted for using the CD effect
2,18

. Recent measurements at carbon K edge of gas phase 

methyloxirane led to g-factors on the order of 10
-3

, in agreement with earlier calculations.
18,19

 

The authors ascribed the origin of this rather large XNCD signal to an effective hybridization 

of 1s-2p orbitals due to their relative proximity in carbon atoms. Based on these studies it was 

determined that measurement of  very weak XNCDE1M1 effect was indeed possible for 

organic compounds and that tremendous progress made in the field of synchrotron polarized 

soft X-rays would compensate for the weakness of the intended measurement.  

Yet, as mentioned in § 4.1.2.2, beam instability over the time it takes to acquire 

NEXAFS spectra is indeed of great concern. To address this issue, we proposed to 

simultaneously record the spectra of both enantiomers, the racemic mixture for control and 
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the substrate for normalization using one circular polarized radiation at a time (either LCP or 

RCP). The expression of the g-factor presented in Equation 1.9 is equivalent to: 

g = 
DL

DL

σσ

σσ
2




        Equation 4.1 

where L and D are the absorption cross sections measured with either LCP or RCP light for 

L- and D- amino acid. NEXAFS spectra from four different regions can be acquired 

simultaneously using soft X-ray spectromicroscopy (SM). The field of view of these 

microscopes ranges from several micrometers up to several hundred micrometers. The 

sample is then required to combine both enantiomers, a racemic area and a normalization area 

in micrometer domains size. Such small scale patterned samples can be prepared by chemical 

vapor deposition, details on this methods will be presented in § 4.3.1.1. 

X-ray SM is also a great tool to investigate X-ray sensitive materials, such as 

biological samples, as it is highly efficient in controlling the radiation dose the samples are 

exposed to.  

In order to reduce the effects of X-ray damage, the amount of photons the sample is 

exposed to needs to be reduced. By reducing the photon flux the measurements become more 

prone to beam instability and background noise and to compensate for this one must increase 

the number of data points recorded. When using X-ray spectroscopy techniques this is done 

by averaging many low dose spectra, which can be time consuming. In X-ray SM the spectra 

are generated by averaging the number of transmitted photons over an image where every 

pixel is as many data points (see §2.2.2). Spectra with relatively low shot noise (i.e.: random 

fluctuation in measurement over a long period of time; enhanced at low photon flux) can then 

be obtained in reasonably short exposure time. Great efforts have been made to ensure that 

the effects of X-ray radiation were kept as low as feasible. X-ray damage studies were 

conducted for several samples following the method established by Coffey et al.
13

 

Table 4.1 summarizes the various difficulties identified in this section and associated 

with the measurement of XNCDE1M1 along with how these issues are intended to be 

addressed. 
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Constrains: Our approaches: 

Theoretical 

- XNCDE1E2 > XNCDE1M1 

- very weak XNCDE1M1 effect 

 

-  randomly oriented sample 

- enantiomerically pure samples 

Experimental 

- beam instability causing intensity 

and polarization inconsistencies 

- X-ray damage 

 

- both enantiomers examined simultaneously using 

X-ray SM (requires patterned sample films) 

- determine radiation dose limits and diminish 

sample exposure using X-ray SM 

Table 4.1 Constrains and approaches in the measurement of XNCDE1M1 of small organic 

chiral 

 

4.2 XNCD Samples 

Beside the prerequisite to study randomly oriented structures, such as liquid and 

amorphous solids, further restrictions associated with either sample preparation methods or 

technique limitations were identified. These restrictions, which are listed in Table 4.2, were 

used to optimize the selection of compounds suitable for XNCDE1M1 measurement.  

In order to attempt XNCDE1M1 measurements, three classes of compounds were 

selected according to the restrictions presented in Table 4.1 and will be described in greater 

detail below.  
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Limitations associated with: Sample requirements: 

XNCDE1M1 - randomly oriented 

- high purity 

- both enantiomers available enantiomerically pure 

(or very high enantiomeric excess) 

NEXAFS spectroscopy - with few non equivalent atoms to simplify 

spectrum 

- with low sensitivity to X-ray 

NEXAFS measurements - stable in air, non toxic  

- with low vapour pressure for measurements in ultra 

high vacuum conditions 

Sample preparation  

vacuum deposition: 

 

liquid cell: 

- stable in air, non toxic 

- low vapour pressure 

- suitable for sublimation  

- soluble in common solvent (or suitable for neat 

solution) 

Table 4.2 List of requirements to satisfy to select samples for XNCD experiment. 

 

4.2.1 Amino Acids and Amino Acid Derivatives  

Amino acids are organic molecules that contain an amine group (-NH2) and a 

carboxylic acid group (-COOH). Alpha-amino acids (general formula H2N-C

RR’-COOH) 

have both amino and carboxylate groups bonded to the same tetravalent carbon atom (C

) 

and are chiral for all side groups (-R) ≠ (-R’). The properties of -amino acids vary widely 

with the identity of the side groups. More than 500 -amino acids have been found in nature 

and 20 in the human body where they play a crucial role as the building blocks of proteins. 

Amino acid enantiomers are distinguished by the labels L and D (small capital letters). These 

labels refer to the optical activity of the L-Glyceraldehyde and D-Glyceraldehyde which 

contain an asymmetric carbon atom with the same S (sinister) and R (rectus) configuration as 

the amino acid. The labels R and S correspond to the absolute notation created by Cahn, 

Ingold and Prelog where the subsituents on the chiral atom are prioritized by decreasing 
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atomic number; OH > COH (aldehyde) > CH2OH and NH2 > COOH > CH2(CH3)2 > CH3 as 

in the examples presented Figure 4.4.
20

 Two amino acids may then have the same S/R and 

L/D labels yet a different optical activity (+) or (-) (see Figure 4.4).  

Amino acids were considered as very promising candidates for XNCDE1M1 

measurements as they fulfil all requirements presented in Table 4.2, and because they have 

been the subject of extensive experimental and theoretical studies, including NEXAFS 

spectroscopy and XNCD calculations. 

 

COH

HO

OH
H

COH

HO

H
HO

NH3
H

OH

O

H
H3N

OH

O

D-Glyceraldehyde
(+)-Glyceraldehyde
(R)-Glyceraldehyde

L-Glyceraldehyde
(-)-Glyceraldehyde
(S)-Glyceraldehyde

D-Alanine
(-)-Alanine
(R)-Alanine

L-Leucine
(-)-Leucine
(S)-Leucine

 

Figure 4.4 Examples of configuration label assignment using L/D, (+)/(-), R/S and L/D 

notations. 

 

Three chiral amino acids have been selected, alanine, phenylalanine and serine and 

one achiral amino acid, glycine. Glycine was used as a control since no XNCD effect is 

expected from achiral compounds. Amino acids in solid state exist as dipolar ions or 

zwitterions (H3N
+
-C


RR’-COO

-
) and show a high propensity to form oriented structures 

under standard conditions of pressure and temperature. In order to avoid presence of 

zwitterions and prevent formation of crystalline structures, methyl ester hydrochloride 

derivatives of alanine and serine have also been investigated.  Amorphous films of poly[(N-

propenoyl) L-alanine benzyl ester] and poly[(N-propenoyl) D-alanine benzyl ester], i.e. 

polymer with alkane chain and amino acid derivative pendent groups,  have been prepared 

and examined. The molecular structures of all amino acids and derivatives are presented in 

Figure 4.5.  
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Figure 4.5 Chemical structure of amino acids and derivatives. 

 

Specific details on preparation of thin films of -amino acids, -amino acid 

derivatives and poly[(N-propenoyl)alanine benzyl ester], referred to as amino acid derivatives 

functionalized polymer, are presented in the following section. 

4.2.2 Small Chiral Organic Molecules 

In additional to -amino acids and derivatives, five small organic molecules have 

been selected: tartaric acid, -hydroxy--butyrolactone, 3-butyn-2-ol, 3-

hydroxytetrahydrofuran and styrene oxide. (see Figure 4.6 for molecular structures).  
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Unlike amino acids and tartaric acid, the last four compounds are in liquid state at 

normal conditions of temperature and pressure, thus intrinsically disordered. For liquid 

samples, liquid cells had to be prepared; further details on sample preparation are presented 

in a following section. 

 

O
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O

OH O
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O

Tartaric acid -hydroxy--butyrolactone 3-butyn-2-ol

3-hydroxytetrahydrofuran Styrene oxide

OH

OH
OH

OH

OH

 

Figure 4.6 Chemical structure of small chiral organic molecules. 

  

4.2.3 Heptahelicene 

Carbohelicenes are polycyclic aromatic molecules containing only carbon atoms in 

their skeleton and with a unique helical structure, as shown in Figure 4.7.
21

  

 

 

Figure 4.7 Representation of the structure of heptahelicene.
22
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Helicity, engendered by the repulsion between the facing benzene rings confers to the 

molecule its chirality. The two enantiomers are distinguishable by the sense of rotation of the 

helix; right-hand helix corresponding to (P)- (plus or (+)) configuration and left-hand helix to 

(M)- (minus or (-)) as illustrated in Figure 4.8.
23

 

 

Figure 4.8 Heptahelicene a) left-hand helix (M) or (-) and b) right-hand helix (P) or (+). 

 

The high chemical and configuration stability of helicenes account for their extensive 

applications in molecular recognition, enantioselective catalysis and molecular electronic and 

photonic devices.
24

  

Heptahelicene ([7]H, C30H18) was selected for the XNCD study. The details on the 

sample preparation are presented in the following section. 

 

4.3 Experiments 

4.3.1 Sample Preparation  

4.3.1.1 Thin film deposition of amino acids and amino acid derivatives 

4.3.1.1.1 Chemical vapour deposition 

Chemical vapor deposition was used to prepare patterned films of amino acids using 

the thermal deposition instrument (Datacomp Scientific) presented in Figure 4.9-a.  

The following compounds were obtained commercially and used without further 

purification: L-alanine, D-alanine, L-phenylalanine, D-phenylalanine, L-serine, D-serine, L-

alanine methyl ester hydrochloride, D-alanine methyl ester hydrochloride, L-serine methyl 

ester hydrochloride and D-serine methyl ester hydrochloride. Milligram amounts of 

compound is placed in a resistively heated tungsten receptacle located inside a high vacuum 

chamber represented schematically in Figure 4.9-b. 
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Figure 4.9 Thermal deposition instrument (Datacomp Scientific). a) Picture showing the 

setup used for deposition on cold substrate: liquid nitrogen tank connected by a feedthrough 

to substrate holder located inside the deposition chamber. b) schematic of the inside of the 

deposition chamber. 

 

The temperature of the receptacle is increased by augmenting the amount of current 

travelling through the receptacle until the temperature of sublimation of the compound is 

achieved. The molecules then travel to the surface of the substrate, either silicon wafers (N-

type, P doped, orientation (100), 1-10 /cm resistivity) or silicon nitride membrane windows 

(Si3N4; 75 nm and 100 nm thickness), located 15cm above the receptacle. The thickness of 

the film accumulated on the surface of the substrate is monitored by a quartz crystal 

microbalance located in the vicinity of the substrate.  

The two enantiomers were deposited consecutively using a mask in order to alternate 

areas covered with each enantiomer and areas uncovered (open area) used for normalization. 

Figure 4.10-a,b,c show the various mask shapes used: V-shape, fork-like shape and 

transmission electron microscope (TEM) copper grid (Structure Probe Inc.). 
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Figure 4.10 Masks used to prepare patterned samples, a) V-shape, b) fork shape and c) TEM 

copper grid and d) Si3N4 membrane window. Microscope images of patterned films prepared 

with e) V-shape mask, f) fork mask and g) TEM copper grid on Si3N4 membrane (1.5 mm by 

1.5 mm). E1 = enantiomer 1; E2 = enantiomer 2; R = racemic; O = open area. 

 

Both V-shape and fork-shape masks have been designed specifically for this 

application and were custom made by the University of Saskatchewan Physics Machine 

Shop. Optimum sample quality was achieved using TEM copper grid masks. The evenness of 

the grids enabled the mask to be positioned at approximately 2 m from the Si3N4 membrane. 

Their thickness prevented shadowing effects responsible for the irregularities observed at the 

edge of the films deposited using thicker V-shape and fork-shape masks. Additionally, as 

illustrated in Figure 4.10-f, a larger number of domains could be deposited on one membrane 

using TEM copper grid masks, enhancing sample preparation time, domain steadiness and x-

ray microscope experimental time.  

Thin film of L- and D- alanine, L- and D- phenylalanine and L- and D-serine were 

prepared successfully by CVD. However, for L- and D- alanine and serine methyl ester 

hydrochloride, after deposition the films had rearranged into large structured domains and an 

alternative method, solution casting, was used (see § 4.3.1.2).  
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4.3.1.1.2 Chemical vapour deposition: cold substrate 

Almost any substance can exist in an amorphous state providing that the molten 

material can be cooled down rapidly enough to prevent the more thermodynamically stable 

crystalline phase from forming.
25

 As will be discussed in § 4.4.1.1, amino acid films prepared 

by CVD appeared to contain oriented structures which prevent XNCDE1M1 measurements to 

be performed, as the XNCDE1E2 will dominate. To further attempt to grow amorphous films, 

a series of serine samples were prepared by CVD on cold substrates. The substrate, a Si3N4 

membrane window, was mounted onto a large copper holder maintained at a temperature of -

170ºC throughout the deposition using a continuous flow of liquid nitrogen. Following the 

deposition, the serine films were brought back to room temperature while kept under vacuum 

(10
-7

 Torr). The first series of films were examined by optical microscopy immediately after 

the samples were removed from the vacuum chamber. No indication of crystalline phases was 

found until several minutes after the samples were exposed to air. Optical microscope images 

recorded consecutively during the crystallization process of a serine film are presented in 

Figure 4.11.This experiment was duplicated several times and all corroborated our initial 

observations that crystalline structures appear several minutes after the film is exposed to air.  

 

Figure 4.11 Progression of the crystallization process in serine film deposited by CVD on 

cold substrate (Si3N4) captured by optical microscope; image size 7 m by 5 m. 

 

It is believed that at room temperature the moisture in air contributes to the nucleation 

process leading to formation of crystalline domains in the films. An additional series of 

samples were prepared and stored immediately after deposition in moisture free containers 

waiting for NEXAFS measurements. Results from these samples will be discussed below. 

CVD is a highly efficient technique in terms of versatility and film reproducibility and 

purity. However, very few small organic molecules possess adequate melting point, vapor 

pressure and thermal stability required for CVD, thus less ideal preparation methods had to 

be utilized  to prepare amorphous samples suitable for XNCD experiments.  
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4.3.1.1.3 Spin cast 

Spin casting is an alternative method for thin film deposition which allows control 

over the film thickness. This method was successfully used to prepare amorphous thin films 

of polymers with amino acid derivative pendent groups synthesized by Travis Besanger, a 

former member of the research group of Dr. S.G. Urquhart (see Figure 4.5). 

Milligram amounts of the polymers were dissolved in dichloromethane and 

transferred drop wise onto a spinning substrate. The best results in terms of film homogeneity 

and thickness reproducibility were obtained using potassium chloride (KCl) coated silicon 

wafers as substrates; with KCl coating performed by CVD. The thickness of the film depends 

on the solution concentration, the rate of evaporation of the solvent and the speed of rotation 

of the substrate. For the sample to be measured in transmission mode, the polymer films were 

transferred onto TEM copper grids by dissolving the KCl layer into deionized water 

(Millipore water purification system, resistivity 18MΩ.cm). A schematic summarizing the 

method used for film transfer is presented in Figure 4.12. Separated samples were prepared 

for each enantiomer. 

 

Figure 4.12 Schematic representation of polymer film transfer from KCl coated Si wafer to 

TEM copper grid. 

4.3.1.2 Solution cast 

Solution casting allows limited control over sample thickness and lacks 

reproducibility.However, it can be very effective for compounds that are suitable neither for 

CVD nor spin casting or that are only available in very small amounts as was the case for 

[7]H.  
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The following compounds were obtained commercially and used without further 

purification: L-alanine methyl ester hydrochloride, D-alanine methyl ester hydrochloride, L-

serine methyl ester hydrochloride and D-serine methyl ester hydrochloride. Both (P)- and 

(M)-heptahelicene were synthesized by I. Stary according to published procedures.
26

 

Milligram amounts of the compounds were dissolved in appropriate solvent (water for the 

amino acid derivatives and dichloromethane for [7]H) and transferred drop wise onto Si3N4 

membrane windows or SiO coated copper grids. The evaporation of the solvent can be 

increased by gently heating the substrate with a hot plate. As for the samples that were 

prepared by spin casting, the enantiomers were cast on separated substrates. 

4.3.1.3 Solution cast – melt and quench 

As mentioned above, an amorphous state may be reached upon rapid transition from 

liquid to solid state. As will be described in § 4.3.3, solution cast films of [7]H appeared to 

contained oriented structures. Series of [7]H solution cast samples were placed into the 

cylinder of a melting tool designed specifically for this purpose (see Figure 4.13). The 

cylinder was placed inside a Dewar flask at several centimetres above liquid nitrogen to 

maintain a low oxygen concentration throughout the experiment. The melting temperature of 

[7]H was estimated by differential scanning calorimetry measurements to be 281ºC. As the 

temperature inside the cylinder reached 281ºC, the sample was immerged into liquid 

nitrogen. 

 

Figure 4.13 Picture of the melting tool used to prepare [7]H films by melt and quench 

method. 
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4.3.1.4 Wet cell 

Wet cells are convenient when investigating biological samples in liquid medium. Yet 

preparation, handling and measurement is much less straightforward than for the previously 

described methods and can be very time consuming and wasteful of expensive Si3N4 

windows. Also, the method offers poor control of sample thickness. 

The following compounds were obtained commercially and used without further 

purification: L-serine, D-serine, L-(+)-tartaric acid, (R)-(+)--hydroxy--butyrolactone,  

(S)-(-)-3-butyn-2-ol, (R)-(-)-3-hydroxytetrahydrofuran and (S)-(-)-styrene oxide. 

For solid samples (serine and tartaric acid) milligram amounts of compound were 

dissolved in water. Then microliters of solution or neat solution were deposited onto a Si3N4 

membrane window with the help of a micropipette. A second window was then placed on top 

in order to trap the liquid sample between the two transparent Si3N4 membranes. The cell was 

sealed using silicon rubber around the edges of the silicon frames.  

4.3.2 Measurements  

All samples were measured in transmission mode using STXMs located at beam-lines 

5.3.2 and 11.0.2 at the ALS. Beam-line 5.3.2 is equipped with a bending magnet that provides 

horizontal linearly polarized radiation and was used for testing sample viability and presence 

of crystalline structure. Beam-line 11.0.2 is equipped with an elliptically polarized undulator, 

which provides linear and circular polarized light and was used mainly for XNCD 

measurements. Both beam-lines are described in detail in §2.3.2.  

4.3.2.1 Normalization 

At C 1s, N 1s and O 1s edges, the spectra were normalized using the following 

equation: 

Normalized spectrum = 
 
 0I

I
    Equation 4.2 

where [I] corresponds to the intensity of the beam after travelling through the sample and the 

substrate (Si3N4), while [I0] correspond to the intensity of the beam after travelling through 

the substrate (Si3N4) only. For patterned films, the sample area and substrate area (open area) 

are present in the same field of view and allow for both [I] and [I0] to be recorded 

simultaneously. For polymer films on TEM copper grids [I] and [I0] were also recorded 

simultaneously using empty squares as open areas. For solution casted samples on Si3N4 
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membrane windows or SiO coated copper grids and liquid cells, [I0] was recorded separately 

using a blank Si3N4 membrane window or SiO coated copper grid.  This last method assumes 

that the source of X-ray radiation is stable over the time of the experiments and is referred to 

as stable beam method.
27

 However, beam decay and beam instability over time will occur and 

uncertainties might be introduced to the normalized spectra, challenging the measurement of 

the very weak g-factor. 

4.3.2.2 Energy Scale Calibration 

The energy scale at C 1s edge was calibrated relative to the absorption spectrum of 

CO2 gas, characterized at 292.74 eV and 294.96 eV by two strong absorptions assigned to 

transitions to 3s(=0) and 3p(=0) respectively.
27

 At N 1s edge the energy scale was 

calibrated relative to the spectrum of N2 gas, characterized at 406.15 eV and 407.12 eV by 

two absorption peaks assigned to transitions to 3s(=0) and 3p(=0) respectively.
28

 And at O 

1s edge the energy scale was calibrated relative to the spectrum of CO2 gas, characterized by 

a strong absorption observed at 535.4 eV and assigned to transition to 2u.
29

 

 

4.4 Results and Discussion 

4.4.1 Amino Acid and Derivatives 

4.4.1.1 Patterned films of amino acids 

Patterned films of alanine, phenylalanine and serine deposited on Si3N4 membrane 

windows by CVD were examined by optical microscopy and atomic force microscopy. The 

presence of topographic irregularities at the surface of the films was perceived, but no 

evidence of crystalline phase was found explicitly. On the other hand, STXM images 

indicated the presence of ordered structures. Figure 4.14 shows two images recorded at 

532.15 eV with linear horizontal (a) and vertical (b) polarized light. 

The contrast observed between the two images is due to anisotropic absorption of the 

EM radiation by domains where the carboxylic groups (COOH) have different orientations. 

The O 1s NEXAFS spectra of serine presented in Figure 4.15 were recorded over the same 

area using linear vertical (solid line) and horizontal (discontinuous line) polarized light. 
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Figure 4.14 STXM images of serine film recorded at 532.15 eV with a) horizontal polarized 

light and b) vertical polarized light. 

Energy (eV)

530 532 534 536 538 540 542 544 546 548 550 552

 

Figure 4.15 O 1s NEXAFS spectra of serine recorded with vertical polarized light (solid line) 

and horizontal polarized light (dotted line). 

 

According to spectral assignments reported in literature, the features observed at 

532.15 eV corresponds to the transition O 1s  *(C=O) while features observed above 536.00 

eV are assigned to O 1s  *.
2,30,31

 The variations in intensity observed between the two 

spectra are associated with linear dichroism and indicates the presence of crystalline structure 

in these films. The same conclusion was reached from similar studies with alanine and 

phenylalanine films at C 1s and O 1s edges. 

In solid state, strong hydrogen bondings between (-COO
-
) and (-NH3

+
) are responsible 

for the stabilization of the zwitterionic form of the amino acids, they are also involved in 

promoting the formation of the crystalline phase.. From the results presented above, it 

appears that at room temperature alanine, phenylalanine and serine in sublimed film on Si3N4 
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membranes can rearrange and form more favourable crystalline phases. In order to prepare 

un-oriented samples alternative approaches have been explored: 

- CVD on cold substrate to reduce the energy available for the molecules to rearrange 

during the deposition. 

- Amino acids in solution 

- Amino acid derivatives which do not form zwitterions, specifically amino acid methyl 

ester hydrochlorides. 

The outcomes of these approaches are presented in the following sections. 

4.4.1.2 Patterned film of amino acid deposited on cold substrate 

A series of serine patterned films were prepared by CVD on Si3N4 membrane 

maintained at -170ºC throughout the deposition. The samples were then stored for several 

days in moisture free containers under standard conditions of temperature and pressure. 

STXM images collected from these samples indicated the presence of large and very well 

structured domains as demonstrated in Figure 4.16. The contrast observed between the 

different domains is associated with linear dichroism and implies the presence of crystal 

structures in the film. These observations suggest that either the moisture level was not 

sufficiently low or that other factors took part in the formation of the crystal structures in the 

amino acid films. Additionally, it was found that upon film rearrangement, the stress 

imparted onto Si3N4 membranes was sufficient to break the membrane leading to high sample 

casualty rate. The preparation of amorphous thin films of amino acids by chemical vapour 

deposition on cold substrate was not pursued further. 

 

Figure 4.16 STXM images of serine film recorded at 289.00 eV with horizontal polarized 

light. 
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4.4.1.3 Amino acid wet cell 

It was found that most cells containing initially aqueous solutions of serine were dry 

at the time of measurement. For the few successful samples, STXM images showed the 

presence in the cells of several micrometer sized areas of sample accumulation (see Figure 

4.17). C 1s NEXAFS study indicated the presence of serine in these aggregates; however, 

low spectra reproducibility and high noise level obviated any search for crystallinity in these 

samples. NEXAFS study at the O 1s edge was found impractical due to the presence of 

uneven amounts of water over the cells. 

 

Figure 4.17 STXM images recorded at 289.00 eV of serine wet cell showing presence of 

aggregates. 

4.4.1.4 Amino acid derivatives 

Samples of L- and D-alanine and serine methyl ester hydrochloride prepared by 

solution casting were examined by STXM and appeared to contain crystalline structures.  

In addition no sample-free area was available for normalization purposes and external 

normalization was required. This method of normalization is less desirable because, as 

mentioned in §4.3.2.1, it might introduce uncertainty in the XNCD measurement.  

In all amino acids and amino acid derivatives, no evidence of sample orientation was 

observed at N 1s edge; however, significant differences were noticed between N 1s NEXAFS 

spectra recorded from our solid films and those reported in the literature.
15,32-40

 Amino acids 

exist in various charge states depending if they are in solid phase (zwitterionic i.e.: H3N
+
-

C

RR’-COO

-
), in gas phase (neutral i.e.: H2N-C


RR’-COOH) or in solution (pH dependent). 

We believed that the inconsistencies observed at the N 1s edge were associated with changes 

in the first coordination shell of the nitrogen atoms (-NH2 versus –NH3
+
). To verify our 

presumption, the spectra of solution cast samples of glycine, glycine hydrochloride, glycine 

sodium salt, poly(allylamine) and poly(allylamine hydrochloride) were recorded at C 1s, N 1s 

and O 1s edges (see Figure 4.18 for drawing of the chemical structures).  
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Figure 4.18 Chemical structure of glycine, glycine derivatives and poly(allylamine). 

 

The presence of linear dichroism at C 1s and O 1s edges prevented any systematic 

spectral changes associated with protonation or deprotonation of the amine and carboxylic 

groups to be perceived. However, at the N 1s edge, a low energy shoulder was observed 

systematically for compounds containing unprotonated amine group (-NH2) (Figure 4.19). 

Energy (eV)

398 400 402 404 406 408 410 412 414 416 418 420 422 424

Glycine (-NH3

+
)

Glycine hydrochloride (-NH3

+
)

Poly(allylamine hydrochloride) (-NH3

+
)

Glycine sodium salt (-NH2)

Poly(allylamine) (-NH2)

 

 

Figure 4.19 Nitrogen 1s NEXAFS spectra of glycine, glycine derivatives and 

poly(allylamine) polymers. The spectra have been offset by a constant for clarity. 
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With the help of ab initio calculations using Kosugi´s GSCF3 package described in 

§3.2 this shoulder was assigned to N 1s  *(N-H) and N 1s  3pz out-of-plane Rydberg 

transitions, unique to unprotonated amines (-NH2). This is reported as a separate manuscript 

in chapter 5. The ability to resolve such spectral changes is crucial for the use of amino acids 

as model compounds in highly sensitive XNCDE1M1 experiments. Similar effects associated 

with amino acid charged states are expected at C 1s and O 1s edges but would require crystal-

free samples to be unambiguously characterized. 

4.4.1.5 Amino acid derivative functionalized polymer films 

The preparation of amino acid derivative functionalized polymer films by spin casting 

a solution in dichloromethane resulted in a highly efficient method in terms of film 

homogeneity, thickness control and reproducibility. Figure 4.20 presents optical microscope 

(a) and x-ray (b) images of the polymer films.  

 

Figure 4.20 Optical microscope (a) and STXM (b) images of poly[(N-propenoyl)alanine 

benzyl ester]polymer films. 

 

Uniformity of the color in image (a) indicates constant film thickness and the 

evenness of grey shade in image (b) indicates constant sample density over the area scanned. 

No evidence of linear dichroism at C 1s, N 1s and O 1s edges was detected from X-ray 

images or NEXAFS spectra. Absence of linear dichroism in these films indicates that 

amorphous samples of amino acid derivative functionalized polymers were successfully 

prepared. Figure 4.21-a shows O 1s NEXAFS spectra recorded with RCP light from two 

different films of poly[(N-propenoyl)D-alanine benzyl ester].  

Low level of noise and high spectral reproducibility is imputed to the high quality of 

the samples. The difference between the two spectra is presented in Figure 4.21-b.  
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Figure 4.21 a) O 1s NEXAFS spectra of poly[(N-propenoyl)D-alanine benzyl ester] 

derivative functionalized polymer films recorded with RCP light from two different sample 

areas; b) difference between these two spectra. 

 

Figure 4.22-a presents O 1s NEXAFS spectra of poly[(N-propenoyl)L-alanine benzyl 

ester] (black) and poly[(N-propenoyl)D-alanine benzyl ester] (red) polymers recorded using 

RCP light and the difference poly[(N-propenoyl)L-alanine benzyl ester] – poly[(N-

propenoyl)D-alanine benzyl ester] is shown in Figure 4.22-b, the black curve. The 

magnitude of the discrepancies observed in Figure 4.22-b are up to 6 times larger than the 

discrepancies observed in Figure 4.21-b, which suggests that they might have different 

origins. The second curve presented in Figure 4.22-b corresponds to the difference between 

O 1s NEXAFS spectra of L- and D-amino acid polymers recorded using LCP light, the red 

curve. The curves show similar trends; however, according to XNCD theory they are 
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expected to be mirror images. This infers that the origins of the spectral discrepancies are not 

related to circular dichroism. Considering the quality of the samples, we impugn these results 

to erratic behaviour of the instrument affecting spectral reproducibility, normalization and 

higher order contamination. 
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Figure 4.22 a) O 1s NEXAFS spectra of poly[(N-propenoyl)L-alanine benzyl ester] (black) 

and poly[(N-propenoyl)D-alanine benzyl ester] (red) derivative functionalized polymer films 

recorded with RCP light; b) difference between these two spectra (black) and between 

poly[(N-propenoyl)L-alanine benzyl ester] and poly[(N-propenoyl)D-alanine benzyl 

ester]acid derivative functionalized polymer films recorded with LCP (red). 

4.4.2 Small Chiral Organic Molecules in Wet Cells 

The examination of tartaric acid wet cell samples led to similar observations as serine 

wet cells. STXM images indicated the presence of aggregates containing tartaric acid. C 1s 

NEXAFS spectra collected from these aggregates were found to be highly irreproducible, yet 
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no evidence of orientation in the samples was found. The presence of water in the cell 

prevented collection of any reliable O 1s spectra. 

NEXAFS spectra recorded from a series of wet cells prepared from liquid samples 

(R)-(+)--hydroxy--butyrolactone, (S)-(-)-3-butyn-2-ol, (R)-(-)-3-hydroxytetrahydrofuran 

and (S)-(-)-styrene oxide were found to be unreliable. Inconsistent amounts of solution over 

the cells as well as the use of stable beam method (normalization with external Si3N4 spectra) 

led to minor but significant variations in peak intensity which would compromise XNCD 

measurements. The study of (R)-(+)--hydroxy--butyrolactone at the O 1s edge showed 

strong spectral changes with sample thickness. Figure 4.23 exhibits a series of O1s NEXAFS 

spectra recorded from different locations of the same (R)-(+)--hydroxy--butyrolactone wet 

cell.  

It has been suggested that the variations in intensity of the features observed below 

533 eV were associated with linear dichroism indicating the presence of liquid crystals in the 

cell. While no definite explanation was found to account for these changes, minor effects 

observed for other wet cell systems were significant enough to justify not pursuing the use of 

wet cells for XNCD experiments. 

In the view of these unfruitful results it was determined that wet cells were 

inappropriate for XNCD measurements and led to no further experiments. 

Energy (eV)
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Figure 4.23 O 1s NEXAFS spectra of (R)-(+)-a-hydroxy-g-butyrolactone recorded from 

different locations of wet cell sample. 
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4.4.3 Hepathelicene 

Heptahelicene samples prepared by solution casting were examined at the C 1s edge 

with linear polarized light and appeared to contain structured domains. Figure 4.24 shows 

two spectra recorded over the same area with horizontal (black) and vertical (red) linear 

polarized light.  

Energy (eV)

285 290 295 300 305 310 315

 

Figure 4.24 C 1s NEXAFS spectra of [7]H recorded with linear horizontal (black) and 

vertical (red) polarized light. 

 

The variations in intensity of the features observed below 290.5 eV and assigned to C 

1s  * transitions are larger than the features observed above 290.5 eV and assigned to C 

1s  * transitions.
41,42

 Study of [7]H monolayer by NEXAFS at the C 1s edge indicated a 

similar trend for spectra recorded at normal and grazing incidences.
42

 These results suggest 

the presence of crystalline domains in the sample prepared by solution casting and led to a 

second preparation method based on fast cooling of the melted sample. Figure 4.25 presents 

C 1s NEXAFS spectra of [7]H recorded from samples prepared by solution casting (black) 

and solution casting followed by one melt/quench cycle (red). 
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Figure 4.25 C 1s NEXAFS spectra of [7]H recorded from samples prepared by solution cast 

(black) and solution cast followed by one melt/quench cycle (red). 

 

Significant inconsistencies are observed between the two spectra; specifically a 

decrease in intensity of feature A, a shift from higher energy of feature B and the presence of 

a new feature at 288.5 eV (D). These results indicate the presence of different species in the 

melt/quench sample than in the solution cast sample. The presence of a peak at 288.5 eV 

suggests the presence of organic compounds containing carbonyl functional groups,
43

 which 

could originate from oxidation of [7]-H during the melting process. These concerns regarding 

the purity and the possible alteration of [7]-H molecule prevented us from performing any 

further measurements toward XNCD on the melt/quench samples. 

 

4.5 Conclusion 

The measurement of organic molecules XNCD associated with the electric dipole-

magnetic dipole mechanism (E1·M1) requires randomly oriented samples and has been 

observed for methyloxirane molecules in gas phase.
19

 In condensed phase, the preparation of 

amorphous samples adequate for XNCD measurement was found to be very challenging. The 

various approaches followed to prepare thin amorphous films of organic compounds led to 

the recurrent issue of molecules’ propensity to form crystalline assemblies. Small organic 

molecules identified as good candidates for XNCD measurement must remain in solid phase 

at low vacuum, which requires a certain degree of coherence among the molecules which is 

believed to be correlated with sample crystallinity.  
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While investigating the sample preparation for XNCDE1M1 measurement K. 

Kazumichi et al. published a study on XNCD of sublimated amino acid films in which they 

reported a difference in absorption between LCP and RCP light at the N 1s edge as large as 

2x10
-1

 for alanine films.
44,45

 The authors were able to simultaneously record NEXAFS 

spectra with left and right circular polarized light with a switching frequency between LCP 

and RCP of 2 Hertz and 0.1 Hertz. Such a procedure is expected to be very efficient in 

preventing X-ray polarization variability associated with beam decay and beam instability 

throughout the measurements. The authors addressed the issue of X-ray damage by scanning 

a different sample area at each energy and aimed to reduce statistical noise by averaging four 

to eight spectra for each sample. On the other hand, the authors did not address the critical 

question of sample crystallinity which as demonstrated in § 4.3.1.1, is a concern in 

sublimated amino acid films. No information on a linear dichroism study of amino acid films 

has been reported. Additionally, the authors were able to observed XNCD for alanine and 

phenylamine films at the N 1s edge and serine films at the O 1s edge but did not mention any 

experiment on alanine or phenylalanine at C 1s or O 1s edges or on serine at C 1s or N 1s 

edges. Also, the authors mentioned that the theoretical calculation performed by Plashkevych 

et al. reproduced partially their experimental results.
2,46

 The theoretical calculations predict 

strong XNCD signals for alanine and phenylalanine at 404.0 eV and 404.5 eV respectively 

and for serine at 533.44 eV. The experimental XNCD curves reported by K. Kazumichi et al. 

show maximum/minimum for alanine at 406.0 eV, 407.5 eV and 410.3 eV, for phenylalanine 

at 402.5 eV and 407.0 eV and for serine at 532.5 eV, 536.0 eV, 540.0 eV and 548 eV (see 

Figure 4.26). Finally, to our knowledge, these results have not yet been reproduced. 
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Figure 4.26 XNCD spectra of (a) alanine and (b) phenylalanine recorded at N 1s edge and (c) 

serine recorded at O 1s edge.
44,45

 [Reprinted with permission from Journal of Electron 

Spectroscopy and Related Phenomena, 144-147, K. Nakagawa, F. Kaneko, Y. Ohta, M. 

Tanaka, T. Kitada, A. Agui, F. Fujii, A. Yokoya, K. Yagi-Watanabe and T. Yamada, Natural 

circular dichroism of amino acid films observed in soft X-ray and VUV region using 

polarizing undulator, 271-271, Copyright 2005, with permission from Elsevier.] [Reprinted 

with permission from Physica Scripta, T115, M. Tanaka, K. Nakagawa, A. Agui, K. Fujii, A. 

Yokoya, First Observation of Natural Circular Dichroism for Biomolecules in Soft X-ray 

Region Studied with a Polarizing Undulator, 873-876, Copyright 2005, with permission from 

Institute of Physics.] Calculated XNCD spectra of alanine and phenylalanine at N 1s edge 

and serine at O 1s edge.
46

 [Reprinted with permission from Journal of Synchrotron Radiation, 

6, L. Yang, O. Plashkevytch, O. Vahtras, V. Carravetta and H. Ågren, Near-edge X-ray 

absorption and dichroism in amino acids, 708-710, Copyright 1999, with permission from 

International Union of Crystallography.] 
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The preparation of amorphous sample by solution casting from amino acids and 

derivative compounds led to highly structured films unsuitable for XNCD measurement. Wet 

cells prepared from aqueous solution of solid compounds and from liquid compounds were 

unsuccessful as well due to poor spectral reproducibility. However, very satisfying results 

were obtained from amino acid derivatives functionalized polymer films in terms of 

amorphousness, sample reproducibility and X-ray radiation sensitivity as well as noise level 

and spectral reproducibility. Yet we were unsuccessful at recording XNCD signal from these 

samples and partially hold the instrumentation and experimental setup responsible; i.e.: beam 

instability, lack of reproducibility between LCP and RCP and unreliable normalization. 

The STXM located on beam line 11.0.2. at the ALS is in high demand and beam time was not 

available to further pursue these experiments.  

Considering the sample quality achieved by the amino acid derivatives functionalized 

polymers, it is suggested that the subsequent investigators consider making the following 

improvements to the measurements: 

- Reducing time delay between spectral acquisition of the enantiomers 

- Reducing time delay between spectral acquisition with RCP and LCP 

- Reducing sample damage 

Such improvements could be achieved by 

- Simultaneously recording both enantiomers in a similar manner used for amino acid 

patterned films  

- Recording with LCP and RCP light with fast switching, if permitted by the beam-line 

setup 

- Defocusing the beam and shifting samples during the measurements to take advantage 

of the high polymer films homogeneity 

It is also suggested to consider the synthesis of new polymer systems. 

The Differential Scanning Calorimetry (DSC) study performed on [7]H indicated that 

the sample powder “as received” was in crystalline/amorphous state. However to perform 

NEXAFS measurements, [7]H had to be transferred onto a substrate by solution casting, 

which led to oriented samples. Due to its unique structure, [7]H is considered to be a very 

promising candidate for XNCD measurement. The choice of the STXM end-station to 

perform XNCD measurement was initially motivated by the sample’s high X-ray sensitivity. 

However, [7]H was found to have very low radiation sensitivity and may be suitable for TEY 
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measurement as a powdered sample. Such experiments could be performed on the EPU 

beam-line built recently at the Canadian Light Source (10-ID.1).  

Finally, significant progress in ab initio theory has been made over the past fifteen 

years allowing calculations of XNCD for organic molecules.
2,6,7

 As mentioned at the 

beginning of this chapter, computational approaches used to help assign NEXAFS spectra 

would certainly benefit from the development of XNCD measurement. Yet considering the 

noticeable advancement of the theory in this area, efforts should be put toward XNCD 

simulation for the purpose to better design future measurements. 
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CHAPTER 5 NITROGEN 1S NEXAFS SPECTROSCOPY OF AMINO ACIDS: 

RESOLVING THE ZWITTERIONIC EFFECT 

 

Amino acids have been extensively investigated by NEXAFS spectroscopy yet the 

assignment of a weak feature observed at low energy of nitrogen 1s edge remains 

controversial. In order for a highly susceptible measurement such as XNCD to be performed 

on amino acids a comprehensive understanding of the spectroscopy is vital. To improve the 

interpretation of amino acid NEXAFS spectroscopy I conducted a systematic study where the 

various protonated forms of glycine and model compounds were controlled. Theoretical 

calculations were used to support the assignment. The experimental and theoretical work 

done for this study is described and discuss in the following section presented under the form 

of the manuscript published in the Journal of Physical Chemistry A. [Reproduced with 

permission from Journal of Physical Chemistry A, 110, E. Otero and S.G. Urquhart, Nitrogen 

1s Near-Edge X-ray Absorption Fine Structure Spectroscopy of Amino Acids: Resolving 

Zwitterionic Effects, 12121-12128, Copyright 2006, American Chemical Society] 

For this research paper I was the primary investigator in the conception of the study, 

the preparation of the samples, the acquisition of the experimental data, the execution of the 

computed simulations, the interpretation of the results and the writing of the document. S.G. 

Urquhart provided guidance throughout the experiments and data analysis process and was 

greatly involved in editing this document. 
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The following chapter has been published in the Journal of Physical Chemistry A, 2006, 

volume 110, pages 12121-12128 

DOI: 10.1021/jp064082a 
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CHAPTER 6 RESOLVING THE ROLE OF MULTIPLET AND COVALENT 

EFFECTS IN THE NEAR-EDGE X-RAY ABSORPTION FINE STRUCTURE 

(NEXAFS) SPECTROSCOPY OF FERROCENE AND FERROCENIUM 

COMPOUNDS. 

 

The following Chapters (6 to 9) are dedicated to the investigation of organoiron 

compounds and polymers using NEXAFS spectroscopy. The characterisation of complex 

assemblies such as organometallic polymers by NEXAFS requires a basic understanding of 

the spectroscopy. In order to gain confidence in the interpretation of metal-arene NEXAFS 

spectroscopy, simple ferrocene complexes were investigated. 

In Chapter 6, ferrocene and ferrocenium hexafluorophosphate, the oxidised salt of 

ferrocene, are investigated. The two complexes have similar bonding and only differ by their 

oxidation state, yet their Fe 2p and C 1s NEXAFS spectra show major dissimilarities. The 

experimental spectra are assigned with the help of Extended Hückel Molecular Orbital theory 

(EHMO) and Density Functional Theory (DFT) based computational programs, which both 

rely on covalent bonding theory and do not address potential atomic multiplet effects. A 

remarkably good agreement is obtained between experimental and simulated spectra for 

closed shell 3d
6
 low spin ferrocene while the spectra of open shell 3d

5
 low spin ferrocenium 

hexafluorophosphate show additional features assigned to atomic multiplet effects. The 

presence of both covalent bonding and atomic multiplet effects had been suggested 

previously in few studies and it is the first time that it is reported for metallocene complexes. 

The experimental and theoretical work done for this study is described and discussed in the 

following section presented in the form of the manuscript to be submitted to the Journal of 

Chemical Physics. The submission of this manuscript is waiting for IVO-configuration 

interaction calculations performed by Professor N. Kosugi to be made available to us. 

For this research paper I was the primary investigator in the conception of the study, 

the preparation of the samples, the acquisition of the experimental data, the execution of the 

computed simulations, the interpretation of the results and the writing of the document. S.G. 

Urquhart provided guidance throughout the experiments and data analysis process and was 

greatly involved in editing this document.  

The following chapter has been published in the Journal of Chemical Physics, 2009, volume 

131, page 114313. The paper has been modified substantially since this thesis was submitted. 

DOI: 10.1063/1.3230101 
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Resolving the role of Multiplet and Covalent Effects in the Near-Edge X-ray Absorption 

Fine Structure (NEXAFS) Spectroscopy of Ferrocene and Ferrocenium Compounds. 
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Abstract: The NEXAFS spectra of organometallic compounds are typically interpreted 

within one of two contrasting models, an atomic multiplet model or a covalent bonding 

model. To determine the relative importance of these models, we have recorded the iron 2p 

and carbon 1s NEXAFS spectra of decamethyl ferrocene (3d
6
) and ferrocenium 

hexafluorophosphate (3d
5
), two low spin compounds with a closed and open shell electron 

configuration, respectively. These species have a similar covalent bonding environment but a 

different electron configuration, allowing us to examine the role of atomic multiplet effects in 

a controlled experiment. We have interpreted these spectra with the aid of extended Hückel 

molecular orbital theory and density functional theory calculations. Our results indicate that 

the covalent bonding model is effective for closed shell ferrocene molecules but is ineffective 

for open shell ferrocenium molecules. 

 

6.1 Introduction 

Near-Edge X-ray Absorption Fine Structure (NEXAFS) spectroscopy is frequently 

used to investigate the chemical, electronic and structural properties of organic and inorganic 

materials. The NEXAFS spectra of organometallic compounds are frequently examined to 

investigate bonding and metal-ligand interactions, as the excitation of a core electron to 

unoccupied or partially occupied orbitals is sensitive to electronic character of these valence 

states.
1-6

  

However, two divergent models are commonly used to interpret the NEXAFS spectra 

of organoiron compounds such as ferrocene: atomic multiplet theory
7
 and covalent bonding 

mailto:stephen.urquhart@usask.ca
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theory, the latter frequently expressed through molecular orbital (MO) or density functional 

theory (DFT) calculations.
4,8,9

 In order to use NEXAFS for the chemical analysis of 

organoiron species, it is essential to resolve the relevance of these models. 

Ferrocene-based materials have found a wide application in polymer, molecular 

electronics and bioorganometallic materials.
10

 For example, the redox activity of self 

assembled monolayer materials terminated by ferrocene can be used to study electron transfer 

processes.
11

 Other researchers have proposed oxidation-state switching in ferrocene self-

assembled monolayers used as a model for high density molecular devices.
12

 Ferrocene 

moieties are often included in polymers to improve their processability as well as the 

polymer’s electric, magnetic, optical, redox and mechanic properties.
13

 We are interested in 

the use of NEXAFS spectroscopy to characterize UV-induced fragmentation in organoiron 

polymers,
14

 where it is necessary to differentiate between ferrocene, ferrocenium and iron 

oxide photochemical products. For these studies, it is essential to understand the sensitivity of 

NEXAFS spectroscopy to chemical structure (via covalent bonding and electronic 

delocalization effects) and electronic structure (via atomic multiplet effects).  

Bis(
5
-cyclopentadienyl)iron ([Fe

II
(C5H5)2], common name ferrocene) is a d

6
 low spin 

diamagnetic compound with closed shell electron configuration (e2g)
4
 (a1g)

2
. Its oxidized 

form, bis(
5
-cyclopentadienyl)iron(1+)   ([Fe

III
(C5H5)2]

+
, common name ferrocenium) is a d

5
 

low spin paramagnetic compound with the open shelled configuration (a1g)
2
 (e2g)

3
.
15

 

Ferrocenium is found as a salt, with common counter ions such as PF6
-
 or BF4

-
.  

Ferrocene and ferrocene derivatives have been studied by NEXAFS spectroscopy or 

Inner Shell Electron Energy Loss Spectroscopy (ISEELS) at the iron 1s, 2p and 3p core edges 

and at the carbon 1s core edge.
5,6,16-18

 ISEELS is the electron scattering analogue to x-ray 

absorption (NEXAFS) spectroscopy, providing gas phase spectra with modest energy 

resolution (0.5 – 0.7 eV fwhm).
19

 NEXAFS spectroscopy can be performed for solids, liquids 

and gases, where the accessible energy resolution can easily exceed the core-hole lifetime 

broadening. In this paper, we will use the label NEXAFS as a generic label for NEXAFS and 

ISEELS spectroscopy measurements, except where specificity is necessary. 

The NEXAFS spectrum of ferrocenium has not been reported from a well defined 

model, although the spectra of oxidized ferrocene self assembled monolayers reported by 

Himpsel et al. have been interpreted as that of ferrocenium.
12

 We re-interpret these data 

below, based on the results of this study. 
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Early experimental and theoretical studies on metallocenes and carbonyl complexes 

showed that the metal 2p NEXAFS spectra are sensitive to the ligand identity (e.g. 

cyclopentadienyl versus CO) but are less sensitive to chemical substitution on the ligand, as 

inferred from the similarity of the Fe 2p spectrum of ferrocene to the Fe 2p spectra of alkane 

and alkene functionalized ferrocene compounds (e.g. Cp-R).
5,17,18,20

 Furthermore similar Fe 

2p spectra were obtained for Fe(CO)5 and Fe2(CO)9 and for the mixed ligand compounds 

RFe(CO)3 (R = butadiene, cylcohexadiene, cyclooctatetraene), which indicated that Fe 2p 

spectra are relatively insensitive to molecular geometry. Recently, we examined the C 1s and 

Fe 2p NEXAFS spectra of a series of cyclopentadienyl (Cp) substituted ferrocene species at 

higher energy resolution than these previous ISEELS measurements. New spectroscopic 

features are observed when Cp rings are substituted by groups with -bonding adjacent to the 

Cp ring (e.g. Cp-CH=CH2; Cp-COOH, etc), arising from the conjugation of the Cp and 

substituent * density.
21

 

The NEXAFS spectra of ferrocene and derivatives are often interpreted within a 

covalent bonding model, using MO or DFT theory calculations. For example, the first 

transition in the Fe 2p NEXAFS spectra of ferrocene is assigned as a transition to a MO that 

is mostly localized on the iron atom (3d character), but mixed with some Cp * MO 

character.
17,22

 This description reflects the covalent bonding, symmetry, and electronic 

delocalization in the organometallic compound’s MOs, perturbed by the creation of a core 

hole.  

Atomic multiplet theory is an alternative approach used to interpret the NEXAFS 

spectra of organometallic compounds. This model is based on the atomic electronic structure, 

perturbed by angular momentum interactions and the crystal field environment of the metal 

atom. In an isolated atom, multiplet splitting arises from the lifting of atomic orbital (AO) 

degeneracies (e.g. d
4
, d

6
, etc) into states from intra-atomic interactions such as electron spin 

and orbital angular momentum. For example, a 3d atom with a d
2
 configuration will have 

1
S, 

1
D, 

1
G, 

3
P and 

3
F states. In an ionic compound, this atomic electron configuration is further 

perturbed by inter-atomic Coulombic interactions, described by crystal field theory. Core 

excitation in NEXAFS spectroscopy (e.g; 2p  3d transitions) creates additional 

complications, as the unpaired electron in the core hole orbital and the optical orbital will 

lead to new spin-spin and spin-orbit interactions, and the repulsion between the core excited 

orbital electrons (e.g. 2p
5
) and the 3d electrons will decrease.

23
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De Groot et al. have predicted the “fingerprint” NEXAFS spectra of 3d metal cations 

in a wide range of crystal field splitting environments using atomic multiplet calculations.
24

 

This model has been extended to consider charge transfer and back-bonding effects in ferro- 

and ferri-cyanate complexes.
3,9

 In these charge transfer calculations, multiplets are considered 

for the 3d
n
  state as well as for charge transfer states (e.g. 3d

n+1
; 3d

n-1
), where an electron has 

been transferred between the ligand and metal atom.
7
 

The purpose of this paper is to examine the relevance of the atomic multiplet and the 

covalent bonding models for the accurate interpretation of the NEXAFS spectra of 

organoiron species such as ferrocene and ferrocenium. We have acquired experimental 

NEXAFS spectra of decamethyl ferrocene and ferrocenium hexafluorophosphate at the Fe 2p 

and the C 1s core edges, and compared these data to Inner Shell Electron Energy Loss 

Spectra (ISEELS) of gas phase ferrocene from the literature.
17

 Ferrocene and ferrocenium 

differ by only the oxidation state of iron and the presence of the counter ion, and therefore 

will have nearly identical covalent bonding. This provides a controlled experiment for 

demonstrating the presence of atomic multiplet effects in the NEXAFS spectra of strongly 

covalent ferrocene compounds. 

Density Functional Theory (DFT) and Extended Hückel Molecular Orbital (EHMO) 

theory calculations are used to aid the assignment of NEXAFS spectra. Neither method 

explicitly considers angular momentum interactions (e.g. spin orbit and spin-spin interactions 

that lead to atomic multiplet effects). We find that these calculations are effective at 

simulating the Fe 2p and C 1s spectra of ferrocene (Fe
II
(Cp)2) and decamethyl ferrocene 

(Fe
II
(Cp-(CH3)5)2), but the agreement between experiment and theory is poor for open-shelled 

ferrocenium hexafluorophosphate ([Fe
III

(Cp)2][PF6]). Extra features are observed in the 

experimental spectra, indicating that multiplet effects are present and must be considered in 

combination with covalent effects when interpreting the NEXAFS spectra of open-shelled 

organoiron species. 

 

6.2 Experimental Section 

6.2.1 Reagents and Sample Preparation 

Bis(pentamethyl-
5
-cyclopentadienyl)iron (Fe

II
(Cp-(CH3)5)2, 97%, also known as 

decamethyl ferrocene) and Bis(
5
-cyclopentadienyl)iron(+1) hexafluorophosphate 
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([Fe
III

(Cp)2][PF6], 97%, also known as ferrocenium hexafluorophosphate) were obtained 

commercially from Aldrich and used without further purification. Potassium 

hexacyanoferrate(II) (K4[Fe(CN)6], 99%) was purchased from BDH and used as received. 

The spectrum for Fe
II
(Cp)2 was reproduced from the literature as it is too volatile for room 

temperature experiments in the solid state. 

Samples were prepared by pressing milligram amounts of the compounds into indium 

foil (0.25 mm thick, 99.99% purity, Aldrich). Additionally [Fe
III

(Cp)2][PF6] was prepared by 

pressing milligram amounts of sample into conductive tape (Structure Probe Inc) and solid 

copper (cut from Conflat gaskets). [Fe
III

(Cp)2][PF6] was also measured in transmission mode, 

for which a suspension of [Fe
III

(Cp)2][PF6] in ethanol was cast onto 100 nm thick silicon 

nitride membrane window (Norcada Inc).  

Gold samples used in the normalization process were prepared by successively 

depositing 20 angstroms of chromium (chrome plated tungsten rod; R.D. Mathis) and several 

hundreds of angstroms of gold on clean silicon wafer (N-type, P doped, orientation (100), 1-

10 /cm resistivity; Silicon Inc.), using a thermal evaporator (Datacomp Scientific).  

6.2.2 NEXAFS Measurements 

All Fe 2p NEXAFS spectra and the C 1s NEXAFS spectrum of Fe
II
(Cp-(CH3)5)2 were 

recorded using sample-current Total Electron Yield (TEY) mode, on the SGM beamline (11-

ID.1) at the Canadian Light Source (University of Saskatchewan, Canada). This beamline is 

equipped with a Dragon – type spherical grating monochromator and was designed for high 

resolution soft X-ray spectroscopy studies.
25

 The spectroscopic resolving power (E/E) for 

these measurements is estimated to be better than 3200. 

The Fe 2p spectrum of [Fe
III

(Cp)2][PF6] were collected in Total Electron Yield (TEY) 

from a sample pressed into conductive carbon tape. This compound rapidly reacts with In and 

Cu substrates, changing in colour from dark blue to dark brown in less than 15 minutes. This 

rapid reaction was evident from considerable changes in the NEXAFS spectra (included in 

Figure 6.5 of the supporting material). However, excellent spectroscopic reproducibility and 

stability was achieved using a conductive carbon tape substrate.  

The carbon-tape substrate used for the Fe 2p NEXAFS spectra of [Fe
III

(Cp)2][PF6] 

would contaminate the C 1s spectra. Therefore, the C 1s NEXAFS spectrum of 

[Fe
III

(Cp)2][PF6] was recorded in transmission mode, using a Si3N4 membrane as a substrate. 
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These experiments were performed using the Scanning Transmission X-ray Microscope 

(STXM) on beam line 10-ID.1 of the Canadian Light Source (University of Saskatchewan, 

Canada), with 20 m exit slits (dispersive and non-dispersive). This sample was cast onto a 

Si3N4 membrane, which was less reactive than the In and Cu substrates used for TEY 

measurements. The Fe 2p spectra acquired in the STXM microscope of this sample (see 

supporting material Figure 6.5 spectrum f) shows only minor signs of sample deterioration.  

Fe 2p edge NEXAFS spectra recorded by TEY were normalized using the double 

normalization method, following the procedure described elsewhere.
21,26

  Here, 

normalized spectra = [ I / I0 ] / [ IR / I0R ]  Equation 6.1  

where (I) corresponds to the sample current and (I0) the current from a mesh-monitor located 

upstream of the sample. The reference current (IR) was recorded from a freshly evaporated 

gold coated silicon wafer, using the same scan parameters (energy range, energy step 

increments, slits position) as for the iron samples.  

C 1s edge NEXAFS spectra recorded by TEY were normalized by taking the ratio 

[sample current, I] / [gold-reference current, IR], where the gold reference spectrum was 

acquired in a separate scan. To remove normalization artifacts, the intensity of the gold 

reference spectrum was modified so that its intensity in the pre-edge region superimposed 

with that of the sample spectrum, as described elsewhere.
21

 The transmission C 1s NEXAFS 

spectrum of [Fe
III

(Cp)2][PF6] was converted into optical density (O.D.), using the formula: 

OD = -ln(I/I0). 

The Fe 2p edge spectra were calibrated relative to the lowest energy, sharp feature in 

the Fe 2p NEXAFS spectrum of K4[Fe(CN)6] at 710.25 eV.
21

 This calibration was previously 

established using the well-calibrated F 1s spectrum of SF6.
27

 The C 1s TEY spectra were 

calibrated relative to the C 1s  *(C=O) in urea, and reported at 289.53 eV by Urquhart et 

al., after an ISEELS absolute energy scale calibration.
28

 The C 1s transmission spectrum of 

[Fe
III

(Cp)2][PF6] was calibrated to Carbon 1s  3p(=0) transition in the NEXAFS spectrum 

of gaseous CO2 (294.96 eV),
29

 leaked into the STXM microscope. 

6.2.3 Calculations 

Fe 2p NEXAFS spectra were interpreted with the aid of Extended Hückel Molecular 

Orbital (EHMO) theory using the Computer Aided Composition of Atomic Orbitals 

(CACAO) program.
30

 EHMO calculations can be used to explore the effects of covalent 
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bonding, as this method is well parameterized for organoiron species and is effective for 

qualitative studies of the effect of -conjugation in the NEXAFS spectra of organic and 

organometallic species.
31

 DFT calculations are also appropriate for organoiron compounds;
22

 

however, our version of the DFT code could not perform Fe 2p edge calculations at the time 

of this investigation. 

The Cartesian coordinates of Fe
II
(Cp)2, Fe

II
(Cp-(CH3)5)2 and [Fe

III
(Cp)2][PF6] were 

obtained from the literature and correspond approximately to D5d symmetry.
32

 The equivalent 

ionic core virtual orbital model (EICVOM)
33

 is used to account for electronic relaxation due 

to the creation of the core hole. In the EICVOM model, the core excited atom is replaced by 

the atom with one greater nuclear charge (e.g. Z+1 approximation), and the molecule is given 

a +1 charge to correct the valence electron count. The atomic propensity approximation is 

used to calculate the intensity of the spectroscopic features. Within the Linear Combination 

of Atomic Orbital – Molecular Orbital (LCAO-MO) description, the states accessed by the 

highly localized core excitation transitions are well described by the unoccupied AOs on the 

core excited atom. Transitions to these unoccupied AOs on the core excited atom can be 

described by the Laporte selection rule for atomic electronic transitions (l =  1; e.g. 2p  

3d or 2p  4s). Spectroscopic intensities are assumed to be proportional to the sum of the 

square of the LCAO coefficients for the unoccupied AOs centered on the core excited atom, 

for each virtual MO. Simulated spectra were obtained by calculating a Gaussian line shape 

for each transition using the program SIMILE2.
34

 Line widths with a 0.36 eV FWHM were 

used for the low energy, based on the Fe 2p(3/2) core hole lifetime.
35

 We use Gaussian 

lineshapes for simplicity, particularly as we use these calculations for a qualitative analysis 

and not for a quantitative shape comparison. The actual experimental line shape should be a 

Voigt function; a convolution of the natural Lorentizian lineshape (~0.36 eV fwhm) and a 

Gaussian lineshape for the estimated monochromator resolution (~0.2 eV fwhm). However, 

the natural lineshape is known to vary for different peaks in the metal 2p spectra, from 

different lifetime effects and from vibrational broadening.
23

  

The C 1s NEXAFS spectra were simulated using the Stockholm-Berlin version 2.1 of 

deMon  (StoBe2005, dated 12/9/2005).
36

 This program is based on self-consistent solutions 

of the Kohn-Sham DFT. The NEXAFS calculations presented here were performed using the 

methods from the Wilks et al. study of ferrocene-labeled peptides.
22

 NEXAFS spectra are 

simulated by calculating the transition probabilities between half-occupied core hole and 

optical orbital optimized in the potential of this half-occupied core-hole excited molecule. For 
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all atoms triple zeta plus valence polarization (TZVP) orbital basis sets were used as well as 

TZVP derived A5 auxiliary basis sets. For the atom from which the core excited electron 

originates, iii-igol basis set has been employed. The core potential model was applied on all 

other carbon atoms in order to avoid mixing with the core excited carbon atom. NEXAFS 

curves were obtained by Gaussian convolution of the stick spectra generated by StoBe. Full-

width at half-maximum (FWHM) of 0.4 eV was used below 290 eV, FWHM of 2 eV above 

300 eV and a linear increase from 0.4 eV to 2 eV between 290 eV and 300 eV. These line 

widths are selected to approximately match the linewidths observed in the experimental 

spectra, increasing at higher energy with the trend to greater lifetime broadening. The lower 

energy C 1s  * features will be broadened beyond lifetime broadening (~80 meV) by 

vibrational effects. For example, the high resolution C 1s NEXAFS spectrum of benzene has 

a vibrational features with an energy of ~0.42 eV (C-H stretch) and ~0.18 eV (non-totally 

symmetry C-C stretch) above the adiabatic transition.
37

 These vibrational features are 

difficult to resolve in the high resolution NEXAFS spectra of complex molecules and 

polymers,
38

 hence a simple Gaussian is justified for this qualitative comparison. 

 

6.3 Results and Discussion 

6.3.1 Fe 2p edge NEXAFS Spectra 

Figure 6.1 presents the Fe 2p3/2 and 2p1/2 spectra of Fe
II
Cp2 (reproduced from Wen et 

al.
17

), Fe
II
(Cp-(CH3)5)2 and [Fe

III
(Cp)2][PF6]. The transition energies and assignments for 

these compounds are presented in Table 6.1.  
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Figure 6.1 Fe 2p NEXAFS spectra of [Fe
III

(Cp)2][PF6], Fe
II
(Cp-(CH3)5)2 and Fe

II
(Cp)2.

17
 The 

spectra have been offset by a constant for clarity. 

 

Peak 

Labels 
Fe

II
(Cp)2 

Fe
II

(Cp-

(CH3)5)2 
[Fe

III
(Cp)2][PF6] 

Assignments 

Fe 2p3/2 Fe 2p1/2 

W   706.25 3d / Cp * 

SOMO (e2g) 

 

A 708.9 708.87 708.84 3d / Cp * (e1g)  

A’   709.80 Multiplet  

A”   710.45 Multiplet  

C 711.5 711.18 711.5  3d / Cp * (e2g)  

D   713.8 Multiplet  

W   719.23  3d/Cp * 

SOMO (e2g) 

A 721.2 721.27 721.76  3d/Cp * (e1g) 

C 723.9 723.82   3d/Cp * (e2g) 

Table 6.1 Transition energies (eV) and Assignments for the Fe 2p NEXAFS spectra of 

Fe
II
(Cp)2 , Fe

II
(Cp-(CH3)5)2 and [Fe

III
(Cp)2][PF6]. Transition energy values for Fe

II
(Cp)2 were 

reproduced from Wen et al.
17 

 

The Fe 2p spectra of Fe
II
Cp2 and Fe

II
(Cp-(CH3)5)2 are dominated at the Fe 2p3/2 and 

2p1/2 edges (707-713 and 720-726 eV, respectively) by a two features, a strong peak at low 
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energy and a weaker peak ~2.5 eV higher. The spectrum of [Fe
III

(Cp)2][PF6] is substantially 

different from Fe
II
(Cp)

2
, even though this species only differs by +1 oxidation state. At the 

low energy side (~706.25 eV), a narrow feature labeled W is observed; this feature is nearly 

absent at the Fe 2p1/2 edge. The most intense peak (A’) occurs at 709.80 eV, and series of 

weaker peaks and shoulders occur up to ~714 eV; these features do not occur in the spectra of 

the Fe(II) species. At the Fe 2p1/2 edge, only a broad feature is observed above 720 eV. 

The simulated Fe 2p edge spectra of Fe
II
(Cp)2, Fe

II
(Cp-(CH3)5)2 and [Fe

III
(Cp)2][PF6] 

are presented in Figure 6.2. Detailed peak assignments are presented in Table 6.2. Only one 

band is represented because EHMO does not consider the spin-orbit splitting that leads to the 

2p3/2 and 2p1/2 edges. These spectra are presented on an orbital energy scale (term value (TV) 

= Ionization Potential – Excitation Energy) and therefore show only valence electronic 

effects.  

Term value (eV)

-13 -12 -11 -10 -9 -8 -7 -6 -5

-13 -12 -11

W A

A

A

C

C

C

[FeIII(Cp)2][PF6]

Fe(Cp-(CH3)5)2

Fe(Cp)2

 

Figure 6.2 Simulated Fe 2p edge x-ray absorption spectra of [Fe
III

(Cp)2][PF6], Fe
II
(Cp-

(CH3)5)2 and Fe
II
(Cp)2 calculated using EHMO theory (CACAO program). The spectra have 

been offset by a constant for clarity. 
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Peak 

Labels 
Fe

II
(Cp)2 Fe

II
(Cp-(CH3)5)2 [Fe

III
(Cp)2][PF6] 

W   Fe 3d /Cp * 

A Fe 3dxz (e1g)/Cp * 

Fe 3dyz (e1g)/Cp * 

Fe 3dxz (e1g-like)/Cp * 

Fe 3dyz (e1g-like)/Cp * 

Fe 3dxz (e1g) /Cp * 

Fe 3dyz (e1g) /Cp * 

Forbidden Cp * (e2u) 

Cp * (e2u) 

Cp * (e2u-like) 

Cp * (e2u-like) 

Cp * (e2u) 

Cp * (e2u) 

C Fe 3dxy/Cp * (e2g) 

Fe 3dx2-y2/Cp * (e2g) 

Fe 3dxy/Cp * (e2g-like) 

Fe 3dx2-y2/Cp * (e2g-like) 

Fe 3dxy/Cp * (e2g) 

Fe 3dx2-y2/Cp * (e2g) 

Table 6.2 Assignment of CACAO simulated Fe 2p NEXAFS spectra of Fe
II
(Cp)2, Fe

II
(Cp-

(CH3)5)2 and [Fe
III

(Cp)2][PF6]. Localization of the molecular orbital on the metal or ligand is 

indicted by bold scripts. 

 

In early studies performed on manganese, iron and cobalt complexes with carbonyl 

and cyclopentadienyl ligands, Hitchcock et al. assigned the low energy feature (A) to a Fe 2p 

 3d (e1g) orbital, and the weaker band (C; 2.5 eV higher) to a Fe 2p  Cp * (e2u) 

orbital.
5,17

 Fronzoni et al. used ab inito calculations to simulate Fe 2p XAS spectra of 

Fe
II
(Cp)2 and metal carbonyl complexes.

18
 For Fe

II
(Cp)2 they assigned the strong low energy 

feature to essentially metal 3d (e1g) orbital mixed with some ligand orbital. However they 

assigned the second resonance as a transition to a ligand * (e2g) orbital mixed with iron 3d 

(e2g-like) orbital. The assignment of Hitchcock et al. is clearly mislabeled, as Fe 3d orbitals 

cannot transform as the e2u representation in the D5d point group.  

Our simulated Fe 2p spectra of Fe
II
(Cp)2 and Fe

II
(Cp-(CH3)5)2 reproduce the two 

features, labeled A and C. Feature (A) originated from transitions to doubly degenerate MOs 

that have a large Fe 3dxz and 3dyz contribution, mixed with Cp * (e1g) orbital character. The 

second peak (C) also originates from a doubly degenerate Cp * (e2g) MO with a small Fe 

3dxy and 3dx2-y2 contribution (as indicated by smaller Fe 3d AO orbital coefficients and peak 

size). There is a third set of MOs with an energy between A and C, but these are exclusively 

ligand Cp * (e2u) character. As Fe 3d character is excluded by symmetry, these e2u MOs 

cannot contribute to the Fe 2p spectra (see supporting material Figure 6.6 for MO drawings). 

A covalent interpretation of the Fe 2p NEXAFS spectra of Fe(II) species is supported 

by our recent NEXAFS investigation of substituted ferrocene molecules. A new feature 

appears between features (A) and (C) in the Fe 2p NEXAFS spectra of some substituted 

ferrocene species.
21

 When the cyclopentadienyl (Cp) group of ferrocene is substituted with a 
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group that contains a double bond immediately adjacent to the Cp ring (e.g. Cp-CH=CH2; 

Cp-COOH), a new feature (B) is observed in the experimental NEXAFS spectra. When this 

substitutent is saturated (e.g. R = Cl, CH3), this feature is not observed in the Fe 2p spectra. 

An example of the lack of feature (B) can be seen in the Fe 2p NEXAFS spectrum of Fe
II
(Cp-

(CH3)5)2 (Figure 6.1). EHMO calculations clearly show that this peak (B) and a higher peak 

(D) arises from conjugation of the substituent * character with the Cp * character.
21

 This is 

clearly a covalency effect, and provides clear evidence for the existence of covalent effects in 

the Fe 2p NEXAFS of ferrocene compounds. De Groot has acknowledged that the ISEELS 

spectrum of ferrocene bears little resemblance to the ligand field multiplet spectra, and noted 

that a better description of the covalence effects and of -(back)bonding is required.
7
  

The results of the Fe 2p EHMO calculations for [Fe
III

(Cp)2][PF6] are similar to that 

from Fe
II
(Cp)2, except for a weak, Singly Occupied MO (SOMO) at lower energy, labeled W 

(see inset window in Figure 6.2). The MO for this feature is predicated to be mostly Cp *, 

with a very small 3d metal contribution. The EHMO calculations clearly do not reproduce the 

extra features (A’, A”, D) observed in the experimental Fe 2p spectrum of [Fe
III

(Cp)2][PF6]. It 

is also interesting to notice the similarity between the Fe 2p NEXAFS spectrum of 

[Fe
III

(Cp)2][PF6] and the spectra of other d
5
 low spin compounds.

2,3,9,39
 A sharp peak similar 

to feature W in the Fe 2p spectrum of [Fe
III

(Cp)2][PF6] observed at low energy in other d
5
 low 

spin iron compounds.  

The order of top six occupied MOs and the SOMO for ferrocene and ferrocenium 

compounds are inconsistently reported in other theoretical studies.
40,41

 We found that our 

EHMO calculations were very sensitive to small changes to the metal-ligand distance. 

Therefore, there is some uncertainty as to whether our EHMO calculation correctly predicts 

the orbital character of the SOMO. Nevertheless, a SOMO with 3d character will lead to a 

pre-edge Fe 2p  3d transition, as observed in our experimental Fe 2p spectra (feature W). 

In contrast to the Fe 2p NEXAFS spectra of Fe(II) species, the Fe 2p NEXAFS 

spectrum of [Fe
III

(Cp)2][PF6] shows numerous resonances that cannot be assigned based on 

the EHMO calculations. A list of potential electronic configurations for Fe
II
(Cp)2 and 

[Fe
III

(Cp)2][PF6] are presented in Table 6.3; there are clearly more microstates for core 

excited [Fe
III

(Cp)2][PF6] than for Fe
II
(Cp)2. While not all of the states depicted in Table 6.3 

will lead to a transition, it is legitimate to expect more multiplet features in the NEXAFS 

spectra of [Fe
III

(Cp)2][PF6] than Fe
II
(Cp)2. 
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 Fe(Cp)2 [Fe
III

(Cp)2][PF6] 

Electron 

configuration 

States Electron 

configuration 

States 

Ground State (a1g)
2
 (e2g)

4 1
A1g (a1g)

2
 (e2g)

3
 

2
E2g 

 

  Fe(Cp)2 [Fe
III

(Cp)2][PF6] 

 
Core (2p) 

excited 

state  

Electron 

configuration 

States
a 

Electron 

configuration 

States
a,b 

SOMO 

2px, 2py 

(e1u)
3
 

 

N/A 

(a1g)
2
 (e2g)

4
 

2
E1u 

2pz (a2u)
1
 (a1g)

2
 (e2g)

4 2
A2u 

 

1
st
 

excited 

state 

2px, 2py 

(e1u)
3
 

(a1g)
2
(e2g)

4
(e1g)

1 

1,3
A1u,

 

1,3
A2u,

  

1,3
E2u 

(a1g)
2
 (e2g)

3
 (e1g)

1 4x(
2,4

A1u, 
2,4

A2u, 
2.,4

E1u, 
2,4

E2u)
 

2pz (a2u)
1
 (a1g)

2
(e2g)

4
(e1g)

1 1,3
E1u (a1g)

2
 (e2g)

3
 (e1g)

1 
4x(

2,4
E1u, 

2,4
E2u)

a 

 

2
nd

 

excited 

state 

2px, 2py 

(e1u)
3
 

(a1g)
2
(e2g)

4
(e2u)

1
 

1,3
E1g,

 

1,3
E2g 

(a1g)
2
 (e2g)

3
 (e2u)

1
 

4x(
2,4

A1g, 
2,4

A2g, 
2,4

E1g, 
2,4

E2g) 

 2pz (a2u)
1
 (a1g)

2
(e2g)

4
(e2u)

1
 

1,3
E2g (a1g)

2
 (e2g)

3
 (e2u)

1
 

4x(
2,4

A1g, 
2,4

A2g, 
2,4

E1g) 

 

3
rd

 

excited 

state 

2px, 2py 

(e1u)
3
 

(a1g)
2
 (e2g)

4
 (e2g)

1
 

1,3
E1u,

 

1,3
E2u 

(a1g)
2
 (e2g)

3
 (e2g)

1
 

4x(
2,4

A1u, 
2,4

A2u, 
2,4

E1u,
 2,4

E1u,
 

2,4
E2u) 

 2pz (a2u)
1
 (a1g)

2
 (e2g)

4
 (e2g)

1
 

1,3
E2u (a1g)

2
 (e2g)

3
 (e2g)

1
 

4x(
2,4

A1u, 
2,4

A2u, 
2,4

E1u) 

Table 6.3 Electron configuration and states of Fe(Cp)2 and [Fe
III

(Cp)2][PF6]  in ground and 

excited states. a.) Except for the doublet SOMO for ferrocenium, core excited state in 

ferrocene and ferrocenium can be singlet/triplet or doublet/quartet, respectively. The spin 

selection rule, s=0, is not strictly applicable where higher Z atoms such as Fe are present. 

b.) While some microstates of identical symmetry (e.g. 
2
A1u, 

2
A2u) for a core excited state 

may be degenerate, not all microstates will have the same energy; therefore additional 

features are to be expected in the core excited states of ferrocenium.  
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Other studies have indicated a greater incidence of multiplet effects in open-shell 

systems.
2
  One should also expect that multiplet effects will be stronger for optical orbitals 

that are highly localized to the Fe 3d AOs (e.g. with smaller covalent interactions with the Cp 

rings).
7
 The Fe 2p  3d (e1g) transition (feature A) is more strongly localized on the iron 

atom than feature C, which has greater Cp *-character, and strong multiplet splitting 

(features A, A’, A”) are observed for feature A. However, definitive assignment of these 

features is beyond our capabilities.  

Our EHMO calculations successfully reproduce the relative intensity of the two main 

features in the Fe 2p NEXAFS spectrum of Fe
II
(Cp)2 and Fe

II
(Cp-(CH3)5)2. The EHMO 

calculations of [Fe
III

(Cp)2][PF6] successfully predict the presence of the low energy feature 

W, but severely underestimate its intensity. These EHMO calculations do not predict the 

extra features (A’, A”, and D) observed in the Fe 2p NEXAFS spectrum of [Fe
III

(Cp)2][PF6]. 

These differences between the EHMO simulation and the experimental Fe 2p spectrum of 

[Fe
III

(Cp)2][PF6] provide clear evidence for multiplet effects in the Fe 2p NEXAFS spectrum 

ferrocenium, as EHMO is only sensitive to covalent effects. In contrast, the similarity of the 

NEXAFS spectra of Fe(II) species to their EHMO simulations and the presence of strong *-

substituent effects in substituted ferrocene species points to a significant role for covalency 

effects in Fe 2p NEXAFS spectra in closed shelled ferrocene species. 

6.3.2 Carbon 1s edge NEXAFS Spectra 

The C 1s NEXAFS spectra of Fe
II
Cp2 (reproduced from Wen et al.

17
), Fe

II
(Cp-

(CH3)5)2 and [Fe
III

(Cp)2][PF6] are presented in Figure 6.3. The transition energies and 

assignments are presented in Table 6.4. The spectrum of Fe
II
(Cp)2 and Fe

II
(Cp-(CH3)5)2 show 

two well resolved peaks A and C, with an intensity inversion relative to the Fe 2p NEXAFS 

spectrum. The simulated C 1s edge NEXAFS spectra of Fe
II
(Cp)2, Fe

II
(Cp-(CH3)5)2 and 

[Fe
III

(Cp)2][PF6] from DFT calculations are presented in Figure 6.4. Detailed peak 

assignments are presented in Table 6.5. 
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Energy (eV)

284 286 288 290 292 294 296 298

A

C

D
D'

A'

W

[Fe
III

(Cp)
2
][PF

6
]

Fe(Cp)
2

A

C

Fe(Cp-(CH
3
)
5
)
2

A

C

E

 

Figure 6.3 C 1s NEXAFS spectra of [Fe
III

(Cp)2][PF6], Fe
II
(Cp-(CH3)5)2 and Fe

II
(Cp)2.

6
 The 

spectra have been offset by a constant for clarity. 

 

Peak 

Labels 
Fe

II
(Cp)2

6 
Fe

II
(Cp-(CH3)5)2 [Fe

III
(Cp)2][PF6] Assignments 

W   283.35 3d / Cp * SOMO 

A’   284.81 Multiplet 

A 285.72 285.81 285.54 3d / Cp * (e1g) 

C 287.19 
287.14 287.12 Cp * (localized by the 

core hole) 

E  287.91  C1s* (C-H) 

D   289.04 Multiplet 

D’   289.60 Multiplet 

Table 6.4 Transition energies (eV) and Assignments for the C 1s NEXAFS spectra of 

Fe
II
(Cp)2,

6
  Fe

II
(Cp-(CH3)5)2  and [Fe

III
(Cp)2][PF6]. Transition energy values for Fe

II
(Cp)2 

were reproduced from Wen et al.
17
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Energy (eV)

284 286 288 290 292 294 296 298

Fe(Cp)
2A

C

A

C

[Fe
III

(Cp)
2
][PF

6
]

W

Fe(Cp-(CH
3
)
5
)
2A

C

E

 

Figure 6.4 Simulated C 1s x-ray absorption spectra of [Fe
III

(Cp)2][PF6], Fe
II
(Cp-(CH3)5)2 and 

Fe
II
(Cp)2 calculated using DFT theory (StoBe program). The spectra have been offset by a 

constant for clarity. 

 

Feature Fe
II

(Cp)2 Fe
II

(Cp-(CH3)5)2 [Fe
III

(Cp)2][PF6] 

W   Fe 3d x2-y2 (e2g) 

A Fe 3dxz (e1g)/Cp * 

Fe 3dyz (e1g)/Cp * 

Fe 3dxz (e1g-like)/Cp * 

Fe 3dyz (e1g-like)/Cp * 

Fe 3dxz (e1g)/Cp * 

Fe 3dyz (e1g)/Cp * 

C Fe 3dx2-y2/Cp * (e2g) Fe 3dx2-y2/Cp * (e2g) Fe 3dx2-y2/Cp * (e2g) 

E  *(C-H) CH3  

Table 6.5 Assignment of StoBe simulated C 1s NEXAFS spectra of Fe
II
(Cp)2, Fe

II
(Cp-

(CH3)5)2 and [Fe
III

(Cp)2][PF6]. Localization of the molecular orbital on the metal or ligand is 

indicted by bold scripts. 

 

The experimental C 1s NEXAFS spectra of Fe
II
(Cp)2 and Fe

II
(Cp-(CH3)5)2 are 

dominated by two peaks, labeled A and C.  Our assignment of the C 1s spectrum of Fe
II
(Cp)2 

is similar to previous assignments.
6
 The DFT calculations show that lowest energy peak A is 

associated with two nearly-degenerate orbitals with Cp * (e1g) character mixed with the 

metal 3dxz (LUMO) and 3dyz (LUMO+1) orbital. The second strong feature labelled C 
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corresponds to a degenerate Cp * orbital that is mostly localized on the Cp ring that contains 

the core excited carbon atom. We do not use the label e2g for this state as the unoccupied 

molecular orbital is strongly localized to the Cp ring with the core hole. Feature E in the 

spectrum of Fe
II
(Cp-(CH3)5)2 is assigned to the C 1s  * (C-H) transition of the methyl 

group.  

The experimental C 1s NEXAFS spectrum of [Fe
III

(Cp)2][PF6] is radically different 

from the C 1s NEXAFS spectrum of Fe
II
(Cp)2 and Fe

II
(Cp-(CH3)5)2. Specifically, a weak 

feature W is observed at low energy side, and a series of features are observed between 284 

eV and 290 eV. A broad peak is observed above 292 eV.  

The simulated C 1s NEXAFS spectrum of [Fe
III

(Cp)2][PF6] is similar to that of 

ferrocene and differs mostly by the presence of a low energy feature (W) assigned to the C 1s 

 SOMO transition, and a slight shift of features A and C to lower energy. The SOMO has 

Fe 3d (e2g) character, as expected for [Fe
III

(Cp)2][PF6].
15,40,42

  The C 1s DFT simulations 

reproduce the presence and the relative intensity of some features in the experimental 

spectrum (W, A and C), but the prominent features A’, D and D’ are not reproduced by DFT 

calculations. 

The C 1s NEXAFS spectra simulated by DFT calculations are very effective at 

reproducing the experimental spectra of Fe
II
(Cp)2 and Fe

II
(Cp-(CH3)5)2, in particular the 

relative intensity of features A and C and the presence of C 1s  C-H character in Fe
II
(Cp-

(CH3)5)2. This provides additional support for the conclusions drawn from our Fe 2p studies; 

that the spectra of closed shelled ferrocene species are dominated by covalent effects. In 

contrast, these DFT simulations are less effective at reproducing the C 1s spectrum of 

[Fe
III

(Cp)2][PF6]; feature W is reproduced, but the shape of the rest of the * band is not well 

reproduced. This results suggest that the C 1s spectrum of open shell [Fe
III

(Cp)2][PF6] is also 

sensitive to atomic multiplet effects, although the spectrum is clearly dominated by covalent 

* transitions. 

 

6.4 Conclusions 

The goal of this study is to examine the applicability of the atomic multiplet model or 

the covalent bonding models for interpreting the NEXAFS spectra of metallocene species, in 
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particular ferrocene and ferrocenium. The strong covalent bonding between the iron atom and 

Cp rings suggests that covalent effects will be important in these NEXAFS spectra. 

 Our ability to successfully interpret the experimental spectra with EHMO and DFT 

calculations indicates that covalent bonding models are applicable for close shelled species. 

The following evidence indicates that covalent bonding models dominate the interpretation of 

the NEXAFS spectra of closed shelled ferrocene species: 

- The similarity of the experimental C 1s and Fe 2p NEXAFS spectra of Fe
II
(Cp)2 and 

Fe
II
(Cp-(CH3)5)2 to the DFT and EHMO simulations and the dissimilarity of these 

NEXAFS spectra to the results of ligand field atomic multiplet calculations.
7
 

- The observation of substituent effects in the Fe 2p NEXAFS spectra of substituted 

ferrocene molecules (e.g. Fe(Cp)(Cp-R), R = CH3, COOH, COCH3),
21

 arising from 

covalent -conjugation. 

In contrast, these covalent bonding models are not effective in interpreting the spectra 

of open shelled species. In the case of [Fe
III

(Cp)2][PF6], the presence of additional features 

not reproduced by MO or DFT theory indicates that multiplet effects must be considered for 

3d
5
 open shell systems.  

Theory that can combine covalent bonding theory with atomic multiplet effects are 

required for the chemical characterization of covalently bonded organoiron species by 

NEXAFS spectroscopy. Recent developments in ligand field charge transfer methods provide 

some additional insight; however, the covalency is described in terms of a metal  ligand 

charge transfer to form other atomic electronic configurations.
3,7

 This method also relies on 

many adjustable parameters. This method forms alternative atomic configurations rather than 

a direct reflection of the covalent bonding, e.g. through shared electron density and orbital 

overlap between the metal and the ligand atoms. Fully relativistic configuration interaction 

calculations have been recently developed.
43,44

 As these Dirac equation calculation use 

molecular orbitals,  covalent effects are explicitly considered. Significant covalency effects 

were predicted for the V 2p NEXAFS spectrum of V2O3.
43

 However, such methods have not 

yet been applied to organoiron compounds such as ferrocene and ferrocenium. 

Our observations and conclusions are highly relevant for the accurate application of 

NEXAFS spectroscopy to chemical analysis. For example, in the Fe 2p spectra of an oxidized 

ferrocene functionalized self-assembled monolayers recorded by Himpsel at al, the low 

energy feature (W) was absent. This suggests that another iron species was present instead of 

the ferrocenium functionalized alkanethiols, as claimed by the authors.
12

 The similarity of 
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their presumptive Fe
III

 spectrum with that of FeO(OH), a high spin oxide, supports an 

alternative interpretation where their sample decomposed prior to measurement, rather than 

the oxidative switching of the ferrocene group to ferrocenium.  
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Figure 6.5 Fe 2p edges NEXAFS spectra of [Fe

III
(Cp)2][PF6] on 

different substrates and after various amounts of time. 

 

 

Spectrum Substrate 
Elapsed time between sample 

preparation and measurement 

a) Indium foil 12 hours 

b) Indium foil 1 hour 

c) Indium foil 15 minutes 

d) Copper sheet 1 hour 

e) Carbon tape 1 hour 

f) Si3N4 window 6 hours 
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Figure 6.6 MO drawings generated from EHMO calculations using the program CACAO,

30
 for the Fe 2p core excited state in Fe

II
(Cp)2, 

calculated using the Z+1 approximation. 
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CHAPTER 7 SUBSTITUENT EFFECTS IN THE IRON 2P AND CARBON 1S EDGE 

NEAR-EDGE X-RAY ABSORPTION FINE STRUCTURE (NEXAFS) 

SPECTROSCOPY OF FERROCENE COMPOUNDS. 

 

Chapter 7 presents series of Fe 2p and C 1s edge NEXAFS spectra of closed shell 

substituted ferrocene complexes. The experimental spectra are assigned with the help of 

EHMO and DFT based computational programs. Both covalent bonding based programs 

simulate remarkably well the experimental spectra. Electron donating and withdrawing 

properties of the substituents leads to discreet shifts in energy while *-conjugation between 

substituent and cyclopentadiene ring leads to the presence of additional features. This study 

confirms the efficacy of the covalent bonding model over atomic multiplet effects in the 

interpretation of closed shell metallocene complexes spectra.  

The experimental and theoretical work performed for this study is described and 

discussed below in the format of the manuscript published in the Journal of Physical 

Chemistry A. [Reproduced with permission from Journal of Physical Chemistry A, 112, E. 

Otero, R.G. Wilks, T. Regier, R.I.R. Blyth, A. Moewes and S.G. Urquhart, Substituent 

Effects in the Iron 2p and Carbon 1s Edge Near-Edge X-Ray Absorption Fine Structure 

(NEXAFS) Spectroscopy of Ferrocene Compounds, 624-634, Copyright 2008, American 

Chemical Society] 

For this research paper I was the primary investigator in the conception of the study, 

the preparation of the samples, the acquisition of the experimental data, the execution of the 

computed simulations, the interpretation of the results and the writing of the document. R. 

Wilks provided indispensible support with the DFT calculations. T Regier and R.I.R. Blyth 

helped with the experimental set-up for the measurement of gaseous SF6 used for energy 

scale calibration. S.G. Urquhart provided guidance throughout the experiments and data 

analysis process and was greatly involved in editing this document. 
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The following chapter has been published in the Journal of Physical Chemistry A, 2008, 

volume 112, pages 624-634. 

DOI: 10.1021/jp074625w 
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CHAPTER 8 SUBSTITUENT EFFECTS IN THE IRON 2P AND CARBON 1S EDGE 

NEAR-EDGE X-RAY ABSORPTION FINE STRUCTURE (NEXAFS) 

SPECTROSCOPY OF METAL ARENE COMPLEXES AND POLYMER 

 

Chapter 8 presents a series of Fe 2p and C 1s edge NEXAFS spectra of closed shell 

substituted metal arene complexes and polymers. The experimental spectra are assigned with 

the help of EHMO and DFT based computational programs. Both covalent bonding based 

programs simulate the experimental spectra remarkably well. Compared to ferrocene spectra, 

the substitution of one cyclopentadiene ring by a benzene ring leads to large changes in the 

principal spectral feature. Electron donating and withdrawing properties of the substituents on 

benzene affect the transition’s energy while *-conjugation between substituent and benzene 

ring leads to the presence of additional spectral features. The experimental and theoretical 

work done for this study is described and discussed in the following section presented in the 

form of the manuscript to be submitted to the journal Organometallics. 

For this research paper I was the primary investigator in the conception of the study, 

the preparation of the samples, the acquisition of the experimental data, the execution of the 

computed simulations, the interpretation of the results and the writing of the document.  

P.O. Shipman and A.S. Abd-El-Aziz provided most of the metal arene compounds 

investigated in this study. S.G. Urquhart provided guidance throughout the experiments and 

data analysis process and was greatly involved in editing this document. 
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The following chapter has been published in the journal Organometallics, 2009, volume 28, 

pages 2160-2172. 

DOI: 10.1021/om800769t 
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CHAPTER 9 NEAR-EDGE X-RAY ABSORPTION FINE STRUCTURE (NEXAFS) 

SPECTROSCOPY STUDY OF THE PHOTOLYTIC PROCESS IN 

POLY(PHENYL THIOETHER) WITH PENDANT IRON MOIETIES. 

 

In Chapter 9 we applied our understanding of metal-arene NEXAFS spectroscopy to 

interpret spectra of poly(phenyl thioether) polymers with and without pendent iron moieties (-

Fe(Cp)). The Fe 2p NEXAFS spectrum of poly(phenyl thioether) indicates the presence of 

iron species trapped in the demetallated polymer. The photolytic study in solid phase of 

poly(phenyl thioeter)-Fe(Cp) shows that irradiation of the metallated polymer in air leads to 

formation of Fe2O3 while irradiation in vacuum leads to formation of iron species with lower 

oxidation state. Also, irradiation using different ultraviolet sources appears to have no 

significant effect on the outcome of the photolytic process in solid state. P 1s and P 2p 

NEXAFS spectra of poly(phenyl thioether) polymer indicated the presence of counter ion 

PF6
-
 in the demetallated polymer. The characterization of iron and phosphorus species 

trapped in poyl(phenyl thioether) is discussed with respect to conducting and magnetic 

properties of these materials. The experimental and theoretical work done for this study is 

described and discussed in the following section presented in the form of the manuscript to be 

submitted to the journal Macromolecular Chemistry and Physics. 

For this research paper I was the primary investigator in the conception of the study, 

the preparation of the samples, the acquisition of the experimental data, the interpretation of 

the results and the writing of the document. P.O. Shipman and A.S. Abd-El-Aziz synthesized 

the monomers and polymers investigated in this study. S.G. Urquhart provided guidance 

throughout the experiments and data analysis process and was greatly involved in editing this 

document. 
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The following chapter has been published in the journal Macromolecules, 2008, volume 41, 

pages 9532-9541. 

DOI: 10.1021/ma801826p 
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CHAPTER 10 DISCUSSION AND CONCLUSION 

 

The research described in this thesis demonstrate the complementarity of soft X-ray 

absorption spectroscopy and chemistry. In order to attempt to measure XNCD from small 

chiral organic molecules, tremendous progress in sample preparation and characterization has 

been made. On the other hand, the characterization of the organometallic polymers required 

improvement in the interpretation of NEXAFS spectra of transition metal complexes. For that 

reason, simpler systems, namely metallocene and meta arene compounds, were examined and 

the spectra were assigned with the help the EHMO and DFT calculations. 

The first research objective was to observe the natural circular dichroism at X-ray 

wavelengths for small chiral organic molecules associated with the electric dipole - magnetic 

dipole interaction (XNCDE1M1). Theoretical studies have estimated that for 1s absorption 

edge the intensity of XNCDE1M1 does not exceed 10
-3

, making it very difficult to observe. 

Additionally, this weak XNCDE1M1 effect is expected to be observed only in amorphous 

samples while for oriented samples larger electric dipole – electric quadruple interferences 

dominate the process. Therefore a great amount of work has been invested in preparing 

randomly oriented samples. It was found that at a microscopic level, small chiral organic 

molecules (i.e.: less than 20 atoms) with low vapour pressure (required to satisfy the 

experimental conditions) have a great propensity to form oriented structures and were not 

suitable for XNCDE1M1 measurements. Eventually amorphous thin films containing small 

chiral organic molecules were prepared using amino acid derivatives functionalized 

polymers.  

In addition, considerable progresses in the data acquisition procedure were made in 

order to enhance spectral reproducibility, limit X-ray damage and lower noise levels.  

Yet, despite the quality of the samples prepared and the outstanding spectra acquired, 

no XNCDE1M1 measurement was successful. It is believed that the quality of the 

instrumentation at the time of the measurements was not sufficient enough for the timid 

XNCDE1M1 effect sought. 

The second research objective was to characterize a series of organometallic polymers 

and identify the products of the photolytic process aimed to remove the metallic fragment 

from metallated polymers. The assignment of NEXAFS spectra for transition metal 

complexes is quite difficult due to the complexity of the metal-ligand interactions. Two 

conflicting models are generally used, the atomic multiplet model and the covalent bonding 
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model. The examination of closed shell ferrocene and open shell ferrocenium compounds 

indicated that NEXAFS spectra of the former was effectively assigned using covalent 

bonding model while that of open shell ferrocenium suggested the contribution of multiplet 

effect as well. Studies of substituted ferrocene compounds confirmed the adequacy of the 

covalent bonding model to assign NEXAFS spectra of closed shell complexes. These 

findings were all supported by calculations.  

Such advances in the understanding of the spectroscopy have thus allowed 

investigation of a series of substituted metal arene complexes and poly(phenyl thioether) and 

poly(phenyl ether) polymers with iron pendant groups. It was found that NEXAFS 

spectroscopy is moderately sensitive to the electron donating and withdrawing properties of 

the substituents on the arene ligand. On the other hand, the presence of characteristic 

resonances in several spectra were unambiguously assigned to *-conjugation between the 

substituent and the arene ligand. Such resonances were observed in the Fe 2p NEXAFS 

spectrum of poly(phenyl ether) polymers with iron pendant groups, suggesting electron 

delocalization between the arene and the oxygen bridging atom of the polymer back-bone. 

Again, all spectra assignments were supported by calculations.  

Finally, the characterization of the products of the photolytic de-metallation process of 

poly(pheny thioether) with iron pendant groups indicated the presence of Fe2O3 and PF6
-
 

(counter ion in metallated polymer) embedded in the poly(pheny thioether) polymer in trace 

amounts.  

The noteworthy outcomes of these studies were obtained because of the enhanced 

understanding of the spectroscopy achieved in part by the meticulous study of the 

metallocene and metal arene complexes. 

Continuous improvement in core level excitation spectroscopy is the sequel of 

effective and concerted progress in instrumentation, theory and sample development. 

 

 


