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Changes in the electronic density  due to interactions, e.g., molecule adsorbed on substrate

Hexa-iodo Cyclohexa-m-phenylene (CHP)
Molecules synthesized by M. Kastler / K. Müllen MPI Mainz
Figures: Marco Bieri at al., Chem Com. 45,7 (2009)  

Marco Bieri at al., JACS accpeted (2010) 

CHP on Cu(111) @ RT 

DFT

On Ag(111), Au(111) and Cu(111) the iodine 

dissociates from the CHP at temperatures 

below 300 K.

This is in agreement with experiences from 

the adsorption of hexo-iodo-benzene on these 

surfaces.   
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Tersoff-Hamann approximation to mimic the iso-current topography
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Find height at constant energy projected density

CHP at h-BN/Rh(111) Nanomesh
Annealing @ approximately 120° C for 150 sec

CHP at h-BN/Rh(111) Nanomesh
Annealing @ approximately 120° C for 150 sec

occupied states unoccupied states

Vb=-1310 mV Vb=+1480 mV
CHP on hBN/Rh (5 eV)
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XES/NEXAFS local probes for electronic and geometric properties

Occupied orbitals 

Two step process 
Final state : valence-hole 

Binding of adsorbed molecules

Unoccupied levels, symmetry resolved 

One step process 
Finale state: core-hole 

Instantaneous configuration in dynamic systems
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              NON-RADIANT
Auger Electron Spectroscopy (AES)

                  RADIANT
X-ray Emission Spectroscopy (XES)

hν

Figure 3.5: Schematic illustration of non-resonant core-hole decay processes

decay, schematically described in Figure 3.5 for an initial state prepared by core-hole
ionization. In the radiant decay, an electron in the occupied valence band fills the core
hole, and a photon is emitted, forming the basis for x-ray emission spectroscopy (XES). The
non-radiant decay mechanism is very different. In this transition, no photon is involved
and it is therefore not subject to the electric dipole interaction picture. The final state
typically consists of two holes in the valence shell and an ejected electron, the Auger
electron. Measurements of the ejected electron energy distribution forms the basis for
Auger Electron Spectroscopy (AES).

The cross-sections for radiative and non-radiative decay of a core-hole state are strongly
element dependent. For the low Z elements carbon, nitrogen and oxygen, the Auger rate
τa is much faster than the fluorescence rate τf ; the probability of radiative decay is 0.52%,
0.83% and 1.3%, respectively 115. The total lifetime of the core-hole τh, given by the
different decay rates according to 1

τ = 1
τh

+ 1
τe

, can be determined by measuring the
lifetime broadening in the core creation processes (see previous sections). It can be shown
that τh is rather insensitive to the chemical state of the atom and thus considered an
inherent element property. The lifetime of the core-hole is not known exactly, and in the
case of oxygen, experimental determination of the lifetime broadening varies in the energy
range 0.165 ± 0.2 eV (corresponding to ∼ 4 fs ) 76 ,107. In this study, the value 3.6 fs for
the core-hole lifetime is used 76.

In the normal treatment of AES and XES one usually uses a two-step language, i.e.
the core-hole creation (Fig. 3.1) and the core-hole decay (Fig. 3.5) processes are consec-
utive and independent events. However, a number of high-resolution studies have clearly
demonstrated that for resonant excitations, the two-step picture is not generally valid
(see 116 and references therein). Rather a one-step treatment is required.

Consider the radiative decay following core-hole excitation. In the one-step formalism
the excitation and decay of the core-excited state are treated as one inseparable scattering
event. The intermediate final states |m⟩ are considered (virtual) resonances with a lifetime
broadening Γm. This is captured theoretically in second-order perturbation theory of the
photon-electron interaction, leading to the Kramers-Heisenberg scattering formula that
was introduced in section 2.3. In particular, this description contains the sum of matrix
cross terms proportional to

⟨f | e′ · p |m⟩ ⟨m| p · e | i⟩ (3.7)

These unsquared terms cannot be easily visualized as probabilities, and it is not correct to
assume that a specific intermediate state is excited with a certain probability in the scat-
tering process. This is the crucial difference between the one- and the two-step pictures.
In the one step formalism described above, the sum over intermediate states |m⟩ leads to
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Figure 3.1: Schematic illustration of core-hole creation processes

following, we will discuss in more detail what we can learn from these spectroscopies. We
divide the core level spectroscopies into two classes; core-hole creation (XPS, XAS) and
core-hole decay (XES, AES). A one-electron orbital picture is often adopted in line with
section 2.2.2, and both the Born-Oppenheimer (section 2.2.1) and dipole approximation
(section 2.3.1) are applied throughout this section. The photon source is considered 100%
linearly polarized which is a good approximation for undulator radiation (section 3.3.1).
Results from the present work (if not otherwise stated) serve as examples for the introduced
concepts, and some aspects that are not directly related to this thesis have been omitted.

3.1.1 Core-Hole Creation

The absorption of a photon can result in ionization (XPS) or excitation (XAS) of a core
electron depending on the energy h̄ω of the photon. For a detailed description of these
processes consider the textbooks by Hüffner104 and Stöhr105. Schematic diagrams of
XPS and XAS are shown in Figure 3.1, where the orbitals of the free water molecule
are used to represent an arbitrary N electron system. In the x-ray absorption process the
incoming X-ray photon is absorbed and an electron from an inner shell is transferred into an
unoccupied state in the valence band. The energy distribution of the excitation probability
into unoccupied orbitals forms the XA spectrum. If the energy of the photon h̄ω is
larger than the core electron ionization potential (IP), the electron is removed completely
from the molecule (transferred to a continuum of states given by a free electron in the
presence of a core-hole potential). Here, the distribution of ionized core electrons forms the
photoelectron spectrum. Obviously, the valence electrons can also be emitted, normally
denoted UPS (UV photoelectron spectroscopy) or just PES (photoemission spectroscopy).
The energy conservation law implies that the transition energy h̄ω is given as a difference
in total energy before and after the spectroscopic event

h̄ω = Ef − Ei (3.1)

where Ei,f is the total energy before and after the core excitation (ionization). In the
creation of the core-hole an attractive coulombic potential at the ionized site is created.
The system will of course respond to this potential to find the lowest energy configuration
in the presence of the core hole. For free molecules this generally means contraction of
orbitals at the core-hole site, whereas neighboring molecules are polarized. Charge-transfer
screening is also possible, for metallic systems this is denoted metallic screening.

In the ionization event, the ionized electron leaves a system on a time-scale dependent
on the kinetic energy. For photon energies well above the ionization potential (∼ 10 eV
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following, we will discuss in more detail what we can learn from these spectroscopies. We
divide the core level spectroscopies into two classes; core-hole creation (XPS, XAS) and
core-hole decay (XES, AES). A one-electron orbital picture is often adopted in line with
section 2.2.2, and both the Born-Oppenheimer (section 2.2.1) and dipole approximation
(section 2.3.1) are applied throughout this section. The photon source is considered 100%
linearly polarized which is a good approximation for undulator radiation (section 3.3.1).
Results from the present work (if not otherwise stated) serve as examples for the introduced
concepts, and some aspects that are not directly related to this thesis have been omitted.

3.1.1 Core-Hole Creation

The absorption of a photon can result in ionization (XPS) or excitation (XAS) of a core
electron depending on the energy h̄ω of the photon. For a detailed description of these
processes consider the textbooks by Hüffner104 and Stöhr105. Schematic diagrams of
XPS and XAS are shown in Figure 3.1, where the orbitals of the free water molecule
are used to represent an arbitrary N electron system. In the x-ray absorption process the
incoming X-ray photon is absorbed and an electron from an inner shell is transferred into an
unoccupied state in the valence band. The energy distribution of the excitation probability
into unoccupied orbitals forms the XA spectrum. If the energy of the photon h̄ω is
larger than the core electron ionization potential (IP), the electron is removed completely
from the molecule (transferred to a continuum of states given by a free electron in the
presence of a core-hole potential). Here, the distribution of ionized core electrons forms the
photoelectron spectrum. Obviously, the valence electrons can also be emitted, normally
denoted UPS (UV photoelectron spectroscopy) or just PES (photoemission spectroscopy).
The energy conservation law implies that the transition energy h̄ω is given as a difference
in total energy before and after the spectroscopic event

h̄ω = Ef − Ei (3.1)

where Ei,f is the total energy before and after the core excitation (ionization). In the
creation of the core-hole an attractive coulombic potential at the ionized site is created.
The system will of course respond to this potential to find the lowest energy configuration
in the presence of the core hole. For free molecules this generally means contraction of
orbitals at the core-hole site, whereas neighboring molecules are polarized. Charge-transfer
screening is also possible, for metallic systems this is denoted metallic screening.

In the ionization event, the ionized electron leaves a system on a time-scale dependent
on the kinetic energy. For photon energies well above the ionization potential (∼ 10 eV

Core-hole Creation and Decay
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Interpretation of experiment, 
structures refinement (signal assignment),  

understanding of physical-chemical properties of materials. 

The theoretical spectra of Gly are shown below the experi-

mental spectra in Figure 1b,c as bar diagrams with bar heights

proportional to the oscillator strength. These computed spectra

are discussed later in conjunction with the results of the STEX

calculations. Here we note that in both standard and polarized

ion STEX approximations, the main peak at ∼289.5 eV

originates from the C 1s(CR)fσ*CNH excitations. As an

independent confirmation we have measured NEXAFS spectra

of Gly thin films crystallized from aqueous solutions having

different pH, and the specimens with pH > pK2 (above which

the amino group loses a proton) show different NEXAFS

features at ∼290 eV.9 This is clearly a deviation from the simple
building block approach since the NEXAFS spectrum cannot

be reduced to the sum of pair bond features; instead, the whole

amino group (more accurately -CNH3) needs to be considered
as a building block. To summarize:

• First, although the sample preparation procedure leaves the
amino acid molecules in a charged state, the low-energy part

of the spectra does not exhibit any additional structure with

respect to the zwitterionic state and so can be directly compared

with our calculations of the C K edge spectrum of the

zwitterionic form.

• Second, we can identify two building blocks common for
all amino acids: the carboxyl -COOH group, and the -CNH3
group. The carboxyl group leads to the sharp, intense line at

288.65 eV, assigned to the C 1s-1π* state. The σ* excitations
originating from the C-O bond of the carboxyl group appear
on the high-energy side of the spectra and can be observed either

as two separate peaks (protonated), or one broad (deprotonated)

peak depending on the charge state.

• Third, the methyl group, which leads to a low-energy peak
at ∼288 eV in chemisorbed Gly,26,27 cannot be considered as a
good building block. Instead the -CNH3 group, which can be
identified by the peaks at ∼290.8 eV (with mostly C 1s-1σC-N*
character) and the shoulder at 289.3 eV, can be used as a

building block.

3.2. Amino Acids with Simple Aliphatic Side Chains:

Alanine, Valine, Leucine, Isoleucine. Aliphatic amino acids,

such as alanine (Ala), valine (Val), leucine (Leu), and isoleucine

(Ile), have nonpolar side chains which do not bind to a surface,

which do not release protons, and which do not participate in

hydrogen or ionic bonds. The side chains of these amino acids

can be thought of as “oily” or lipid-like, a property that promotes

hydrophobic interactions. NEXAFS spectra of this class of

amino acids are shown in Figure 2 while the energies, term

values, and proposed assignments of spectral features are

summarized in Table 2. The spectra were normalized to atomic

scattering factors30 in order to give a direct measure of the amino

acid mass absorption strength. The lower energy side of each

spectrum was fit with a combination of Gaussian functions in

order to determine the spectroscopic trend. The separate peak

contributions are drawn in thin lines and the fitted spectrum is

shown as a continuous line drawn through the experimental

points shown by markers. We have restricted the analysis to

the part below 292 eV in order to avoid overlap with the TFA

peaks. The high-energy side is fit by a step function, broadened

by a Gaussian. The number of Gaussian lines used, as well as

their parameters, were determined from optimization of a free

fit, i.e., without any parameter constraints. This likely leads to

a situation where contributions of individual states remained

unresolved in some cases and so appear as a single broad band.

In particular, as in the case of Gly, both σ*C-C and σ*C-N bonds
contribute to the oscillator strength near the IP. In the present

analysis their contributions cannot be distinguished from near-

IP excitations, so the energy position of the step function, as

well as its Gaussian broadening, are left to be determined by

the fitting procedure, and thus the step function represents all

near-IP excitations.

The fit reveals four groups of peaks present in each C K edge

spectrum, as shown in Figure 2. All experimental spectra are

dominated by a strong peak at 288.65 ( 0.05 eV that can be

assigned unambiguously to C 1s(COO)f π* transitions. Except
for a small shift from Gly to Ala (<0.05 eV), the peak does
not change position and coincides with the π* resonance
reported previously for acetic and propionic acids.31 Two lines

separated by 0.2 eV make a better fit for the Ala+ spectrum,

although for Val they are spaced more closely (∆ < 0.1 eV).

Such a splitting is likely a sign of more complex internal

structure of the main C 1s(COO)fπ* line. We attribute this
internal structure to vibronic broadening, although an additional

peak may result from TFA solvation. More precise gas or liquid

phase experiments are needed to unambiguously establish the

source of the apparent splitting of the π*CdO peak in Ala and
Val.

In all four molecules, the spectra of which are plotted in

Figure 2, there is clear evidence for a shoulder on the high-

energy side of the main line, at about ∼289 eV. It is most
evident in Ala. The peak position is ∼0.4 eV lower than a

Figure 2. Detailed C K edge NEXAFS spectra of the aliphatic amino acids: alanine, valine, leucine, and isoleucine. The spectra are normalized
to the mass absorption coefficients for the appropriate elemental composition27 to give a direct measure of the molecular mass absorption coefficient.
The spectra were fit to multiple Gaussian peaks (solid lines) as described in the text: the sum of these fits is shown as a dashed line, the data are
shown as points near this line, and the residuals of the fits are shown at bottom.
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3.5. Amino Acids with Side Chains Containing Strongly

Basic or Cyclic Groups: Lysine, Arginine, and Proline. The

spectra of the amino acids with basic groups arginine (Arg),

lysine (Lys), and proline (Pro) are presented in Figure 6 while

the energies, term values, and proposed assignments are listed

in Table 4. In arginine (Arg) the discrete structure consists of

two strong peaks. The lower energy peak at 288.6 eV is the

π*CdO signal based on comparison to all the other amino acids.
The higher energy peak at 289.24(5) eV is thus attributed to C

1s(CdN)fπ*CdN transitions. At first sight the high energy of
the π*CdN peak is puzzling since the higher electronegativity
of O relative to N would suggest the C 1s(CdN)fπ*CdN
transition might occur below the C 1s(COOH)fπ*CdO transi-
tion. However, the CdN carbon is actually bonded to three N
atoms, which shifts the C 1s(CdN) IP and thus the π* peak
above that of a C 1s(COO-) site. Recent systematic studies of

the positions of π*CdO transitions as a function of the elec-
tronegativity of adjacent groups46,47 support this interpretation.

To summarize, the following tendency for the C 1s-1π* peak
is obtained. The carboxyl peak position -288.6 eV is lowered
due to the -NH2 substitution by -0.1 eV as a result of

conjugation of π*CdO. For Arg the second peak appears shifted
by 0.6 eV making it a fingerprint of H2NHNdC-NH- group.

The influence of a side-chain amino group is evident by

comparison of the NEXAFS spectra of Lys and Pro (Figure

6b,c) with those of the aliphatic amino acids (Figure 2).

Although the peak positions are very similar (consistent with

expectations since these molecules contain many of the same

“building blocks”), the relative intensity of the low-energy step

(∼287.6 eV) and high-energy shoulder (∼290 eV) differ. In
the case of Pro and Lys, the low-energy peak is less pronounced,

whereas the high-energy shoulder gains intensity relative to the

Figure 5. Detailed C K edge NEXAFS spectra of aspartic acid, asparagine, glutamic acid, and glutamine. Data processing and symbols as described
in the caption to Figure 2.

Figure 6. Detailed C K edge NEXAFS spectra of arginine, lysine, and proline. Note that the chemical formula appearing in these figures reflects
the expected amino acid charge state. Data processing and symbols as outlined in caption to Figure 2.

TABLE 4: Absolute Energies and Proposed Assignment for the Features in C 1s NEXAFS Spectra of Amino Acids with Side
Chains Containing Carboxylic Acid or Amide Groups, Strong Basic Group, and Cyclic (Secondary) Amino Acids

aspartic acid (Asp) asparagine (Asn) glutamic acid (Glu) glutamine (Gln)

energy (eV) 288.50(5) 288.70(5) 290.1(1) 288.30(5) 288.60(5) 289.8(1) 288.50(5) 288.70(5) 289.1(1) 288.20(5) 288.60(5) 289.7(1)

assignment π*COOH π*COOH σ*CNH π*CONH2 π*COOH σ*CNH π*COOH π*COOH σ*CNH π*CONH2 π*COOH σ*CNH

arginine (Arg) lysine (Lys) proline (Pro)

energy (eV) 288.60(5) 289.30(5) 289.2(1) 287.8(1) 288.50(5) 288.70(5) 289.5(1) 287.6(1) 288.65(5) 289.3(1)

assignment π*COOH π*-HNCNH2-NH2 σ*CNH σ*CH π*TFA π*COOH σ*CNH σ*CH π*COOH σ*CNH

Absorption Spectroscopy of Amino Acids J. Phys. Chem. A, Vol. 106, No. 13, 2002 3163

π*CdO peak. As we noted earlier, most of the C 1s(side chain)
oscillator strength contributes to the near IP featureless step

function (290-292 eV), and, to a smaller extension, to low-
energy σ*CH excitations. The same tendency exists in the amino
acids with side groups containing electronegative hydroxyl

groups (Ser and Thr), where no low-energy side shoulder is

seen. We conclude that there is a general tendency whereby

substitution of carbon in the side chain by more electronegative

atoms (N and O) primarily affects the intensity of the low-lying

σ*CH states, although their location (∼287.5 eV) does not
change. There is a small shift of the high-energy shoulder at

∼289-290 eV to higher energy in Lys and Pro relative to the
other species. The C K edge spectrum of pyrrolidine48 exhibits

a pronounced peak at 290.7 eV, which is assigned to σ*C-N
states. This comparison suggests that C 1s(C-N)fσ*CN transi-
tions may also contribute to the oscillator strength around 290

eV. This actually may explain a similar shift observed for Asn

and Gln.

3.6. Amino Acids with Aromatic Side Chains: Phenyl-

alanine, Tryptophan, Tyrosine, and Histidine. Amino acids

with aromatic side chains are readily distinguished from other

amino acids since their NEXAFS spectra show pronounced

structures around 285 eV, associated with the π*CdC states of

the aromatic ring. The fitted experimental spectra of the four

common aromatic amino acids phenylalanine (Phe), tyrosine

(Tyr), tryptophan (Trp), and histidine (His) are presented in

Figure 7, while the corresponding spectra computed with the

STEX method are presented in Figure 8. The energy scale of

the calculated spectra was shifted by 2.1 eV for Phe, by 2.2 eV

for Tyr, by 2.1 eV for Trp, and by 2.0 eV for His. In addition,

the carboxyl peak alone was moved toward lower energy by

1.3 eV for Phe, 0.4 eV for Tyr, 1.3 eV for Trp, and by 1.4 eV

for His. Table 5 lists peak energies, term values, and proposed

assignments for these species.

The “building block” principle predicts that the spectrum of

Phe should resemble the sum of the spectra of benzene and

Ala. The spectrum of gas-phase benzene consists of three low-

energy lines.49-51 The most intense line with a maximum at

285.1 eV is identified as a C 1sf1π*(e1u) transition. The next
peak is a low-intensity line at 287.2 eV attributed to σ*CH/
Rydberg excitations. The third line at 288.9 eV is attributed to

a C 1sf2π*(b2g) transition, although there is some controversy
over that assignment.52 In addition to these low-lying features,

there are strong, broad continuum resonances in benzene of

σ*C-C character at 293.5 and 299.8 eV.49,50 The aliphatic acids
have a strong π*CdO peak at 288.6 eV, with a low-energy tail

Figure 7. Detailed C K edge NEXAFS spectra of phenylalanine, tyrosine, tryptophan, and histidine. Some carbon atoms are numbered in the
displayed chemical formulas to clarify their spectroscopic assignment. Data processing and symbols as outlined in caption to Figure 2.

Figure 8. Computed NEXAFS spectra of phenylalanine, tyrosine, tryptophan, and histidine. The energy positions and intensities of optical transitions
are calculated in the nonpolarized STEX approximation. The experimental mass absorption coefficients are shown, along with bars that indicate the
energy and oscillator strengths of various transitions. Side-chain carbon and CR contributions are shown below the zero line (negative intensities);
aromatic ring and carboxyl contributions are shown above the zero line (positive intensities). In addition, transitions originated from different
carbon atoms are shown by different line style. Some lines are numbered and correspond to transitions at the numbered atoms in Figure 7. The
computed carboxyl contribution has been shifted to lower energy by 1.3 eV for phenylalanine, 0.4 eV for tyrosine, 1.3 eV for tryptophan, and by
1.4 eV for histidine to reflect the core ion relaxation effect, as described in the text.
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Computational spectroscopy (inner-shell, NMR, ..) often requires 
approaches  beyond cluster model or PP approximation: 

Efficient scheme for AE in condensed matter 
AE linear response theory 

XAS  
of amino-acid 

series Kaznacheyev et al, 
 JPC A, 106, 3153 (2002)
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Ab initio MD

• The Harmonic Approx is great and has proven to give good results

• But it is only an approximation, and any deviations from harmonic 
behavior wont be accounted for

• Anharmonicity

• Thermal Effects

• MD can account for these!
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