
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



�������������

��������	
��������������������������
�������	��
�
��
���	������������������������������� ������
������
�!"�#
���
������
���

	
�����
������
�������������������������������
�������
�����
���������������������������� ����������
�����������
!

"�������#$%&'&

	
�(���
!��
�)��
)�#����������� *�

�$%�$&''�(&$�)%"&�)�
�����+�"�� �������������������



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



I 

 

Table of contents 

 

1. Introduction and Theoretical Overview. 

1.1 Theory of Electron Momentum Spectroscopy.                                 P. 1 

1.2 One-Particle Green’s Function Theory of Ionization.                    P. 10 

1.3 Conformational Analysis at the Confines of non Relativistic Quantum 

Mechanics.                                                                                             P. 15 

1.4 Elements of Statistical Thermodynamics.                                      P. 17 

1.5 Hellman-Feynman Theorem and Born-Oppenheimer Molecular 

Dynamics.                                                                                              P. 24 

1.6 Natural Orbitals and Population Analysis.                                     P. 28 

 

2. Electron Momentum Spectroscopy of Norbornadiene at the 

Benchmark ADC(3) Level. 

2.1 Introduction.                                                                                   P. 39 

2.2 Computational Details.                                                                   P. 42 

2.3 Results and Discussion. 

2.3.1 Valence Electronic Structure and Ionization Spectra.                         P. 45 

2.3.2 Electron Momentum Distributions.                                                   P. 59 

 



II 

 

3. Quantum Chemical Study of Conformational Fingerprints in the 

Photoelectron Spectra and (e, 2e) Electron Momentum Distributions of 

n-Hexane. 

3.1 Introduction.                                                                                   P. 78 

3.2 Computational Details.                                                                   P. 83 

3.3 Results and Discussion. 

3.3.1 Molecular Structures, Relative Conformer Energies, and Abundances. P. 88 

3.3.2 Ionization Spectra.                                                                       P. 101 

3.3.3 Orbital Momentum Distributions and Topologies.                             P. 110 

3.4 Appendix.                                                                                      P. 119 

 

4. Benchmark Dyson Orbital Study of the Ionization Spectrum and 

Electron Momentum Distributions of Ethanol in Conformational 

Equilibrium. 

4.1 Introduction.                                                                                 P. 150 

4.2 Computational Details.                                                                 P. 154 

4.3 Results and Discussion. 

4.3.1 Molecular Structures and Relative Conformer Abundances.               P. 157 

4.3.2 Valence Electronic Structure and Ionization Spectra.                        P. 160 



III 

 

4.3.3 Electron Momentum Distributions.                                                  P. 169 

4.3.4 Kohn-Sham vs Dyson Orbital Densities.                                          P. 178 

 

5. Probing Nuclear Dynamics in Momentum Space: A New Interpretation 

of (e, 2e) Electron Impact Ionization Experiments on Ethanol. 

5.1 Introduction.                                                                                 P. 186 

5.2 Computation Section.                                                                   P. 193 

5.3 Results and Discussion. 

5.3.1 Orbital Imaging of Molecular Dynamics in the Neutral Ground State. P .201 

5.3.2 Orbital Imaging of Molecular Dynamics in the Final Ionized State.     P. 211 

 

6. Conclusions and outlook for the future.                                        P. 234 

 

7. Samenvatting.                                                                                 P. 247 

 

8. Publications and Activities.                                                            P. 254 

 

Ringraziamenti.                                                                                   P. 260 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

1. Introduction and Theoretical Overview.  

 

1.1 Theory of Electron Momentum Spectroscopy. 

 

Orbitals are key ingredients in the quantum theory of matter.1 Because of the 

uncertainty principles of Heisenberg, motions of electrons can be statistically 

described through one-electron waves, or orbitals wavefunctions. For one-

electron systems, the square of the occupied orbital can be directly related to 

the measurable electron density. Because of correlation effects, this relationship 

is not so straightforward for many-electron systems. In this case, electronic 

wavefunctions are, in a first approximation, obtained as Slater determinants of 

orbitals that are calculated as eigenfunctions of effective (e.g. Hartree-Fock or 

Kohn-Sham) one-electron hamiltonian operators.2 In practice, the consistency of 

the formalism can only be assessed by comparing various predictions drawn 

from quantum mechanics with a large set of experimental observations 

(spectroscopic measurements, chemical reactivity, etc.). 

In this context, Electron Momentum Spectroscopy3 (EMS) has triggered a 

revolution in our perception of the electronic structure of matter. This 

spectroscopic approach, also known as binary (e, 2e) spectroscopy, provides 

access to the electronic structure (electron binding energies) of atoms and 

molecules in the gas phase4 while permitting straightforward reconstructions in 

momentum space of spherically averaged electron density distributions for 

individual ionization channels (i.e. orbitals in the one-electron picture of 

ionization), by virtue of an angular analysis of cross sections in binary (e, 2e) 

electron impact ionization experiments. In these experiments, the kinematics of 

the two outgoing electrons is fully determined, using angular resolved electron 



2 

 

spectroscopy and coincidence techniques. EMS experiments provide typically 

ionization spectra at valence electron binding energies ranging from ~0 to ~30 

eV, as a function of the relative azimuthal angle ( )φ  between the outgoing 

electrons. As is depicted in Figure 1, a non-coplanar symmetric kinematical set 

up is most commonly employed: the outgoing electrons have equal kinetic 

energies ( )
A B

E E=  and make equal polar angles ( 45 )
A B

θ θ °= =  with respect to 

the direction of the incident electron. This setup ensures a clean knock-out 

ionization process in the high impact energy limit 0( )E → ∞ , a limit at which the 

experimentally inferred momentum distributions become independent of the 

kinetic energy of the impinging electron (typically = +0  1.2 keV  
f

E E , with 
f

E  

the ionization energy characterizing the channel under investigation). The target 

electron momentum p prior to ionization relates to the azimuthal angle φ  under 

which the outgoing electrons are selected at a fixed kinetic energy (e.g.

600 eV
A B

E E= = ), according to basic conservation laws on momenta and 

energies: 

( ) ( )2 2

02 cos - 2 sin sin( / 2)
A A

p p p pθ θ φ= + ,                                                   (1) 

0 -A fB
E E E E+ = ,                                                                                       (2) 

where 0p  and 
A B

p p=  represent the momenta of the impinging and of the two 

outgoing electrons, respectively. In atomic units 1
0(1 au 1 bohr , 1)e m−= = = =ℏ , 

the corresponding differential cross section is equal to: 

5 2
4

0
0

(2 ) ( ) ( ) ( )A B
A B

A B A

p pd
p p I T G p

dp dp dE p αν

σ
π χ χ χ− − − 

= ∑ 
 

� � �
� � .                                (3) 

In the above equation, T is the operator which governs the transition from the 

entrance channel to the exit channel.5 G and I describe the initial ground state 
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and the final state of the ion, respectively. 0( )pχ − � is the distorted wave 

representing the incident electron in the static potential of the neutral target, 

whereas ( )
A

pχ − �

 
and ( )

B
pχ − �  are the distorted waves for the two outgoing 

electrons in the static potential generated by the residual ion. The summation 

over αν is required for averaging the contributions from all (initial and final) 

rotational, vibrational and electronic states that are not resolved in the 

experiment. 

 

Figure 1. (e, 2e) ionization reaction ( 2 )M e M e− + −+ → +  under non-coplanar symmetric 

kinematics. The subscripts 0, A and B refer to the incident, scattered and ejected electrons 

( )e−
, respectively. The plane in the figure denotes the scattering plane. 

A
θ  and 

B
θ  are 

the in-plane polar angles for the scattered and ejected electrons, while φ is the out-of-

plane azimuthal angle for the ejected electron. q
�

 is the ion recoil momentum. 

 

The above eq. (3) can be simplified by invoking the Born-Oppenheimer (BO) 

approximation, in which the coordinate-space representations of the initial and 

final states are products of separate electronic, vibrational and rotational 

functions. At normal temperatures, the target is in its vibrational ground state, 

while the final rotational and vibrational states are not resolved and can be 
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discarded by closure. Assuming that the collision operator T only depends on the 

electronic degrees of freedom, the differential cross section is simplified into:  

5 2
3 1

0 0
0

4 ( ) ( ) ( )N NA B
A B n

A B A

p pd
d p p T p

dp dp dE p αν

σ
π χ χ χ− − − − 

= Ω Ψ Ψ  
 

∑ ∫
� � �

� � ,                     (4) 

where the integration over the whole solid angle Ω amounts for rotational 

average over all molecular orientations in the gas phase. In eq. (4), the sum 

over αν only refers to an averaging over all rotational, vibrational and electronic 

degeneracies in the final ionized state. 0
NΨ  and 1N

n

−Ψ  represent the electronic 

neutral ground state and ionized state of the target, respectively. With this 

equation, it has been assumed that vibrational averaging in the ground state 

gives the same result as taking the electronic functions at their equilibrium 

nuclear positions. In practice, the final vibrational and rotational states induced 

by an ionization event are most commonly regarded as degenerate within the 

energy resolution of the experiment. 

The T-operator describing (e, 2e) ionization of a molecular target containing M 

nuclei and N electrons located at { }
A

R
�

 and { }
i

r
�

 is the electron scattering 

potential:6,7 

1 1 00

1M N
A

A i iA

Z
T

r rR r= =

−
= +

−−
∑ ∑� � �� ,                                                                          (5) 

with 0r
�

 
the Cartesian coordinates characterizing the projectile. 

Invoking the binary encounter approximation, it is assumed that the momentum 

lost by the incident electron is entirely transferred to the ejected ones. The 

operator T depends then solely upon the coordinates of the projectile and of the 

two ejected electrons. This approximation is designed for the kinematic situation 

on the Bethe ridge3 where the momentum of the ionized electron is equal in 
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magnitude to the momentum transferred from the incident to the scattered 

electron, ensuring thereby a clean “knock-out” process, a condition which is best 

satisfied experimentally by the symmetric non-coplanar set-up given in Figure 1. 

In the framework of the (first) Born (or sudden) approximation, the incident 

electron is assumed to interact with the target only once, and a vertical 

depiction is assumed for ionization (i.e. geometrical relaxation and nuclear 

dynamical effects are neglected). When the incident electron only interacts with 

the ejected electrons and neither affects the target nor is affected by the target, 

the impulse approximation is considered. Consequently, the momentum p
�
 of 

the target electrons prior to ionization satisfies: 

p q= −
� �

                                                                                                     (6) 

with 0 A B
q p p p= − −
� � � �

, the recoil momentum of the target. 

Modelling the incident and outgoing electrons as plane waves yields ultimately 

the Plane Wave Impulse Approximation (PWIA), which implies that the energies 

of the unbound electrons are so high that their interactions with the residual ion 

can be neglected. The structure factor in eq. (4) then reduces to: 

22
1 1

0 0 Mott 0( ) ( ) ( )N N ip r N N

A B n n
p p T p eχ χ χ σ− − − − ⋅ −Ψ Ψ = Ψ Ψ

� �� � �
.                                  (7) 

Note that the two outgoing electrons, which have equal energies and momenta 

under non-coplanar symmetric kinematics, are measured in coincidence. They 

can thus not be distinguished and are subject to exchange. In the above 

equation, the Mott scattering cross section Mottσ  is a kinematic factor which is 

practically constant under the employed experimental setup5: 

2

0
Mott 4 2 4 4 2 2 2

0 0 0 0 0

1 2 1 1 1 1
cos ln

4 1
B

A B A B A

p p

e p p p p p p p p p p
πη

πη
σ η

π

  −  = + −
  − − − − − −  

� �

� � � � � � � � � �
,       (8) 
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along with 
1

A Bp pη
−

= −
� �

. Under the assumptions that the Born-Oppenheimer, 

sudden (Born), binary encounter and plane wave impulse approximations are 

valid, the final expression for the differential cross-section for the electron 

impact ionization process displayed in Figure 1 is therefore: 

5 2
3 1

Mott 0
0

4 ip r N NA B
n

avA B A

p pd
d e

dp dp dE p

σ
π σ ⋅ − 

= Ω Ψ Ψ  
 

∑ ∫
� �

� � .                                      (9) 

All approximations so far are exact in the high energy limit, 0( )E → ∞  (in 

practice, at least 1.2 keV). The structure factor given in eq. (9) can therefore be 

assumed to be independent of the energy of the impinging electron under the 

assumption that all these approximations are valid. For vertical ionization 

processes, the transition amplitude in eq. (9) is simply:8 

1
0 ( )N N

n np p
gν ν−Ψ Ψ = x� � ,                                                                          (10) 

with ip r

p
eν ⋅=
� �

� , and where ( )
n

g x  is the Dyson spin-orbital9 associated to the 

ionized state 1N

n

−Ψ , which accounts for correlation and relaxation effects on 

ionization intensities. The overlap matrix in eq. (9) reduces thus to the Fourier 

transforms in momentum space ( )p
�
 of Dyson spin-orbitals ( ) ( , )

n n
g g rω=x

�
, with 

ω the spin variable. This orbital is defined as a partial overlap between the 

ground and final states:9 

1
1 2 1 0 1 2 1 1 2 1( ) ( , , , ) ( , , , ; )N N

n n N N N
g N d d d−

− − −= Ψ Ψ∫x x x x x x x x x x x… … ⋯ .            (11) 

For closed-shell systems, electronic degeneracies in the ionized systems can be 

discarded, and eq. (9) simply reduces to an expression of the form:  

5
2

( )n

A B A

d
K d g p

dp dp dE

σ
= Ω∫

�
� � ,                                                                       (12) 
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with K a constant depending upon Mottσ , 
A

p , 
B

p , and 0p . Momentum 

distributions inferred by virtue of eq. (1) from an analysis of the dependence of 

(e, 2e) ionization cross sections upon the azimuthal angle φ relate therefore to a 

simple structure factor derived as the square of the Fourier transform of Dyson 

orbitals towards momentum space, under the assumptions that the Born, binary 

encounter and plane wave impulse approximations are valid. EMS may be 

therefore somehow regarded as a powerful orbital-imaging technique. Note 

nonetheless that orbitals derived as eigenfunctions of one-electron hamiltonians 

do not represent true molecular observables,10 due to the impossibility to 

measure their phase in an absolute way. Dyson spin-orbitals are most 

conveniently expanded as linear combinations of Hartree-Fock (HF) spin-orbitals 

χi: 

( ) x ( )n in i

i

g χ= ∑x x ,                                                                                  (13) 

where 1
0

N N

in n i
x a−= Ψ Ψ  defines the Feynman-Dyson transition amplitude for 

the ionized state 1N

n

−Ψ , orbital 
i

χ  and the initial ground state (second 

quantization1 has been employed in the latter equation for describing the 

annihilation of an electron in spin-orbital 
i

χ  by means of the operator
i

a ). The 

norm of the Dyson orbital in this basis set defines the spectroscopic strength 

2

n in
i

xΓ = ∑ , i.e. the relative probability to observe state 1N

n

−Ψ
 
upon the 

removal of one electron, regardless of cross section effects. The most exact 

approach to (e, 2e) momentum distributions in the high-energy limit is the 

Target-Dyson approximation, which amounts to expanding the structure factor 

of eq. (12) according to eq. (13). Dropping spin for simplicity, this gives: 



8 

 

5
22 ( )in i

iA B A

d
K x d p

dp dp dE

σ
χ= Ω∑ ∫
�

� � .                                                               (14) 

This model is formally exact with regards to a many-electron treatment of 

ionization processes, within the framework of the binary encounter 

approximation for the (e, 2e) electronic scattering and ionization, the Born 

assumption of a sudden (vertical) ionization event, and the plane wave impulse 

approximation for the ingoing and outgoing electrons.3a,b,f Assuming that the 

most important 1h contribution to ionization channel n is due to removal of one 

electron from one specific HF molecular orbital HF

jχ  (one-electron depiction of 

ionization), eq. (14) reduces to:  

5
2

( )HF

n j

A B A

d
K d p

dp dp dE

σ
χ≈ Γ Ω∫

�
� � ,                                                                (15) 

which defines the so-called Target Hartree-Fock Approximation.11 In the above 

equation, 
n

Γ  is an empirical spectroscopic strength that can be inferred from a 

fitting of theory onto experiment. Upon assuming that Koopmans’ theorem2a is 

valid, pole strengths become equal to 1, Dyson orbitals simply reduce to 

Hartree-Fock orbitals, the energies of which become equal to electron binding 

energies, after sign reversal. 

In a similar way, the Target Kohn-Sham Approximation12 is empirically 

introduced by replacing the Dyson orbital in eq. (12) by the relevant Kohn-Sham 

(KS) orbital KS

j
χ : 

5
2

( )KS

n j

A B A

d
K d p

dp dp dE

σ
χ≈ Γ Ω∫

�
� � ,                                                                  (16) 

which amounts to state that Kohn-Sham orbitals are approximately equal to 

normalized Dyson orbitals. Dyson orbitals for ionization or electron attachment 

processes are known to relate,13 within the framework of conceptual DFT,14 to 
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one of the most important descriptors of the molecular reactivity, namely the 

Fukui function,15 which is obtained as the derivative of the electron density in 

configuration space over N. Even if the KS orbitals used to expand the electron 

density of a N-electron interacting system can always be mapped onto the 

Dyson orbitals of an (hypothetical) non-interacting system,16 there is no simple 

and analytical relationships between the Kohn-Sham and Dyson orbitals of a 

correlated system in its neutral ground state, in spite of the meta-Koopmans 

theorem17 which relates Kohn-Sham orbital energies to relaxed ionization 

energies for one-electron events, an approximation which becomes exact for the 

highest occupied molecular orbital (Janak’s theorem18). Furthermore, due to a 

spurious self-interaction error, the most widely used gradient corrected and 

hybrid functionals do not have the correct Coulomb asymptotic behavior( 1 )r− ,
19 

and yield KS orbital energies that underestimate the correct electron binding 

energies by several eV. Nevertheless, KS orbitals have been extensively used 

over the last two decades as an empirical but rather surprisingly accurate tool 

for simulating the electron momentum distributions inferred in EMS 

experiments, providing thereby a rather solid foundation to the orbital pattern 

concept, which the late Kenishi Fukui, who shared the 1981 Nobel prize in 

Chemistry with Hoffmann, cautiously described in 1977 as being of a ”somewhat 

unreal nature”.20 

Until very recent years, the results of EMS measurements have been most often 

compared with data obtained by Ultra-violet Photo-electron Spectroscopy, which 

enables a much higher energy resolution than EMS but does not enable so 

straightforward experimental reconstructions of orbitals. It is impossible with 

this procedure to reliably assign the highly congested (e, 2e) ionization spectra 

of large molecules by resorting only to Hartree–Fock (HF) or Kohn–Sham (KS) 
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orbital energies and to the related electron momentum distributions, and this 

even in the case of weakly correlated systems.21 A systematic use of Dyson 

orbitals and ionization energies derived from benchmark many-body quantum 

chemical calculations employing one-particle Green’s Function (or, equivalently, 

Electron Propagator) theory in analyses of EMS experiments has been already 

advocated by our group,22 in order to safely identify breakdowns of the above 

listed approximations.  

 

1.2 One-Particle Green’s Function Theory of Ionization. 

 

In the time domain, the one-particle Green’s Function [1p-GF] , or equivalently, 

electron propagator) is defined23 as an auto-correlation function24 measuring the 

probability amplitude of propagation in a correlated background of an extra 

electron or hole between two one-particle states, 
i

χ  and 
j

χ , in a given time 

interval ( ,  )t t ′ : 

{ }0 0

1
( ', ) ( '), ( )N N

ij W i j
t t T a t a t

i

+= Ψ ΨG ,                                                         (17) 

where 
i

a  and ja+  are the annihilation and creation operators of an electron in 

(HF) spin-orbitals 
i

χ  or 
j

χ , respectively, and with TW the Wick’s chronological 

time ordering operator. The importance of the one-particle Green’s function in 

describing the electronic structure theory of correlated systems can be readily 

appreciated from its spectral representation in the frequency domain.9,25 For an 

N-particle system with a non-degenerate closed-shell ground state, this 

representation reads: 
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{ } { }

1 1 1 1
0 0 0 0

1 1
0 1 10 0 0

( )
( ) ( )lim

N N N N N N N N

i n n j j n n i

ij N N N N
n N n Nn

a a a a

E E i E E iα

ω
ω α ω α

>

+ + + + − −

+ −
→ ∈ + ∈ −

 Ψ Ψ Ψ Ψ Ψ Ψ Ψ Ψ
 = +
 + − + + − −
 

∑ ∑G .          (18) 

In this expression, α ensures the convergence of the Fourier transform which 

couples the time and energy representations of G . 1N

n

±Ψ  and 1N

n
E ±  are the 

exact ( 1)N ± -particle states and the corresponding energies, respectively, while 

0
NE  is the energy of the exact neutral ground state, 0

NΨ . The first term on the 

right hand side of eq. (18) originates from the so-called retarded part ( )t t′ >  of 

G , which relates to electron attachment processes, while the second component 

describing ionization processes derives from the advanced component ( )t t′ > . 

The poles of ( )ωG  in the complex ω-plane give access to the vertical-electronic 

ionization energies and electron affinities, whereas residues relate to products of 

the Feynman-Dyson transition amplitudes that are required for expanding the 

corresponding Dyson orbitals (eq. (13)): 

1
0

1
0

{ 1}

{ 1}

N N

i n

in N N

n i

a n N
x

a n N

+

−

 Ψ Ψ ∀ ∈ += 
Ψ Ψ ∀ ∈ −

,                                                (19) 

Like with any ionization spectroscopy, EMS experiments are subject to many 

complications and their interpretation requires extensive theoretical work if it 

has to have any value at all. Interpreting EMS measurements requires before all 

reliable assignments of ionization spectra on the basis of very quantitative 

many-body quantum-mechanical calculations. When considering conjugated 

and/or aromatic systems,26 a major difficulty stems from a usually very strong 

dispersion of the ionization intensity over shake-up states and correlation bands 

that relate to electronically excited configurations of the molecular cation, and 

which may substantially alter the electron momentum densities inferred from an 
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angular analysis of (e, 2e) ionization intensities at specific electron binding 

energies.22 For example, an analysis of (e, 2e) momentum profiles confirms the 

presence of one rather intense π-2 π*+1 satellite at ~13.1 eV in the ionization 

spectrum of 1,3-butadiene in its trans-configuration,22 in agreement with the 

results of early 1p-GF calculations.8a Many interpretations of EMS experiments 

on molecules of particular significance in chemistry, such as benzene,27 

pyrrole,28 furane,29 pyridine,30 … have been performed under the very basic 

assumption of a one-to-one correspondence between spectral bands and orbital 

energy levels, and still badly need further theoretical assessments of the 

outcome of the shake-up contamination of spectral bands. To reliably describe 

such situations where the orbital picture of ionization breaks down, one must 

resort to theoretical methods which deal both with initial and final-state electron 

correlation, and take in particular account of the multiconfiguration interactions 

that arise in the cation. In line with this issue, a particularly relevant example 

we plan to discuss within the framework of this thesis is the highly strained but 

formally non-conjugated norbornadiene cage compound, starting from a 

previous EMS analysis (ref 31, see Chapter 2). 

At present, one of the most appropriate approaches for an exhaustive treatment 

of the valence one-electron and shake-up ionization spectra of large systems is 

the so-called third-order algebraic diagrammatic construction (ADC(3)) scheme32 

derived within the framework of one-particle Green's Function [1p-GF]  theory.25 

With this approach, finding the poles of the Green’s Functions and related 

transition moments is equivalent to solving a standard CI eigenvalue problem, 

where the matrix to diagonalize has the form: 
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†

†

-( )

( )

( )

+

+ + +

− − −

 
+ ∞ 

 = + 
 +
  

ε Σ U U

H U K C 0

U 0 K C

.                                                               (20) 

The block-matrices ± ±+K C  and ±U  represent the effective coupling amplitudes 

between the excited (2p-1h, 2h-1p) configurations of the ( 1)N ± -particle 

systems, and the coupling of these excited states with the primary 1-particle 

(1p) or 1-hole (1h) anionic or cationic states, respectively. ε  is a diagonal 

matrix containing the HF orbital energies. ( )∞Σ  is the static (frequency-

independent) self-energy matrix cast over the 1h and 1p states, which 

represents the electrostatic potential felt by an ingoing or outgoing electron due 

to correlation corrections to the zeroth-order (i.e. Hartree-Fock) density. The 

poles 1
0
N N

n n
E Eω −= −  of the 1p-GF and the Feynman-Dyson transition amplitudes 

1
0

N N

in n i
x a−= Ψ Ψ required to expand the associated Dyson orbitals correspond 

to the eigenvalues and to the {1p+1h} eigenvector elements of the above 

matrix, respectively. At the ADC(3) level, one-electron ionization energies are 

recovered through third-order in correlation, which ensures typically accuracies 

of the order of ~0.2 eV on one-electron ionization energies in large scale 

treatments, by virtue of an expansion of the ± ±+K C , ±U  and ( )∞Σ  block 

matrices at first-order, at second-order, and through fourth-order, respectively. 

The fully expanded expressions for ±U  and 
± ±+K C are: 

,

1
(1 )

2ars j rs
cd cuc d r s c a s u

sr cd cd ja rc ju su ca
sr ja P

ε ε ε ε ε ε ε ε
+ = + + −

+ − − + − −∑ ∑U ,                (21) 

,

1
(1 )

2rab j ab
cd cua b t u b c r u

ba tu tu jr au jc cb ru
ba jr P

ε ε ε ε ε ε ε ε
− = + + −

+ − − + − −∑ ∑U ,               (22) 
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, ' ' ' ' ' ' '

'

1
( ) ( ) ' '

2
(1 ) ' '

ars a r s a r s aa rr ss aa

rs rr

rs r s

P sa s a

ε ε ε δ δ δ δ

δ

+ ++ = − + + +

− +

K C
                               (23) 

and 

, ' ' ' ' ' ' '

'

1
( ) ( ) ' '

2
(1 ) ' '

rab r a b a b r aa bb rr rr

ab aa

ab a b

P br b r

ε ε ε δ δ δ δ

δ

− −+ = + − −

+ +

K C
.                              (24) 

From here and henceforth, a, b, c and d are labels that relate to occupied 

orbitals, whereas r, s, t and u correspond to unoccupied orbitals. The static self-

energy ( )∞Σ  is obtained by solving a set of linear inhomogeneous equations cast 

in the space of the 1p and 1h configurations, as follows: 

( ) ( )l k l k
pq lk pq

kl l k

n n n n
pk ql Q pk ql

ε ε
−

∞ = + ∞
−∑Σ Σ ,                                      (25) 

with nl the relevant spin-orbital occupation number ( )1l ln n= −  and where the 

matrix Q  accounts for correlation corrections to the HF one-electron density 

matrix, by virtue of a Coulson contour9a in the complex energy plane over ( )ωG . 

One essential feature of the above ADC(3) eigenvalue equation originating from 

the standard Dyson equation 2a,9,23,25 is the coupling between the ( 1)N − -particle 

(ionization) and ( 1)N + -particle (electron affinity) configurations. This coupling 

ensures the size-consistency of the approach in the dissociation limit, as well as 

a greater compactness of the matrix to diagonalize compared with a CI 

treatment at the same order in correlation.33 The price to pay is a slight violation 

of the particle number ( tr( ) 0≠Q ). Because of the long-range character of the 

Coulomb interaction,34 the computed static self-energies thereby diverges 

logarithmically with system size.35 This divergence can be prevented by 

substituting in eq. (21) a suitably rescaled form of the Q matrix, which ensures 
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the charge consistency36 of the ADC(3) ground state electron density ( )tr( ) 0=ɶQ , 

and therefore the correct asymptotic decay of the static scattering potential 

( )∞Σ . 

A traditional approach for solving eq. (20) implies a pre-diagonalisation of the 

block matrices pertaining to the 2p-1h (shake-on) states into a pseudo-electron 

attachment spectrum, by means of the band-Lanczos algorithm,37 prior to 

completing the diagonalization of the projected H matrix using the more 

standard block-Davidson procedure.38 

Dyson orbitals straightforwardly derive from 1p-GF/ADC(3)32, SAC-CI39 or CC-

EOM40 calculations of electron ionization energies, as linear combinations of 

Hartree-Fock orbitals with Feynman-Dyson transition amplitudes as weight 

coefficients. Assuming in a first step that the Plane Wave Impulse Approximation 

(PWIA) is valid, the Fourier transformations of HF, KS or Dyson orbitals to 

momentum space can be easily carried out using the Gaussian Weighted Planar 

Grid (GWPW) method by Duffy et al.41 or an especially designed Monte Carlo 

procedure,42 in order to account for the finite experimental resolution on 

electron momenta. Randomization of the molecular orientation in the gas phase 

is performed by integrating the differential (e, 2e) ionization cross sections over 

the whole solid angle. 

 

1.3 Conformational Analysis at the Confines of non Relativistic Quantum 

Mechanics. 

 

When the molecular target contains one or several internal rotational degrees of 

freedom, a major difficulty pertains to the influence of the molecular 
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conformation on the ionization spectrum,43 and therefore on the experimentally 

inferred electron momentum distributions.4,44 Further analyses of conformational 

fingerprints in the valence ionization bands and in the corresponding (e, 2e) 

electron momentum distributions of structurally versatile molecules, namely n-

butane,44a n-glycine and dimethoxymethane,45 n-pentane,44b 1-butene, 

tetrahydrofurane, ethylamine, ethanethiol, propanol46a-e show that rotations of 

atoms or groups of atoms about single bonds may significantly influence valence 

ionization bands as well as the correspondingly inferred momentum profiles, 

both in the inner- and outer-valence regions. It is therefore essential in this 

framework to treat properly the influence of the molecular conformation on the 

ionization energies, which may in some cases seriously complicate the analysis 

of momentum distributions inferred from an angular analysis of (e, 2e) 

ionization cross sections at specific electron binding energies. Ignoring the 

dependence of the electronic structure upon the molecular conformation may 

yield interpretations of EMS experiments that surprisingly contradict elementary 

thermodynamics.22
,47 In order to pinpoint the lowest stationary points on the 

potential energy surface of the selected compounds, the convergence of the 

conformational energy differences towards an asymptotic value when both the 

number of basis functions and the amount of correlation accounted for are 

exploited in single-point calculations, by means of well-established extrapolation 

procedures following the principles of a focal-point analysis.48a-e Conformer 

energy differences can be determined nowadays within sub-chemical (0.1 

kcal/mol) accuracy, by pairing increasingly complex levels of theory [HF, MP2, 

MP3, MP4(SDQ), CCSD, CCSD(T)] with Dunning's correlation consistent 

polarized valence basis sets49 of improving quality (cc-pVXZ, aug-cc-pVXZ, with 

X = D, T, Q, 5 …). This enables extrapolations of CCSD(T) results to 
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asymptotically complete basis sets (cc-pV∞Z, aug-cc-pV∞Z) according to the 

expressions derived by Feller, for the total HF energy50 ( )E ∞ (eq. (26)), and 

Schwartz (a three points extrapolation known as Schwartz 6(lmn)), for the 

correlated total energies51 (eq. (27)): 

( ) -BlE(l) E Ae= ∞ +                                                                                     (26) 

and 

( ) 4 6
( )

1 1

2 2

B C
E l E

l l

= ∞ + +
   

+ +   
   

,                                                                (27) 

with l being a cardinal number equals to 2, 3, 4, 5…when X = D, T, Q, 5… 

respectively. 

 

1.4 Elements of Statistical Thermodynamics. 

 

In a next step, the associated conformer abundances (ni) are calculated 

according to Boltzmann thermostatistics,52 as follows: 

( )iG T RT

i i
n eρ −∆= ,                                                                                       (28) 

with ρi a factor equal to the multiplicity of the species of interest. Only the 

relative Gibb’s free energies (∆Gi(T)) of the identified energy minima and the 

associated thermodynamic state functions are used, according to an analysis on 

DFT or MP2 grounds of the rotational, vibrational, electronic and translational 

partition functions within the rigid rotor-harmonic oscillator (RRHO) 

approximation,52, 53or including corrections related to the Hindered Rotations54. 

At 0 K, all required thermodynamic state functions readily relate to energies 

obtained from quantum mechanics, provided corrections for zero-point 
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vibrations are accounted for. The starting equation in our evaluation of Gibb’s 

free energy differences is therefore the following: 

( )0i i i
H E ZPVE∆ = ∆ + ∆ ,                                                                                 (29) 

where ∆Hi(0) is the conformer enthalpy difference at T = 0 K, ∆Ei is the 

conformer energy difference obtained from benchmark many-body quantum 

mechanical calculations (Focal Point Analysis or W1h method48f [see chapter 3]) 

and ∆ZPVEi is the difference in Zero Point Vibrational Energies (estimated using 

Density Functional Theory along the standard B3LYP function, or second-order 

Møller-Plesset Perturbation [MP2] theory). 

By virtue of the three principles of thermodynamics, one has, more generally:  

( ) ( ) ( ) ( )0 0 0 0
i i i i i i

U H G F E ZPVE∆ ≡ ∆ ≡ ∆ ≡ ∆ = ∆ + ∆ ,                                               (30) 

where ∆Ui(0), ∆Gi(0) and ∆Fi(0) represent differences in internal energies, Gibb’s 

free energies and Helmoltz’s free energies at 0 K, respectively.  

Thermal corrections obtained from partition functions at the same B3LYP or MP2 

levels need to be considered for estimating enthalpy differences at a given 

temperature: 

( ) ( ) ( )0
i i i

H T H H T∆ = ∆ + ∆∆                                                                            (31) 

and  

( ) ( ) ( )0i i i
H T H T H∆∆ = ∆ − ∆ ,                                                                           (32) 

where ∆∆Hi(T) represents the thermal correction to the enthalpy difference.  

From the second principle of thermodynamics, it is well known that: 

( ) ( ) ( )i i i
G T H T T S T∆ = ∆ − ∆ .                                                                           (33) 

Here ∆Gi(T) is the Gibb’s free energy difference required in eq. (28), including 

T∆Si(T), the entropy correction at a given temperature. All quantities required in 



19 

 

equations 31-33 are obtained from partition functions computed using B3LYP or 

MP2 molecular geometries, rotational moments and vibrational frequencies.  

From a formal viewpoint, all thermodynamic state functions relate indeed to 

canonical partition functions, of the general form: 

i

B

E

k T

i

Q e

−

= ∑ .                                                                                             (34) 

with Ei the energy of the i
th level of the system of interest. Of special practical 

relevance for evaluating thermodynamic state functions is the following equality: 

2

1 i

B

E

k T

i
iV B

Q
E e

T k T

−
∂ 

= ∂ 
∑ .                                                                            (35) 

Reminding that: 

i

B

E

k T

i
e PQ

−

=                                                                                                 (36) 

with Pi the fraction of the system having energy Ei, the internal energy U of the 

system can be written as: 

i i
i

U PE= ∑                                                                                                (37) 

Therefore, by combining eq. (35) and eq. (37), it follows that: 

2
2B

B

V V

k T Q lnQ
U k T

Q T T

∂ ∂   
= =   ∂ ∂   

.                                                                 (38) 

A similar derivation along with the basic Boltzmann mathematical formulation of 

entropy yields the following expression for S: 

B i i B B
i V

lnQ
S k PlnP k T k lnQ

T

∂ 
= − = + ∂ 

∑                                                          (39) 

At last, since: 

H U PV= +                                                                                              (40) 

and  
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G H TS= − ,                                                                                             (41) 

we have: 

2
B B

V T

lnQ lnQ
H k T Vk T

T V

∂ ∂   
= +   ∂ ∂   

                                                                (42) 

and 

B

T

lnQ
G k T lnQ V

V

 ∂ 
= − −  ∂  

                                                                       (43) 

In practice, the relation between the individual molecular partition functions and 

the partition function of a system consisting in a set of N independent 

indistinguishable particles in the gas phase is given by: 

( )

! !

NN

trans vib rot elec nucl
q q q q qq

Q
N N

= = .                                                                 (44) 

The individual molecular partition functions in eq. (44) are: 

0 1

0 1 ...
elec

B B Bk T k T k T

elec i
i

q g e g e g e

ε ε ε− − −

= = + +∑ ,                                                         (45) 

2 2

2

3 3

2
8

2

2
h n

BMa
trans

Mk T
q e dn V

h

β
π−    = =      

∫ ,                                                          (46) 

31
2 22

2

8
B

rot

Ik T
q

h

ππ
σ

 
=  

 
,                                                                              (47a) 

11
22 22

2 2

88 C BA B
rot

I k TI k T
q

h h

πππ
σ

  
=     

   
,                                                             (47b) 

11 11
22 2 22 22

2 2 2

88 8 C BA B B B
rot

I k TI k T I k T
q

h h h

ππ ππ
σ

    
=       

     
                                             (47c) 

and 
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2

1

j

B

j

B

hν

k T

vib hν
j

k T

e
q

e

α

−

−
=

 
 

=  
  − 

∏
1

.                                                                                  (48) 

Eq. (45) gives the electronic partition function where 
i

g  and 
i

ε  describe the 

degeneracy and the electronic energy of the ith level, respectively. 

Eq. (46) gives the translational partition function where the approximation that 

all terms change continuously has been used (integration rather than 

summation) and 
1

B
k T

β = . 

Eqs. (47a-c) give the rotational partition functions (for molecules with spherical 

top, symmetric top and asymmetric top, respectively) where σ  is the symmetry 

number, giving the number of rotations which leave the molecule invariant. This 

number avoids overcounting indistinguishable configurations. Eq. (48) describes 

the vibrational partition function, where the summation over j runs over the  α = 

3N-6 vibrational normal modes of non-linear molecules or over 3N-5 vibrational 

normal modes of linear molecules. 

Finally, for non-linear polyatomic molecules, the total partition function is given 

by: 

11 113
2 22 2 22 222

02 2 2 2
1

82 8
. . .

j

B

j

B

hν

k T

C BB A B B B

hν
j

k T

I k TMk T I k T I k T e
q V g

h h h h
e

αππ π ππ
σ

−

−
=

 
      

=                   − 

∏
8

1

.    (49) 

For improved calculations of the thermodynamic quantities needed to compute 

the conformational abundances of molecular species where internal hindered 

rotations are involved, the protocol by Ayala and Schlegel54 has also been 

considered. Then the total partition function become: 
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h.o.q
2,hin. free rot

h.o.cl
1 1,

0

1 exp[ / (2 )]
( )

1 exp[ / (2 )]

exp[ / (2 )] ( / (2 ))

n
i i Bi

i
i i i i B

i B i B

P V k TQ
Q Q

Q P V k T

V k T J iV k T

=

+ −
=

+ −

× −

∏
.                                           (50) 

In eq (50) h.o.q
i

Q  and h.o.cl
i

Q  are the quantum and classical partition functions, 

respectively, for the harmonic oscillator i with a vibrational frequency νi given 

by: 

/2
h.o.q

1

i

i

u

i u

e
Q

e

−

−
=

−
,                                                                                        (51) 

h.o.cl 1
i

i

Q
u

=                                                                                                (52) 

where 

i
i

B

h
u

k T

ν
= .                                                                                                (53) 

In eq. (50), free rot
iQ  is the classical partition function for the ith free rotor  

1/23
free rot 1/2

,2 2

8
B

i r i

k T
Q I

h

π
σ

 
≈  

 
,                                                                           

(54) 

while 0( / (2 ))
i B

J iV k T  is the zeroth order Bessel function55 

2
cos

0 2
00

1 ( / 4)
( ) ( 1)

( !)

k
iz k

k

z
J z e d

k

π
θ θ

π

∞

=

= = −∑∫ .                                                       (55) 

Finally P1,i and P2,i are two polynomials which amount to  

2 3 4 5
1,

0.5 0.5 2 0.5 3 0.5

4 0.5 2

3

0.003235 0.026252 0.110460 0.203340 0.130633

0.010112 0.650122 0.067112 0.088807

0.114290 0.364852 0.913073 0.021116

0.092086 0.4

i i i i i i

i i i i i i i

i i i i i i i

i i

P x x x x x

y x y x y x y

x y y x y x y

x y

= − + − +

− + + +

− − + −

− − 1.5 1.5 2 1.5

2 2 2.5

15689 1.128961 0.233009

0.421344 0.505139 0.215088 ,
i i i i i

i i i i

y x y x y

y x y y

− +

+ + −

   (56) 
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2 3 4
2,

5 0.5 0.5 2 0.5

3 0.5 4 0.5

2 3

0.067113 0.772485 3.0674131 4.595051

2.101341 0.015800 0.102119 0.555270

1.125261 0.071884 0.397330 2.284956

0.850046 0.174240 0.

i i i i i

i i i i i i

i i i i i i i

i i i i

P x x x x

x y x y x y

x y x y y x y

x y x y

= + − +

− + + −

− + − +

+ − − 1.5 1.5

2 1.5 2 2

2.5

451875 2.136226

0.303469 0.470837 0.675898

0.226287 ,

i i i

i i i i i

i

y x y

x y y x y

y

−

+ + +

−

            (57) 

with 
free rot

1
i

i

x
Q

=  and i
i

B

V
y

k T
= . 

From a practical viewpoint, note also that the partition functions of macroscopic 

systems are too large to enable straightforward applications of eqs. (38, 39, 42, 

43) along with equation (44). This difficulty is most commonly overcome by 

resorting to the Stirling’s approximation:  

( !) ( )ln N Nln N N≈ −                                                                                   (58) 

in order to derive viable expressions for the computations of molar 

thermodynamic state functions from individual molecular partition functions (q). 

For instance: 

2 ln

V

q
U RT

T

∂ 
=  ∂ 

                                                                                      (59) 

and 

( )( ) ln
ln ,

V

q
S R q V T e RT

T

∂ 
= +  ∂ 

                                                               (60) 

Once conformer weights are obtained, thermally averaged electron momentum 

distributions related to specific electron binding energies can be reliably 

simulated for structurally versatile molecules52 exhibiting various conformations 

separated by sizable enough energy barriers, using accurate enough 

thermostatistical estimates for conformer abundances, provided the influence of 

the molecular conformation onto the computed ionization energies is taken into 

account. In this thesis, conformationally mobile molecular targets we have been 
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willing to address in the context of EMS are n-hexane (ref 44c, see chapter 3) 

and ethanol (ref 46g-i, see chapters 4 and 5). 

 

1.5 Hellman-Feynman Theorem and Born-Oppenheimer Molecular 

Dynamics. 

 

Let us assume that a system with Hamiltonian Ĥ  is in a stationary state 

described by the (normalized) function Ψ . Now let us start to play with the 

Hamiltonian by introducing a parameter P . So we have ( )Ĥ P , and assume we 

may change the parameter smoothly. For example, within the Born–

Oppenheimer approximation, then as P  we may take a nuclear coordinate. If we 

change P  in the Hamiltonian ( )Ĥ P , then we have a response in the eigenvalue 

( )E P . The eigenfunctions and eigenvalues of Ĥ  become functions of P . 

The Hellmann–Feynman theorem56,57 pertains to the rate of the change of ( )E P : 

ˆE H

P P

∂ ∂
= Ψ Ψ

∂ ∂
.                                                                                      (61) 

The proof is the following: 

ˆ
ˆ ˆ

ˆ ˆ

E H
H H E

P P P P P P

H H
P P

 ∂ ∂Ψ ∂ ∂Ψ ∂Ψ ∂Ψ
= Ψ + Ψ Ψ + Ψ = Ψ + Ψ 

∂ ∂ ∂ ∂ ∂ ∂ 

∂Ψ ∂Ψ
+ Ψ = Ψ

∂ ∂

,                   (62) 

because the expression in parentheses is equal to zero ( Ĥ is Hermitian and Ψ is 

its exact eigenfunction). Indeed, by differentiating 1Ψ Ψ = we have: 

0
P P

∂Ψ ∂Ψ
Ψ + Ψ =

∂ ∂
                                                                              (63) 
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which completes the proof. 

With this relationship at hand, one can therefore compute forces acting on 

atoms as energy gradients within the framework of quantum mechanical 

wavefunction. Once forces are computed, one can then calculate the evolution in 

time of atomic configurations, using so-called Born-Oppenheimer Molecular 

Dynamics (BOMD)58. The BOMD approach consists in solving quantum 

mechanically the static electronic structure problem at each step of the 

molecular dynamical simulation, assuming a set of fixed nuclear positions at that 

particular instant of time. 

Therefore, the electronic structure calculation is reduced to solving a time-

independent quantum problem, i.e. the time-independent, stationary 

Schrödinger equation, concurrently to propagating the nuclei according to the 

Newtonian laws of classical mechanics. This implies that the time dependence of 

the electronic structure is imposed and dictated by its parametric dependence 

onto nuclear positions. 

The main equation underlying Born–Oppenheimer Molecular Dynamics (BOMD) 

is, therefore: 

( ) { } ( ){ }
0

0 0 0
ˆmin ( )BO

I I I e I I
M t H V t

Ψ
′′ = −∇ Ψ Ψ = −∇R R ,                                        (64) 

along with the time-independent Schrödinger equation for the ground state 

electronic wave function, 0Ψ : 

2

0 0 0 0
0

1ˆ ( )
4

elec I J
e

I J I J

e Z Z
H E E

π ε <

Ψ = Ψ = + Ψ
−∑

R R
                                                  (65) 

Here MI and RI ( )t are the mass and (time-dependent) position of the Ith nucleus, 

and 
ê

H  is the clamped electronic Hamiltonian of the system, which depends 
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parametrically onto nuclear coordinates by virtue of the electronic-nuclei 

attraction and nuclei-nuclei repulsion terms: 

{ } { }( )
2

2

222 2
2

,0 0 0

ˆ ,
2

1 1 1

2 4 4 4

e i n e i I
i e

I JI
i

i i j i I I Je i I I Ji j

H V
m

e Z Ze Ze

m π ε π ε π ε

−

< <

= − ∇ +

= − ∇ + − +
− −−

∑

∑ ∑ ∑ ∑

ℏ

ℏ

r R

r R R Rr r

.             (66)
 

Thus, the nuclei move according to the laws of classical mechanics on an 

effective potential, V0
BO, which corresponds to the potential energy surface (E0) 

that is obtained within the framework of the standard Born-Oppenheimer 

approximation, by solving the time independent Schrödinger equation for the 

electronic ground state.  

Within the framework of Hartree-Fock (HF) theory, upon minimizing the total 

energy of a single Slater determinant with respect to constrained orthonormal 

orbitals, the equations of motion to solve for computing BOMD trajectories can 

be simply cast in terms of Lagrange multipliers ( )ijλ and an effective one-

electron Hamiltonian, referred to as the Fock operator ( f̂ ), as follows: 

( )
{ } { }0 0

ˆmin
i

HF

I I I e
M t H

φ
′′ = −∇ Ψ ΨR ,                                                            (67a), 

0

1
det{ }

!
i

N
φΨ = ,                                                                                  (67b) 

( )
2

0

1ˆˆ
4

HF I J
e

i I J I J

e Z Z
H f i

π ε <

= +
−∑ ∑

R R
,                                                               (67c) 

î i ij j
j

f φ λ φ= ∑                                                                                      (67d) 

and 

2
2

10

1ˆ ˆ ˆ( ) ( ) ( )
2 4

N
J

i b b
J bi J

e Z
f i J i K i

π ε =

 = − ∇ − + − −∑ ∑
r R

                                          (67e)
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where 
b̂

J and 
b̂

K stand for the Coulomb and exchange one-electron operators 

(see ref 2a for a complete presentation of HF theory).  

Similarly, within the framework of Kohn-Sham (KS) Density Functional 

Theory2b,c, the main BOMD equations of motion take the form 

( ) { }min ( )KS

I I I e
M t E

ρ
ρ′′ = −∇R                                                                       (68a) 

with KS

e
E the total energy of the system expressed as a functional of the density: 

2

0

( ) ( ) ( ) ( )
4

KS I J
e ne ee

I J I J

e Z Z
E V T Vρ ρ ρ ρ

π ε<

= + + +
−∑

R R
.                                       (68b) 

In the above equation, Vne, T and Vee denote the nuclei-electron interaction, the 

electron kinetic energy and the electron-electron interaction energy, 

respectively. In Density Functional Theory (DFT), a single-Slater determinant is 

used for describing a fictitious non-interacting reference system, the density of 

which is assumed to map that of the true many-electron system:  

2

1

( ) ( )
N

i
i

ρ φ
=

= ∑r r .                                                                                     (68c) 

Again by minimizing the energy of the system under the constraint of 

orthonormal orbitals, one finds: 

K̂S

i ij j
j

h φ λ φ= ∑                                                                                   (68d), 

with K̂Sh the effective Kohn-Sham one-electron Hamiltonian: 

2 2
2

0 0

1 ( ')ˆ ( ) ' ( )
2 4 4 '

KS J
i XC i

J i J i

e Z e
h i d V

ρ
π ε π ε

= − ∇ − + +
− −∑ ∫

r
r r

r R r r
                          (68e)

 

where VXC represents the (in principle exact) exchange-correlation potential: 

[ ( )]
( )

( )
XC

XC

E
V

δ ρ
δρ

=
r

r
r

.                                                                                (68f) 
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Remind that, both in HF and DFT theories, one can always find a set of orbitals 

that diagonalize the matrix of Lagrange multipliers, giving thereby the HF and 

KS equations in their canonical forms. 

BOMD will be used in chapter 5 in order to investigate the likely influence of 

nuclear dynamics in the final state on the (e, 2e) momentum distribution 

characterizing the frontier orbitals of ethanol. 

 

1.6 Natural Orbitals and Population Analysis. 

 

Natural Orbitals (NOs) are the functions that give the fastest convergence to the 

CI calculation. Mathematically, NOs {
i

Θ } relating to a many-electron 

wavefunction Ψ are defined59 as eigenfunctions of the first order reduced density 

operator: 

k k k
ηΓΘ = Θ , (k = 1, 2,…).                                                                         (69) 

with ηk an eigenvalue which represents the population (occupancy) of the 

natural orbital Θk. The first order reduced density operator ΓΓΓΓ is the operator that 

projects the full N-electron probability distribution 
2

Ψ onto eigenfunctions which 

diagonalize the first order electron density:  

( ) ( ) ( )*
pq p q

pq

Dρ φ φ= ∑r r r .                                                                            (70) 

In the above equation, D is the one-electron density matrix: 

0 0
N N

pq pq
D E= Ψ Ψ                                                                                    (71) 

which is expressed in terms of second quantization using the singlet excitation 

operator: 

pq p q p q
E a a a aα α β β

+ += + .                                                                                 (72) 
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In practice, diagonalizing the density matrix through: 

+=D U Uηηηη                                                                                                 (73) 

gives the coefficients required to expand natural orbitals from a basis of 

canonical orbitals: 

( ) ( )*
k kp

p

U φΘ = ∑r r                                                                                   (74) 

along with the associated occupation numbers, comprised between 0 and 2. 

Two further most important types of natural orbitals are the Natural Atomic 

Orbitals (NAOs) and the Natural Bond Orbitals (NBO).  

Natural Atomic Orbitals (NAOs) { ( )A

k
Θ } are localized one-center orbitals that can 

be described as the effective "natural orbitals of atom A" obtained from a 

correlated wave function in its molecular environment. Then in analogy with eq. 

(69), we have: 

( ) ( ) ( ) ( )A A A A

k k k
ηΓ Θ = Θ , (k = 1, 2,…).                                                                  (75) 

The operator ΓΓΓΓ(A) is the reduced density operator for the atom A and ( )A

k
Θ  are the 

corresponding eigenfunctions. NAOs are strictly connected with the so called 

"Natural Population Analysis" (NPA), which has widely replaced the "Mulliken 

Population Analysis"60 in ab initio descriptions of atomic charge distributions. The 

NAO populations ( )A

k
η  sum properly to the total number of electrons N and lead 

unambiguously to the corresponding net natural atomic charge, QA: 

( )A

A A k
k

Q Z η= − ∑                                                                                       (76) 

on each atom A (nuclear charge ZA). Two properties must be mentioned: 

1. ( )0 2A

k
η≤ ≤

 
(closed shell sytems)                                                   (77) 
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2. The NAOs have stable NPA populations and atomic charges with respect 

to improvements of the basis set (this contrasts sharply with Mulliken 

populations, which are often found to exhibit unphysical negative or 

Pauli-violating values and numerical instabilities that tend to increase as 

the basis set is extended; indeed, as shown by Ruedenberg61, Mulliken 

populations can actually exhibit any value between ±∞  in the limit of a 

complete basis!). 

Natural Bond Orbitals (NBO) are localized few-center orbitals ("few" meaning 

typically 1 or 2, but occasionally more) that describe the Lewis-like molecular 

bonding pattern of electron pairs (or of individual electrons in the open-shell 

case). More precisely, NBOs consist in orthonormal set of localized orbitals with 

"maximum occupancy", whose leading 2N  members (or N members in the 

open-shell case) give the most accurate possible Lewis-like description of the 

total N-electron density. 

The Lewis-type NBOs determine the localized Natural Lewis Structure (NLS) 

description of the wavefunction, while the remaining "non-Lewis"-type NBOs 

describe the "delocalization effects" (i.e., departures from a single localized 

Lewis structure). Thus, NBOs provide a valence bond-type description of the 

wavefunction, closely linked to classical Lewis structure concepts. The 

occupancies of NBOs are generally non-degenerate, and their variations reflect 

physically important resonance delocalization corrections to the idealized Lewis 

structure picture. 

The NBOs are composed of Natural Hybrid Orbitals (NHOs) {hA}, each being an 

optimized linear combination of NAOs on the given center: 

( )A

A k k
k

h a= Θ∑ .                                                                                          (78) 
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The NHOs form a complete orthonormal set that covers the full basis space. The 

one-center "lone pair" (nonbonding) NBOs nA are each composed of a single 

normalized NHO: 

A A
n h=                                                                                                    (79) 

whereas the two-center "bond" NBOs AB
Ω  are normalized linear combinations of 

two bonding NHOs hA, hB, corresponding to the classical bond-orbital formulation 

of Mulliken and Lennard-Jones: 

AB A A B B
a h a hΩ = +                                                                                      (80) 

with "polarization coefficients" aA and aB satisfying aA
2 + aB

2= 1. Depending on 

the values of these coefficients, a bond NBO may range between covalent (aA = 

aB) and ionic (aA >> aB) limits. 

The corresponding antibonding orbital of eq. (80) is: 

*
AB A A B B

a h a hΩ = −                                                                                      (81) 

We remember here that these antibonding orbitals play no role in the NLS 

description of the ground state wave function. However, a knowledge of their 

shape is the key to understanding a host of important "non-covalent" and 

"delocalization" phenomena that lie beyond the idealized Lewis structure picture. 

A full discussion of the Natural Orbital Theory is beyond the scope of this 

paragraph. For further information see refs 62-66. 

As a result of the natural orbital analysis, Wiberg Bond Indices67 has been also 

used through this thesis. For two atoms A and B they are defined as follows: 

( )2,A B
A B

W Dµν
µ ν∈ ∈

= ∑ ∑                                                                                     (82) 

where D is the total density matrix: 

2
occ

i i
i

D C Cµν µ ν= ∑                                                                                         (83) 
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for closed shell systems. For open shell systems, we have: 

= +α βD P P ,                                                                                            (84) 

with: 

occ

i i
i

P C Cα
µν µ ν

α∈

= ∑                                                                                         (85a) 

and 

occ

i i
i

P C Cβ
µν µ ν

β∈

= ∑                                                                                         (85b) 

In the above equations, C is the matrix of the atomic orbital coefficients used in 

the LCAO expansion of molecular orbitals. 

NPA along with Wiberg bond indices will be used in chapter 5 in order to provide 

chemical insight into ultrafast nuclear motion induced by electron removal from 

the highest occupied molecular orbital of ethanol. 
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2. Electron Momentum Spectroscopy of Norbornadiene at the 

Benchmark ADC(3) Level. 

 

2.1 Introduction. 

 

The electronic structure of bicyclo[2,2,1]heptadiene, a formally non-conjugated 

diene and highly strained cage compound most commonly referred to as 

norbornadiene (Figure 1), has been almost one decade ago subject to rather 

contradictory experimental studies1-
2

3 employing electron momentum spectroscopy 

(EMS).4,5 

Interest in norbornadiene stems from numerous photoelectron6
7

-8 and theoretical9-16 

studies of through-space and through-bond interactions17-19 between the 

ethylene π-orbitals (π1, π2) associated with the two double bonds. Of relevance 

also is a study of  the  electronic  structure of norbornadiene using Penning 

ionization electron spectroscopy by Ohno et al.20 The consensus that emerged 

over the years is that in this compound, through-space interactions dominate 

through-bond interactions and lead to a destabilization of the out-of-phase (π-= 

π1 - π2) with respect to the in-phase (π+= π1 + π2) combinations of the π-

ethylene orbitals. By affording experimental reconstructions in momentum 

space of orbital densities, according to the basic one-electron picture of 

ionization, the available EMS studies1-3 rather clearly confirm that, in contrast 

for instance with 1,4-cyclohexadiene,1 the π- (5b2) and π+ (7a1) one-electron 

ionization levels coincide with the highest occupied molecular orbital (HOMO) 

and next-to-highest occupied molecular orbital (NHOMO). 

However, a most puzzling issue which in our opinion needs to be readdressed 

are rather strong and sharp turn-ups of the electron momentum distributions 
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recorded for these two levels by Mackenzie-Ross and his co-workers at 

vanishing electron momenta (p < 0.1 au, with 1 au = 1 bohr-1),2,3 which are not 

observable in the EMS measurements by Takahashi et al.,1 possibly due to a 

too low resolution on electron momenta, and which have been tentatively 

ascribed to electron correlation effects, according to simulations employing a 

variety of Kohn-Sham orbitals and some analogy with results obtained from 

other structurally similar cage compounds (amantadine, urotropine21). 

Mackenzie-Ross et al. extended their investigation of the electronic structure of 

norbornadiene down to the bottom of the inner-valence region,3 on the sole 

ground of a comparison of experimentally inferred electron momentum 

distributions at specific electron binding energies with simulations drawn from 

spherically averaging resolution-folded structure factors derived from a variety 

of Kohn-Sham orbitals. In their study, they apparently did not exploit early 

(outer valence) Green’s function calculations by von Niessen and Diercksen,13 or 

Galasso,15 in conjunction with rather modest basis sets. Severe breakdowns of 

the one-electron picture of ionization, in the form of a dispersion of the 

ionization intensity over broad and dense sets of numerous shake-up 

satellites,22,23 were rather implicitly and very crudely accounted for by an ad hoc 

rescaling of the simulated innermost electron momentum distributions. 

The purpose of the present work is to reassign the available (e, 2e) ionization 

spectra of norbornadiene (Figure 1) and the correspondingly inferred electron 

momentum distributions, according to more robust calculations of the valence 

one-electron and shake-up ionization energies and of the corresponding Dyson 

orbitals,24 using the well-established third-order algebraic diagrammatic 

construction [ADC(3)] scheme25 derived within the framework of one-particle 

Green’s function theory (also referred to as electron propagator theory26). 



 

Figure 1: Molecular structure of norbornadiene.

The main motivations for the present work stem from recent studies

same level of the ionization spectra of various dione

convincing demonstrations therein that it is absolutely impossible to reliably 

interpret highly congested (e, 2e) ionization spectra by resorting only to Kohn 

Sham orbital energies and to the related electron momentum distributions

recent studies by our group28 employing ADC(3) Dyson orbitals upon 1,3

butadiene, thiophene, and cyclopentene show that intensity redistributions due 

to shake-up transitions have to be taken into account for physically meaningful 

simulations of the experimentally inferred (e, 2e) momentum pro

the contamination of spectral bands by shake

recalling here that EMS experiments are subject to many complications,

as thermally induced nuclear motions (incl

in the electronic ground state,30 ultrafast nuclear dynamics,

effects32 in the final cationic state, as well as post

effects.33 
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Molecular structure of norbornadiene. 

 

The main motivations for the present work stem from recent studies27 at the 

same level of the ionization spectra of various dione cage compounds and most 

convincing demonstrations therein that it is absolutely impossible to reliably 

interpret highly congested (e, 2e) ionization spectra by resorting only to Kohn 

Sham orbital energies and to the related electron momentum distributions. Also, 

employing ADC(3) Dyson orbitals upon 1,3-

thiophene, and cyclopentene show that intensity redistributions due 

up transitions have to be taken into account for physically meaningful 

experimentally inferred (e, 2e) momentum profiles. Besides 

the contamination of spectral bands by shake-up lines, it is certainly worth 

recalling here that EMS experiments are subject to many complications,29 such 

as thermally induced nuclear motions (including conformational rearrangements) 

ultrafast nuclear dynamics,31 or Jahn-Teller 

final cationic state, as well as post-collision and distorted wave 
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2.2 Computational Details. 

 

All computations that are presented in this work have been carried out upon a 

geometry that was optimized under the constraint of the C2v symmetry point 

group using density functional theory (DFT34), in conjunction with the standard 

hybrid gradient corrected Becke 3-parameters Lee Yang Parr (B3LYP) 

functional35 and using Dunning’s triple-ζ polarized valence (TZVP) basis set,36 in 

straightforward analogy with former theoretical studies of EMS measurements of 

many other cage compounds (see ref 27 and references therein, as well as ref 

37). 

The valence one-electron and shake-up ionization spectrum of norbornadiene 

has been calculated in the framework of the ADC(3) scheme (see chapter 1 and 

references therein) using the original package of programs interfaced to 

GAMESS.38 The molecular C2V symmetry point group was exploited in order to 

limit the dimension of the secular matrices to diagonalize, under the assumption 

of frozen core electrons. 

All eigenstates with a pole strength larger than or equal to 0.005 have been 

recovered up to electron binding energies of 30 eV. At the SCF level, the 

requested convergence on the elements of the one-electron density matrix was 

set equal to 10-10. 

The sensitivity of ADC(3) results for shake-up lines at outer-valence ionization 

energies upon the quality of the basis set has been recently questioned in an 

analysis of EMS experiments upon pyrimidine.39 In the present work, we shall 

therefore comparatively assess ADC(3) calculations performed using three basis 

sets of improving quality: the standard Pople’s 6-31G basis set,40 Dunning’s 

correlation consistent polarized valence basis set of double-ζ quality (cc-pVDZ41) 
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and the standard Dunning’s double-ζ basis set with polarization and diffuse 

functions (DZP+42). These three basis sets incorporate on total 79, 145, and 181 

atomic functions in the calculations. 

Theoretical ADC(3) ionization spectra are presented in the sequel in spike and 

convoluted forms, using as convolution function a Voigt profile combining 

Gaussian and a Lorentzian functions with equal weight and a constant full width 

at half-maximum (FWHM) parameter of 0.6 or 0.9 eV. These parameters and 

line shapes have been selected to enable comparisons with available ultraviolet 

(He I, He II) photoelectron spectroscopic (UPS) or EMS measurements, 

respectively, taking roughly into account in these simulations the experimental 

energy resolution (~0.55 eV) in the EMS measurements by Mackenzie-Ross et 

al.,2,3 as well as the broadening of lines due to the limited lifetime of ionized 

states (natural line width) and vibronic coupling interactions (vibrational 

broadening). In these simulations, line intensities have been scaled according to 

the computed spectroscopic strengths (
n

Γ ) or (e, 2e) cross sections, 

respectively. For the sake of more accurate insights into the computed ionization 

energies, comparison will be made with larger scale calculations employing the 

outer-valence Green’s function (OVGF) approach.26c-f 

In line with the usual prescriptions for analyzing EMS experiments,1-5,28-32 (e, 2e) 

electron momentum distributions have been simulated according to the first 

Born (sudden), binary encounter, and plane wave impulse approximations for a 

standard (e, 2e) noncoplanar symmetric kinematical setup and at the electron 

impact energies that Takahashi et al.1 and Mackenzie-Ross et al.2,3 considered in 

their experimental investigations. Three levels of approximations for the 

involved electronic structure factors have been considered: the target Hartree-

Fock approximation (THFA43), the target Kohn-Sham approximation (TKSA44) 
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and the so-called target-Dyson ADC(3) approximation.28,45 The B3LYP Kohn-

Sham momentum distributions have been computed in conjunction with 

Dunning’s correlation consistent polarized valence basis sets of double and 

triple-zeta quality (cc-pVDZ, cc-pVTZ), as well as the cc-pVTZ basis set 

augmented by a set of s, p, d, and f diffuse functions on carbons and s, p, and d 

diffuse functions on hydrogens (aug-cc-pVTZ basis set46), incorporating a total of 

145, 365, and 585 atomic functions in the calculations, respectively. 

Spherically averaged orbital momentum distributions have been generated from 

the output of 1p-GF/ADC(3) or DFT calculations using the MOMAP program by 

Brion and co-workers47 and homemade interfaces. In line with the characteristics 

of the (e, 2e) spectrometer that was employed at Flinders University (Adelaide, 

Australia), our calculations of momentum distributions and of spherically 

averaged (e, 2e) cross sections also account for a limited resolution of 1.2φ∆ = °  

and 0.60θ∆ = ° ,2,3,48 at an impact energy of 1.5 keV. The results of the EMS 

experiments by Takashashi et al. on norbornadiene have been simulated by 

assuming similar angular resolutions but at an impact energy of 0.8 keV. In the 

present work, the limited resolution in momentum has been accounted for by 

means of a procedure employing Monte Carlo simulations.49,50 Results obtained 

with this procedure were found to be virtually identical with momentum 

distributions that have been simulated using the Gaussian weighted planar grid 

approach50 for resolution folding in momentum space. 

For the sequel, it will be most useful to note that all HF and DFT calculations 

described in the present work have been performed using the GAUSSIAN03 

package of programs,51 using at the DFT level the default prune integration grid, 

which consists of 75 radial shells and 302 angular points per shell, resulting in 

about 7000 points per atom. Lacking the original numerical data, experimental 
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(e, 2e) ionization cross sections were obtained by digitizing the experimental 

momentum distributions presented in refs. 1-3 as a function of the target 

electron momentum, by means of the so-called “GetData Graph Digitizer” 

package.52 

 

2.3 Results and Discussion. 

 

2.3.1 Valence Electronic Structure and Ionization Spectra. Inspection of Figure 2 

and comparison of the ADC(3)/6-31G, ADC(3)/cc-pVDZ, and ADC(3)/DZP+ 

ionization spectra therein confirm readily the overall limited influence of the 

basis set upon relative ionization energies, including shake-up ionization 

energies, as well as on convoluted spectral envelopes, and this up to the vertical 

double ionization (VDI) threshold, which has been located at ~24.4 eV according 

to benchmark calculations employed coupled cluster theory with single, double, 

and perturbative triple excitations [CCSD(T)]53 in conjunction with the cc-pVDZ 

basis set. The reader is referred to Table 1 and Figure 3 for a detailed 

assignment of available photoelectron measurements.6b,8 All bands and 

shoulders (I-XIV) that emerge in these measurements are in clear one-to-one 

correspondence with our simulations. As usual (see, e.g., refs 22d-h), improving 

the basis set results merely in a redistribution of the shake-up ionization 

intensity over more and more satellites (Figure 2), but without qualitatively any 

significant change in the shape and orbital assignment of spectral bands (due to 

the drop of pole strengths below the retained threshold of 0.005, no line was 

recovered at the ADC(3)/cc-pVDZ and ADC(3)/DZP+ levels for the lowest (1a1) 

orbital in the C2s region). The influence of the basis set strongly increases close 

to and beyond the VDI threshold, where the computed shake-up states must 
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merely be regarded as approximations to series of diffuse (Rydberg-like) excited 

states of the cation converging to the continuum, and of shake-off resonances 

embedded in the continuum. Although this conclusion may not be so fashionable 

nowadays, one may thus reaffirm the assertion that the 6-31G basis set is 

amply sufficient for reliably assigning the outer- and most inner-valence 

ionization bands of unsaturated hydrocarbons.22d-j  

Further inspection of the ADC(3) and OVGF data reported in Tables 1 and 2 

indicates in particular that sequential improvements of the basis set, from 6-31G 

to cc-pVDZ, and then from cc-pVDZ to aug-cc-pVDZ or cc-pVTZ, result 

sequentially in rather uniform shifts, by ~0.3 and ~0.2 eV, respectively, of one-

electron ionization lines toward lower binding energies. Except for the two 

outermost ionization lines, OVGF data obtained in conjunction with B3LYP/TZVP, 

B3LYP/cc-pVTZ, and MP2/aug-cc-pVDZ geometries indicate that one-electron 

ionization energies are not particularly sensitive to details of the computed 

molecular structures. Comparison of Tables 1 and 2 also confirms the now well-

established rule22f that drops of OVGF pole strengths below a threshold value 

equal to 0.85 foretell a breakdown of the ionization spectrum at the ADC(3) 

level. A complete breakdown of the orbital picture of ionization is in particular 

observed at electron binding energies larger than 20 eV, where spectral bands 

are found to exclusively relate to highly intricate sets of shake-up lines. 

The shake-up onset (S1) is located at 12.1 eV. It corresponds to a rather intense 

satellite (Γ = 0.06) of the 4b1 orbital that relates dominantly to 2h-1p electronic 

configurations involving double electron removal from the 5b2 (HOMO) orbital 

and addition of an electron onto a Xb1 orbital (X = 6-12). 
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Figure 2. (Previous page) Theoretical ADC(3) ionization spectra of norbornadiene (C7H8, 

C2V) obtained using the (a) 6-31G, (b) cc-pVDZ, and (c) Dunnig’s DZP+ basis sets. See 

Tables 1 and 2 for a detailed orbital assignment of ionization lines (a-s) and a 

characterization of peaks I-XIV. 

 

The most intense shake-up line of norbornadiene is the S2 line at 16.4 eV (Γ = 

0.37), which borrows its intensity from the main 2b2
-1 ionization line (Γ = 0.47) 

at 15.9 eV. Of relevance also for the analysis of (e, 2e) measurements in the 

sequel are two very intense satellites (Γ > 0.10) of the 4a1
-1 one-electron 

ionization line (g) at 17.3 eV, which emerge at binding energies around 17.6 and 

17.8 eV (Table 1) and thus merely coincide with the minimum in the convoluted 

intensities (Figure 2) between bands X and XI. In the sequel, these two latter 

satellites will be further referred to as the S3 and S4 states. A more complete 

description of the most important electronic configurations to these four states is 

provided in Table 3. The lower energy resolution obviously complicates the 

assignment of congested (e, 2e) ionization spectra. Prior to any analysis of (e, 

2e) momentum distributions inferred from EMS experiments, it is always useful 

to identify from well-suited simulations employing ADC(3) ionization energies 

and the correspondingly calculated (e, 2e) ionization cross sections the sets of 

one-electron and shake-up ionized states that can be effectively resolved at 

various azimuthal angles (φ). The reader is therefore now referred to Figures 4 

and 5 for a comparison between such simulations at 0φ = °  and 10φ = °  and the 

EMS ionization spectra at these angles by Mackenzie-Ross et al.,2,3 along with 

the fitted Gaussians (A-N) that were obtained by deconvoluting these 

measurements up to an electron binding energy equal to 20 eV, by means of a 

least-squares fit procedure.54 
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Figure 3. Experimental ionization spectra of norbornadiene (C7H8, C2V) obtained using (a) 

He I and (b) He II. See Tables 1 and 2 for a characterization of peaks I-XIV. 

 

Note that the intricacy of shake-up bands (Figure 2) at larger binding energies 

rules out the possibility of carrying out any reliable experimental reconstruction 

of orbital momentum distributions for the 2a1, 1b1, and 1b2 orbitals, through an 

accurate enough angular analysis of the corresponding (e, 2e) ionization 

intensities. Note also that two Gaussian bands (C, C′) with the same width and 

location (~11.4 eV) and almost equal intensities were ascribed to the 2a2
-1 and 

4b1
-1 one-electron ionization lines (Tables 1 and 2).  
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All our calculations definitely confirm that the 5b2 (π-) orbital defines the 

ionization threshold of norbornadiene. Also, considering an energy separation of 

~0.85 eV compared with an energy resolution of ~0.54 eV, our calculations 

confirm that the 5b2 (π-) and 7a1 (π+) orbitals are well resolved enough to afford 

individually an experimental reconstruction of their associated momentum 

profiles. On the other hand, whereas Mackenzie-Ross et al. identified six 

resolved bands (C-H) at binding energies between 10 and 15 eV,2,3 the peaks 

and shoulders that emerge from our simulations and the energy separations 

between fitted Gaussian bands suggest that only four sets of one-electron and 

shake-up ionized states can be retained at the ADC(3) level for carrying the 

analysis of (e, 2e) ionization intensities, as follows: {C+C′} ≡ {2a2
-1+4b1

-1}, D ≡ 

{4b2
-1+S1}, {E+F+G} ≡ {3b1

-1+6a1
-1+5a1

-1}, and H ≡ {3b2
-1}. We note in 
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particular that, with energy separations smaller than the admitted experimental 

energy resolution (0.55 eV), bands E, F, and G too strongly overlap to allow 

meaningful individual angular analyses of the underlying intensities. All our 

calculations (Tables 1 and 2) locate for instance the 3b1
-1 ionization line at ~0.12 

to ~0.17 eV below the 6a1
-1 ionization line, thus in a reversed energy order 

compared with that inferred from an analysis of Figures 3 and 10 in ref 3 and in 

the Supporting Information of ref 3. Similarly, whereas Mackenzie-Ross et al. 

identified seven resolved bands (I-O) at binding energies between 15 and 20 

eV,2,3 our simulations and data suggest to consider only three sets of ionized 

states and Gaussian bands for extracting some relevant enough information 

about electron momentum distributions at this binding energy range, as follows: 

I ≡ {2b2
-1+S2}; {J+K} ≡ {2b1

-1+4a1
-1+S3}, {N+O} ≡ {1a2

-1+3a1
-1}. 

More precisely, momentum distributions inferred from the latter three sets of 

fitted Gaussians have been compared with simulations obtained by summing the 

contributions to momentum densities from ADC(3) Dyson orbitals related to all 

ionization lines located within the following energy intervals: (15.893-16.413 

eV), (16.917-17.565 eV), and (18.282-19.692 eV), respectively. 

Quite remarkably, while conducting the analysis, it appeared rather clearly that 

the Gaussian bands L and M that were empirically added by Mackenzie-Ross et 

al.3 at ~17.3 and ~17.9 eV in their deconvolution incidentally account for the 

presence at ~17.6 and ~17.8 eV of two rather intense satellites, S3 ( 0.12Γ = ) 

and S4 ( 0.24Γ = ).  
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We note in particular that the angular dependence of the relative (e, 2e) 

ionization intensities recovered under these two bands rather closely follows 

(Figure 5) that of the most intense band K at ~17.0 eV, an observation that 

confirms the relationships of these three bands with the 4a1 orbital: compared 

with bands I, J, N, and O, bands K, L, and M provide at 0φ = °  leading 

contributions to (e, 2e) ionization intensities at binding energies between 15 and 

20 eV, whereas these contributions are relatively much more limited at 10φ = ° . 

This indicates an s-type momentum profile, in line with the symmetry 

characteristics of the 4a1 orbital. 

Unfortunately, since the idea of a one-to-one correspondence between one-

electron ionization lines and spectral bands was so strongly anchored in the work 

by Mackenzie-Ross et al.,2,3 it appeared in our analysis that the contribution of 

the Gaussian bands L and M associated with the S3 and S4 lines were most 

probably discarded from their experimental reconstructions of the electron 

momentum profiles associated with the 2b1
-1+ 4a1

-1 and 1a2
-1+3a1

-1 sets of 

lines, which were ascribed to bands {J+K} and {N+O}, respectively. In the 

sequel, for the sake of scientific completeness and physical insight, we shall 

therefore compare simulations drawn with and without taking into account these 

two latter shake-up lines. 

Except for the above restrictions on energy resolution and order, and on the role 

of shake-up lines, our assignment is overall very much in line with the 

assignment by Mackenzie-Ross et al.2,3 of the ionization spectrum of 

norbornadiene at the He I binding energy range (0-21 eV). As shall be seen in 

the next section, the rescaling of momentum distributions they empirically 

proposed2,3 for taking into account the flux of ionization intensities toward 
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higher-lying shake-up and correlation bands appears also to be qualitatively 

consistent with our calculated ADC(3) pole strengths. To terminate this section, 

we note that whereas HF/cc-pVDZ orbital energies provide rather reasonable 

estimates, by virtue of Koopmans’ theorem, to the outermost experimental one-

electron ionization energies (Table 1), B3LYP/cc-pVDZ Kohn-Sham orbital 

energies appear to severely underestimate the experiment, and this by several 

electronvolts. The inadequacy of the latter orbitals in reproducing the outermost 

experimental ionization energies reflects the sightedness of the employed 

exchange-correlation functional, and the too fast decay of the associated 

electronic potential in the asymptotic region (see ref. 37 and references therein). 
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Figure 4. Simulation of EMS spectra at azimuthal angles equal to φ = 0°  (top) and 

φ =10°  (bottom) at an impact energy 0E  equal to 1.5 keV plus the electron binding 

energy [ADC(3)/DZP+ estimate], and using the following parameters: θ∆ =0.60° , 

φ∆ =1.2°, and FHWM=0.9 eV. 
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Figure 5. Experimental EMS results obtained at azimuthal angles equal to φ =0°  (top) 

and φ =10° (bottom). Adapted from ref. 3. See Tables 1 and 2 and text for a 

characterization and description of the Gaussian bands A-O. 
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2.3.2 Electron Momentum Distributions. The theoretical electron momentum 

distributions have been recast onto the relative intensity scales defined by the 

(e, 2e) experimental electron counts measured by Takahashi et al.1 and 

Mackenzie-Ross et al.,2,3 using in both cases rescaling factors obtained from a 

least-squares fit between experimental2,3 and (interpolated) theoretical 

ADC(3)/DZP+ (e, 2e) ionization intensities for the two outermost ionization 

lines. The latter were computed at electron momenta ranging from 0.0 to 3.0 au 

in steps of 0.05 au. Considering the large fluxes in intensity toward larger 

electron binding energies that most orbitals undergo, these two lines are best 

suited for defining a common intensity scale, because of their large 

spectroscopic pole strengths (Γ ~0.90), their well-resolved nature, and the 

absence at nearby electron binding energies of any relevant shake-up state. At 

the ADC(3) level, the dispersion of ionization intensity into shake-up processes is 

straightforwardly accounted for by the norm of Dyson orbitals. To also 

quantitatively account for the same effect, the (by definition normalized) 

Hartree-Fock and Kohn-Sham orbital momentum distributions that are provided 

in Figures 6-10 have been individually further rescaled using the correspondingly 

computed ADC(3)/DZP+ pole strengths (the contribution of shake-up lines is 

therefore also accounted for in the KS momentum distributions displayed in 

Figures 8 and 9). All in all, it appears that HF, KS, and Dyson orbital 

distributions obtained in conjunction with the DZP+ or aug-cc-pVTZ basis sets 

provide essentially equivalent electron momentum profiles, and that overall 

quantitative agreement with experiment is amenable in all three cases, provided 

diffuse functions are included in the basis set. Since they were obtained using 

different electron impact energies, the results of Takahashi et al.1 and 

Mackenzie-Ross et al.2 for the HOMO and NHOMO have to be analyzed 
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separately (Figures 6 and 7). All our results are perfectly consistent with both 

the experimental and theoretical (HF/6-31++G**) momentum distributions by 

Takahashi et al.1 at 0 0.8 keVE =  (Figures 6b and 7b). In particular, the much 

lower electron count inferred for the HOMO at 0p →  corroborates the symmetry 

characteristics of the 5b2 (π
−) orbital, which implies a p-type electron momentum 

profile (Figure 6b). Inversely, larger electron counts at 0p →  are in line with 

the symmetry characteristics (7a1) of the NHOMO (π+), which strictly prevents a 

vanishing of resolution unfolded electron momentum distributions at 0p →  

(Figure 7b). Both for the HOMO (Figure 6b) and for the NHOMO (Figure 7b), all 

our simulations correctly predict a shoulder and maximum in the measured (e, 

2e) intensities at p ~0.5 and p ~0.9 au, and at p ~1.0 and p ~0.4 au, 

respectively. Very similar views prevail for our simulations of the momentum 

profiles inferred for these two orbitals (Figures 6a and 7a) from the EMS 

measurements by Mackenzie-Ross et al. at 0 1.5 keVE =  (+ binding energy),2,3 

except for one important but most annoying point. Whatever the level of theory 

employed, it appears indeed that many turn-ups of (e, 2e) ionization intensities 

at 0p →  that were seen experimentally in the work by Mackenzie-Ross et al. 

and that were predicted therein on the ground of calculations employing the 

Becke-Perdew (BP) functional55 in conjunction with Dunning’s triple-ζ valence 

(TZVP) basis set56 are not reproducible. Our HF, DFT, and ADC(3) calculations of 

momentum distributions demonstrates that electron correlation (or relaxation) 

effects cannot explain these turn-ups.  



 

Figure 6. Comparison between experimental and theoretical electron momentum 

distributions for the HOMO using (a) 

0E = 0.8 keV +8.641 eV (binding energy), 

results were taken from ref. 2 along with the corresponding theoretical data presented in 

the same work at the BP/TZVP level by Mackenzie

are taken from the work by Takahashi et al.
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Comparison between experimental and theoretical electron momentum 

distributions for the HOMO using (a) 0E =1.5 keV , θ∆ =0.60° , = 1.2°φ∆  and (b) 

8.641 eV (binding energy), θ∆ =0.60° , = 1.2°φ∆ . In (a) experimental 

2 along with the corresponding theoretical data presented in 

the same work at the BP/TZVP level by Mackenzie-Ross et al. In (b) experimental results 

are taken from the work by Takahashi et al.1 



 

Figure 7. Comparison between experimental and theoretical e

distributions for the NHOMO using (a) 

0E = 0.8 keV +9.492 eV (binding energy), 

results were taken from ref 2 along with the corresponding theoretical data presented in 

the same work at the BP/TZVP level by Mackenzie

are taken from the work by Takahashi et al.
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Comparison between experimental and theoretical electron momentum 

distributions for the NHOMO using (a) 0E =1.5 keV , θ∆ =0.60° , = 1.2°φ∆ and (b) 

9.492 eV (binding energy), θ∆ =0.60° , = 1.2°φ∆ . In (a) experimental 

results were taken from ref 2 along with the corresponding theoretical data presented in 

the same work at the BP/TZVP level by Mackenzie-Ross et al. In (b) experimental results 

are taken from the work by Takahashi et al.1 
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Strangely enough, upon examining Figures 8-10, many similar problems are 

observed for most of the experimental (e, 2e) and theoretical (BP/TZVP) 

momentum densities inferred at low electron momenta by Mackenzie-Ross et 

al.2,3, which all our calculations seemingly underestimate. 

The turn-ups observed by Mackenzie-Ross et al. for the HOMO and NHOMO at 

low electron momenta were tentatively ascribed to “electron correlation”, 

apparently according to a comparison of calculations employing HF/GAUSSIAN 

and DFT/DGauss57 packages of programs that were both interfaced to AMOLD.4a 

Since orbital topologies are strictly invariant to the retained level of theory, one 

may legitimately conclude that these turn-ups at 0p →  in the computed 

BP/TZVP momentum profiles found their origin in some algorithmic problems 

with DGauss, or at least with its interface to AMOLD. Note that DGauss was itself 

part of Unichem, a now obsolete suite of computational quantum-chemistry 

programs written for (exceedingly fast) calculations on large pharmaceutical 

compounds, at the cost in DFT of a prune integration grid of much lower quality 

than with Gaussian, which by default consists of 1100 points only per atom.57a 

The BP/TZVP analysis which Mackenzie-Ross et al. made of the IR and Raman 

vibrational spectra of norbornadiene also indicates that geometry was optimized 

regardless of the C2V symmetry point group, considering that several calculated 

frequencies were left without any proper symmetry label, and that most formally 

IR-inactive A2 modes were ascribed some intensity, regardless of the most basic 

dipole selection rules in IR spectroscopy (see Table 4 in ref 3 and compare it 

with the work by Jensen in ref 58 for an assignment of the vibrational spectra of 

norbornadiene upon a properly optimized C2V geometry). 

A lack of control upon the symmetry characteristics of orbitals combined with 

errors in numerical integrations at large values of r may very well explain the 
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too strong turn-ups and numerous oscillations that were theoretically predicted 

for several momentum profiles (Figure 8b-d) by Mackenzie-Ross et al. at low 

electron momenta ( 0.25p <  au), apparently and strangely enough in excellent 

agreement with experiment.2,3 In support of the assertion that many turn-ups at 

0p →  in the theoretical momentum distributions by Mackenzie-Ross et al. are 

numerical artifacts, note that, unlike DFT calculations, HF and ADC(3) 

calculations employing as here Gaussian-type AO basis sets are not subject to 

numerical integration problems, since all required one- and two-electron 

integrals are evaluated analytically. Except for these discrepancies at very low 

electron momenta, our simulations based on the spectral assignment and 

intensity partitioning proposed in the preceding section are very much in line 

with the experimental (e, 2e) momentum distributions by Mackenzie-Ross et 

al.2,3 In line with the symmetry characteristics of the contributing orbitals (2a2, 

4b1), band {C+C′} at ~11.4 eV is characterized by a typical p-type profile, with 

one maximum at p ~1.0 au (Figure 8a). The presence of a shoulder at p ~0.4 au 

in the momentum profile experimentally inferred from band D at 12.2 eV and a 

comparison with our ADC(3) and B3LYP simulations (Figure 8b) seems to 

corroborate the presence of the shake-up line S1 (Γ = 0.06) at 12.1 eV, which 

borrows its intensity to the 4b1
-1 one-electron ionization line at 11.4 eV. 

Notwithstanding the low momenta region, the combined experimental 

momentum distribution obtained by summing the contributions for bands E, F, 

and at 12.77, 13.25, and 13.46 eV (Figure 8c) is all in all consistent with our 

calculations, which indicate two maxima at p ~1.1 au and p ~0.4 au, with an 

approximate intensity ratio of two-thirds and a minimum at p ~0.8 au. Similarly, 

according to all our simulations, and in fair agreement with the experimental 
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momentum profile inferred from band H (Figure 8d), the individual 3b2
-1 one-

electron ionization line produces a momentum distribution characterized by two 

maxima, at p ~1.2 au and at p ~0.4 au, this time exhibiting a one-third 

intensity ratio, again along with a minimum at p ~0.8 au. Proceeding further 

(Figure 9), the interpretation of EMS experiments complicates tremendously, 

because the shake-up fragmentation of spectral bands intensifies with increasing 

ionization energy. These views are qualitatively consistent with the decreasing 

values of the rescaling factor, 0.85, 0.80, and 0.70, which Mackenzie-Ross et al. 

employed for improving the fit between their measurements and BP/TZVP 

calculations of momentum distributions inferred for the Gaussian bands I (Figure 

9a), {J+K} (Figure 9b), and {N+O} (Figure 9c), respectively, in order to 

empirically account for the flux of ionization intensity toward shake-up and 

correlation bands at larger electron binding energies. In particular, and in line 

with the first of these three rescaling factors, the one-electron 2b2
-1 and S2 

shake-up lines at 15.9 and 16.4 eV yield a cumulative pole strength equal to 

0.85 for the 2b2 ionization intensity flux, ascribed to band I at ~15.7 eV. 
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Figure 8. (Previous page) Comparison between experimental and theoretical momentum 

distributions for the following sets of Gaussian bands and ionization lines: (a) {C+C′} ≡ 

{2a2
-1+4b1

-1}, (b) D ≡ {4b2
-1+S1}, (c) {E+F+G} ≡ {3b1

-1+6a1
-1+5a1

-1}, and (d) H ≡ {3b2
-

1}; using the following parameters: 0E =1.5 keV (+ binding energy), , 1.2°θ φ∆ = ∆ =0.60° . 

Experimental results were taken from ref 3 along with the corresponding theoretical data 

presented in the same work at the BP/TZVP level by Mackenzie-Ross et al. In (b) we 

provide separately the (e, 2e) momentum profile produced by the S1 state. 

 

Considering that the outermost one-electron ionization lines were experimentally 

ascribed a spectroscopic pole strength equal to 1, compared with values around 

~0.90 at the ADC(3) level, the second rescaling factor (0.80) is also qualitatively 

in line with the ADC(3) pole strengths, ~0.80 and ~0.65 corresponding to the 

2b1
-1 and 4a1

-1 ionization lines ascribed to bands J and K (recalling that bands L 

and M were most probably not included in the analysis by MacKenzie-Ross et 

al.2,3). At last, the third rescaling factor appears to be rather close to the 

cumulative ADC(3) pole strengths, ~0.72 and ~0.67, which can be recovered for 

the 1a2 and 3a1 ionization intensities at the binding energy range corresponding 

to bands N+O. 
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Figure 9. (Previous page) Comparison between experimental and theoretical momentum 

distributions for the following sets of Gaussian bands and ionization lines: (a) I ≡ {2b2
-

1+S2}; (b) {J+K} ≡ {2b1
-1+4a1

-1+S3}, (c) {N+O} ≡ {1a2
-1+3a1

-1} using the following 

parameters: 0E =1.5 keV (+binding energy), , 1.2°θ φ∆ = ∆ =0.60° .Experimental results 

were taken from ref 3 along with the corresponding theoretical data presented in the same 

work at the BP/TZVP level by Mackenzie-Ross et al. 

 

In line with the symmetry characteristics of the related 2b2 orbital, band I 

exhibits experimentally and at all theoretical levels a typical p-type profile 

(Figure 9a). When any flux of 2b2 ionization intensity from band I to J is ignored, 

the complex of bands J and K produces one shallow minimum in (e, 2e) 

ionization intensity at p ~0.5 au, which is not seen on the experimental side 

(Figure 9b), probably as the result of too severe band overlaps and vibronic 

coupling complications. To investigate overlap effects, we consider in Figure 

10a,b the global momentum profile experimentally inferred from bands 

{C+C′+D+E+F+G+H} and {I+J+K+N+O} with electron momentum 

distributions obtained by summing the contributions of all one-electron and 

shake-up ionization lines at binding energies ranging from 10 to 15 eV, and from 

15 to 20 eV, respectively. The agreement between our theoretical B3LYP and 

ADC(3) calculations and experiment is more than reasonable for the first set of 

bands (Figure 10a), at electron momenta larger than 0.25 au. For the second set 

(Figure 10b), it is clear that the (unrescaled) BP/TZVP data by Mackenzie-Ross 

et al.3 strongly overestimate at all electron momenta the total (e, 2e) ionization 

intensities collected between 15 and 20 eV. With our ADC(3) data, it is also clear 

that the best agreement between theory and experiment is obtained when the 

contribution of the S4 line is discarded. 
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Figure 10. Comparison between experimental and theoretical momentum distributions for 

the following sets of Gaussian bands and ionization lines: (a) {C+C′+D+E+F+G+H} and 

{I+J+K+N+O} using the following parameters: 0E =1.5 keV  (+binding energy), 

, 1.2°θ φ∆ = ∆ =0.60°  as resolution folding. Experimental results were taken from ref 3 

along with the corresponding theoretical data presented in the same work at the BP/TZVP 

level by Mackenzie-Ross et al. Our results include the contributions from all shake-up lines 

with pole strengths larger than 0.02 at binding energies (a) between 10 and 15 eV and (b) 

between 15 and 20 eV. In (b) we also provide separately the results of simulations 

excluding the S4 satellite line, or excluding both the S3 and S4 lines. 
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These two observations confirm our suggestion that the contributions of the 

Gaussian band M (and possibly L as well) were most probably not accounted for 

in the work by MacKenzie-Ross et al.3 Lacking their numerical data for all 

Gaussian bands (A-O), we cannot resolve this issue with certainty. Note 

nonetheless that the (e, 2e) ionization intensities recovered theoretically for the 

1a2 and 3a1 orbitals under the {N-O} Gaussian band complex produce a p-type 

momentum profile (Figure 9c), in agreement with experiment, a conclusion 

implying again that band M ascribed in this work to the shake-up line S4 

originating from the 4a1 orbital was discarded from the analysis by Mackenzie-

Ross et al.3 New EMS experiments on norbornadiene would be more than useful 

to assess quantitatively the role played by shake-up lines, in particular S2-S4. 
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3. Quantum Chemical Study of Conformational Fingerprints in the 

Photoelectron Spectra and (e, 2e) Electron Momentum Distributions of 

n-Hexane. 

 

3.1 Introduction. 

 

n-Alkanes are compounds of paramount importance in chemistry, particularly in 

petrochemistry1 and geochemistry,2 molecular statistical thermodynamics,3 

molecular mechanics,4 conformational analysis,5 and electronic (band) structure 

theory of large organic chains (or extended stereoregular polymers6). The 

ultimate term of the series, polyethylene, has played in the latter research field 

a role comparable to that of the hydrogen molecule in quantum chemistry. 

Systematic studies of the valence ionization spectra of these compounds7 and 

comparisons with photoelectron measurements8 in the gas or solid phases (XPS, 

UPS,.. etc.) provide very clear illustrations, from a molecular perspective, of the 

construction principles of the one-electron8 and correlation bands9 of a 

stereoregular organic polymer. Over the years, a wealth of quantum-mechanical 

studies of saturated hydrocarbons10 and further organic compounds11 has built 

strong evidence for useful relationships between the electronic structure 

recorded in the valence region and the conformation of chains in the gas phase, 

in the outermost layers of polymer materials, or in chemisorbed self-assembled 

thin films. Such relationships are nowadays exploited for monitoring on 

photoelectron spectroscopic (PES) grounds the organization and molecular 

architecture of surfaces of industrial12 or biological13 relevance or of thin 

coatings of nanoparticles.14  
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Reliable studies of the valence ionization spectra of large n-alkanes in the gas 

phase still represent a great endeavor for a theoretical chemist, not only 

because of the shake-up contamination of the innermost C2s bands by countless 

shakeup lines9 but also as a result of the extremely floppy nature of these 

compounds.  

Our group was the first to present an exhaustive analysis of conformational 

fingerprints in the valence ionization bands and in the corresponding electron 

momentum distributions of a structurally versatile molecule, namely, n-

butane,15 in experiments16 employing Electron Momentum Spectroscopy.17 

Further investigations of the influence of the molecular conformation onto 

electron densities comprise EMS studies of n-glycine,18 dimethoxymethane,19 

1,3-butadiene,20 1-butene,21 tetrahydrofurane,22 ethylamine,23 ethanethiol,24 or 

ethanol.25 It is now well established that rotations of atoms or groups of atoms 

about single bonds may significantly influence valence ionization bands as well 

as the correspondingly inferred momentum profiles, both in the inner- and in the 

outer-valence regions. 

The extent of conformational fingerprints in the ionization spectra of n-alkanes is 

known to increase with increasing system size due to the development of 

cooperative and through-space interactions referred to as long-range methylenic 

hyperconjugation26 or σ-conjugation. A most natural question that arises 

therefore is whether an increase of system size will favorably affect the extent of 

conformational fingerprints in the experimentally inferred electron momentum 

distributions. Indeed, although they may be associated to considerable 

differences in orbital energies, large-scale modifications of orbital topologies in r 

space may not necessarily yield tremendous alterations of orbital densities in p 

space (large electronic coordinates correspond indeed to small electron 
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momenta and reversely). In a continuation to our analysis of EMS experiments 

on n-butane15 and prediction of the outcome of such experiments on n-

pentane,27 we wish in the present work to quantitatively assess the influence of 

the molecular conformation on ionization spectra and electron momentum 

distributions in photoelectron (XPS, UPS, ...) and EMS experiments on the next 

term of the n-alkane series, namely, n-hexane. Due to its unreactive nature, n-

hexane is frequently used as an inert solvent in organic reactions and is a 

common constituent of fuels and cleaning agents in the textile, furniture, and 

leather industries.  

To carry out reliable enough analyses of PES and EMS experiments on large 

conformationally versatile molecules, one should ideally proceed through (1) a 

determination of relative conformer energies within an accuracy of ~0.1 

kcal/mol, (2) an evaluation of the conformer abundances within a few percent 

accuracy; (3) a simulation of the valence ionization spectra for all conformers, 

within an accuracy of ~0.2 eV on (relative) ionization energies, and a 

computation of the related spectroscopic pole strengths, taking into account the 

dispersion of the ionization intensity over secondary shakeup states, and, last 

but not least, (4) a computation of spherically averaged electron momentum 

distributions for each identified ionization channels or resolvable bands, taking 

into account the fact that the molecular conformation may have a very strong 

influence on the orbital energies and on the relative position of bands in the 

valence ionization spectrum therefore. When interpreting (e, 2e) momentum 

distributions from complex systems, it is not advisible to neglect the influence of 

the conformation on electron binding energies (see refs 20 and comments 

therein) and/or to rely on Hartree-Fock (HF) or Kohn-Sham (KS) orbital energies 
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only for assigning the underlying ionization spectrum (see refs 28 and comments 

therein).  

Our preceding work on n-pentane27 was based on an early investigation29 of the 

relative energies of the four conformers of this compound using the principles of 

a focal point analysis,30 on the ground of B3LYP geometries, as in most 

theoretical interpretations of EMS experiments these days18-25,28 and as originally 

recommended in the W1h protocol by JML Martin and co-workers31 for 

thermochemical calculations of atomization energies (or, equivalently, heats of 

formation) within chemical accuracy [1 kcal/mol]. Our best estimates for the 

relative energies of the TG (trans-gauche), G+G+ (gauche+-gauche+), and G+X- 

(gauche+-perpendicular-) conformers are 0.621, 1.065, and 2.917 kcal/mol 

relative to the TT (trans-trans) global energy minimum form, in quite acceptable 

agreement (~0.12 kcal/mol accuracy) with very recent experimental (Raman 

spectroscopic) values of 0.618 ± 0.006 and 0.949 ± 0.020 kcal/mol for the 

relative energies of the TG and GG conformers.32  

While we were completing the present study on the ionization spectrum and 

related properties of n-hexane, Martin and his coworkers published extensive 

sets of theoretical data33 for the conformational energies of n-butane, n-

pentane, and n-hexane on the grounds of a W1h treatment34 that is equivalent 

to calculations at the CCSD(T) level in conjunction with exceedingly large basis 

sets, as in our original FPA analysis on n-pentane,29 but this time on geometries 

that were optimized using second-order Møller-Plesset perturbation theory 

(MP2). 

Their best estimates for the relative energies of the TG, G+G+, and G+X- species 

are equal to 0.614, 0.961, and 2.813 kcal/mol, respectively, and differ thus 

rather sensitively (by ~0.01 up to ~0.10 kcal/mol) from our above values,29 
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essentially because of shortcomings on our side in the description of dispersion 

forces and of the torsional characteristics therefore of the above conformers: 

differences as large as 5-6° were indeed observed34 between B3LYP and MP2 

values for the torsion angles characterizing the G+G+ and G+X- conformers of n-

pentane. 

Reminding that all interpretations of EMS experiments nowadays are based on 

geometries optimized on DFT (B3LYP, BP86,.. .) grounds,18-25,28 more attention 

in this field should probably be paid to the quality of the employed ground-state 

geometries, in particular when dealing with systems subject to strong alterations 

of through-space interactions in conformational rearrangements. In the present 

study of the photoelectron and electron momenta spectra of n-hexane, we will 

therefore systematically evaluate the influence of the selected geometries on the 

computed conformer energy differences and abundances, on the valence one-

electron and shake-up ionization spectra, and on the spherically averaged (e, 

2e) electron momentum distributions that can be inferred from resolvable 

ionization bands by comparing results obtained using B3LYP and MP2 data for 

geometries, vibrational frequencies, and thermodynamic state functions for the 

12 nonequivalent conformers (Figure 1) that are ultimately known for this 

compound.33 Besides the 10 conformers enumerated by Tasi et al.5e,f by 

excluding from a 5n combinatorial search “forbidden” sequences of torsion 

angles that would result in excessive steric hindrances, these comprise in 

particular the G+X-T and X+G-X+ conformers that were very recently identified by 

Gruzman et al.33 from systematic investigations of the potential energy surface 

of n-hexane employing molecular mechanics. 
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Figure 1. Twelve conformers of n-hexane that were considered in the present study: (a) 

TTT (C2h symmetry), (b) GTT (C1), (c) TGT (C2), (d) TGG (C1), (e) G
+TG+ (C2), (f) G

+TG- 

(Ci), (g) GGG (C2), (h) G
+X-T (C1), (i) TG

+X- (C1), (j) X
+G-G- (C1), (k) G

+X-G- (C1), and (l) 

X+G-X+ (C2). 

 

3.2 Computational Details. 

 

For the sake of consistency and completeness in our comparison of 

thermostatistical and spectroscopic data, the structures of all 12 conformers 

given in Figure 1 have been fully optimized using (1) density functional theory35 

in conjunction with the B3LYP (Becke 3-parameter Lee-Yang-Parr) hybrid 

functional36 and Dunning’s correlation-consistent polarized valence basis set of 

triple-ζ quality (cc-pVTZ37) and with (2) second-order Møller-Plesset 

perturbation theory (MP238) in conjunction with the same basis set. The relative 
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energies of all these conformers have been determined by applying on the 

B3LYP/cc-pVTZ geometries the principles of a focal point analysis30 that amounts 

to a dual extrapolation of results obtained using correlation treatments [HF, 

MP2, MP3, MP4SDQ, CCSD, CCSD(T)] and basis sets (cc-pVXZ,39 X = D,T,Q, as 

well as aug-cc-pVDZ) of improving quality, at the level of coupled cluster theory 

incorporating single, double and, a perturbative estimate of connected triple 

excitations [CCSD(T)40] in conjunction with an asymptotically complete basis set 

(CBS). This evaluation is based on the formula by Feller41 for extrapolating HF 

energies to the cc-pV∞Z limit and on a three-point extension (named Schwartz 

6(lmn)42) of Schwartz’ formula43 for extrapolating correlated energies in the 

same limit. In the sequel, these FPA estimates of conformer energy differences, 

based on B3LYP/cc-pVTZ geometries, will be compared with the W1h values by 

Gruzman et al.,33 based on MP2/cc-pVTZ geometries. Since our FPA treatment of 

electronic energies is essentially equivalent to a W1h calculation, differences in 

relative conformer energies will be principally the outcome of changes in 

geometries. Since they result from limitations in the employed basis set, 

intramolecular basis set superposition (BSSE) errors identically vanish in the 

CBS limit.44 In the next step, the relative abundances (or molar fractions) of all 

12 conformers of n-hexane are correspondingly calculated according to a 

Boltzmann thermostatistical analysis45 employing Gibb’s free energy differences 

(∆G) obtained by adding harmonic zero-point vibrational energy (∆ZPVE) 

corrections as well as thermal enthalpy (∆∆H) and entropy (T∆S) corrections to 

the FPA//B3LYP or W1h//MP2 values for relative conformer energies (∆E). 

These corrections were correspondingly computed at the B3LYP/cc-pVTZ or 

MP2/cc-pVTZ levels, respectively, under a pressure of 1 atm and considering 

rising temperatures in steps of 25°, ranging from 100 to 500 K, for calculating 
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all needed thermodynamic state functions. In line with their symmetry 

characteristics, multiplicities equal to 2 and 4 have been retained for the {TGT, 

G+TG+, G+TG-, GGG, X+G-X+} and {GTT, TGG, TG+X-, X+G-G-} sets of 

conformers of C2 and C1 symmetry, respectively (except for the G+TG- species, 

which exhibits Ci symmetry), relative to the unique global energy minimum 

form, the TTT conformer of C2h symmetry. In this analysis, the above 

thermodynamical corrections (∆∆H, ∆S) to energy differences derive from 

statistical partition functions45 that were computed by state summations over 

electronic, rotational, and vibrational states, according to the method of Pitzer 

and Brewer.3b Internal rotation corrections for sterical hindrances were also 

accounted for by means of the protocol by Ayala and Schlegel.46 In this analysis, 

further complications such as anharmonicities, centrifugal distortion of the 

molecular structure, and coupling of internal and external rotations by Coriolis 

forces are not accounted for. For the sake of simplicity in the sequel, conformer 

abundances will be referred more simply to as B3LYP-based and MP2-based 

thermostatistical values, respectively, depending on the employed geometrical 

and vibrational data. 

All structural and thermochemical calculations so far have been carried out using 

the Gaussian 9847 package of programs, running on a ES-47 Compaq 

workstation at the University of Hasselt. The next ingredients in our analysis are 

the valence one electron and shake-up ionization spectra of all 12 conformers, 

which have been calculated using one-particle Green’s function [1p-GF] theory48 

along with the benchmark third-order algebraic diagrammatic construction 

[ADC(3)] scheme49 in a local version that incorporates a charge-consistent and 

size-intensive treatment of static self-energies.50 The assumption of frozen core 

electrons has been used throughout, and whenever possible, symmetry point 
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groups have been exploited. At the self-consistent field level, the requested 

convergence on each of the elements of the density matrix was fixed to 10-10. 

These calculations have been carried out using the original 1p-GF/ADC(3) 

package of programs, interfaced to GAMESS.51 The block matrices pertaining to 

the 2p-1h shake-on states have been prediagonalized into a pseudoelectron 

attachment spectrum by means of the band-Lanczos algorithm,52 prior to 

completing the diagonalization of the whole ADC(3) secular matrix using the 

block-Davidson procedure.53 Algorithmic and computational constraints have 

prevented us to carry out ADC(3) calculations on asymmetric species with a 

basis set larger than 6-31G.54 Although this may seem far too modest by current 

standards, this is however amply sufficient to enable exhaustive and reliable 

insights into the relative spreading and overlap of one-electron as well as shake-

up ionization bands in systems exhibiting weakly correlated and uniform electron 

densities as well as extensively delocalized orbitals, such as n-alkanes. To 

assess this point, comparison will be made for the TTT species, of C2h symmetry, 

between ADC(3) spectra obtained using various basis sets. These comprise the 

standard Pople’s 6-31G, 6-31G*,55 and 6-31G**55,56 basis sets, Dunning’s cc-

pVDZ basis set,37 and, lastly, Dunning’s DZP+ basis set57 incorporating diffuse 

functions on carbons, yielding in total 82, 118, 160, and 198 atomic functions, 

respectively. In all ADC(3) calculations, all ionization lines with pole strengths 

equal to or larger than 0.005 have been recovered up to electron binding 

energies of ~30 eV. 

As a guide to the eye in the comparison with experimental spectra, the ADC(3) 

spike spectra will be convolved using as spread function a linear combination of 

one Gaussian and one Lorentzian of equal width (Voigt profile) and with a full 

width at one-half the maximum (FHWM) of 0.6 eV. In these simulations, line 
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intensities are scaled according to the computed ADC(3) pole strengths, 

neglecting thereby the influence of molecular orbital cross sections for electron-

photon or electron-electron interactions, respectively. For the sake of more 

quantitative insights into absolute one-electron vertical ionization energies, all 

ADC(3)/6-31G calculations are supplemented by OVGF calculations performed 

using Dunning’s cc-pVTZ basis set,37 which in this case contains 376 basis 

functions. We remind here that the so-called “outer valence Green’s function” 

approach48b,e is perfectly suited for investigating one-electron ionization 

processes in the inner-valence region,28a provided the computed pole strengths 

remain larger than 0.85.58 On the other hand, this approach does not enable any 

proper description of shake-up satellites. 

Lastly, EMS momentum densities corresponding to well-identified and well-

resolved ionization lines in a thermally averaged spectrum are simulated for all 

individual conformers, assuming a standard (e, 2e) noncoplanar symmetric 

kinematical setup, at an electron impact energy equal to 1.20 keV + the binding 

energy of the ionized electron (OVGF/cc-pVTZ estimate). 

According to the assumed characteristics of the (e, 2e) spectrometer, 

corresponding to that currently used at Tsinghua University (Beijing) in the 

group of Deng et al.,59 the relevant parameters for the momenta of the 

impinging and outgoing electrons amount to p0 = 0.271105 (1200 + VIE)1/2 au 

(1 au = 1 a0
-1 with a0 being the Bohr radius, i.e., 0.5292 Å), and p1 = p2 = 

6.64077 au, respectively (E1 = E2 = 600 eV). In view of the assumed kinematics 

and involved kinetic energies, we can safely invoke the binary (e, 2e) encounter, 

plane wave impulse, and target Kohn-Sham approximations,17 in conjunction 

with DFT calculations employing the standard B3LYP functional,36 and Dunning’s 

cc-pVTZ basis set augmented by a set of s, p, and d diffuse functions on 
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hydrogens and s, p, d, and f diffuse functions on the carbon atoms (aug-cc-

pVTZ, see ref 39a). The latter approximation is justified by the fact that, in 

contrast with excited states,60 Kohn-Sham orbitals for molecules in their 

reference ground state are empirically known61 to be in general excellent 

approximations to Dyson orbitals defined as partial transition amplitudes 

between N and N ± 1 particle systems, which formally enable an exact 

treatment of ionization intensities with regard to electronic correlation.62 Our 

calculations of momentum distributions and spherically averaged (e, 2e) cross 

sections also account for a limited resolution of ∆φ = 0.84° and ∆θ = 0.57° on 

the azimuthal and polar angles at which electrons are selected in the (e, 2e) 

noncoplanar symmetric kinematical setup at Tsinghua University, which implies 

a momentum resolution of ∆p ≈0.16 (FHWM) or 0.069 au (one standard 

deviation) at an impact energy of 1.2 keV. The outcome of limited resolution in 

electron momenta has been simulated according to a Monte Carlo procedure.63 

 

3.3 Results and Discussion. 

 

3.3.1 Molecular Structures, Relative Conformer Energies, and Abundances. The 

main parameters characterizing the B3LYP/cc-pVTZ and MP2/cc-pVTZ 

geometries of the 12 conformers of n-hexane are presented in increasing energy 

order in Tables 1 and 2, respectively. In all cases, vibrational analysis confirms 

that these geometries correspond to local energy minima, in line with the data 

of Mirkin and Krimm64 or Gruzman et al.33 As noted previously for n-pentane,33 

differences ranging from 3° to 6° are observed between the B3LYP and MP2 

values for torsion angles, in particular in the conformer species exhibiting the 

smallest interdistance [d(C1-C6)] between the end methyl groups, and subject 
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therefore to the most pronounced steric hindrances, such as the TGG, GGG, 

G+X-T, TG+X-, and higher lying species. 

Unusually large angles between C-C bonds, sometimes exceeding 117°, are 

correspondingly observed at both levels for these sterically strained species, 

along with significant differences between B3LYP and MP2 bond angles as large 

as 1.0°. Also, upon comparing Tables 1 and 2, it appears that B3LYP values 

systematically exceed, by 0.04 (TTT) up to 0.35 Å (GGG), the MP2 estimates for 

the d(C1-C6) interdistance. The lesser compactness of the B3LYP geometries is 

obviously the consequence of the underestimation of dispersion forces (i.e., 

VDW interactions) that is inherent65 to most standard (GGA or hybrid) nonlocal 

exchange-correlation functionals (BLYP, B3LYP, PW91, TPSS, ...). B3LYP and 

MP2 bond lengths, on the other hand, do not differ by more than 0.008 Å. The 

greater compactness of the MP2 geometries is found to result in a rather general 

decrease of inertia moments for (external) rotations of the molecule as a rigid 

body and an increase of associated rotational constants (Tables 1 and 2) and 

energy levels therefore. Regardless of complications pertaining to sterical 

hindrances on internal rotations, a lowering of rotational entropies is therefore 

correspondingly expected. 

The final results of our focal point analysis, amounting to a treatment of 

conformational energy differences (∆E’s) at the CCSD(T) level in the CBS limit 

on B3LYP/cc-pVTZ geometries, are presented in Table 3. Detailed data of the 

focal point analysis are provided in the appendix at the end of this chapter (see 

Table S1). Our FPA data can be readily compared with the W1h estimates by 

Gruzman et al.,33 based on MP2/cc-pVTZ geometries, which are given in Table 4. 

Both approaches provide the same energy order.  
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There is thus obviously an overall negative correlation between the interdistance 

[d(C1-C6)] between the end methyl groups (Tables 1 and 2) and the energy of 

the conformer (Tables 3 and 4). In straightforward analogy with n-pentane, it 

appears that the FPA values systematically overestimate the W1h conformer 

energy differences, with the largest discrepancy (0.28 kcal/mol) being observed 

for one of the most sterically hindered species, namely, the GGG conformer. 

Discrepancies equal to or larger than 0.10 kcal/mol are also observed between 

the FPA and the W1h energies for other sterically strained systems, such as the 

TGG, G+X-T, TG+X-, X+G-G-, G+X-G-, and X+G-X+ conformers. 

Sterical hindrances in these systems also certainly explain the extent of the 

zero-point vibrational energy corrections to their relative energies, which exceed 

0.19 kcal/mol at the B3LYP/cc-pVTZ level (except for the G+X-T conformer) and 

0.25 kcal/mol at the MP2/cc-pVTZ level. In line with chemical intuition, it 

appears upon comparing Tables 3 and 4 that for the six highest energy lying and 

most compact [d(C1-C6) < 4.8 Å] conformers (GGG, G+X-T, TG+X-, X+G-G-, G+X-

G-, and X+G-X+) the greater compactness of the MP2 structures results in 

systematic and rather significant increases, by 0.05-0.25 kcal/mol, of the ∆ZPVE 

corrections to relative energies, reflecting overall an increased molecular 

stiffness, compared with the B3LYP thermostatistical model. On the contrary, for 

the lesser sterically strained [d(C1-C6) > 4.8 Å] and more stable TGT, TGG, 

G+TG+, and G+TG- species, slight negative differences, ranging from -0.01 to -

0.06 kcal/mol, are found upon comparing the MP2 to the B3LYP values for the 

∆ZPVE corrections. 
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At both the B3LYP and the MP2 levels, thermal corrections to relative enthalpies 

at 298 K (∆∆H) are found overall to compensate to a great extent the ∆ZPVE 

corrections (by 50%, at least). Therefore, differences between B3LYP-based and 

MP2-based thermostatistical analyses of conformer abundances will be merely 

the outcome of entropy effects. Indeed, relative to the TTT conformer, entropies 

yield contributions to Gibb’s free energies at 298 K ranging from -0.22 (TGT 

conformer) to -2.20 kcal/mol (X+G-G- conformer) at the B3LYP/cc-pVTZ level 

and from -0.77 (GTT conformer) to -1.59 kcal/mol (TG+X- conformer) at the 

MP2/cc-pVTZ level. Upon treating hindered rotations separately (see further), 

both levels provide negative vibrational components to relative entropies with 

deviations between the B3LYP and MP2 results ranging from 0.09 (GTT 

conformer) to 0.20 cal mol-1 K-1 only (G+X-G conformer). At both levels, the 

contribution pertaining to external rotations is found to be positive. 

As expected from our above considerations on geometries, a more detailed 

comparison of data in Tables 3 and 4 shows that the greater compactness of 

MP2 structures is found to result in slight but systematic decreases by 0.01 to 

0.09 cal mol-1 K-1 of (external) rotational entropies relative to the TTT 

conformer. In these tables, we discriminate the entropy contributions of the five 

vibrational modes pertaining to hindered rotations [∆SHR,corr] from the 

contributions [∆Svib] of all over modes (stretches, bends, and out-of-plane 

motions), identified and treated according to the protocol by Ayala and 

Schlegel.46 

Comparison is also made with the contributions of the vibrational modes 

pertaining to hindered rotations when these are simply described as harmonic 

oscillators [∆SHR,HO]. Both in the B3LYP- and MP2-based statistics, enhanced 

sterical hindrances and molecular stiffness in multiply folded structures are 
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found quite logically to result dominantly in a lowering of entropies pertaining to 

pure vibrational modes relative to the TTT global energy minimum: again, the 

effect is, in particular, most pronounced for the most compact structures [d(C1-

C6) < 4.6 Å], such as the GGG and all higher lying conformers. The main trend 

that emerges from this analysis is the tremendously strong increase of entropies 

of all conformers relative to the TTT reference, which is systematically observed 

when the lowest torsional modes are described as hindered rotations: increases 

in relative entropies due to hindered rotations range from 0.009 (GTT 

conformer) to 6.137 cal mol-1 K-1 (X+G-G- conformer) in the B3LYP-based 

statistics with an average value around 2.73 cal mol-1 K-1 and from 1.364 (GTT 

conformer) to 5.361 cal mol-1 K-1 (TG+X- conformer) in the MP2-based statistics 

with an average value around 3.28 cal mol-1 K-1. 

Unsurprisingly, therefore, very significant differences are observed when 

comparing the final relative Gibb’s free energies and conformer abundances 

between the B3LYP-based and the MP2-based statistics (Tables 3 and 4, 

respectively). In both cases, the two most important contributions to the 

conformational mixture that prevails at 298 K are due to the GTT and TGG 

conformers, in line with their high symmetry number (4). We note in particular a 

decrease of the molar fraction characterizing the global energy minimum 

corresponding to the TTT conformer from 0.11 to 0.055 only when comparing 

the B3LYP to the MP2-based results and inversely a doubling from 0.10 to 0.20 

of the molar fraction characterizing the TGT species. With molar fractions below 

0.03, the GGG species and the higher-lying energy conformers become 

unsignificant, at least with regard to PES or EMS studies of the underlying 

electronic structure in the MP2-based statistics. With molar fractions below 0.01 
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at 298 K (Table 4), the X+G-G-, G+X-G-, and X+G-X+ species can be regarded as 

sterically forbidden conformations. 

For the sake of completeness, the evolution of conformer abundances as a 

function of the temperature in the B3LYP-based and MP2-based statistics are 

displayed in Figures 2 and 3, respectively, at temperatures ranging from 100 to 

500 K. The reader is referred further to Figures S2 and S3 in the Appendix for 

the dependence upon the temperature of the corresponding thermodynamic 

state functions (H, S, G). As usual, relative enthalpies are merely constant, 

relative entropies decrease exponentially with T, and relative Gibb’s free 

energies decrease merely linearly with T. The TTT conformer remains the most 

abundant species up to ~170 K in the B3LYP-based statistics and up to 125 K 

only in the MP2-based statistics. With the latter statistics, the global energy 

minimum (TTT) is also surpassed in abundance by the TGT, TGG, and G+TG- 

conformers at temperatures equal to ~140, ~160, and ~260 K, respectively. 

The first four energy lying conformers (TTT, GTT, TGT, and TGG) are found to 

dominate the conformational mixture at low temperatures, up to ~310 K in the 

B3LYP-based statistics and ~260 K in the MP2-based statistics. With the latter 

statistics, the six lowest conformers exhibit a weight larger than 0.05 at 298 K 

and may therefore leave recognizable fingerprints in spectroscopic (PES, EMS) 

characterizations of the underlying electronic structures. More conformers 

contribute to the conformational mixture at higher temperature in the B3LYP-

based statistics. Whatever the chosen model, at 500 K all conformers except 

possibly the G+X-G+ and X+G-X+ ones would obviously have to be taken into 

account for quantitative insights into the thermochemical and/or spectroscopic 

properties of n-hexane. 
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Figure 2. (Previous page) B3LYP-based thermostatistical analysis of the conformational 

equilibrium prevailing for n-hexane at temperatures ranging from T = 100 to 500 K. 

Conformer weights (i.e., molar fractions, x) have been calculated using our own 

FPA(CCSD(T)/CBS//B3LYP/cc-pVTZ) estimates for conformational energy differences, 

compared with the TTT conformer as a global reference, taking into account hindered 

rotations, and using B3LYP/cc-pVTZ geometrical and vibrational data for computing zero-

point vibrational energies and statistical partition functions from which the entropies and 

thermal corrections to enthalpies were estimated. See Figure S2 in the Appendix for the 

corresponding data on relative enthalpies (∆H), entropies (∆S), and Gibbs free energies 

(∆G). 
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Figure 3. (Previous page) MP2-based thermostatistical analysis of the conformational 

equilibrium prevailing for n-hexane at temperatures ranging from T = 100 to 500 K. 

Conformer weights (i.e., molar fractions, x) have been calculated using the W1h//MP2/cc-

pVTZ conformational energy differences by Gruzman et al.,33 compared with the TTT 

conformer as a global reference, taking into account hindered rotations, and using MP2/ 

cc-pVTZ geometrical and vibrational data for computing zero-point vibrational energies 

and statistical partition functions from which the entropies and thermal corrections to 

enthalpies were estimated. See Figure S3 in the Appendix for the corresponding data on 

relative enthalpies (∆H), entropies (∆S), and Gibbs free energies (∆G). 

 

3.3.2 Ionization Spectra. The ADC(3)/6-31G data for the 8 lowest energy lying 

conformers of n-hexane are displayed in Figure 4 in the form of spike spectra 

and convolved densities of states along with Table 5 for a detailed assignment of 

the one-electron and most intense shake-up ionization lines for the first four 

conformers (the reader is referred to the Appendix for complementary figures 

and data and for an assessment of the quality of the chosen (B3LYP or MP2) 

geometry on the results obtained for each individual conformers). 

A rapid inspection of these spectra demonstrates readily the extremely strong 

and varied influence of the molecular conformation both in the outer- and 

innervalence regions, down to electron binding energies of 22 eV. It appears 

that the extent of the shake-up contamination in the innermost valence bands 

depends also on the molecular conformation. The third ionization band at ~23.2 

eV (3) is found to be subject to a partial or complete breakdown of the orbital 

picture of ionization,66 except for the TTT conformer. 
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Figure 4. (Previous page) Spike and convoluted (FHWM = 0.6 eV) ADC(3)/6-31G valence 

ionization spectra of the eight main conformers of n-hexane: (a) TTT (C2h symmetry), (b) 

GTT (C1), (c) TGT (C2), (d) TGG (C1), (e) G
+TG+ (C2), (f) G

+TG- (Ci), (g) GGG (C2), (h) G
+X-

T (C1). 

 

 

In asymmetric species such as the GTT, TGG, or G+X-T conformers, only a 

marginal fraction of the ionization intensity pertaining to the innermost C2s 

orbital could be recovered due to the limitation of the search for ionization lines 

with a pole strength larger than a threshold equal to 0.005. 
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With the TTT conformer (Figure 4a), a very sharp peak is observed at the top of 

the inner-valence region, around 19.6 eV. This peak is the spectroscopic 

fingerprint of methylenic hyperconjugation in an all-staggered sequence in the 

form of through-space interactions between C-H bonds which very substantially 

stabilize10b,c,e the highest energy lying molecular orbital from the inner-valence 

region (in this case, MO 6, i.e., orbital 6bu) and inversely destabilize the 

underlying orbital (5, i.e., orbital 6ag) as a result of push-pull effects. 

Progressive disruptions of methylenic hyperconjugation in the GTT, TGT, and 

TGG sequences lead correspondingly to a larger energy separation between 

these two orbitals, a trend that more quantitative OVGF/cc-pVTZ computations 

of one-electron ionization energies (Table 6) also readily reflect. Slight variations 

with the molecular conformation, of the order of ~0.2 eV, are also noticeable for 

the next orbital (4, i.e., orbital 5bu in the TTT conformer). In the outer-valence 

region, the interplay between the electronic and the molecular structures is so 

intricate that it eludes any detailed analysis. 

Thermally averaged simulations of the ADC(3)/6-31G ionization spectrum of n-

hexane, incorporating the conformer weights derived in the preceding section 

from the B3LYP-based and MP2-based statistical thermodynamical analyses, are 

displayed in Figure 5 and readily compared with a X-ray photoionization 

spectrum10e employing an Al Kα radiation beam. 
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Figure 5. (Previous page) Comparison of the thermally averaged ADC(3)/6-31G ionization 

spectrum (convoluted density of states, FHWM = 0.6 eV) of n-hexane according to the (a) 

B3LYP-based and (b) MP2-based thermostatistical analyses, with (c) the XPS (Al Kα, hν ) 

1486.6 eV) measurements by S. Svensson.10e In parts a and b, the individual ADC(3)/6-

31G spike ionization spectra have been rescaled according to the computed molar fractions 

(x) at 298 K. 

 

In spite of huge differences in conformer abundances and the limited width 

(FHWM = 0.6 eV) of the chosen spread function, the obtained spectra are 

essentially similar, both in the inner- and outer-valence regions. In the XPS 

spectrum, a shoulder at ~26 eV corroborates the signal produced in our 

simulations by the shakeup lines associated with the innermost orbital (1). Also, 

the larger widths of bands 2 and 3 have to be ascribed to a breakdown of the 

one-electron picture of ionization for the corresponding orbitals and a dispersion 

of the intensity over extremely dense and extended sets of shakeup lines. From 

our simulations, it is clear that conformational rearrangements also contribute 

significanty, by ~0.4 eV, to the broadening of the one-electron ionization band 

at 21.5 eV, corresponding to MO 4. Because of the strong interplay between the 

electronic and molecular structures, the two bands (5 and 6) at ~20.0 and 

~19.0 eV at the top of the inner-valence region are found to partly overlap in 

our simulations, which is consistent with the XPS spectrum, taking into account 

the lower energy resolution and larger bandwidth (typically, FHWM = ~1.1 eV) 

in this type of spectra. 

In spite of the much lower ionization cross sections (1 over ~13) of C2p versus 

C2s atomic orbitals for an Al Kα radiation beam, our thermally averaged 

simulations for the outer-valence region (MOs 7-19) are also qualitatively 
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consistent with the XPS spectrum (more quantitative insights should be 

amenable by using the orthogonalized plane wave approach developed in ref. 

62c for computing Al Kα ionization intensities). Only marginal and barely 

resolvable structures emerge in our simulations of an He I or He II photoelectron 

spectrum at electron binding energies equal to 11.0, 12.0, 13.3, and 14.2 eV. 

Clearly, in view of the intricacy of the outer-valence bands, there is no chance to 

extract any relevant information regarding the shape and spread of the 

underlying orbitals, at least on an individual basis. The situation is quite different 

for the two bands (5 and 6) at the top of the inner-valence region, which are 

sufficiently well resolved (∆E = 0.9 eV) to allow a detailed “orbital imaging” 

study from an analysis of the angular dependence of the corresponding (e, 2e) 

ionization intensities in an EMS experiment. Whatever the employed statistics, 

five peaks emerge from the inner-valence region in the thermally averaged 

ADC(3)/6-31G spectrum at 19.1, 20.0, 21.5, 23.2, and 24.9 eV along with a 

shoulder at 26.3 eV due to shake-up lines. The corresponding signals in the XPS 

measurements by Svensson10e are located at 18.7, 19.6, 20.9, 22.5, 24.0, and 

25.1-25.5 eV. The theoretical and experimental data are consistent, taking into 

account the limitation of the employed basis set, which results in systematic 

underestimations by ~0.2 to ~0.3 eV of one-electron binding energies, and the 

lower order (first-order) treatment with the ADC(3) scheme of the shakeup lines 

embedded in bands 1, 2, and 3, which may easily result in further 

underestimations of the corresponding electron binding energies by ~0.4 to 

~0.8 eV. 

The ADC(3) spectra obtained for the TTT conformer using the 6-31G, 6-31G*, 6-

31G**, cc-pVDZ, and DZP+ basis sets are displayed in Figures 6 and 7. Except 

for a rather uniform shift, by ~0.2 to ~0.3 eV, toward higher electron binding 
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energies, when the basis set evolves from 6-31G to cc-pVDZ or DZP+ (Table 7), 

these spectra are essentially identical. We note also a redistribution of the 

innermost ionization intensity over denser sets of lines but without any 

alteration of the computed spectral envelope. In line with the prevailing one-

electron depiction for the ionization process, the ADC(3)/DZP+ and OVGF/cc-

pVTZ results for this conformer (Tables 5 and 6) do not differ by more than ~0.1 

eV. 

 

Figure 6. Theoretical spike and convoluted (FHWM = 0.6 eV) ADC(3) valence ionization 

spectrum of the most stable TTT conformer of n-hexane using the (a) 6-31G, (b) 6-31G*, 

(c) 6-31G**, and (d) cc-pVDZ basis sets. 
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3.3.3 Orbital Momentum Distributions and Topologies. Resolution folded and 

spherically averaged (e, 2e) electron momentum distributions for the two 

highest molecular orbitals (5, 6) in the inner-valence (C2s) region are presented 

for the 8 lowest energy conformers in Figures 8 and 9, along with the associated 

electron binding energies in inserts. 

 

Figure 7. Theoretical spike and convoluted (FHWM = 0.6 eV) ADC(3) valence ionization 

spectrum of the most stable TTT conformer of n-hexane using Dunning’s DZP+ basis set. 

 

Molecular orbital contour plots are correspondingly given in Figures 10 and 11, 

respectively. Comparable data are provided in the Appendix for the 4 remaining 

conformers. As with ionization spectra, despite differences in torsional 

characteristics, MP2 and B3LYP geometries provide almost identical results. In 
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both cases, alterations of the shape and spread of the orbitals are found to yield 

recognizable conformational fingerprints in the calculated momentum profiles. In 

particular, the greater compactness of the highest energy lying species is found 

to yield quite generally a shift of these distributions toward larger electron 

momenta. 

The effect is particularly striking when comparing, for instance, the momentum 

profile of orbitals 6bu (Figure 9a) and 6b (Figure 9g) of the TTT and GGG 

conformers, respectively. In line with their symmetry characteristics, orbitals 6bu  

6b (TGT), 6b (G+TG+), 6au (G
+TG-), and 6b (GGG) are expected to exhibit a p-

type (e, 2e) momentum profile with a marginally small radial electron density at 

p → 0 (Figure 9a, 9c, 9e, 9f, and 9g), the residual intensity in this limit being 

due to the finite resolution over momenta (∆p ≈0.07 au). In spite of the release 

of symmetry constraints, this observation remains essentially valid for all 

conformers (Figure 9b, 9d, and 9h) and can be ascribed to the topology of MO 

6, which in many cases typically exhibits one unique nodal surface cutting the 

carbon backbone at five different locations (Figure 11) due to methylenic 

hyperconjugation. In contrast and also in line with their symmetry 

characteristics, which foretell a s-type profile, orbitals 6ag (TTT), 6a (TGT), 6a 

(G+TG+), 6ag (G
+TG-), and 6a (GGG) accounting for level 5 result in significant 

(e, 2e) ionization cross sections at vanishing momenta (Figure 8a, 8c, 8e, 8f, 

and 8g). 

The release of symmetry constraints in the other conformers is found to yield 

overall an increase of the momentum density characterizing MO 5 at p → 0 

(Figures 8b, 8d, and 8h), in general as a result this time of the presence of two 

nodal surfaces crossing the carbon backbone at four different locations, which 

strengthens through-space interactions at large distances (Figure 10). 
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Figure 8. (Previous page) Spherically averaged (e, 2e) momentum distributions 

corresponding to valence MO 5, for the eight main conformers of n-hexane: (a)TTT (C2h 

symmetry), (b) GTT (C1), (c) TGT (C2), (d) TGG (C1), (e) G
+TG+ (C2), (f) G

+TG- (Ci), (g) 

GGG (C2), (h) G
+X-T (C1). [Results of single-point calculation at the B3LYP/aug-cc-pVTZ 

level on B3LYP/cc-pVTZ and MP2/cc-pVTZ geometries.] The employed electron binding 

energies for the ionized electron that are correspondingly reported as inserts along with 

orbital labels are the result of (1) OVGF/cc-pVTZ//B3LYP/cc-pVTZ and (2) OVGF/cc-

pVTZ//MP2/cc-pVTZ calculations. 

 

 



115 

 

 

 

 



116 

 

Figure 9. (Previous page) Spherically averaged (e, 2e) momentum distributions 

corresponding to valence MO 6, for the eight main conformers of n-hexane: (a) TTT (C2h 

symmetry), (b) GTT (C1), (c) TGT (C2), (d) TGG (C1), (e) G
+TG+ (C2), (f) G

+TG- (Ci), (g) 

GGG (C2), (h) G
+X-T (C1). [Results of single-point calculation at the B3LYP/aug-cc-pVTZ 

level on B3LYP/cc-pVTZ and MP2/cc-pVTZ geometries.] The employed electron binding 

energies for the ionized electron that are correspondingly reported as inserts along with 

orbital labels are the result of (1) OVGF/cc-pVTZ//B3LYP/cc-pVTZ and (2) OVGF/cc-

pVTZ//MP2/cc-pVTZ calculations. 

 

In spite of their high electron binding energies, these two orbitals exhibit indeed 

a significant admixture of C2p and H1s contributions,10b which is a typical 

fingerprint of through-space methylenic hyperconjugation along all-trans 

sequences and is at the origin of further significant changes of the momentum 

profile upon alterations of the molecular conformation. For instance, the 

delocalization of the 6ag and 11a orbitals (5) on the external CH bonds of the 

TTT and GTT conformers along with the binding overlap across the central C-C 

bond (Figure 10a and 10b) explains the “bimodal” form of the corresponding 

momentum profiles in Figure 8a and 8b. Also, the shoulder at 1 au that is seen 

in the momentum profile of orbital 6a of the TGT species (Figure 8c) is clearly 

the outcome of through-space methylenic interactions between the second and 

fifth CH2 units of the chain (Figure 10c), which enforces some relocalization of 

this orbital toward the molecular center of masses. 
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Figure 10. Contour plots (at values 0.05) of valence MO 5 for the eight main conformers 

of n-hexane. Results of single-point calculations at the B3LYP/aug-cc-pVTZ level on 

B3LYP/cc-pVTZ geometries: (a) TTT (C2h symmetry), (b) GTT (C1), (c) TGT (C2), (d) TGG 

(C1), (e) G
+TG+ (C2), (f) G

+TG- (Ci), (g) GGG (C2), (h) G
+X-T (C1). 
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Figure 11. Contour plots (at values of 0.05) of valence MO 6 for the eight main 

conformers of n-hexane. Results of single-point calculations at the B3LYP/aug-cc-pVTZ 

level on B3LYP/cc-pVTZ geometries: (a) TTT (C2h symmetry), (b) GTT (C1), (c) TGT (C2), 

(d) TGG (C1), (e) G
+TG+ (C2), (f) G

+TG- (Ci), (g) GGG (C2), (h) G
+X-T (C1). 
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3.4 Appendix. 

 

Analysis of Table S1. Results of the focal point analysis of the conformational 

energy differences of n-hexane relative to the most stable form (TTT) are given 

in Table S1. Extrapolations to the CCSD(T) level in the limit of an asymptotically 

complete basis set are amenable with this table, by combining pairwize different 

levels of theory with various basis sets. To be more specific, the values reported 

under the ∆HF entry correspond to the conformational energy differences at the 

HF level, whereas the values reported in the +MP2, +MP3, +CCSD, and 

+CCSD(T) entries are the corrections obtained by comparing successively the 

MP2 with the HF results, the MP3 with the MP2 results, the CCSD with the MP3 

results, and, at last, the CCSD(T) with the CCSD results. In each column, the 

sum of the reported values up to a given row associated with a specific 

theoretical model gives thus the relative conformer energy for that model in 

particular. The key point in a focal point analysis is to determine at which basis 

set each of the successive corrections evaluated by the various ab initio methods 

has converged. Very clearly, the most important corrections to the ∆HF results 

are the MP2 ones, the convergence of which is rather slow. At the HF and MP2 

levels, diffuse functions bring stabilizations of the order of ~0.10 kcal/mol, 

whereas an increase of the basis set from double zeta to triple or quadruple zeta 

quality yields variations of the order of ~0.01 kcal/mol only. In contrast, a 

comparison of energy differences obtained using the cc-pVTZ and aug-cc-pVDZ 

basis sets indicates an almost complete convergence, within 0.02 kcal/mol, of 

the CCSD(T) correction to the MP2/cc-pVQZ result. Upon comparing the 

CCSD(T)/aug-cc-pVDZ and CCSD(T)/cc-pVDZ corrections to the CCSD result 

obtained with the same basis sets, it is clear that adding diffuse functions only 
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marginally affect the convergence properties of the +CCSD(T) corrections. The 

influence of diffuse functions on the +MP3, +MP4 and +CCSD corrections is also 

extremely limited. The values in italics are therefore the result of dual 

extrapolations, with regards to improvements of the basis set and of the 

treatment of electronic correlation, which employ our best estimates (in 

boldface) for successive contributions and corrections to the relative conformer 

energies. Within the framework of a Focal Point Analysis, a value of 0.628 

kcal/mol is thus for instance at an extrapolated CCSD(T)/aug-cc-pV∞Z level for 

the energy of the GTT conformer relative to the TTT global energy minimum, by 

adding to the ∆HF/cc-pV∞Z result (1.101 kcal/mol) the best estimates (-0.496, 

+0.089, -0.026, +0.012, and -0.052 kcal/mol) for the +MP2, +MP3, +CCSD, 

and +CCSD(T) corrections. The GTT, TGT, TGG, G+TG+, G+TG-, GGG, TG+X-, 

X+G-G-, and X+G-X+ rotamers of n-hexane are similarly located at relative 

energies of 0.649, 1.105, 1.268, 1.370, 1.530, 2.866, 3.313, 5.085 kcal/mol, 

respectively. 
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Supplementary Figures (see further): 

Figure S2. B3LYP-based thermostatistical analysis of the conformational equilibrium 

prevailing for n-hexane at temperatures ranging from T = 100 K to T = 500 K. Relative (a) 

enthalpies (∆H), (b) entropies (∆S), and (c) Gibbs free energies (∆G) have been calculated 

using our own FPA(CCSD(T)/CBS//B3LYP/cc-pVTZ) estimates for conformational energy 

differences, compared with the TTT conformer as global reference, taking into account 

hindered rotations, and using B3LYP/cc-pVTZ geometrical and vibrational data for 

computing zero-point vibrational energies and statistical partition functions from which the 

entropies and thermal corrections to enthalpies were estimated. 

 

Figure S3. MP2-based thermostatistical analysis of the conformational equilibrium 

prevailing for n-hexane at temperatures ranging from T = 100 K to T = 500 K. Relative (a) 

enthalpies (∆H), (b) entropies (∆S), and (c) Gibbs free energies (∆G) have been calculated 

using the W1h//MP2/cc-pVTZ conformational energy differences by Gruzman et al.,33 

compared with the TTT conformer as global reference, taking into account hindered 

rotations, and using MP2/cc-pVTZ geometrical and vibrational data for computing zero- 

point vibrational energies and statistical partition functions from which the entropies and 

thermal corrections to enthalpies were estimated. 
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Figure S4. Spike and convoluted (FHWM = 0.6 eV) ADC(3)/6-31G valence ionization 

spectra of the four highest-lying energy conformers of n-hexane: (i) TG+X- (C1), (j) X
+G-G- 

(C1), (k) G
+X-G- (C1), and (l) X

+G-X+ (C2). 

 

Figure S5. Comparison between the spike and convoluted (FHWM = 0.6 eV) ADC(3)/6-

31G valence ionization spectra of the GGG conformer using B3LYP/cc-pVTZ and MP2/cc-

pVTZ geometries. 

 

Figure S8. Spherically averaged (e, 2e) momentum distribution corresponding to valence 

MO 5, for the four highest-energy lying conformers of n-hexane. (i) TG+X- (C1), (j) X
+G-G- 

(C1), (k) G
+X-G- (C1), and (l) X

+G-X+ (C2). [Results of single point calculation at the 

B3LYP/aug-cc-pVTZ level on B3LYP/cc-pVTZ and MP2/cc-pVTZ geometries]. The employed 

electron binding energies for the ionized electron that are correspondingly reported as 

inserts along with orbital labels are the result of (1)OVGF/cc-pVTZ//B3LYP/ccpVTZ and (2) 

OVGF/cc-pVTZ//MP2/cc-pVTZ calculations. 

 

Figure S9. Spherically averaged (e, 2e) momentum distribution corresponding to valence 

MO 6, for the four highest-energy lying conformers of n-hexane. (i) TG+X- (C1), (j) X
+G-G- 

(C1), (k) G
+X-G- (C1), and (l) X

+G-X+ (C2). [Results of single point calculation at the 

B3LYP/aug-cc-pVTZ level on B3LYP/cc-pVTZ and MP2/cc-pVTZ geometries]. The employed 

electron binding energies for the ionized electron that are correspondingly reported as 

inserts along with orbital labels are the result of (1)OVGF/cc-pVTZ//B3LYP/ccpVTZ and (2) 

OVGF/cc-pVTZ//MP2/cc-pVTZ calculations. 

 

Figure S10. Contour plots (at values of 0.05) of valence MO 5 for the four highest-energy 

lying conformers of n-hexane. (i) TG+X- (C1), (j) X
+G-G- (C1), (k) G

+X-G- (C1), and (l) X
+G-

X+ (C2). Results of single point calculation at the B3LYP/aug-cc-pVTZ level on B3LYP/cc-

pVTZ geometries. 
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Figure S11. Contour plots (at values of 0.05) of valence MO 6 for the four highest-energy 

lying conformers of n-hexane. (i) TG+X- (C1), (j) X
+G-G- (C1), (k) G

+X-G- (C1), and (l) X
+G-

X+ (C2). Results of single point calculation at the B3LYP/aug-cc-pVTZ level on B3LYP/cc-

pVTZ geometries. 
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4. Benchmark Dyson Orbital Study of the Ionization Spectrum and 

Electron Momentum Distributions of Ethanol in Conformational 

Equilibrium. 

 

4.1 Introduction. 

 

Most molecules posses several conformations, corresponding to different 

degrees of internal rotation of one molecular group relative to another. The 

determination of the influence of the molecular conformation on the underlying 

electronic structure and wave function has been over the last two decades a 

topic of growing interest, both from a fundamental viewpoint and with regard to 

the structural and chemical characterization of industrially important polymer 

surfaces and organic thin films. 

When EMS1 is applied to structurally versatile systems, this powerful 

spectroscopy enables extensive studies, throughout the valence region, of the 

influence of the molecular conformation on both the electron binding energies 

and the corresponding electron densities in momentum space.2,3 In simpler 

words, with this technique, one can thus in principle directly “image” the 

interplay between the molecular conformation and the valence molecular 

orbitals. In practice, the interpretation of EMS experiments onto structurally 

flexible molecules requires extensive theoretical work if it has to have any value 

at all, because these experiments are subject to all of the complications that 

may arise with ionization processes, such as a breakdown of the orbital picture 

of ionization and a dispersion of the ionization intensity over excited electronic 

(shake-up) configurations of the cation,4 thermally induced molecular motions in 

the ground state and vibronic coupling interactions,5 or postcollision and 
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distorted wave effects.6 One of the main requirements for correctly unraveling 

the results of such experiments (see ref 2d in particular) is a correct assignment 

of spectral bands that accounts for the influence of the molecular conformation 

onto the ionization energies and related spectroscopic strengths. 

A recent carbon 1s photoelectron study on ethanol7 indicates that detailed pieces 

of information on the molecular conformation are also experimentally amenable 

from an analysis of the core ionization bands. 

Most studies 2,8,9 of the interplay between the molecular conformation and the 

electronic structure have so far focused on rather large systems (such as n-

butane, 1,3-butadiene, glycine, dimethoxymethane, stilbene as well as a variety 

of organic polymers), and it is exceedingly interesting therefore to learn from 

the latter study that the simple rotation of one O-H bond in an excessively small 

molecule can apparently induce highly significant changes in the 1s 

photoelectron spectrum, in an energy region that is usually regarded as bearing 

very limited information onto chemical bonds and details of the molecular 

structure. In line with the latter study, we wish to evaluate on theoretical 

grounds the potential of EMS in probing the influence of the molecular 

conformation of ethanol on the shape, topology, and spread of the valence 

orbitals of this compound. 

Ethanol is a most common solvent, an environmental friendly fuel,10 an 

important product of fermentation, and an essential component of wine. This is 

the smallest primary alkanol that exhibits two O-H stretching bands in the IR 

absorption spectrum, in the gas phase,11 in inert solvents, or in matrix 

isolation.12 The molecular structure of ethanol is most commonly discussed in 

terms of two stationary points on its potential energy surface, namely, the anti 

and gauche conformers (Figure 1), of Cs and C1 symmetries, respectively. 
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The relative energies and abundances of these two conformers in the gas phase 

have been subject to some debate.13-15 

 

Figure 1. Molecular structures of ethanol calculated at the B3LYP/aug-cc-pVTZ level: (a) 

C1 and (b) Cs species. 

 

The rotational isomerism of ethanol has been experimentally investigated by 

means of microwave spectroscopy 16,17 or infrared spectroscopy.18-22 The 

conformational characteristics of ethanol have also been the subject of many 

theoretical studies.20,23-27 From a theoretical viewpoint, accurate calculations of 

conformational energy differences for molecules that are subject to sizable steric 

interactions involving electron pairs are deemed to require extensive treatments 

of electronic correlation, and this certainly much beyond second order. To our 

knowledge, the most thorough study of stationary points on the potential energy 
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surface of ethanol so far is the Focal Point Analysis by Kahn and Bruice,28 an 

approach that combines results obtained with theoretical treatments [HF, MP2, 

MP3, MP4(SDTQ), CCSD, and CCSD(T)] (ref 29), and Dunning’s correlation 

consistent polarized valence basis sets (cc-pVXZ,30 with X = D, T, Q, 5, 6) of 

improving quality, in order to evaluate conformational energy differences at the 

confines of non-relativistic quantum mechanics. Specifically, with such an 

analysis (see also refs 2c, 2f, 3, and 31), one exploits the faster convergence of 

higher order correlation contributions to energy differences and extrapolates the 

results to an asymptotically complete basis set, in order to evaluate energy 

differences at the level of a benchmark CCSD(T) treatment along with an 

infinitely large basis set. In their work,28 Kahn and Bruice also employed the 

Douglas-Kroll approach32 for evaluating scalar relativistic effects. As is typical for 

organic molecules containing only first and second row atoms, these were found 

to be negligible. These very accurate calculations indicate that, in its equilibrium 

geometry, the gauche conformer of ethanol lies at 46.9 cm-1 (0.13 kcal/mol) 

above the anti species, to compare with experimental energy differences of 41.2 

± 5.0 cm-1 (0.118 kcal/mol),16 39.2 cm-1 (0.112 kcal/mol),17 and 42 cm-1 (0.120 

kcal/mol).19 B3LYP/aug-cc-pVTZ corrections for the change in zero-point 

vibrational energies are almost insignificant (-0.210 cm-1, that is, -0.0006 

kcal/mol). 

In the present work, use is made of the results of Kahn and Bruice regarding the 

relative energies of the Cs and C1 conformers, in order to simulate the results of 

(e, 2e) electron impact ionization experiments on ethanol at high kinetic 

energies and at room temperature. For this purpose, we resort to a 

thermostatistical analysis33 that accounts for internal hindered rotations34 and to 

high-level calculations of ionization spectra employing one-particle Green’s 
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Function (1p-GF) theory or, equivalently, electron propagator theory,35 using the 

formalism of Dyson orbitals36 and the relationships of these orbitals within the 

framework of 1p-GF theory with EMS,2d,37 as explained in chapter 1. These 

Green’s Function calculations account for initial and final state correlation effects 

and for the dispersion therefore of the (e, 2e) ionization intensity into shakeup 

states relating to electronically excited configurations of the cation.4 Despite the 

limitations inherent to spherical averaging over all possible molecular 

orientations in the gas phase and the limited resolution of the (e, 2e) 

spectrometers on electron binding energies and momenta, it will be shown in 

this chapter that the molecular conformation has a particularly strong influence 

on the electron momentum distributions that can be experimentally inferred 

from an angular analysis of the (e, 2e) ionization cross-sections of ethanol. 

In a later section (see chapter 5), three different approaches to analyze the 

influence of the conformation on the momentum profiles (in particular of the 

HOMO) will be proposed, emphasizing the role of the nuclear dynamics in the 

final state. 

 

4.2 Computational Details. 

 

All computations that are discussed in the present work are based on molecular 

geometries that have been optimized by means of DFT calculations employing 

the B3LYP functional and Dunning’s aug-cc-pVTZ basis set (correlation 

consistent polarized valence basis set of triple-ζ quality,30a augmented by a set 

of s, p, and d diffuse functions on hydrogens and of s, p, d, and f diffuse 

functions on the carbon and oxygen atoms30a). 
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The main motivation for this choice is that the B3LYP approach in conjunction 

with large enough basis sets is known 38 to provide equilibrium structures, 

vibrational, and, thus, thermochemical properties at a level of accuracy 

equivalent to that reached with the benchmark CCSD(T) level. 

The relative abundances of the C1 and Cs conformers of ethanol have been 

calculated using Boltzmann’s thermostatistics 33 (see also chapter 1) using the 

FPA results of Kahn and Bruice28 and our B3LYP/aug-cc-pVTZ corrections for 

zero-point vibrational energies and thermal contributions to the enthalpies, as 

well as entropy contributions. The thermochemical analysis that is presented 

here goes beyond a standard treatment based on the rigid rotor-harmonic 

oscillator (RRHO) approximation: The employed partition functions account for 

hindered rotations, according to the protocol by Ayala and Schlegel34 for 

identifying and treating the internal rotation modes, the protocol by Kilpatrick 

and Pitzer39 for calculating the kinetic energy matrix describing the internal 

rotations, as well as the rules by Mayo, Olafson, and Goddard40 for defining the 

potential periodicity, the rotating tops’ symmetry numbers, and the well-

multiplicities of acyclic molecules. The employed procedure also incorporates an 

improved analytical approximation, according to a best-fit procedure, of the 

formula of Pitzer and Gwinn 41 for the partition function associated with one-

dimensional hindered internal rotations. All DFT and related thermochemical 

calculations presented in this work have been performed using the GAUSSIAN03 

package of programs. 42 

Valence one-electron and shake-up ionization spectra as well as the related 

Dyson orbitals have been computed by means of one-particle Green’s Function 

(or electron propagator) theory,35 along with the so-called third-order algebraic 

diagrammatic construction [ADC(3)] scheme.43 
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The 1p-GF/ADC(3) calculations have been performed under the assumption of 

frozen core electrons, using the original package of programs interfaced to 

GAMESS,44 and resorting to the band Lanczos diagonalization approach 45(60) for 

projecting the 2p-1h shake-on states onto a pseudoelectron attachment 

spectrum, prior to a complete diagonalization of the so reduced H matrix, this 

time by means of the block-Davidson approach. 46 

All eigenstates with a pole strength larger or equal to 0.02 have been recovered 

up to electron binding energies of 30 eV. At the SCF level, the requested 

convergence on the elements of the one-electron density matrix was set equal 

to 10-10. The symmetry point group of the Cs conformer of ethanol has been 

exploited. Two basis sets have been employed in these ADC(3) calculations: cc-

pVDZ (Dunning’s correlation consistent polarized valence basis set of double-ζ 

quality30a) and cc-pVDZ++. The latter was implemented by deleting the d type 

diffuse functions on the oxygen and carbon atoms in the aug-cc-pVDZ basis set, 

in order to overcome severe linear dependencies resulting in a divergence at the 

level of the evaluation of the static self-energy. The cc-pVDZ++ basis set 

incorporates, therefore, s and p diffuse functions on the hydrogen, carbon, and 

oxygen atoms. 

Thermally averaged ADC(3) ionization spectra will be presented in the sequel as 

spike and convoluted spectra, using as a convolution function a Voigt profile 

combining a Gaussian and a Lorentzian with equal weight and a constant full 

width at half-maximum parameter of 0.4 or 1.1 eV, respectively. These 

parameters have been selected in order to enable comparisons with available 

measurements performed using UPS (He I) or EMS. In these simulations, line 

intensities have been scaled according to the computed spectroscopic strengths 
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(Γn) or (e, 2e) cross sections, respectively, along with the relative conformer 

abundances. 

Thermally and spherically averaged Dyson orbital momentum distributions at 

specific electron binding energies have been correspondingly computed 

according to the formalism described in chapter 1, taking into account the 

influence of the molecular conformation onto the orbital ionization energies and 

assuming a symmetric non-coplanar kinematics and an electron impact energy 

(E0) of 1200 eV (+ electron binding energy, En). Therefore, the relevant 

parameters for the momenta of the impinging and outgoing electrons amount to 

p0 = 0.271105 (1200 + En)
1/2 au (1 au = 1 a0

-1 with a0 the Bohr radius, i.e., 

0.5292 Å), and p1 = p2 = 6.64077 au, respectively (E1 = E2 = 600 eV). Our 

calculations of momentum distributions and of spherically averaged (e, 2e) 

cross-sections also account for a limited resolution of ∆φ = 0.84° and ∆θ = 

0.57°, which implies a momentum resolution of ∆p = 0.16 (FWHM) or 0.069 au 

(one standard deviation) at an impact energy of 1.2 keV. These parameters are 

consistent with the characteristics of the newly developed (e, 2e) spectrometer 

47 Tsinghua University (Beijing, China) that has been used to perform EMS 

experiments upon ethanol.53 In the present work, the limited resolution in 

momentum has been accounted for by means of a procedure employing Monte 

Carlo simulations.48 

 

4.3 Results and Discussion. 

 

4.3.1 Molecular Structures and Relative Conformer Abundances. The employed 

molecular geometries for the trans (Cs) and gauche (C1) conformers are given 

through the interplay of Figure 1 and Table 1. In spite of the polarity of the 
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target molecule (ethanol) and of strong intermolecular interactions in the solid 

phase, therefore, the agreement between theoretical results with X-ray 

diffraction data49 is as good as it could be. 

Deviations on bond lengths and bond or torsion angles are in general around 

0.02 Å and a few degrees, respectively. The largest discrepancies are 

encountered for the O3-H4 bond length and for the C2-O3-H4 bond angle in the C1 

conformer. Note that the C1 and Cs conformers differ precisely by the rotation of 

the O3-H4 bond around the C2-O3 bond. Despite the very shallow nature of the 

related torsion potential, solid state effects apparently have a limited influence 

on the H4-O3-C2-C1 dihedral angle of the C1 species (Table 1). 

 

As with any ionization experiment performed under high vacuum conditions, it is 

in practice extremely hard to monitor the temperature at which the (e, 2e) 
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ionization events occur. The vapor sample may substantially cool down because 

of a merely adiabatic gas expansion. We wish to note therefore that the 

enthalpy and entropy corrections both have a very limited influence on the 

conformer weights and that these in turn do not vary by more than ~3.5% upon 

an increase of the temperature from 198.15 to 398.15 K (Table 2). At 298.15 K, 

thermal corrections to the enthalpy of the gauche (C1) conformer vs the 

reference trans (Cs) species amount to -0.01(2) kcal/mol only.  

 

Added to the best FPA estimate for the electronic energy difference [∆E = 

0.13(4) kcal/mol], this yields an enthalpy difference between the two 

conformers of ~0.12(2) kcal/mol (zero-point vibrational energies included). The 

corresponding entropy variation (∆S) at room temperature amounts to -0.068 

cal mol-1 K-1 at the RRHO level and to -0.116 cal mol-1 K-1 upon accounting for 

hindered rotations, yielding Gibb’s free energy differences of +0.14(1) or 

+0.15(7) kcal/mol, respectively. Because the two conformers are almost 

isoenergetic, according to the work by Kahn and Bruice, the conformer 

abundances merely reflect the relative multiplicity on the potential energy 

surface (Table 2). Note also that, as compared with RRHO calculations, 

accounting for the influence of hindered rotations has only a marginal effect on 
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these abundances. According to our best estimates, the equilibrium mixture of 

ethanol at room temperature is therefore characterized by gauche (C1) and anti 

(Cs) molar fractions that are equal to 0.607 and 0.393, respectively. Shaw et 

al.26 obtained correspondingly molar fractions of 0.612 and 0.388 from a fitting 

of theoretical IR spectra with experimental measurements in highly diluted CCl4 

solutions. Very similar values (0.62 vs 0.38) can be inferred from the energy 

data by Kakar et al.16 or Pearson et al.17 

 

4.3.2 Valence Electronic Structure and Ionization Spectra. In the gauche (C1) 

conformer, due to the lack of any symmetry, there is no restriction at all on the 

way atomic orbitals may mix, and the greatest care is needed therefore to 

establish a correlation diagram with the molecular orbitals of the anti (Cs) 

conformer. Molecular orbital correlation diagrams between these two conformers 

were obtained (Figures 2 and 3) by carefully studying the evolution of the orbital 

energies in the outer- and inner-valence regions as a function of the H4-O3-C2-C1 

dihedral angle (φ). 

Somewhat counterintuitively, this geometrical parameter has almost no 

influence on the energy of the three outermost orbitals, among which the 3a” 

(Cs) alias 13a (C1) and the 10a′ (Cs) alias 12a (C1) lone-pair levels. The 

influence on the C2s and O2s inner-valence levels is also rather limited and does 

not exceed 0.3 eV. Very significant variations are on the other hand observed for 

orbitals in the middle of the outer-valence (C2p + O2p + H1s) region. The 8a′ 

orbital of the anti conformer [shortly 8a′ (Cs)] gets stabilized by ~1 eV when 

becoming the 9a orbital of the gauche conformer [shortly 9a (C1)], as a result of 

a release of through space antibonding interactions between the O-H bond and 

the methyl group. On the contrary, a destabilization by almost 0.6 eV is 



161 

 

correspondingly noted for the 1a” (Cs) orbital, due to the disruption of through-

space bonding interactions (Figure 2) between the methyl group and the nπ(O) 

lone pair upon a twist in the gauche conformation. Because electron momentum 

distributions are experimentally reconstructed from an angular analysis of (e, 

2e) ionization intensities at specific electron binding energies, it will clearly be 

essential to account for the influence of the molecular conformation on electron 

binding energies, to correctly unravel EMS experiments on ethanol. 
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Figure 2. (Previous page) Molecular orbital correlation diagram for the outer valence 

region as a function of the dihedral angle Ф (H4-O3-C2-C1). HF/cc-pVDZ++ results upon 

B3LYP/aug-cc-pVTZ geometries. 

 

 

Figure 3. Molecular orbital correlation diagram for the inner valence region as a function 

of the dihedral angle Ф (H4-O3-C2-C1). HF/cc-pVDZ++ results upon B3LYP/aug-cc-pVTZ 

geometries. 

 

The thermally averaged and convoluted ADC(3) spectra displayed in Figure 4 

reflect the partition of the valence electronic structure into three inner-valence 

levels and seven outer-valence levels at electron binding energies above and 

below ~19 eV, respectively. The individual conformer contributions to the 

ionization spectrum are also provided, in the form of spike spectra. The 

reader is referred to Table 3 for a detailed assignment of these spectra and 

to Figure 5 for a comparison with the experimental He I measurements by 

Katsumata et al.50 
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According to our simulations, a rather pronounced shoulder (V) at ~14.5 eV in 

this ultraviolet photoelectron spectrum specifically relates to the 8a′ (Cs) orbital 

and may therefore be regarded as a rather reliable conformational fingerprint.  
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Figure 4. Thermally averaged (T = 298.15 K) 1p-GF/ADC(3) ionization spectra of ethanol 

(full line: FWHM = 0.4 eV, dashed line: FWHM = 0.6 eV); (a) ADC(3)/cc-pVDZ++ and (b) 

ADC(3)/cc-pVDZ results. 
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Figure 5. Experimental He I UPS spectrum.50b 

 

The rather significant influence of the molecular conformation onto ionization 

energies at electron binding energies between 15 and 18 eV also explains the 

larger widths that characterize bands VI and VII in the UPS measurements. 

When accounting for conformational effects, the ADC(3) calculations enable 

overall theoretical insights in the available one-electron experimental energies 

within ~0.2 eV accuracy, to compare with an accuracy of only 1.1 eV at the level 

of theory (HF/4-31G) that was employed by Katsumata et al.50 for assigning 
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their measurements. Note that, to our knowledge, no calculations of the 

ionization spectrum of ethanol beyond the level of Koopmans’ theorem have 

been reported so far. Table 3 confirms also that an application of the meta-

Koopmans’ theorem51 onto B3LYP Kohn-Sham orbital energies leads to 

underestimations of one electron ionization energies of the order of 3 - 4 eV, as 

compared with the available experimental values. 

A breakdown of the orbital picture of ionization is noted at electron binding 

energies larger than 24 eV. Except for a redistribution of shake-up intensities in 

this energy region, the computed ionization spectrum is from a qualitative 

viewpoint almost insensitive to the incorporation of diffuse functions in the cc-

pVDZ basis set. The influence of these functions on the one-electron binding 

energies does not exceed ~0.2 eV. The vertical double ionization threshold is 

located at ~29.9 eV according to CCSD(T)/aug-cc-pVTZ calculations, which 

explains the very strong influence of diffuse functions on the shake-up splitting 

in the O2s electron binding energy range [~31 to ~34 eV, according to ADC(3) 

results]. Because for this energy range a second ionized electron is subject to 

decay in the continuum, the computed shake-up states should rather be 

regarded as discrete approximations to a continuum of shake-off resonances. 

Because of the imposition of a threshold of 0.02 on spectroscopic strengths 

during the search for eigenstates of the ADC(3) secular matrix, a much lower 

fraction of the O2s ionization intensity is recovered at the ADC(3)/cc-pVDZ++ 

level.  

Simulations of thermally and spherically averaged (e, 2e) ionization spectra at 

room temperature are provided in Figure 6, along with the individual conformer 

contributions and the underlying spike (e, 2e) ionization spectra, at an electron 

impact energy of 1.2 keV and at azimuthal angles ranging from 0 to 10 degrees. 
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Figure 6. Simulations of spherically and thermally averaged (e, 2e) ionization spectra at T 

= 298.15 K, at E0 = 1200 eV, and at various azimuthal angles: (a) φ = 0°, (b) φ = 2°, (c) φ 

= 4°, (d) φ = 6°, (e) φ = 8°, and (f) φ = 10°. The full width at half maximum (FWHM) 

parameter for the Voigt profile was set to 1.1 eV. These spectra were convolved assuming 

angular resolutions of ∆θ = ±0.57°; ∆φ = ±0.84° in the (e, 2e) spectrometer (noncoplanar 

symmetric kinematics). 
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The selected FWHM parameter (1.1 eV) for the employed spread function 

qualitatively accounts both for the combined effect of natural and vibrational 

broadening (~0.6 eV, as estimated from the UPS measurements) and for the 

energy resolution (~0.5 eV) of the best experimental EMS setups to date. 

Despite the very strong influence of the molecular conformation on the (e, 2e) 

ionization spectra, these simulations indicate that seven bands remain visible at 

all selected azimuthal angles and are therefore suited for a detailed EMS study 

of the interplay of the electronic wave function with the molecular structure of 

ethanol. Because of the lack of symmetry constraints, all molecular orbitals of 

the C1 conformer significantly contribute to (e, 2e) ionization intensities at φ = 

0°. In contrast, note that the contribution to band 1 at 10.9 eV of the Cs 

conformer (10.9 eV) vanishes at φ = 0° and becomes increasingly significant at 

increasing values of the azimuthal angle, a behavior that is typical of a p-type 

electron momentum distribution. This behavior is consistent with the 

antisymmetric nature of the HOMO in the Cs conformer and the presence in this 

orbital of three mutually perpendicular nodal planes (Figure 2). Because of 

particularly large ionization cross-sections associated with the minor Cs 

conformer fraction, two bands (2 and 5) strongly protrude at electron binding 

energies of 12.4 and 17.8 eV, and tend to disappear at larger azimuthal angles. 

At φ = 0°, the Cs and C1 conformers provide maximal and marginally small 

contributions to these bands, respectively, whereas at the largest azimuthal 

angles, these contributions become approximately proportional to the conformer 

abundances. This observation is already indicative of a particularly strong 

conformational fingerprint in the associated momentum distributions, which is 

predicted to be of the s-type (see further). In sharp contrast with bands 2 and 5, 

bands 3 and 4 at electron binding energies of 13.6 and 15.8 eV dominantly 
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relate to the C1 conformer at low azimuthal angles. For the latter band, the 

contribution to band 4 of the Cs conformer remains comparatively quite limited 

even at the largest values of φ. The respective contributions of the Cs and C1 

conformers to the outermost C2s band (6) at 21.0 eV merely reflect their 

abundances. Because of the release of symmetry constraints upon configuration 

interactions in the final ionic state and an increased shake-up splitting therefore 

upon lowering the symmetry from Cs to C1, the contributions of the anti and 

gauche conformers to band 7 are accidentally almost equal. This relates to the 

fact that, because of an imposed threshold of 0.02 on the recovered ADC(3)/cc-

pVDZ++ spectroscopic strengths, only 69.6 and 67.3% of the ionization 

intensity associated to the innermost C2s level could be recovered for the Cs and 

C1 conformers, respectively. Most generally, except for an enhanced shakeup 

fragmentation with no significant alteration of the computed spectral envelope,52 

innermost valence ionization bands are known in general to bear no 

experimentally amenable information on the molecular conformation.8 

 

4.3.3 Electron Momentum Distributions. Thermally and spherically averaged 

electron momentum distributions for each resolvable one-electron ionization 

band (1-6) in the (e, 2e) spectra displayed in Figure 6 are provided at various 

theoretical levels in Figure 7 and compared with experimental results at an 

electron impact energy of 1.2 keV from the (e, 2e) research group at Tsinghua 

University,53 in Beijing (China). 
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Figure 7. Spherically and thermally averaged electron momentum profiles (T = 298.15 K) 

at various levels of theory as compared with experiment (E0 = 1.2 keV): (a) band 1 (εb 

≈10.9 eV), (b) band 2 (εb ≈12.4 eV), (c) band 3 (εb ≈13.6 eV), (d) band 4 (εb ≈15.8 eV), 

(e) band 5 (εb ≈17.8 eV), and (f) band 6 (εb ≈21.0 eV). 

 

In line with the proposed assignment for the (e, 2e) ionization spectra (Table 3), 

these experimental momentum distributions have been analyzed using a C1/Cs 



171 

 

conformer ratio of 0.607/0.393 and according to the following sets of orbitals: 

{13a(C1), 3a”(Cs)}, {12a(C1), 10a′(Cs)}, {2a”(Cs), 11a(C1), 9a′(Cs), 10a(C1), 

8a′(Cs)}, {9a(C1), 8a(C1), 1a”(Cs)}, {7a(C1), 7a′(Cs)}, and {6a′(Cs), 6a(Cs)}, 

respectively. In our analysis, we thereby account for the extremely strong 

influence of the molecular conformation on the energy of the 8a′(Cs) vs the 

9a(C1) orbitals, which are found to contribute to the electron momentum 

distributions associated to bands 3 and 4, respectively. We note from Table 3 

that the spectroscopic strengths (Γn) of the one-electron ionization lines that 

contribute to these outer- and inner-valence ionization bands smoothly decrease 

from 0.91 to 0.85 with increasing electron binding energies and must be 

accounted for, therefore, in a quantitative analysis of EMS momentum 

distributions, within a few percents accuracy. 

These spectroscopic strengths are straightforwardly included in an analysis 

employing Dyson orbitals. On the contrary, Kohn-Sham orbitals are by 

construction normalized and must be rescaled according to suitable values of the 

spectroscopic strengths in order to account for the dispersion of the ionization 

intensity over 2h-1p shake-up satellites and correlation bands. The limited 

angular resolution of the (e, 2e) spectrometer may significantly alter the 

apparent electron momentum distributions and must also be folded into these 

distributions in order to enable a quantitative analysis of the experimental (e, 

2e) ionization intensities, in particular those obtained at low electron momenta. 

A last difficulty is that experimental (e, 2e) ionization intensities are obtained as 

(arbitrary) electron counts. Lacking any clue about what an absolute “detector 

unit” is, a quantitative comparison with theoretical data implies therefore a 

rescaling of the experimental intensities that must also account for both the 

limited resolution on electron momenta and the dispersion of the ionization 
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intensity into shake-up sets at high electron binding energies (in this case, Ef > 

26 eV). In these purposes, the experimental (e, 2e) ionization cross-sections 

that are provided in Figure 7 have been rescaled onto resolution folded 

theoretical momentum distributions that were derived from ADC(3) Dyson 

orbitals (Γn < 1), using a global rescaling factor obtained from a least-squares fit 

over the momentum distributions associated to the one-electron ionization 

bands (1-6) at azimuthal angles φ = 0, 2, 4, 6, 8, and 10°. The Kohn-Sham 

B3LYP orbital momentum distributions that are provided in Figure 7 have also 

been individually rescaled using the corresponding ADC(3)/cc-pVDZ++ pole 

strengths, in order to enable a physically meaningful comparison with 

experiment that accounts for the same effects. All of our calculations seemingly 

provide qualitatively consistent insights into the experimental momentum 

distributions, an observation that motivates first a detailed discussion of the 

influence of the molecular conformation on these distributions. 

To avoid a too severe overcrowding in the computed momentum distributions, 

we provide separately in Figure 8 the individual orbital contributions that were 

computed at the ADC(3)/cc-pVDZ++ level, which we compare once more with 

suitably rescaled experimental momentum distributions, using the above 

receipes for intensity rescaling. In this figure, these contributions also account 

for the relative weight of the associated conformer. As expected, inspection of 

this figure confirms the exceedingly strong influence of the molecular 

conformation on the (e, 2e) ionization cross-sections and the related EMS 

momentum distributions. In line with our discussion of the dependence of the (e, 

2e) ionization intensities onto the azimuthal angle, examination of Figure 8 

confirms the p-type characteristics of the 3a” (HOMO), 9a′ and 1a” orbitals of 

the Cs conformer, as well as the 12a orbital of the C1 conformer, an observation 
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that is consistent with the presence of an odd number (1 or 3) of nodal surfaces 

in all of these orbitals. In contrast, the momentum distributions characterizing 

the HOMO (13a) of the C1 conformer and the 10a′ orbital of the Cs conformer 

exhibit two maxima and one minima, which is in line with the symmetric nature 

of the 10a′(Cs) orbital or the presence in both cases of two approximately 

parallel nodal surfaces in these orbitals. As was observed in works on glycine 

(refs 2a and b), n-butane (ref 2c), dimethoxymethane (ref 2f) and n-pentane 

(ref 3), it appears therefore that spherically averaged and resolution folded 

electron momentum distributions can be significantly influenced by changes in 

the topology of molecular orbitals, which straightforwardly reflect in this case 

alterations of through-space (anomeric) interactions between the oxygen lone 

pairs and the nearby methyl group. With ethanol, this effect is particularly 

impressive, since it relates to the energetically very insignificant OH bond 

rotation. 

The electron momentum distribution characterizing the C2s shake-up band at 

~24.5 eV is analyzed in Figure 9. In line with experiment, all employed models 

provide essentially the same s-type electron momentum distributions, and all 

shake-up lines yield individually the same profile, regardless of the absolute 

intensity scale. Theory also enables highly quantitative insights into the one-

electron momentum distributions recovered from bands 5 and 6 (Figure 8e, f). 

In spite of all our efforts, the agreement between our best computations and 

experiment for the four outermost bands (Figure 8a-d) remains somehow rather 

deceiving, at least from a quantitative viewpoint. The stronger the influence of 

the molecular conformation is, the stronger the discrepancy is. It is, however, 

clear from Figure 8 that a better fit of the experimental momentum distributions 

cannot be globally improved by using other conformer ratios. 



 

Figure 8. Decomposition of benchmark spherically and thermally 

pVDZ++ electron momentum distributions (

Dyson orbital contributions: (a) band 1 (εb 

(εb ≈13.6 eV), (d) band 4 (εb ≈15.8 eV), (e) band 5 (

≈21.0 eV). 
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Decomposition of benchmark spherically and thermally averaged ADC(3)/cc-

electron momentum distributions (T = 298.15 K, E0 = 1.2 keV) into individual 

 ≈10.9 eV), (b) band 2 (εb ≈12.4 eV), (c) band 3 

15.8 eV), (e) band 5 (εb ≈17.8 eV), and (f) band 6 (εb 



 

Figure 9. Analysis of the momentum distributions inferred for the C

7 at ~24.5 eV). (a) Comparison of the spherically and thermally averaged momentum 

profile (T = 298.15 K, E0 = 1.2 keV) with experiment at different levels of theory. (b) 

Decomposition of the best ADC(3)/cc-pVDZ

contributions. 

 

The experimental momentum distribution recovered from band 1 can for 

instance be perfectly fitted by theor

assuming a C1 to Cs conformer ratio of 0.80 to 0.20, but this

at the expense of a strong deterioration of

experiment for all of the other bands. One may of course be 

assume variable conformer weights for improving the fitting band per band. 

Such an analysis would imply that geometrical relaxation effects are

enough to induce alterations of the molecular conformation

in EMS experiments. However, an impinging 

keV needs ~4.9*10-17 seconds in order to cover a distance of 10 Å as a rough 

estimate of molecular dimensions, reflecting complications due to the long

character of the Coulomb potential at the origin of (e, 2e) ionization processes, 

and the wave-like properties and delocalized nature of this particle

175 

 

Analysis of the momentum distributions inferred for the C2s shakeup band (band 

24.5 eV). (a) Comparison of the spherically and thermally averaged momentum 

) with experiment at different levels of theory. (b) 

pVDZ++ profile into individual Dyson orbital 

momentum distribution recovered from band 1 can for 

be perfectly fitted by theoretical momentum distributions upon 

conformer ratio of 0.80 to 0.20, but this would clearly occur 

at the expense of a strong deterioration of the agreement between theory and 

bands. One may of course be tempted to use or 

conformer weights for improving the fitting band per band. 

an analysis would imply that geometrical relaxation effects are rapid 

enough to induce alterations of the molecular conformation that can be detected 

impinging electron with a kinetic energy of 1.2 

seconds in order to cover a distance of 10 Å as a rough 

, reflecting complications due to the long-range 

otential at the origin of (e, 2e) ionization processes, 

like properties and delocalized nature of this particle. From this 
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empirical estimate one may thus in a first approximation assume that this 

timescale is much shorter than that required for nuclear motions in the absence 

of complications like vibronic coupling interactions or conical intersections 

between various electronic states. Ethanol has abelian symmetry and does not 

exhibit any significant near-degeneracies between orbital energies. At first 

glance it seems therefore unlikely that these discrepancies between theory and 

experiment can be ascribed to nuclear dynamical complications in the final 

cationic states. In other words, ionization processes are expected to be vertical 

in nature, in which case EMS can only provide instantaneous snapshots of the 

conformer distributions that statistically prevail in the ground state and which 

should thus remain constant, whatever the investigated range of electron 

binding energies. In the next step of our analysis, it is therefore natural to 

wonder whether the computed momentum distributions are accurate enough. To 

examine this issue, we now return to Figure 7. 

Upon examining the B3LYP momentum distributions that are provided in this 

figure, it is immediately apparent that, in sharp contrast with the underlying 

ionization spectrum, diffuse functions have a very significant influence on all of 

the computed momentum distributions. The effect is particularly pronounced for 

the momentum distributions to be recovered from the outermost and second 

ionization bands at 10.9 and 12.4 eV, which is in line with the lone-pair nature 

of the contributing orbitals. When suitably large enough basis sets are used, it is 

also clear in this case that B3LYP Kohn-Sham orbitals and ADC(3) Dyson orbitals 

produce almost equal electron momentum distributions. Note furthermore that 

at the B3LYP level, the aug-cc-pVDZ and aug-cc-pVTZ basis sets yield also 

almost equal momentum distributions. In other words, the closely related aug-

cc-pVDZ and cc-pVDZ++ basis sets must enable quantitative enough 
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computations of momentum distributions. The employed models for the 

calculations of electron momentum distributions cannot be incriminated for 

explaining the discrepancies between theory and experiment. 

The interested reader is also referred further to previous works from our groups 

on EMS momentum distributions,37,54 which indicate that as compared with 

recent and high resolution measurements, ADC(3)/cc-pVDZ++ Dyson orbital 

momentum distributions provide in general exceedingly accurate insights into 

their experimental counterparts. 

In view of the resemblance of the 3a” (HOMO) orbital of the Cs conformer with a 

d type or even a f type atomic orbital and in analogy with recent works on the 

outer-valence electron momentum distributions of ethylene,55 

difluoromethane,37 or oxygen,56 one may in a next step wonder whether the 

particularly strong discrepancies that are observed between theory and 

experiment for band 1 (Figures 7a and 8a) can be ascribed to distorted wave 

effects, that is, to a breakdown of the PWIA. 

Further EMS measurements at much higher electron impact energies (E0 = 2.4 

keV) indicate that this is not the case at all.53 The energy gaps between the 

maxima characterizing bands 1-3 exceed 1.1 eV and are therefore significantly 

larger than the energy resolution (0.6 eV) of the employed (e, 2e) experimental 

set up. It seems therefore unlikely that the very significant discrepancies that 

are observed between the theoretical and the experimental momentum 

distributions characterizing bands 1 and 3 could be explained by unusually 

strong overlap effects in the deconvolution of the experimental (e, 2e) ionization 

spectra. In view of the extremely strong influence of the molecular 

conformation, these discrepancies are probably indicative of a stronger 
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structural disorder than that described in a thermodynamical model that focuses 

only on conformational equilibrium between the two energy minima of ethanol. 

 

4.3.4 Kohn-Sham vs Dyson Orbital Densities. The observation that standard KS 

orbital energies yield exceedingly large underestimations of one-electron 

ionization energies amply justifies a systematic confrontation of Kohn-Sham 

orbital densities against benchmark many-body results derived from ADC(3) 

Dyson orbitals. A comparison with HF orbital momentum densities is also useful, 

as these on the contrary most commonly lead to overestimations of one-electron 

binding energies by a few eV, due to the neglect of electronic correlation and 

relaxation effects at the level of Koopmans’ theorem. 

Since in an exact theory of ionization, ionization cross sections formally relate to 

the squared Dyson orbitals associated to the ionization states of interest, we 

display in Figure 10 contour plots of the electron density differences between 

normalized ADC(3) Dyson orbital densities and the corresponding HF (or KS) 

orbital densities. More specifically, these electron density differences have been 

computed as follows: 

( ) ( ) ( )(3)HF ADC RHFr r rρ ρ ρ∆ = −
� � �

                                                                    (1a) 

( ) ( ) ( )(3)KS ADC RKSr r rρ ρ ρ∆ = −
� � �

                                                                    (1b) 
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∑ ∑
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                                                                       (2) 

where the sums on n run on all identified ionization lines that could be recovered 

for a given RHF molecular orbital. When the orbital picture of ionization is valid, 

these sums reduce to a single component only; otherwise, these sums imply an 



 

averaging of Dyson orbital densities over all of the associated shake

satellites. 
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of Dyson orbital densities over all of the associated shake-up 

 



180 

 

Figure 10. (Previous Page) Contour plots of electron density differences (∆F) between the 

normalized averaged Dyson orbitals and the related RHF or RKS orbitals (see the text for 

an explanation). The selected values for the contours are 0.001, except *, where contours 

are 0.00045. The “#” superscripts emphasize a partial or complete breakdown of the 

orbital picture of ionization. The gray and white areas correspond to regions that exhibit an 

increase or decrease of the electron density, respectively.  

(a) C1 conformer and (b) Cs conformer. These plots were obtained using the cc-pVDZ++ 

basis set and B3LYP/aug-cc-pVTZ geometries and can be readily compared with the 

molecular orbital contours displayed in Figure 2. 

 

In view of the MO contours displayed in Figure 2, it is rather clear that, upon 

comparing Dyson with HF orbitals (Figure 10), electronic relaxation in the Dyson 

orbitals characterizing the two outermost ionization lines yields a decrease of the 

electronic density in the lone-pair region. Because of the very low symmetry of 

the target structures, trends complicate at higher electron binding energies. 

Upon comparing the contour plots of the ∆ρHF and ∆ρKS density differences, it 

appears rather clearly that the ADC(3) Dyson orbitals lie in between the HF and 

the Kohn-Sham orbitals (note in particular the almost systematic reversal in sign 

of the ∆ρHF and ∆ρKS density plots). 

An obvious explanation is that, at the ADC(3) level, both electronic correlation 

and relaxation effects are accounted through the interplay of initial- and final-

state configuration interactions, whereas only ground-state correlation is 

accounted for in DFT through the interplay of standard functional such as B3LYP, 

and both effects are neglected at the HF level (Koopmans’ theorem). The trends 

that are observed in Figure 10 are therefore consistent with the prevailing view 

in the theory of ionization that for one-electron ionization states, the removal of 

ground-state pair correlation is approximately compensated by electronic orbital 
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and pair relaxation effects in the final state.29a We note also from Figure 10 that, 

in spite of their deficiencies with regards to ionization energies, Kohn-Sham 

orbital momentum distributions are much closer to the benchmark ADC(3) 

results than the HF orbitals. 

                                                           
1 (a) McCarthy, I. E.; Weigold, E. Rep. Prog. Phys. 1991, 91, 789. (b) Coplan, M. A.; 

Moore, J. H.; Doering, J.-P. Rev. Mod. Phys. 1994, 66, 985. (c) Weigold, E.; McCarthy, I. 

E. Electron Momentum Spectroscopy; Kluwer Academic Plenum Publishers: New York, 

1999. 

2 (a) Neville, J. J.; Zheng, Y.; Brion, C. E. J. Am. Chem. Soc. 1996, 118, 10533. (b) 

Zheng, Y.; Neville, J. J.; Brion, C. E. Science 1995, 270, 5237. (c) Deleuze, M. S.; Wang, 

W. N.; Salam, A.; Shang, R. C. J. Am. Chem. Soc. 2001, 123, 4049. (d) Deleuze, M. S.; 

Knippenberg, S. J. Chem. Phys. 2006, 124, 104309. (e) Yang, T. C.; Su, G. L.; Ning, C. 

G.; Deng, J. K.; Wang, F.; Zhang, S. F.; Ren, X. G.; Huang, Y. R. J. Phys. Chem. A 2007, 

111, 4927. (f) Huang, Y. R.; Knippenberg, S.; Hajgató, B.; François, J.-P.; Deng, J. K.; 

Deleuze, M. S. J. Phys. Chem. A 2007, 111, 5879. 

3 Knippenberg, S.; Huang, Y. R.; Hajgató, B.; François, J.-P.; Deleuze, M. S. J. Chem. 

Phys. 2006, 125, 104309. 

4 (a) Cederbaum, L. S.; Domcke, W; Schirmer, J.; Von Niessen, W. Adv. Chem. Phys. 

1986, 65, 115. (b) Deleuze, M. S.; Cederbaum, L. S. Adv. Quantum Chem. 1999, 35, 77. 

(c) Deleuze, M. S.; Trofimov, A. B.; Cederbaum, L. S. J. Chem. Phys. 2001, 115, 5859. 

5 (a) Köppel, H.; Domcke, W.; Cederbaum, L. S. Adv. Chem. Phys. 1984, 57, 59. (b) 

Köppel, H.; Cederbaum, L. S.; Domcke, W. J. Chem. Phys. 1988, 89, 2023. (c) Worth, G. 

A.; Cederbaum, L. S. Annu. Rev. Phys. Chem. 2004, 55, 127. 

6 (a) Brion, C. E.; Zheng, Y.; Rolke, J.; Neville, J. J.; McCarthy, I. E.; Wang, J. J. J. Phys. B 

1998, 31, L223. (b) Takahashi, M.; Saito, T.; Hiraka, J.; Udagawa, Y. J. Phys. B 2003, 

36, 2539. (c) Watanabe, N.; Takahashi, M.; Udagawa, Y.; Kouzakov, K. A.; Popov, Y. V. 

Phys. Rev. A 2007, 75, 052701. 



182 

 

                                                                                                                                                    
7 Abu-samha, M.; Børve, K. J.; Sæthre, L. J.; Thomas, T. D. Phys. Rev. Lett. 2005, 95, 

103002. 

8 (a) Boulanger, P.; Riga, J.; Verbist, J. J.; Delhalle, J. Macromolecules 1989, 22, 173. (b) 

Hennico, G.; Delhalle, J.; Boiziau, C.; Lecayon, G. J. Chem. Soc. Faraday Trans. 1990, 86, 

1025. (c) Deleuze, M.; Denis, J.-P.; Delhalle, J.; Pickup, B. T. J. Phys. Chem. 1993, 97, 

5115. (d) Deleuze, M.; Delhalle, J.; Pickup, B. T.; Svensson, S. J. Am. Chem. Soc. 1994, 

116, 10715. (e) Deleuze, M.; Mosley, D. H.; Delhalle, J.; Andre´, J.-M. Phys. Scr. 1995, 

51, 111. (f) Beamson, G.; Clark, D. T.; Hayes, N. W.; Law, D. S. L.; Siracusa, V.; Recca, 

A. Polymer 1996, 37, 379. (g) Duwez, A.-S.; Di Paolo, S.; Ghijsens, J.; Riga, J.; Deleuze, 

M.; Delhalle, J. J. Phys. Chem. B 1997, 101, 884. (h) Beamson, G.; Pickup, B. T.; Li, W.; 

Mai, S. M. J. Phys. Chem. B 2000, 104, 2656. (i) Beamson, G. J. Electron Spectrosc. 

Relat. Phenom. 2001, 105, 6695. (j) Beamson, G. J. Electron Spectrosc. Relat. Phenom. 

2007, 154, 83. (k) Flamia, R.; Lanza, G.; Salvi, A. M.; Castle, J. E.; Tamburro, A. M. 

Biomacromolecules 2005, 6, 1299. 

9 (a) Kishimoto, N.; Hagihara, Y.; Ohno, K.; Knippenberg, S.; François, J.-P.; Deleuze, M. 

S. J. Phys. Chem. A 2005, 109, 10535. (b) Borodin, A.; Yamazaki, M.; Kishimoto, N.; 

Ohno, K. J. Phys. Chem. A 2006, 110, 1783. 

10 Cho, A. Science 2004, 303, 942. 

11 Weibel, J. D.; Jackel, C. R.; Swofford, R. L. J. Chem. Phys. 2002, 117, 4225. 

12 Coussan, C. S.; Bouteiller, Y.; Erchard, J. P. J. Phys. Chem. A 1998, 102, 5789. 

13 Fang, H. L.; Swofford, L. Chem. Phys. Lett. 1984, 105, 5. 

14 Fang, H. L.; Compton, D. A. C. J. Phys. Chem. 1988, 92, 6518. 

15 Su, C. F.; Richard Qade, C. J. Mol. Spectrosc. 2000, 199, 34. 

16 Kakar, R. K.; Quade, C. R. J. Chem. Phys. 1980, 72, 4300. 

17 Pearson, J. C.; Sarsty, K. V. L. N.; Herbst, E.; de Lucia, F. C. J. Mol. Spectrosc. 1996, 

175, 146. 

18 Barnes, A. J.; Hallam, H. E. Trans. Faraday Soc. 1970, 66, 1932. 

19 Durig, J. R.; Larssen, R. A. J. Mol. Struct. 1989, 238, 195. 



183 

 

                                                                                                                                                    
20 Senent, M. L.; Smeyers, Y. G.; Domingues-Gómez, R.; Villa, M. J. Chem. Phys. 2000, 

112, 5809. 

21 Ehbrecht, M.; Huisken, F. J. Phys. Chem. A 1997, 101, 7768. 

22 Coussan, S.; Bouteiller, Y.; Perchard, J. P.; Zheng, W. Q. J. Phys. Chem. A 1998, 102, 

5789. 

23 Dothe, H.; Lowe, M. A.; Alper, J. S. J. Phys. Chem. 1989, 93, 6632. 

24 Görbitz, C. H. J. Mol. Struct. (THEOCHEM) 1992, 262, 209. 

25 Bakke, J. M.; Bjerkeseth, L. H. J. Mol. Struct. 1997, 407, 27. 

26 Shaw, R. A.; Weiser, H.; Dutler, R.; Rauk, A. J. Am. Chem. Soc. 1990, 112, 5401. 

27 Abu-samha, M.; Børve, K. J. Phys. Rev. A 2006, 74, 042508. 

28 Kahn, K.; Bruice, T. C. Chem. Phys. Chem. 2005, 6, 487. 

29 (a) Szabo, A.; Ostlund, N. S. Modern Quantum Chemistry; McGraw-Hill: New York, 

1989. (b) Helgaker, T.; Jørgensen, P.; Olsen, J. Molecular Electronic-Structure Theory; 

John Wiley and Sons: Chichester, 2004. 

30 (a) Dunning, T. H., Jr J. Chem. Phys. 1989, 90, 1007. (b) Kendall, R. A.; Dunning, T. 

H.; Harrison, R. J. J. Chem. Phys. 1992, 96, 6796. (c) Woon, D. E.; Dunning, T. H., Jr J. 

Chem. Phys. 1994, 100, 2975. (d) Peterson, K. A.; Woon, D. E.; Dunning, T. H., Jr J. 

Chem. Phys. 1994, 100, 7410. 

31 (a) Kwasniewski, S. P.; Claes, L.; François, J.-P.; Deleuze, M. S. J. Chem. Phys. 2003, 

118, 7823. (b) Deleuze, M. S.; Claes, L.; Kryachko, E. S.; François, J.-P. J. Chem. Phys. 

2003, 106, 8569. 

32 (a) Douglas, M.; Kroll, N. M. Ann. Phys 1974, 82, 89. (b) Hess, B. A. Phys. Rev. A 

1985, 32, 756. (c) Hess, B. A. Phys. Rev. A 1986, 33, 3742. 

33 McQuarrie, D. A. Statistical Thermodynamics; Harper and Row: New York, 1976. 

34 Ayala, P. Y.; Schlegel, H. B. J. Chem. Phys. 1998, 108, 2314. 

35 (a) Pickup, B. T.; Goscinski, O. Mol. Phys. 1973, 26, 1013. (b) Cederbaum, L. S.; 

Hohlneicher, G.; von Niessen, W. Mol. Phys. 1973, 26, 1405. (c) Cederbaum, L. S.; 

Domcke, W. Adv. Chem. Phys. 1977, 36, 205. (d) von Niessen, W.; Schirmer, J.; 



184 

 

                                                                                                                                                    

Cederbaum, L. S. Comput. Phys. Rep. 1984, 1, 57. (e) Ortiz, J. V. In Computational 

Chemistry: Reviews of Current Trends; Leszczynski, J., Ed.; World Scientific: Singapore, 

1997; Vol. 2, p 1. (f) Linderberg, J.; Öhrn, Y. Propagators in Quantum Chemistry, 2nd ed.; 

Wiley-Interscience: New York, 2004. 

36 (a) Pickup, B. T. Chem. Phys. 1977, 19, 193. (b) McWeeny, R.; Pickup, B. T. Rep. Prog. 

Phys. 1980, 43, 1065. (c) Deleuze, M.; Pickup, B. T.; Delhalle, J. Mol. Phys. 1994, 83, 

655. (d) Seabra, G. M.; Kaplan, I. G.; Zakrzewski, V. G.; Ortiz, J. V. J. Chem. Phys. 2004, 

121, 4142. (e) Oana, C. M.; Krylov, A. I. J. Chem. Phys. 2007, 127, 234106. 

37 Ning, C. G.; Ren, X. G.; Deng, J. K.; Su, G. L.; Zhang, S. F.; Knippenberg, S.; Deleuze, 

M. S. Chem. Phys. Lett. 2006, 421, 52. 

38 (a) Martin, J. M. L.; El-Yazal, J.; François, J.-P. Mol. Phys. 1995, 86, 1437. (b) See also: 

Koch, W.; Holthausen, M. C. A. A Chemist’s Guide to Density Functional Theory, 2nd ed.; 

V.C.H. Wiley: Weinheim, Germany, 2001. (c) Giuffreda, M. G.; Deleuze, M. S.; François, 

J.-P. J. Phys. Chem. A 1999, 103, 5137. (d) Giuffreda, M. G.; Deleuze, M. S.; François, J.-

P. J. Phys. Chem. A 2002, 106, 8569. 

39.Kilpatrick, J. E.; Pitzer, K. S. J. Chem. Phys. 1949, 17, 1064. 

40 Mayo, S. L.; Olafson, B. D.; Goddard, W. A. J. Phys. Chem. 1990, 94, 8897. 

41 Pitzer, K. S.; Gwinn, W. D. J. Chem. Phys. 1942, 10, 428. 

42 Frisch, M. J.; GAUSSIAN03, Revision D.01; Gaussian Inc.: Pittsburgh, PA, 1998. 

43 (a) Schirmer, J.; Cederbaum, L. S.; Walter, O. Phys. ReV. A 1983, 28, 1237. (b) von 

Niessen, W.; Schirmer, J.; Cederbaum, L. S. Comput. Phys. Rep. 1984, 1, 57. (c) 

Schirmer, J.; Angonoa, G. J. Chem. Phys. 1989, 91, 1754. (d) Weikert, H.-G.; Meyer, H.-

D.; Cederbaum, L. S.; Tarantelli, F. J. Chem. Phys. 1996, 104, 7122. (e) Deleuze, M. S.; 

Giuffreda, M. G.; François, J.-P.; Cederbaum, L. S. J. Chem. Phys. 1999, 111, 5851. (f) 

Deleuze, M. S. Int. J. Quantum Chem. 2003, 93, 191. 

44 Schmidt, M. W.; Baldridge, K. K.; Jensen, J. H.; Koseki, S.; Gordon, M. S.; Nguyen, K. 

A.; Windus, T. L.; Elbert, S. T. QCPE Bull. 1990, 10, 52. 



185 

 

                                                                                                                                                    
45 (a) Ruhe, A. Math. Comput. 1979, 33, 680. (b) Meyer, H.-D.; Pal, S. J. Chem. Phys. 

1989, 91, 6195. 

46 (a) Liu, B. Numerical Algorithms in Chemistry, Algebraic Methods; LBL-8158, Lawrence 

Berkely Laboratory. (b) Tarantelli, F.; Sgamellotti, A.; Cederbaum, L. S.; Schirmer, J. J. 

Chem. Phys. 1987, 86, 2201. 

47 Ren, X. G.; Ning, C. G.; Deng, J. K.; Zhang, S. F.; Su, G. L.; Huang, F.; Li, G. Q. Rev. 

Sci. Instrum. 2005, 76, 063103. 

48 Duffy, P.; Casida, M. E.; Brion, C. E.; Chong, D. P. Chem. Phys. 1992, 159, 347. 

49 Jönsson, P.-G. Acta Crys. 1976, B32, 232. 

50 (a) Katsumata, S.; Iwai, T.; Kimura, K. Bull. Chem. Soc. Jpn. 1973, 46, 3391. (b) 

Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; Iwata, S. Handbook of He I 

Photoelectron Spectra of Fundamental Organic Molecules; Japan Scientific Society Press: 

1981. 

51 Gritsenko, O. V.; Baerends, E. J. J. Chem. Phys. 2002, 117, 9154. 

52 Deleuze, M. S.; Cederbaum, L. S. J. Chem. Phys. 1996, 105, 7583.  

53 Ning, C. G.; Luo, Z. H.; Huang, Y. R.; Hajgató, B.; Morini, F.; Liu, K.; Zhang, S. F.; 

Deng, J. K.; Deleuze, M. S. J. Phys. B: At. Mol. Opt. Phys. 2008, 41, 175103. 

54.(a) Ning, C. G.; Hajgató, B.; Huang, Y. R.; Zhang, S. F.; Liu, K.; Luo, Z. H.; 

Knippenberg, S.; Deng, J. K.; Deleuze, M. S. Chem. Phys. 2008, 19, 343. (b) Huang, Y. 

R.; Hajgató, B.; Ning, C. G.; Zhang, S. F.; Liu, K.; Luo, Z. H.; Deng, J. K.; Deleuze, M. S. 

J. Phys. Chem. A 2008, 112, 2339. (c) Huang, Y. R.; Ning, C. G.; Deng, J. K.; Deleuze, M. 

S. Phys. Chem. Chem. Phys. 2008, 10, 2374. 

55 Ren, X. G.; Ning, C. G.; Deng, J. K.; Zhang, S. F.; Su, G. L.; Huang, F.; Li, G. Q. Phys. 

Rev. Lett. 2005, 94, 163201. 

56 Ning, C. G.; Ren, X. G.; Deng, J. K.; Su, G. L.; Zhang, S. F.; Li, G. Q. Phys. Rev. A 

2006, 73, 022704. 



186 

 

5. Probing Nuclear Dynamics in Momentum Space: A New Interpretation 

of (e, 2e) Electron Impact Ionization Experiments on Ethanol. 

 

5.1 Introduction. 

 

Electron momentum spectroscopy1 is a powerful “orbital imaging” technique by 

which orbital momentum profiles can be experimentally inferred for atoms, 

molecules, and solids, according to an angular analysis of electron counts in 

coincidence, in the form of one-electron transition momentum densities 

associated with specific ionization channels. This spectroscopy has been 

extensively employed during the past decade in order to study in momentum 

space the interplay of the molecular structure with orbital electron densities for 

conformationally versatile compounds such as n-glycine,2,3 

dimethoxymethane,3,4 n-butane,5,6 1,3-butadiene,7 1-butene,8 

tetrahydrofurane,9 ethylamine,10 ethanethiol,11 or ethanol.12,13 It is now well-

established that rotations of atoms or groups of atoms about single bonds may 

significantly influence the experimentally inferred momentum profiles, both in 

the inner- and outer-valence regions. This influence is often strong enough to 

justify the idea of using Electron Momentum Spectroscopy (EMS) for 

(qualitatively) probing the molecular conformation.6 A most common (but risky) 

practice in this research field has consisted therefore in inferring the relative 

energy order and/or the relative abundances of conformers from a fitting of 

theoretical simulations employing standard Kohn-Sham orbitals onto 

experimental electron momentum profiles.8-11 

However, as with any ionization spectroscopy, EMS experiments in vacuum are 

subject to many complications, and their interpretation requires extensive 
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theoretical work if it has to have any value at all. Remembering the basic 

postulates of quantum mechanics, in particular, the probabilistic (Born) 

interpretation of (the square of) many-electron wave functions, and the 

(quantum mechanical) definition of most orbitals as eigenfunctions of effective 

(Hückel, Hartree-Fock, Kohn-Sham, etc.) one-electron Hamiltonian operators, 

one may rightly wonder whether the idea of “orbital imaging” is a provocation14 

or a modern adaptation (“imaging” or “imagining” orbitals?14) of the everlasting 

dilemma “to be or not to be”. Do orbitals exist and can they be experimentally 

“reconstructed”? 

In the context of EMS experiments, the idea of “orbital imaging” does bear 

relationships with some physical reality. The Born, electron binary encounter, 

weak coupling, and plane wave impulse approximations are most usually 

invoked for interpreting these experiments and justify, within an exact many 

electron theoretical framework and a vertical depiction of ionization, a mapping 

of experimental (e, 2e) electron momentum distributions obtained at high 

electron impact energies, under non-coplanar symmetric kinematics, onto 

spherically averaged and resolution-folded Dyson orbital momentum 

distributions. In this framework, Dyson orbitals15 are defined as partial overlaps 

between many-electron wave functions for the neutral ground state and the final 

ionized state. In most applications of the theory onto one-electron ionization 

bands, experience with advanced many-body treatments and comparison with 

calculations employing density functional theory (DFT) show that, in practice, 

(normalized) Dyson orbitals can be rather accurately (but empirically) 

approximated by standard Kohn-Sham orbitals.16,17 A first complication in the 

interpretation of EMS experiments often takes the form of a very strong 

dispersion of the ionization intensity over secondary shake-up lines that relate to 
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electronically excited configurations of the cation and which may very 

substantially alter the electron momentum densities that are inferred from (e, 

2e) ionization intensities at specific electron binding energies.7,17 When the 

molecular target contains one or several rotatable bonds, another difficulty 

pertains to the usually rather strong influence of the molecular conformation 

onto electron binding energies.7,18 

Overlooking these difficulties may lead to astonishing contradictions7 with 

elementary thermodynamics and other experimental determinations of the 

molecular structure. When the plane wave impulse approximation breaks down, 

the (e, 2e) ionization cross sections relate to mathematical transforms19 

involving distorted waves described as linear combinations of Coulomb waves,20 

in which case the experimentally inferred momentum distributions exhibit a 

significant dependence21 on the kinetic energy of the impinging electron. At last, 

a recent EMS study of cyclopropane22 seems to point out that Jahn-Teller 

distorsions, that is, ultrafast nuclear dynamics in the final state, may also lead to 

significant and recognizable fingerprints in the observed momentum 

distributions. Ultrafast nuclear dynamical processes, in the form of a cage 

fragmentation and a Coulomb explosion, have also been previously invoked in 

order to explain a tremendously strong rise of (e, 2e) ionization intensities at 

low momenta23 in EMS experiments at the double ionization threshold of 

norbornane.24 As shall be emphasized in the present contribution, significant 

deviations from a vertical picture of ionization can be safely identified from 

electron momentum distributions, provided the consequences of each 

approximation in the model are checked, either on experimental or theoretical 

grounds. 
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The molecular target in the present work is ethanol, probably the most useful 

organic molecule to mankind as a solvent, environmental friendly fuel,25 and, 

last but not least, an essential component of wine. Experiments on this 

compound at various electron impact energies by means of an EMS 

spectrometer of the third generation26 have been presented recently12 and 

analyzed13 according to the guidelines proposed in ref 4 or ref 18. In a first step, 

the (e, 2e) ionization spectra were thus unraveled on the grounds of quantitative 

calculations, within ~0.2 eV accuracy, of valence one-electron and shake-up 

ionization energies and of the related Dyson orbitals15 using the one-particle 

Green’s function (1p-GF) theory27 in conjunction with the so-called third-order 

algebraic diagrammatic construction scheme [ADC(3)],28 as well as large basis 

sets incorporating diffuse functions. In the next step, thermally and spherically 

averaged momentum distributions at specific electron binding energies were 

computed from the corresponding Dyson orbitals, taking thereby into account 

the influence of the molecular conformation on electron binding energies and 

using conformer weights derived from other experiments or thermostatistical 

calculations29 that account for the influence of hindered rotations.30 These 

thermostatistical calculations were based on highly accurate estimates by Kahn 

and Bruce,31 close to the full CI limit and incorporating corrections for scalar 

relativistic effects, of conformational energy differences. These led to estimates 

of 0.61 and 0.39 for the molar fractions characterizing the gauche (C1) and anti 

(Cs) conformers at room temperature, respectively, in almost perfect match with 

the conclusions drawn32 from a variety of spectroscopic (IR, microwave, core 

XPS) determinations of the molecular structure of ethanol, either in the gas 

phase or in highly diluted CCl4 solutions. Using these molar fractions for 

computing resolution-folded, spherically, and thermally averaged Dyson orbital 
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momentum distributions enabled us in turn12,13 to rather accurately reproduce 

the momentum profiles characterizing most resolvable bands in the (e, 2e) 

ionization spectrum up to and beyond the shake-up onset at an electron binding 

energy of ~24 eV. 

Nevertheless, despite the high order attained in the treatment of electron 

correlation and relaxation, this first model based on the assumption of thermal 

equilibrium between two energy minima severely failed in quantitatively 

reproducing the experimental momentum distribution associated with the 

highest occupied molecular orbital (HOMO). The extremely limited dependence 

of the momentum distributions on the electron impact energy12 rules out the 

possibility of a significant enough breakdown of the plane wave impulse 

approximation. In view of the very strong influence of the rotation of the 

hydroxyl group on the momentum distribution of the HOMO12,13 and the extreme 

flatness of the conformational energy map of ethanol, it has been conjectured 

that this particularly pronounced discrepancy between theory and experiment 

could be the outcome of dynamical disorder,12,13 that is, significant departures 

from the energy minima in the neutral ground state, due to temperature effects 

and internal molecular motions. According to MP4 calculations by Senent et al.,33 

ethanol is characterized indeed by exceedingly low hydroxyl torsion barriers, 

ranging from 404.1 cm-1 (1.15 kcal/mol) to 423.3 cm-1 (1.21 kcal/mol), in 

practically perfect match with the results (1.15 kcal/mol) obtained for these 

barriers by a fitting of an asymmetric potential function onto observed torsional 

transitions in far-IR spectra.34 

The possibility of some experimental artifact is ruled out on the experimental 

side because almost identical results to those published by Ning et al. in ref 12 
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have been independently presented in a Ph.D. thesis at the University of Hefei, 

in Anhui, China, under the supervision of Prof. X. J. Chen.35 

According to figures presented in this latter work and as was suggested in our 

previous contributions12,13 already, an excellent match between theory and 

experiment is amenable for the HOMO of ethanol by considering relative 

abundances of 80% and 20% for the gauche (C1) and anti (Cs) conformers, 

respectively. Before all, in order to emphasize the dangers that are inherent to 

such fitting procedures, we invite the reader to consider Figure 1, in which 

results of chapter 4 are reemployed in order to simulate the electron momentum 

profiles characterizing the six outermost ionization bands in the (e, 2e) 

ionization spectra of ethanol12 using various and arbitrary C1/Cs conformer ratios 

along with experimental (e, 2e) ionization intensities that were rescaled on a 

band per band basis. A C1/Cs ratio of 80/20 is not only irrelevant from a 

thermodynamic viewpoint, it also fails in providing consistent insights for all 

ionization bands. Indeed, it is clear, upon examining Figure 1, that fitting theory 

onto the experimental results for the HOMO implies a deterioration of the quality 

of the theoretical predictions for most other bands. One noticeable exception 

pertains to the third band at 13.6 eV, for which the best agreement is obtained 

by using a C1/Cs ratio of 4. This is most certainly the consequence of rather 

strong overlaps with bands (2) and (4) at 12.4 and 15.8 eV and of the very 

strong conformational dependence of the ionization energy characterizing two 

orbitals in this range of electron binding energies (see Figure 2 in ref 13), which 

makes the analysis of ionization intensities in this energy region particularly 

cumbersome. 
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Figure 1. Evolution of the Dyson orbital momentum distributions characterizing, at the 

ADC(3)/cc-pVDZ++ level,12 the six outermost ionization bands in the (e, 2e) 

measurements by Ning et al. at E0 = 1.2 keV upon various C1 to Cs ratios of conformer 

abundances and comparison with the experimentally inferred profiles.12 
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Clearly, improved structural and dynamical models are required for enabling 

consistent insights into the experimental electron momentum distributions, and 

this throughout the valence ionization spectrum of ethanol. 

Our present purpose is therefore to examine in detail the influence of nuclear 

dynamics, both in the initial ground state and in the final ionized state, on the 

outermost electron momentum distribution characterizing ethanol in (e, 2e) 

electron impact ionization experiments. In a first step, thermal averaging of the 

momentum profile for this level is extended to large sets of model molecular 

structures containing up to 1728 entries, in order to account for all possible 

transitions between the two energy minima of the molecule of interest through 

the interplay of combined hydroxyl and methyl rotations. In the next step, the 

influence of geometrical relaxation effects is qualitatively investigated in the final 

state on the grounds of calculations employing Born-Oppenheimer molecular 

dynamics (see chapter 1).36 The final picture that emerges from these 

calculations is that both aspects of nuclear dynamics need to be considered for 

reconciling theory with experiment. 

 

5.2 Computation Section. 

 

In this work, we simulate the outcome of EMS experiments performed upon 

ethanol using a standard (e, 2e) noncoplanar symmetric kinematical setup at an 

electron impact energy of 1.20 keV above the vertical ionization energy 

threshold (VIE ~10.88 eV). For the sake of conciseness, we must refer the 

interested reader to textbooks and previous works1,4-7,13 for detailed 

presentations of the underlying theory (see also chapter 1). According to the 

characteristics of the employed (e, 2e) spectrometer,12 the relevant parameters 



 

for the momenta of the impinging and outgoing electrons 

0.271105(1200 + VIE)1/2 au (1 au =

0.5292 Å) and p1 = p2 = 6.64077 au, respectively (

Figure 2. Structural characterization and main torsional

target. 

 

In view of the employed kinematics, which favors clean knocked

processes, and because of the very limited dependence of the (e, 2e) ionization 

cross sections onto the impinging kinetic energy, as we

spectroscopic strength for the outermost ionization process, we can safely 

invoke the binary (e, 2e) encounter, plane wave impulse, and target Kohn

approximations,1 in conjunction with calculations employing DFT

standard Becke three-parameter Lee-
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for the momenta of the impinging and outgoing electrons amount to p0 = 

= 1 a0
-1, with a0 as the Bohr radius, i.e., 

6.64077 au, respectively (E1 = E2 = 600 eV). 

 

Structural characterization and main torsional characteristics of the molecular 

In view of the employed kinematics, which favors clean knocked-down collision 

processes, and because of the very limited dependence of the (e, 2e) ionization 

cross sections onto the impinging kinetic energy, as well as the large 

spectroscopic strength for the outermost ionization process, we can safely 

invoke the binary (e, 2e) encounter, plane wave impulse, and target Kohn-Sham 

in conjunction with calculations employing DFT37 and the 

-Yang-Parr (B3LYP) functional.38 The target 
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Kohn-Sham approximation is perfectly justified in this case because of the 

almost perfect match between the (normalized) Dyson ADC(3) and Kohn-Sham 

(B3LYP) momentum distributions characterizing the highest occupied molecular 

orbitals of the two conformers.12,13 In the present work, we will thereby evaluate 

the dependence upon the azimuthal angle, that is, the electron momentum 

dependence, of the (e, 2e) ionization cross sections for the lowest ionized state 

of ethanol, according to spherically averaged and resolution-folded structure 

factors obtained from the square of the Fourier transforms of standard B3LYP 

Kohn-Sham orbitals. 

Most results presented in this work have been obtained according to single-point 

DFT calculations using the B3LYP functional, in conjunction with Dunning’s 

augmented correlation-consistent polarized valence basis set of triple-ζ quality39 

(i.e., the B3LYP/aug-cc-pVTZ level). These calculations have been performed 

upon (//) geometries that were optimized at the B3LYP/aug-cc-pVDZ level, 

under the constraint of fixed torsional parameters (Figure 2), in order to enforce 

controlled rotations of the hydroxyl and methyl groups. From here and 

henceforth, these rotations will be defined according to the following dihedral 

angles: α = 180° - τ(C1-C2-O3-H4) and θ = 180° - τ(H5-C1-C2-O3). According to 

this definition, note that the global energy minimum (Cs, trans) form of ethanol 

is characterized by α = θ = 0.0°, whereas the gauche conformer, of C1 

symmetry, is characterized by α = 118.3° and θ = 2.4° (B3LYP/aug-cc-pVTZ 

results). 

In the sequel, comparison will be made between three different structural 

models of the molecule in its neutral electronic ground state. The first model is 

the static one used in refs 12 and 13, which is based on the assumption that 

thermodynamical equilibrium prevails between the two energy minima, 
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assuming thereby C1 and Cs molar fractions of 0.607 and 0.393, respectively [all 

results obtained by means of this model pertain to fully optimized B3LYP/aug-cc-

pVTZ geometries (Table 1 and Figure 2)]. 

 

In the second or third models, referred further to as the one- or two-dimensional 

(1D or 2D) models, we consider thermal averaging over a set of 72 model 

structures characterized by α angles ranging from -180 to 175° in steps of 5° or 

over a set of 1728 model structures characterized by α angles ranging from -180 
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to 175° and by θ angles ranging from -55 to +60°, again in steps of 5°. The 

torsional modes are considered to be independent structural parameters and to 

define therefore fixed (or “clamped”) independent nuclei configurations within 

the framework of the Born-Oppenheimer approximation. This assumption about 

the independence of the α and θ parameters allows us to compute conformer 

weights at room temperature (T = 298.15 K) according to Boltzmann statistical 

thermodynamics (kB = 1.38054 10-23 J K-1), that is 
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where the sum over i runs over the above-defined sets of configurations. The 

employed force fields derive from the parametrization by Senent et al. against 

highly accurate single point calculations of the corresponding 1D (hydroxyl) or 

2D (hydroxyl and methyl) torsional energy curves (see eqs 11 and 14 in ref 33) 

at the level of fourth-order Møller-Plesset perturbation theory incorporating 

double, triple, and quadruple substitutions [MP4(SDTQ, Full)], upon MP2 

geometries, in conjunction with Dunning’s correlation-consistent basis set of 

triple-ζ quality (cc-pVTZ). 

Summarizing our methodology so far, spherically averaged Dyson orbital 

momentum distributions have been computed for the highest occupied 

molecular orbital using the above conformer weights for thermally averaging the 

individual conformer contributions. The latter were specifically obtained 

according to the target KS approximation and single-point calculations of the 
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electronic wave function at the B3LYP/aug-cc-pVTZ level, upon B3LYP/aug-cc 

pVDZ fully optimized geometries, under the constraint of fixed torsional (α, θ) 

parameters. We note here that our analysis of the influence of molecular 

dynamics in the ground state is greatly facilitated by the fact that with all 

selected “clamped” nuclear configurations, the HOMO remains well isolated and 

lies at ~1.6 eV above the next orbital. Also, its energy remains almost 

independent of the molecular conformation. In view of an experimental energy 

resolution of ~0.6 eV,12 there is thus in this case clearly no risk of spectral 

contamination by shake-up lines and overlap with higher-lying ionization bands. 

The last step that is required for a consistent analysis of the influence of ground-

state nuclear dynamics on the experimentally inferred momentum densities 

implies resolution folding of the finally obtained thermally and spherically 

averaged momentum distribution. This has been achieved by means of a 

procedure employing Monte Carlo simulations40 in order to account for the 

limited experimental resolution in momentum space. In line with the 

characteristics of the previously employed experimental set up, we retained a 

tolerance of ± 0.84 and ± 0.57° on the azimuthal and polar angles, respectively, 

which implies a momentum resolution of ∆p ~0.16 au (FWHM) or ~0.069 au 

(one standard deviation) at an impact energy of 1.2 keV. We independently 

checked on the 1D model that thermal averaging of resolution-folded, 

spherically averaged momentum profiles gave virtually identical results, as it 

should. 

A preliminary and mainly qualitative study of nuclear dynamical (i.e., molecular 

relaxation) effects in the final state and of their influence on the outermost 

electron momentum distribution is thereafter presented on the same theoretical 

and methodological grounds according to (1) optimizations of the geometry of 
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the radical cation at the B3LYP/aug-cc-pVTZ level (Table 1), (2) a scan, at the 

B3LYP/aug-cc-pVDZ level, of the potential energy surface of the radical cation of 

ethanol over the above 2D series of (α, θ) torsion angles, and, at last, (3) Born-

Oppenheimer molecular dynamical (BOMD) calculations,36 at the same 

B3LYP/aug-cc-pVDZ level, of the evolution in time of the system immediately 

after ionization. The trajectory step size was set to 0.250 au, the Bulirsch-Stoer 

method was used for the integration scheme,41 along with an integration step 

size of 0.2 fs, and a fifth-order polynomial fit in the integration correction 

scheme was used. All BOMD trajectory calculations have been performed at 0 K. 

We thereby neglect thermal motions in the final ionized state, that is, we 

assume that the only source of kinetic energy immediately after ionization 

exclusively arises from potential energy gradients. This approximation is 

perfectly justified when comparing the extent of thermal fluctuations at room 

temperature (kBT ~25 meV) with ionization energies larger than 10 eV and an 

energy resolution on the order of 0.6 eV.12 

The alterations that the electronic wave function undergoes during these nuclear 

relaxation processes have been correspondingly quantified at the same level, 

according to calculations of atomic charges and Wiberg bond orders,42 within the 

framework of a natural bond orbital (NBO, see chapter 1) theory.43 Total bond 

orders have been calculated by summing the values derived from the α- and β-

spin electron densities in the matrix of Wiberg indices (see chapter 1).44 
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Figure 3. Conformational energy map and related conformer distributions, according 

to the force field by Senent et al.33 
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5.3 Results and Discussion. 

 

5.3.1 Orbital Imaging of Molecular Dynamics in the Neutral Ground State. A plot 

of the conformational energy map of ethanol is presented in Figure 3, according 

to the parametrization by Senent et al.,33 along with the conformer abundances 

that were correspondingly computed according to eq 2. Note that by virtue of 

the selected range of α-angles, the double multiplicity of the energy minimum 

accounting for the gauche (C1) conformer is explicitly accounted for. It is 

immediately apparent that the extreme flatness of this potential energy surface 

and the very low energy barriers for the trans-gauche and gauche-gauche 

conversions, which amount to 404.1 (1.15 kcal/mol) and 423.3 cm-1 (1.21 

kcal/mol), result in an extremely strong broadening of the conformer 

distributions around energy minima. Close to these minima, the broadening 

appears to be “isotropic”, that is, on the same order of magnitude, with respect 

to the hydroxyl and methyl rotations. Note, in particular, that the relative 

abundances of conformers in the transition regions are small but not 

insignificant at room temperature. For instance, regardless of symmetry and 

multiplicity factors, the weight of the (α = 60°, θ = 0°) nuclear configuration at 

298 K amounts to 14%, relative to the abundance of the trans (Cs) global 

energy minimum. This observation certainly motivates detailed and systematic 

investigations of the influence of the rotation of the hydroxyl and methyl groups 

on the momentum distributions characterizing the HOMO for each conformer in 

the selected ensembles. 
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Figure 4. Evolution of the outermost momentum profile of ethanol as a function of the 

hydroxyl (α) torsion angle (B3LYP/aug-cc-pVTZ//B3LYP/aug-cc-pVDZ results). 

 

In Figure 4, we disclose in a three-dimensional plot the spherically averaged 

electron momentum profile of the HOMO as a function of the α (hydroxyl) 

torsion angle at two different values (30 and 60°) for the θ (methyl) torsion 

angle. This figure confirms the extremely strong influence of hydroxyl rotation 
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on the outermost electron momentum profile,12,13 in particular, at low momenta. 

In both cases, the maximal turn-up in the electron momentum density 

characterizing the HOMO at p → 0 is observed when α = ± 90.0°.12 It is thus 

here certainly worth noticing that, relative to the global energy minimum (Cs) 

form, the weight of the (α = 90°, θ = 0°) nuclear configuration amounts to 

~33%, regardless of the double multiplicity of this nuclear configuration. In 

contrast, and in line with the A” and thus p-type symmetry of the HOMO of 

ethanol in the trans (Cs) form, the corresponding momentum orbital density at p 

→ 0 au almost identically vanishes when α = 0°,12,13 despite the release of 

symmetry constraints due to departures from θ = 0°, that is, methyl rotations. 

The latter observation already sheds some light on the results displayed in 

Figure 5, in which spherically averaged orbital densities are plotted at two 

specific values of the electron momentum parameter as a function of the α 

(hydroxyl) and θ (methyl) torsion angles. This figure confirms in both cases that 

the momentum profile characterizing the HOMO is extremely sensitive to 

rotations of the hydroxyl group, whereas rotations of the methyl group appear to 

have only marginal consequences. 

The rationale for these observations is to be found in the contour plots that are 

presented for various nuclear configurations in Figure 6. In line with these 

observations, it is clear that rotations of the methyl group have almost no 

influence on the topology and spread of the highest occupied molecular orbital, 

which pertains essentially to a rather strongly localized oxygen lone pair. When 

α lies at around 0 or 180°, some delocalization is observed on the vicinal C-H 

bonds as a result of anomeric interactions between the oxygen lone pair and the 

emptied σ* (C-H) orbital, according to a localized (e.g., NBO) depiction of 

chemical bonds. 
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Figure 5. Evolution of the spherically averaged outermost momentum density of ethanol 

at specific values of the target electron momentum (p) as a function of the hydroxyl (α) 

and methyl (θ) torsion angles (B3LYP/aug-cc-pVTZ//B3LYP/aug-cc-pVDZ results). 

 

In contrast, when α lies at around 90°, delocalization extends onto the central 

C-C bond, this time because of anomeric interactions with the associated σ* 

orbital. 
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These changes in the delocalization pattern of the HOMO when α evolves from 0 

to 90° and the conversion thereby of two perpendicular nodal surfaces (dxy 

topology, i.e., A” symmetry under the Cs point group) into two or three apparent 

parallel nodal surfaces (~dz
2 or ~fz

3 topology, with an effective mirror symmetry 

with respect to the C1-C2-O3 plane) are most clearly at the origin of the reversal 

of the outermost electron momentum distribution from a p-type to a mixed s-p-

type profile, characterized by one minimum, at p ~0.0 and 0.6 au, and by one 

and two maxima, at p ~0.6 au and 0.0 and ~1.1 au, respectively. MO topologies 

and anomeric interactions provide therefore a straightforward explanation of the 

maximal turn-up of the outermost electron momentum densities at p → 0 when 

α ~90°. 

In view of the results displayed in Figures 3 and 4, it is most natural to expect a 

strong influence of molecular dynamics in the electronic ground state on the 

momentum densities that were experimentally reconstructed from an angular 

analysis of the (e, 2e) ionization cross sections. The final results of our study so 

far are presented in Figure 7, in the form of resolution-folded, spherically, and 

thermally averaged momentum distributions, according to the three structural 

models of ethanol presented in the preceding section. Clearly, the three models 

provide essentially similar results, because of an accidental (and, thus, a priori 

unpredictable) cancellation of all of the changes in the momentum profile which 

occur with the rotation of the hydroxyl group as α evolves from 0 to 180° 

(Figure 4; see also Figure 4 in ref 12). Note furthermore that the 1D and 2D 

thermal averages provide strictly identical results, an observation which is in line 

with the oxygen lone pair nature of the HOMO. Whatever the employed model 

for describing the structure of ethanol in the gas phase, the agreement between 

all theoretical results and the experimental results by Ning et al.12 remains 
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highly deceptive. Lacking other reliable explanations, ultrafast nuclear dynamics 

in the final ionized state must be invoked for explaining this most puzzling 

discrepancy with experiment. As shall be seen in the next section, thermal 

motions in the neutral ground state appear nonetheless to be a key ingredient 

for unraveling nuclear dynamics after ionization, and the reader may already be 

reassured that the results of the present section will find their place in the final 

interpretation. 

Compared with deeper-lying orbitals, ionization of the highest occupied 

molecular orbital of ethanol is expected, in view of its stronger localization as an 

oxygen lone pair, to result into stronger, and thus faster, relaxation processes. 

This is certainly true from an electronic viewpoint, as a comparison of 

Koopmans’ and OVGF (outer valence Green’s function) estimates of electron 

binding energies demonstrates (Figure 8). Whereas electronic correlation and 

relaxation corrections amount to a lowering by ~1 eV for the HOMO (13a, alias 

3a” orbital for the Cs form), the shift downward does not exceed 0.7 eV for the 

HOMO-1 (12a, alias 10a′) and HOMO-2 (11a, alias 2a”) levels. 

Prior to considering the consequences of geometrical relaxations in the final 

state, one may wonder whether this discrepancy between theory and 

experiment could not be explained by highly fancy scenarios involving tunneling 

effects or the formation of molecular clusters. It is, in our opinion, extremely 

unlikely that such scenarios will quantitatively improve our understanding of 

EMS experiments on ethanol. 
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Figure 6. (Previous page) Evolution of the highest occupied molecular orbital (HOMO) of 

ethanol as a function of the hydroxyl (α) and methyl (θ) torsion angles (B3LYP/aug-cc-

pVTZ//B3LYP/aug-cc-pVDZ results). 

 

Indeed, according to results by Shundalov et al.,45 tunneling wave packet 

dynamics in π-periodic potentials, which are very much comparable to that 

describing the hydroxyl rotation in ethanol, occurs within a time scale on the 

order of 333 ps, to compare with thermal conversion rates on the order of 5.6 

transitions per picoseconds at 298 K, according to an application of elementary 

transition-state theory onto barriers on the order of 1.15 kcal/mol. Tunneling 

occurs thus at a much too slow pace to have really some significance. Also, the 

corresponding energy splitting is extremely minute, on the order of a few cm-1, 

and can usually only be detected with microwave spectroscopy.46 

The formation of dimers of ethanol molecules is energetically favored in view of 

a binding energy of ~5.0 kcal/mol (MP2/6-311++G(3df,2p) result, including 

counterpoise and vibrational zero-point corrections47) but remains most 

improbable under high-vacuum conditions because of highly unfavorable entropy 

effects. Very specific conditions, as for instance in supersonic molecular 

beams,48 need to be met for experimentally studying such clusters. Besides, the 

formation of dimer complexes should tremendously affect the ionization 

spectrum and the related (canonical) electron momentum distributions, not only 

for the HOMO but throughout the valence region. This is obviously at odds with 

experimental evidence (see, e.g., Figure 1). 
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Figure 7. (Previous page) Comparison against the experimental profile at E0 = 1.2 keV
12 

of resolution-folded and spherically averaged momentum density distributions for the 

HOMO, obtained using three different models for thermal averaging (see Computation 

Section) or the results of restricted (closed-shell) B3LYP/aug-cc-pVTZ calculations upon 

the geometry characterizing the (α = 90°, θ = 0°) configuration on the potential energy 

surface of the neutral or upon the relaxed geometry of the radical cation. Note in the latter 

case that the particularly strong enhancement of the momentum densities at p → 0 and 

1.1 au reflects a very significant stretching of the C1-C2 bond. 

 

 

Figure 8. Comparison of HF (Koopmans’s theorem) and OVGF estimates for the electron 

binding energies characterizing the three outermost orbitals of ethanol, as a function of 

the hydroxyl (α) rotation angle. 
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5.3.2 Orbital Imaging of Molecular Dynamics in the Final Ionized State. Oxygen-

containing radical cations are known, for a long time already, to exhibit unusual 

C-C bonds as long as 2.0 Å,49 and, whatever the employed theoretical model, 

ethanol makes no exception to the rule (ref 50; see also Table 1). For this 

compound, whatever the starting geometry, an adiabatic ionization process does 

not only result in a highly significant lengthening of the C-C bond but also in 

considerable changes of the torsion characteristics, in the form of a rotation of 

the hydroxyl group to α = 86°. These structural alterations induce, in turn, 

extremely significant alterations of the underlying electron densities, in the form 

of an overwhelmingly strong turn-up of the (normalized) outermost electron 

momentum density at p → 0.0 and p ~1.1 au (Figure 7). It is, in particular, very 

clearly apparent from the latter figure that such a lengthening of the C-C bond 

will strongly enhance the changes that occur in the momentum density upon 

rotation of the O-H group at α ~90°. The final outcome of an adiabatic (i.e., on 

an infinitely long time scale) transition at 0 K would be an increase by a factor of 

~4 (!) of the spherically averaged and resolution folded orbital density at p → 0, 

compared with a vertical depiction of ionization upon thermally averaged sets of 

molecular structures at 298.15 K. In view of this most impressive result and 

despite the very limited time scales under which (e, 2e) electron impact 

ionization events at high kinetic energies are expected to take place, it is more 

than reasonable to admit that even incomplete (i.e., on short time scales) 

geometrical relaxation effects could account for the discrepancies that are 

observed between theory and experiment for the electron momentum density 

characterizing the HOMO. Precise estimates of these time scales remain highly 

elusive for the moment. At this stage, it suffices to note that evidence starts to 

accumulate in the EMS literature22-24,51 regarding significant deviations from 
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vertical depictions of ionization in (e, 2e) processes, possibly as a result of a lack 

of resolution in time in measurements of electron counts that need to be 

performed in coincidence. 

Prior to investigating nuclear dynamics in the final state, it is useful to compare 

(Figure 9) the conformational energy maps of ethanol in its neutral ground state 

and its vertical as well as adiabatic ionized states. The energy map displayed in 

Figure 9a is the result of B3LYP/aug-cc-pVDZ geometry optimizations for the 

neutral under the constraint of fixed torsional (α, θ) characteristics. Note that 

this map is essentially the same as that inferred by Senent et al.33 at the 

MP4/cc-pVTZ//MP2/ccpVTZ level, except for a reduction of the global energy 

scale by ~10%. The energy map displayed in Figure 9b is the result of single-

point B3LYP/aug-cc-pVDZ calculations for the radical cation on the geometries 

that were optimized for the neutral, again under the constraint of fixed torsional 

(α, θ) characteristics. 

Except for a reduction of the energy scale and a substantial flattening around 

minima, this map is qualitatively the same as the one for the neutral. Since 

forces and accelerations are determined by energy gradients, it is then rather 

clear that the torsional characteristics of the trans and gauche energy minima in 

the conformational energy map of the neutral are not going to be 

straightforwardly affected by the (instantaneous) removal of an electron in the 

HOMO. In line with this remark, examination of Figure 9c is particularly 

instructive. In this figure, we present the results of geometry optimizations for 

the radical cation, again at the B3LYP/aug-cc-pVDZ level and once more under 

the constraint of fixed torsional (α, θ) characteristics.  
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Figure 9. (Previous page) Comparison of the conformational energy map of ethanol (a) in 

its neutral ground state, (b) in its vertical ionized state, (c) and in its adiabatic ionized 

state (B3LYP/aug-cc-pVDZ results). 

 

It is clear that, after ionization and a readjustment of all bond lengths and 

angles, the gauche conformers (α = ± ~120°) are found to lie near high-lying 

transition states, whereas the trans conformer (R = 0°) strictly coincides with a 

low-lying transition state. There is also obviously only one non redundant energy 

minimum (|α| = 86°) on the conformational energy map of the radical cation. 

From Figures 9b and c, it is thus already possible to guess that rotations of the 

hydroxyl group toward the α = 86° position are a necessary prerequisite for a 

significant lengthening of the C-C bond and further enhancements thereby of the 

outermost electron momentum density at p → 0 au! 

To investigate this point in more detail, we consider in Figure 10 the changes 

that occur relative to the neutral and at the B3LYP/aug-cc-pVDZ level in the 

energy as well as in the C-C and C-O bond lengths upon optimization of the 

geometry of the radical cation, again under the constraint of fixed α and θ 

angles. Quite clearly, the molecular relaxation processes will not be affected 

very much by rotations of the methyl group. It is also most obvious that 

maintaining α torsion angles at around 0° will prevent strong relaxation effects, 

that is, fast nuclear dynamics. The strongest (or fastest) molecular relaxation 

processes will clearly be associated with torsions of the hydroxyl group to α = ± 

86°, a position at which these processes take the form of a lengthening of the C-

C bond by ~0.25 Å, and, correspondingly, a shortening of the C-O bond by 0.1 

Å.  
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Figure 10. (Previous page) Evolution of the (a) relaxation energy and (b, c) changes in 

the C1-C2 and C2-O3 bond lengths as a function of the α (hydroxyl) and θ (methyl) torsion 

angles (B3LYP/aug-cc-pVTZ//B3LYP/cc-pVDZ results). 

 

In view of the results displayed in Figures 9 and 10, it is thus most useful to 

remember that thermal motions in the ground state significantly populate the 

nuclear configurations characterized by hydroxyl torsion angles at around α = ± 

90°. 

At the B3LYP/aug-cc-pVTZ level, the molecular relaxation processes result in an 

energy lowering by at least 0.35 eV (3200 cm-1) compared with the neutral and 

in a shift of the outermost electron density from the oxygen lone pair region 

toward the central C-C bond and the methyl group (Figure 11). This charge 

migration exacerbates the nodal characteristics which characterize the anomeric 

interactions in the highest occupied molecular orbital and explains therefore the 

very strong enhancement of the related electron momentum density at p → 0.0 

and ~1.05 au compared with the neutral configuration at α ~90°. Since the 

ionized orbital is an oxygen lone pair, this displacement of the electron density 

away from the oxygen atom may at first glance seem counterintuitive. 

Examination of the differences of the NBO atomic charges reported in Table 2 

shows that immediately after a vertical ionization event on the trans conformer, 

the created electron hole is merely localized on the oxygen atom and on the 

vicinal C2-H8 and C2-H9 bonds. After relaxation of the molecular structure of the 

radical cation, the hole very significantly delocalizes onto the carbon atom in the 

methyl group, reflecting thereby a displacement of the total electron density 

toward the oxygen atom. In straightforward analogy with studies of orbital 

displacements in model hydrogen chains placed under electric fields of 
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increasing strength,52 indicating a counter field polarization of the HOMO, the 

changes that the HOMO undergoes under ionization and stretching of the C1-C2 

bond in ethanol are the results of “push-pull effects” and an avoided crossing in 

order to minimize exchange repulsions (Fermi correlation) with the other 

occupied molecular orbitals. 

 

Figure 11. Structural, energetic, and electronic consequences of an adiabatic ionization 

process in ethanol; (a) C1 (gauche) conformer, (b) Cs (trans) conformer, (c) radical cation, 

and (d) singly occupied molecular orbital of the radical cation (B3LYP/aug-cc-pVTZ 

results). 
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Figure 12. Time evolution of the main structural characteristics of ethanol+• as a function 

of the initial α (hydroxyl) rotation angle, according to an analysis of BOMD trajectories 

(B3LYP/aug-cc-pVDZ results). 
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Examination of the results (Figure 12) of BOMD calculations at 0 K on the 

B3LYP/aug-cc-pVDZ potential energy surface of ethanol+• at starting values of α 

ranging from 0 to 180° in steps of 5° beautifully confirms these predictions (in 

these calculations, the starting value of θ has been systematically set equal to 

0°). In our simulations, the starting kinetic energy is set equal to 0, and it is 

therefore easy to understand from symmetry considerations, and by virtue of 

Hellmann-Feynman theorem53,54 (see chapter 1), that no change in the torsional 

characteristics is expected to arise if both α and θ are originally set equal to 0° 

(Cs symmetry). 

When the initial value of α slightly differs from 0°, significant stretchings and 

shortenings of the C-C and C-O bonds are delayed until the hydroxyl rotation 

angle α collapses to values around 90°. In contrast, extremely strong oscillations 

in the C-C and C-O bond lengths start immediately after ionization, with periods 

on the order of 40 and 100 fs, respectively, when the initial configuration for the 

radical cation is characterized by a α torsion angle ranging from ~60 to ~120°. 

In this case, we also note strong oscillations of the α torsion angle, from 0 to 

120°, with periods on the order of ~100 fs. Note that the adiabatic configuration 

[R(C1-C2) = 1.76 Å] is reached after an extremely short time interval of ~13 fs, 

when the initial configuration exhibits an α torsion angle equal to 90°. In view of 

the energy scales of Figures 3a and 9a, it may be assumed that steeper energy 

gradients, and thus faster nuclear dynamics, are to be expected upon 

quantitative improvements of the underlying conformational energy maps. 

Whatever the quality of the underlying potential energy surface, these BOMD 

calculations confirm already the statement that strong deviations from energy 

minima due to thermal motions in the electronic ground state represent an 

important prerequisite for ultrafast nuclear dynamical motions in the final 
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ionized state, which are, in turn, susceptible to yield significant fingerprints in 

the outermost electron momentum density of ethanol. Considering that a 

stretching of the C1-C2 bond by ~0.25 Å in 13 fs only enables an increase of the 

outermost electron momentum distribution at p → 0 au by ~70%, compared 

with the results obtained for the neutral (α = 90°, θ = 0°) configuration (Figure 

7), we may grossly infer from the computed trajectories that a stretching of the 

C1-C2 bond by ~0.10 Å over an effective time scale of ~8 fs only (Figure 13) 

could bring the missing 40% of relative ionization intensity in Figure 1, and 

enable thereby a more quantitative match between theory and experiment. 

In practice, due to the lack of energy resolution (0.6 eV) in EMS experiments at 

the ionization threshold, there will always be huge excesses in energies, in the 

form of vibrations, which will quickly convert into dissociation energies. In line 

with evidence from mass spectrometry measurements55,56 and the structural 

consequences of the removal of an electron from the HOMO, one of the most 

likely reaction channels pertains to dissociation of the ethanol radical cation, 

(CH3···CH2OH)+•, into a methyl radical (CH3
•) and a protonated form of 

formaldehyde (H2C=O-H+). Starting from the energy minimum on the potential 

energy surface of the radical cation, at R(C1-C2) = 1.76 Å, we investigate in 

Figure 14 the evolution of the HOMO under further stretching of the C1-C2 bond, 

up to the transition region56 at ~R(C1-C2) = 5.26 Å, corresponding to an energy 

barrier on the order of 18.2 kcal/mol relative to the energy minimum, on the 

path leading to the dissociation products. From this figure, it is immediately 

apparent that the displacement of the outermost electron densities toward the 

C-C bond and methyl group, which the rise of experimental (e, 2e) ionization 

intensities at p → 0 most certainly reflects, corresponds to the very first stages 
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of the charge (electron) transfer from the oxygen lone pair to the central C-C 

bond and to the methyl group, which the breaking of the C1-C2 bond induces. 
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Figure 13. (Previous page) Relative (e, 2e) ionization intensity behavior at p → 0 as a 

function of the C1-C2 bond length in the ethanol radical cation for the SOMO (B3LYP/aug-

cc-pVTZ results). Time scale estimation is also displayed for the recovered intensity. 

 

 

Figure 14. Evolution of the singly occupied molecular orbital (SOMO) of the ethanol 

radical cation as a function of the C1-C2 bond length (B3LYP/aug-cc-pVDZ results). 

 

Up to very large C1-C2 distances, the HOMO remains partly delocalized on the C2 

and O3 atoms, which indicates the formation of a weakly bonded charge-transfer 

complex through a residual interaction of the HOMO (C2p) orbital of an almost 

planar methyl fragment with the π* orbital of the H2C=O-H+ fragment. 

Examination of the atomic charges and bond orders reported in Tables 3-5 
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provides full support to this interpretation. Note indeed in particular that the 

most abrupt changes in charge occur at the level of the C2 atom (Table 3) and 

that even at R(C1-C2) = 5.26 Å, the total charges of the individual fragment are 

still far from convergence to the expected values at infinite distance (Table 4). 

Also, at R(C1-C2) = 5.26 Å, there is still a residual bond of order 0.13 between 

the C1 and C2 atoms, whereas the very substantial increase of the bond order 

between atoms C2 and O3 is consistent with the formation of a double bond and, 

therefore, a consequent shortening of the C2-O3 bond from 1.34 to 1.27 Å (Table 

5). 
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6. Conclusions and outlook for the future. 

 

A thorough theoretical study of the electronic structure, ionization spectrum, and 

electron momentum distributions of norbornadiene has been presented, on the 

ground of 1p-GF/ADC(3) calculations of one-electron and shake-up ionization 

energies and of the related Dyson orbitals, and a comparison with available UPS 

and EMS experiments. Quantitative agreement is generally found between the 

UPS and EMS electron binding energies, on the one hand, and the results of 

large scale 1p-GF (OVGF, ADC(3)) calculations, on the other hand. These 

calculations and the comparison with results of independent EMS experiments1-3 

definitely confirm that norbornadiene is an unsaturated cage compound 

dominated by through-space interactions between π-bonds. With a shake-up 

onset (S1) located at 12.1 eV (Γ = 0.06), numerous shake-up lines are found to 

tremendously complicate the analysis of the valence ionization bands and of the 

related momentum profiles. Where a comparison is possible, ADC(3) pole 

strengths are found to be qualitatively consistent with spectroscopic pole 

strengths determined from an empirical rescaling of DFT simulations against 

experimental (e, 2e) electron momentum distributions.2,3 Besides S1, 

spectroscopic fingerprints are somehow identifiable in the EMS experiments by 

MacKenzie-Ross et al.,2,3 either from the shape of the momentum distributions 

or from extra Gaussian functions in their interpolation fit for three further 

intense shake-up lines (S2-S4) at ~16.4 eV (Γ = 0.37), ~17.6 eV (Γ = 0.12), and 

~17.8 eV (Γ = 0.24). Particularly strong breakdowns of the one-electron picture 

of ionization at electron binding energies larger than 20 eV impede any reliable 

enough analysis of the experimental momentum distributions obtained at this 

binding energy range. Comparison of HF, DFT (B3LYP), and ADC(3) Dyson 
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orbital momentum distributions indicate that numerous turn-ups in (e, 2e) 

ionization intensities that were experimentally observed in the EMS experiments 

by Mackenzie-Ross et al.2,3 can certainly not be due to electronic correlation 

(and relaxation). Most of these turn-ups may be due to an incorrect calibration 

of the absolute scale of azimuthal angles: all these turn-ups would indeed 

disappear if the reference 0φ = °  was simply shifted by just 1°.4 If all these turn-

ups and numerous oscillations in (e, 2e) ionization intensities at low values of p  

are not experimental artifacts, possible interpretations could reside in ultrafast 

nuclear motions induced by electron removals from a highly strained cage 

compound, combined with distorted wave and/or post-collision effects (note that 

since low values of p  correspond to large values of r, (e, 2e) intensities at 

0p→  should intrinsically correspond to ionization processes occurring on 

characteristic time scales much longer than the usually admitted values of ~0.01 

to 0.1 fs,5 which means that at low electron momenta the outcome of nuclear 

dynamical effects in the final state could become more clearly apparent). Wave 

packet dynamical simulations and new EMS experiments on norbornadiene 

would be very much needed for sorting out these issues. Whereas our newly 

presented theoretical results are perfectly consistent with the results by 

Takahashi et al.,1 we wish indeed to note that most of the calculations of 

momentum profiles using the Becke Perdew (BP) exchange-correlation functional 

which Mackenzie-Ross et al. published in refs 2 and 3 are not reproducible at low 

momenta ( 0.25p <  au), within the framework of the usual (first-order) Born, 

sudden, binary encounter and plane wave impulse approximations for 

interpreting EMS experiments. 
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The interplay beween the molecular conformation and the underlying electronic 

structure has been analysed in an exhaustive theoretical study of n-hexane in 

order to quantitatively improve our understanding of the X-ray photoelectron 

spectrum of this compound in the gas phase. A second goal of this work was to 

identify possible conformational fingerprints in (e, 2e) momentum distributions 

related to well-resolved enough orbitals in order to motivate further experiments 

on this compound employing electron momentum spectroscopy (EMS). Our 

analysis is based on calculations of the valence one-electron and shake-up 

ionization spectra and spherically averaged, resolution folded, (e, 2e) electron 

momentum distributions for each known conformer (by increasing energy order 

TTT, GTT, TGT, TGG, G+TG+, G+TG-, GGG, G+X-T, TG+X-, X+G-G-, G+X-G-, and 

X+G-X+) according to one-particle Green’s function [1p-GF] theory along with the 

third-order algebraic diagrammatic construction [ADC(3)] scheme, and using 

Kohn-Sham orbitals derived from DFT calculations employing the Becke 3-

parameter Lee-Yang-Parr (B3LYP) functional as empirical approximations to 

Dyson orbitals. While completing this study and in line with a very recent work 

by Gruzman et al.,6 it appeared that great care needed to be exercised when 

evaluating conformer energy differences and abundances on the basis of large-

scale single-point treatments of electron correlation, because of shortcomings of 

B3LYP calculations in describing dispersion forces (van der Waals interactions), 

and in calculating therefore correct enough torsion angles. Our most reliable 

thermostatistical analysis of these spectra and momentum distributions is based 

on estimations at the W1h level of conformational energy differences6 and of the 

corresponding conformer weights, using MP2 geometrical, vibrational, and 

rotational data in thermostatistical calculations of partition functions beyond the 

level of the rigid rotor-harmonic oscillator approximation, according to the 
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protocol by Ayala and Schlegel7 for treating hindered rotations. Comparison is 

made with the results of a focal point analysis of these energy differences using 

this time B3LYP geometries and the corresponding vibrational and rotational 

partition functions in the thermostatistical analysis. The overall greater 

compactness of the MP2 structures compared with the B3LYP geometries is 

found to have a substantial influence on the calculated conformer abundances, 

because of substantial alterations in conformer energy differences (up to ~0.3 

kcal/mol), zero-point vibrational energies, and tremendously strong alterations 

of the contributions of hindered rotations to relative entropies. Because of the 

neglect of anharmonicities, centrifugal distorsions, and couplings of internal and 

external rotations, entropies still represent most certainly the main source of 

errors in this analysis, since they largely dominate Gibb’s free energy 

differences. 

In spite of these differences, the B3LYP-based and MP2-based statistics at 298 K 

yield ultimately very similar results for the thermally averaged ionization spectra 

and momentum distributions. Comparison with available XPS measurements 

demonstrates quantitatively the extent of conformational disorder for n-hexane 

in the gas phase and the very strong influence of the molecular conformation on 

one-electron ionization lines, especially in the outer-valence region, as well as at 

the top of the inner-valence region at electron binding energies around 19 eV. In 

line with our simulations, a strong broadening of the XPS signal in this energy 

region shows, in particular, that the TTT conformer is certainly very far from 

dominating the conformational mixture, mainly because of its low multiplicity 

relative to that of the other conformers. At room temperature, the forms that 

dominate are, clearly, the GTT, TGT, and TGG species. For these forms and 

higher lying conformers, the two orbitals at the top of the inner-valence region 
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are found to be sufficiently well resolved for enabling an individual experimental 

reconstruction in momentum space, according to an angular analysis of 

spherically and thermally averaged (e, 2e) ionization intensities in the EMS limit 

(high kinetic energy limit). The correspondingly predicted (e, 2e) momentum 

distributions are found in turn to be rather sensitive to changes in the molecular 

compactness and alterations of through-space interactions between methylenic 

groups upon rearrangements of the molecular conformation. The development of 

new experimental set ups employing ultracooled supersonic molecular beams 8 

makes us believe that, upon improving our control of the temperature at which 

the (e, 2e) ionization processes effectively occur, one should be ultimately in 

stage to ultimately tune at will the shape, topology, and spread of molecular 

orbitals. 

A thorough theoretical study of the electronic structure, ionization spectrum, and 

electron momentum distributions of ethanol has been presented, under the 

assumption of conformational equilibrium in the gas phase, according (as first 

approximation) to a model that focuses on a mixture of the gauche (C1) and anti 

(Cs) conformers in their energy minimum forms, using weight coefficients 

obtained from thermostatistical calculations that account for the influence of 

hindered rotations. This analysis is based on exceedingly accurate calculations of 

the energy differences between the two conformers, at the confines of 

relativistic quantum mechanics, using the principles of a focal point analysis. 

Then, the valence one-electron and shake-up ionization spectra of the two 

conformers have been calculated using one-particle Green’s Function (1p-GF) 

theory in conjunction with the so-called third-order Algebraic Diagrammatic 

Construction scheme [ADC(3)]. A confrontation with available UPS (He I) 

measurements confirms the expected accuracy of ~0.2 eV on one-electron 
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binding energies and the presence of very significant conformational fingerprints 

onto outer-valence ionization bands ranging from ~14 to ~18 eV. The shake-up 

onset is located at ~24 eV, and a shoulder at ~14.5 eV in the He I spectrum can 

be specifically ascribed to the minor anti (Cs) conformer fraction. 

The simulations at the ADC(3) level of (e, 2e) ionization spectra according to the 

technical characteristics of the best available set ups nowadays indicate that 

seven ionization bands (1-7) at electron binding energies of 10.9, 12.4, 13.6, 

15.8, 17.8, 21.0, and ~24.5 eV can be reliably resolved and analyzed in EMS 

experiments upon ethanol. These simulations indicate that at vanishingly small 

target electron momenta (φ = 0°), the second band at 12.4 eV specifically 

relates to the minor anti conformer fraction, whereas bands 1, 3, and 4 at 10.9, 

13.6, and 15.8 eV almost exclusively relate to the major gauche (C1) conformer 

fraction. Finally, thermally and spherically averaged electron momentum 

distributions for all resolvable bands have been correspondingly computed from 

Dyson orbitals obtained at the ADC(3) level and compared with preliminary EMS 

measurements9 at an electron impact energy of 1.2 keV. 

Whereas an increase in system size tends to enhance conformational 

fingerprints in ionization spectra, because of cooperative effects such as 

interactions between lone-pairs10a,b,e or anomeric interactions,11a,b,f π-

conjugation11d or methylenic hyperconjugation (also referred to as σ-

conjugation),10c-f this analysis demonstrates on the contrary that a decrease in 

system size is likely to exacerbate the influence of the molecular conformation 

on electron densities in momentum space, in particular at low electron 

momenta. For assessing this point, the interested reader is referred to recent 

studies of the electron momentum distributions of larger conformationally 

versatile molecules such as n-butane,11c n-pentane,12 or dimethoxymethane:11f 
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never to date so large conformational fingerprints have been identified in 

momentum space as those observed for ethanol. A similar observation can be 

made with regards to the influence of diffuse functions in the basis set, which 

have almost no discernible effect on the one electron and shake-up ionization 

spectrum but which are on the contrary very much needed for accurate insights 

into electron densities at low momenta, thus at large distances in configuration 

(r) space. Analysis of the momentum distribution associated to band 7 at 24.5 

eV confirms that this band exclusively relates to many C2s shake-up satellites 

with individually small ionization intensities. 

The influence of the molecular conformation is exceedingly strong for the 

momentum distributions associated to the two outermost lone-pair levels, which 

a comparison with experiment qualitatively corroborates. Nevertheless, the 

agreement between theory and experiment is somehow deceiving from a 

quantitative viewpoint. The most likely explanations to the observed 

discrepancies between theory and experiment must be sought into shortcomings 

of the employed model with regards to the description of thermally induced 

molecular motions in the neutral ground state, thus into deviations of the 

molecular structures away from a thermodynamical equilibrium between ground-

state energy minima. According to large scale MP4 calculations, ethanol is 

characterized indeed by exceedingly low hydroxyl torsion barriers of 404.1 (1.15 

kcal/mol) and 423.3 cm-1 (1.21 kcal/mol) for the trans-gauche and gauche-

gauche transitions, respectively.13 It is clear, therefore, that in a dynamical 

depiction many more structures associated with the hydroxyl rotations should 

contribute to the conformational mixture characterizing ethanol at room 

temperature (kBT = 0.58 kcal/mol at T = 298 K). In spite of estimated energy 
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barriers of 1200-1300 cm-1 (3.4-3.7 kcal/mol), the concerted rotation of the 

methyl group was found to have no influence.  

The analysis of ethanol momentum profiles accounting only for the anti and 

gauche conformers (Chapter 4) enables overall quantitative insights into 

experiment and reveals a tremendously strong influence of the molecular 

conformation on several valence ionization bands and electron momentum 

distributions. Nonetheless, despite the high order attained in the treatment of 

electron correlation and relaxation, this model fails in quantitatively reproducing 

the experimental momentum distribution characterizing the highest occupied 

molecular orbital of ethanol. The extremely limited dependence of the 

momentum distributions on the energy of the impinging electron rules out for all 

ionization bands distorted wave effects and the possibility of a breakdown of the 

plane wave impulse approximation. Considering the flatness of the 

conformational energy map of the molecular target or the rather strongly 

localized (oxygen lone pair) nature of the HOMO, this discrepancy can be the 

consequence of conformational disorder in the ground state, that is, strong 

departures from the energy minima due to temperature effects and internal 

molecular motions, or nuclear dynamics in the final state, in the form of strong 

and fast structural relaxation effects. 

Thermal averaging of the outermost momentum distributions over large sets of 

model structures on the potential energy surface of ethanol in its neutral ground 

state and further DFT calculations for the radical cation employing Born-

Oppenheimer molecular dynamics demonstrate that both aspects of nuclear 

dynamics need to be considered for reconciling theory and experiment. The very 

strong broadening of the conformer distributions in the neutral ground state and 

the presence thereby at room temperature of a significant fraction of nuclear 
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configurations with a hydroxyl group rotated at α ~90° appear indeed to be 

essential prerequisites for immediate and fast structural relaxation processes in 

the ionized state, which were found, in turn, to yield a tremendous increase of 

the outermost electron momentum distribution at vanishing electron momenta, 

due to highly significant alterations of anomeric interactions. 

When the hydroxyl group is optimally oriented in the neutral ground state, the 

BOMD calculations demonstrate that the ionized adiabatic configuration, 

characterized by a stretching of the C-C bond by ~0.25 Å and a shortening of 

the C-O bond by ~0.10 Å, can be reached within a time interval of 13 fs after a 

sudden electron removal. This ultrafast reorganization of the molecular structure 

induces, in turn, a delocalization of the outermost oxygen lone pair onto the C-C 

bond and methyl group, which most certainly explains the rather strong 

experimental turn-up of the momentum distribution characterizing the HOMO of 

ethanol at low electron momenta. A population analysis employing natural 

orbitals shows that this turn-up may be seen as an experimental orbital 

fingerprint of the charge transfers resulting at the first stages of a fragmentation 

process, within an empirically inferred time scale on the order of 8 fs, namely, 

the dissociation of the ethanol radical cation ([CH3-CH2-OH]+•) into a methyl 

radical (CH3
•) and a protonated form of formaldehyde (H2C=O-H+). 

An important limitation of our work is that, in view of the ultrafast nature of the 

investigated nuclear relaxation process, which approaches the time scale 

characterizing electron wave packet dynamics for charge migration processes 

that are driven solely by electron correlation immediately after localized 

ionization,14,15 it is quite likely that the Born-Oppenheimer approximation breaks 

down. According to recent results by Lünnemann et al for charge migrations in 

between the donor-acceptor sites of 2-phenylethyl-N,N-dimethylamine and 
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derivative compounds,15 we may expect that a coupling of the electronic and 

nuclear motions will speed up the dynamics of the relaxation processes in the 

final state compared with has been inferred in the present work from “clamped 

nuclei” configurations in the field of averaged electronic distributions. Lacking 

reliable experimental information on the “effective” time scale of (e, 2e) 

ionization processes, quantitative insights into EMS experiments on ethanol will 

therefore be only amenable by taking time explicitly into account in the 

calculations of spherically averaged (e, 2e) ionization cross sections on the 

grounds of quantum mechanical treatments of coupled electron-nuclear 

dynamics.16,17 Note that, whereas classical mechanical considerations give a 

rough estimate of 0.05 fs for the time scale characterizing the (e,2e) ionization 

process, wave packet simulations of double ionization processes from He driven 

by attosecond XUV pulses indicate timescales of the order of 750 and 4500 as 

for conditions approaching EMS experiments18, i.e. two electrons emitted at 

equal and very well-resolved kinetic energies (see in particular Figure 2 in ref 

18, see also refs 19 and 20). Similar wave packet simulations should be carried 

out in order to solve the time issue in EMS experiments on molecular systems 

like ethanol.  
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7. Samenvatting. 

 

In deze studie wordt een diepgaande theoretische studie rond de 

elektronenstruktuur, het ionisatiespectrum en de distributies van het 

elektronenimpuls van norbornadiene, n-hexaan en ethanol voorgesteld. Dit 

gebeurt op basis van 1p-GF/ADC(3)-berekeningen van één-elektron en 

berekeningen van shake-up-ionisatie-energie en van de gerelateerde Dyson-

orbitalen, waarbij ook de voorhandenzijnde UPS- en EMS-experimenten worden 

vergeleken.  

In het algemeen werd kwantitatieve overeenkomst aangetroffen tussen UPS en 

EMS elektronenbindingsenergie, aan de ene kant, en de resultaten van 

grootschalige 1p-GF (OVGF, ADC(3))-berekeningen, aan de andere kant. 

Deze berekeningen en de vergelijking met resultaten van onafhankelijke 

experimenten bevestigen dat EMS tot op bepaalde hoogte kan gezien worden als 

een krachtige orbitaal beeldverwerkingstechniek. Deze laatste laat rechtstreekse 

experimentele reconstructie van één-elektron-transitieimpulsdichtheden, die 

geassocieerd zijn met specifieke ionisatiekanalen, toe. 

In een één-elektron-afschildering van ionisatie kunnen deze dichtheden 

geïnterpreteerd worden als orbitale impulsdichtheden. Echter, zoals bij elke 

ionisatiespectroscopie, zijn EMS-experimenten onderhevig aan vele complicaties 

en hun interpretatie vergt uitgebreid theoretische werk – tenminste als men er 

enige waarde aan wil hechten. 

Meestal worden de Born, de elektron binaire ontmoeting, de zwakke koppeling 

en de vlakke golf impulsbenaderingen opgewekt. Zij verantwoorden het in kaart 

brengen van experimentele impulsdistributies, die werden afgeleid uit een 
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angulaire analyse van verticale (e, 2e)-elektronen-impactionisatie-intensiteiten 

op sferisch-gewogen en resolutie-gevouwen Dyson-orbitaalimpulsdistributies.  

In de meeste toepassingen van de theorie, worden (genormaliseerde) 

Dysonorbitalen meestal vervangen door gestandaardiseerde Kohn-Sham-

orbitalen. 

Een eerste complicatie bij de interpretatie van EMS-experimenten neemt 

meestal de vorm aan van een zeer sterke dispersie van de ionisatie-intensiteit 

van secundaire shake-up structuren, die gerelateerd zijn aan elektron 

geëxiteerde configuraties van het moleculair radicale kation, en dewelke de 

elektronimpulsdichtheid – die bekomen werd van (e, 2e)-ionisatie-intensiteiten 

met specifieke elektronenbindingsenergie - substantieel zou kunnen veranderen. 

Wanneer het moleculair doel roteerbare bindingen bevat, betreft een andere 

moeilijkheid de - over het algemeen - zeer strenge invloed van de moleculaire 

conformatie op elektronenbindingsenergieën. 

Ultra-snelle nucleaire krachten, in hun finaal stadium, kunnen ook leiden tot 

significante vingerafdrukken op de waargenomen impulsdistributies.  

Tenslotte, wanneer de vlakke golfimpulsbenadering afbreekt, zijn de (e, 2e) 

ionisatiedoorsnedes gerelateerd aan mathematische transformatie met 

betrekking tot verstoorde golven. 

Deze studie over norbornadiene, n-hexaan en ethanol heeft als doel aan te 

tonen hoe een juiste behandeling van bovenstaande complicaties ons in staat 

stelt om de ingewikkelde invloed van elektroncorrelatie en de invloed van de 

nucleaire dynamiek op impulsdichtheden te ontrafelen. 

Onze analyse1 van de EMS experimenten met norbornadiene bevestigt dat deze 

molecule slechts een ongesatureerde niet-geconjugeerd kooimolekule die 

gedomineerd wordt door de through-space-interacties tussen π-bindingen. Met 



249 

 

een shake-up begin (S1), dat zich bevindt op 12.1 eV (Γ = 0.06), werden 

verschillende shake-up lijnen, die eerder werden genegeerd in de originele DFT 

analyses (Mackenzie-Ross et al.2), gevonden die de analyse van valentie-

ionisatiebanden en van gerelateerde impulsprofielen enorm compliceren. 

Spectroscopische vingerafdrukken voor vier eerder intense shake-up-lijnen 

konden worden geïdentificeerd worden via een vergelijking van de theoretische 

en experimentele (e, 2e) impulsdistributies.  

Daar waar een vergelijking mogelijk is, blijken ADC(3) poolsterktes kwalitatief 

consistent te zijn met spectroscopische poolsterktes, die werden bepaald door 

empirische herschaling van DFT simulaties tegen experimentele (e, 2e) elektron 

impulsdistributies2,3. 

Ondanks een many-bodied kwantummechanische behandeling van de 

elektroncorrelatie en relaxatie-effecten, kunnen er geen sterke turn-ups van 

experimentele dichtheden aan lage momenta gereproduceerd worden binnen het 

kader van de binaire ontmoeting, de Born en vlakke golfimpulsbenaderingen, en 

zijn degene die gevonden worden heel waarschijnlijk ontstaan door 

experimentele artefacten. 

In scherp contrast met norbornadiene, de één-elektron ionisatiefoto houdt stand 

bij ~22 eV en ~24 eV voor n-hexaan en ethanol, respectievelijk.  

De gedetailleerde analyse van de wisselwerking tussen de moleculaire 

conformatie van n-hexaan en de onderliggende elektronenstruktuur4 heeft ons in 

staat gesteld om het X-stralen foto-elektronisch spectrum van deze binding in 

gasfase kwantitatief beter te verstaan. 

Verschillende overeenstemmende vingerafdrukken in (e, 2e) impulsdistributies, 

gerelateerd aan de goed-opgeloste orbitalen aan de top van de binnenvalentie 

(C2s) regio, konden geïdentificeerd worden. 
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In een laatste fase van deze studie, en in overeenstemming met een zeer 

recente W1h analyse5, wordt aangetoond dat de evaluatie van conformere 

energieverschillen en voorkomen op basis van grootschalige enkelvoudige 

puntbehandelingen van elektroncorrelatie, zeer voorzichtig dient geïnterpreteerd 

te worden, omwille van de tekorten van B3LYP berekeningen om 

dispersiekrachten (van der Waalse interacties) te beschrijven, en om bijgevolg 

voldoende nauwkeurige torsiehoeken te berekenen.  

De - in het algemeen - grotere compactheid van de MP2-strukturen vergeleken 

met de B3LYP geometrieën vertoont een substantiële invloed op de berekende 

conformere voorkomen, omwille van de substantiële veranderingen in 

conformere energieverschillen (tot ~0.3 kcal/mol), nulpunt vibratie-energieën, 

en enorm sterke veranderingen van de bijdragen van belemmerde rotaties tot 

relatieve entropieën. 

Door het negeren van anharmoniciteiten, centrifugale distorties, en koppelingen 

van interne en externe rotaties, vertegenwoordigen entropieën nog steeds heel 

waarschijnlijk de voornaamste foutenbron in onze analyses, aangezien ze voor 

het merendeel de Gibbs vrije energieverschillen domineren. 

De twee orbitalen aan de top van de binnenvalentie regio van n-hexaan werden 

als voldoende opgelost beschouwd om een individueel experimentele 

reconstructie in impulsruimte te maken volgens een hoekanalyse van sferische 

en thermische gemiddelde (e, 2e)-ionisatie-intensiteiten in de EMS-grens (hoog 

kinetische energiegrens).  

De overeenkomstige voorspelde (e, 2e)-impulsdistributies bleken anderzijds 

eerder gevoelig aan veranderingen in moleculaire opeengepaktheid, en 

wijzigingen in through-space-interacties tussen methyleengroepen bij 

herschikkingen van de moleculaire conformatie.  
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De ontwikkeling van nieuwe experimentele opstellingen, die gebruik maken van 

ultragekoelde supersonische moleculaire bundels, doen ons geloven dat bij het 

verbeteren van de temperatuurcontrole bij de welke de (e, 2e)-

ionisatieprocessen werkelijk gebeuren, men er uiteindelijk in kan slagen de 

vorm, de topologie en de spreiding van de moleculaire orbitalen af te stemmen. 

Ondanks de hoge orde, aangehouden in de behandeling van elektroncorrelatie 

en relaxatie, slaagt een eerste analyse6,7 - die enkel instaat voor energieminima 

- er niet in om een kwantitatieve reproductie te geven van de experimentele 

impulsdistributie, die de HOMO van ethanol characteriseert, terwijl de theorie en 

de praktijk voor alle andere (e, 2e) ionisatiebanden elkaar evenaren.  

De extreem beperkte afhankelijkheid van de impulsdistributies van de botsende 

elektronenergie schakelt de mogelijkheid van het bezwijken van de plane wave- 

impulsbenadering uit.  

Thermisch afwegen van de uiterste impulsdistributie voor een set van 1728 

modelstructuren op het potentiële energieoppervlak van ethanol in zijn neutrale 

grondstaat, en verdere DFT-berekeningen voor het radicale kation, 

gebruikmakende van Born Oppenheimer Moleculaire Dynamiek, tonen aan8 dat 

de discrepantie tussen theorie en toepassing zich reflecteert in sterke 

afwijkingen van een verticale ionisatiefoto, in de vorm van een uitstrekking van 

een C-C-binding met ~0.25 Å en een inkorting van de C-O-binding met ~0.10 Å, 

binnen tijdschalen van een orde van 10 fs. 

Indien de hydroxylgroep optimaal georiënteerd is in de neutrale grondstaat, 

tonen de BOMD-berekeningen aan dat de geïoniseerde adiabatische configuratie 

- gekenmerkt door een uitstrekking van de C-C-binding met ~0.25 Å en een 

inkorting van de C-O-binding met ~0.10 Å – kunnen bereikt worden binnen een 

tijdsinterval van 13 fs na een plotse elektronverwijdering. 
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Deze ultrasnelle reorganisatie van de moleculaire struktuur induceert op haar 

beurt een delocalisatie van het uiterste zuurstof vrij elektronenpaar op de C-C-

binding, en een zeer significante vermeerdering van de impulsdistributie, die de 

HOMO bij lage elektronmomenta kenmerkt.  

Een populatie-analyse die gebruikt maakt van natuurlijke orbitalen toont dat 

deze turn-up kan gezien worden als een experimentele orbitale vingerafdruk van 

de geladen transfers, die resulteren in de eerste stadia van een 

fragmentatieproces binnen een empirische afgeleide tijdsschaal in de orde van 8 

fs9, namelijk, de dissociatie van het ethanol radicale kation ([CH3-CH2-OH]
+•) in 

een methyl radicaal (CH3
•) en een proton-vorm van formaldehyde (H2C=O-H

+).  

Golfpakket dynamische simulaties zijn nodig om tijdskwesties in EMS-

experimenten kwantitatief te onderzoeken. 
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