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Azobenzene is a prototype and building block of a class of molecules of extreme technological interest as molecular
photo-switches. We present a joint experimental and theoretical study of its response to irradiation with light across the
UV to X-ray spectrum. The study of valence and inner shell photo-ionization and excitation processes, combined with
measurement of valence photoelectron-photoion coincidence (PEPICO) and of mass spectra across the core thresholds
provides a detailed insight onto the site- and state-selected photo-induced processes. Photo-ionization and excita-
tion measurements are interpreted via the multi-configurational restricted active space self-consistent field (RASSCF)
method corrected by second order perturbation theory (RASPT2). Using static modelling, we demonstrate that the
carbon and nitrogen K edges of Azobenzene are suitable candidates for exploring its photoinduced dynamics thanks to
the transient signals appearing in background-free regions of the NEXAFS and XPS.

PACS numbers: 33.15.Ry;33.15.Ta; 33.80.-b

I. INTRODUCTION

Molecules with structural, optical or electronic properties
that can be tuned and controlled reversibly by light flashes are
known as molecular photoswitches and hold a high potential
to future nanometer-scale devices1. Azobenzene (AB, Fig.1)
and its derivatives are often considered as prototypes of fast
(picosecond) molecular electronic switches2 and are among
the most frequently studied class of optical switchable sub-
stances. The thermodynamically stable trans-isomer of AB
can be efficiently converted into the cis-isomer by irradiation
with UV light of about 365 nm, whereas the cis form can be
isomerized back to trans with visible light (~435 nm)3. This
property has been widely exploited for molecular motors3,
triggers for peptide folding4 or optical storing applications5,
to name only a few examples.

These applications call for a complete understanding of the
photo-physical properties of AB and its derivatives, and in
particular of the electronic and structural changes after light
absorption, in the UV, VUV and soft X-ray regimes, where
valence and core ionization drive new charge redistribution,
relaxation and molecular fragmentation processes. While re-
cent studies have unveiled the primary steps of the AB iso-
merization reaction in condensed phase6, much less is known
about the isolated molecule in the gas phase. High resolu-
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FIG. 1: Azobenzene, AB, (CAS: 103-33-3), m = 182 amu,
molecular formula C6H5N = NC6H5. The four

non-equivalent C atoms on each benzene ring have been
labelled 1(1’) to 4(4’).

tion synchrotron radiation spectroscopies can provide most
detailed understanding of the electronic and structural prop-
erties of the isolated stable trans-isomer to be compared with
accurate theoretical modelling of time dependent process7,8,
setting the ground for time-resolved investigations.

X-ray molecular spectroscopy offers numerous unique fea-
tures - high temporal and spatial resolution, atom specificity
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and sensitivity to chemical environment which are currently
drawing. intensive experimental and theoretical activity. On
the experimental side, seminal XPS experiments on the ESCA
molecule (ethyl trifluoroacetate) have demonstrated the sen-
sitivity of core-spectroscopies such as X-ray photoemission
spectroscopy (XPS)9 and near edge X-ray absorption fine
structure (NEXAFS)10 to the immediate chemical environ-
ment resulting in several eV chemical shifts. NEXAFS stud-
ies of small volatile organic molecules have accessed the K-
edges of second row atoms thereby highlighting the pre-edge
window rich of absorption features manifesting the electronic
structure of the valence shell11–17. On the theory side, a num-
ber of electronic structure theory methods have been adapted
to study core-excitations and core-ionization10,18–30. The re-
stricted active space self-consistent field (RASSCF) method
corrected by multi-reference second order theory (RASPT2)
(i.e. the RASSCF/RASPT2 protocol) from the family of mul-
ticonfiguration wave function-based methods emerged as one
of the most accurate methods due to its sub-eV accuracy and
spectrum completeness31.

Thanks to the promising results obtained for small or-
ganic compounds, there is a current drive towards applying
the X-ray techniques to larger biologically32–35 and techno-
logically relevant systems36,37 as well as to time resolved
studies20,38–40. These require understanding the sensitivity of
core spectroscopy toward changes in the electronic and geo-
metrical structure on the molecular scale by probing it on the
atomic scale, as well as toward small variations in the chemi-
cal environment. AB is an excellent candidate to address these
questions and to calibrate experiment and theory. It presents
four chemically distinct carbons (labeled 1-4 in Fig. 1) and
a nitrogen, two valence electronic states in the UV/Vis - an
nπ∗ and a ππ∗ - with markedly different electronic struc-
ture and spectroscopic properties, as well as ultrafast pho-
toinduced dynamics characterized by pronounced structural
changes. Time-resolved NEXAFS simulations at the TP-
DFT/∆SCF20 and RASSCF/RASPT241 level have identified
a pre-edge background-free signal at the nitrogen K-edge as
a fingerprint of the optically dark nπ∗ state. The existence of
this feature is yet to be demonstrated experimentally. Thus,
putting the core electronic structure of AB on a firm footing is
of paramount importance for future time-resolved studies.

Even though the core spectroscopies have the invaluable
advantage of site selectivity thanks to the localized nature of
the core electrons, the frontier orbitals are the ones that rule
the ‘chemistry’ of a molecule, its binding properties and in-
teraction with the surrounding environment. Photoelectron
spectroscopy42 directly probes the occupied molecular or-
bitals, providing ionization energies and electronic symme-
tries, which are key factors in understanding molecular reac-
tivity and can be used to study effects of chemical substitu-
tion, such as changes of ligands or functional groups. Fur-
thermore, the analysis of the time resolved PES spectra43 as
well as the time coincidence of the photoelectron with the
resulting fragment ion from the cation dissociation in photo-
electron - ion coincidence (PEPICO) experiments provide the
most complete information about the fate of the photoionized
molecule44.

In all spectroscopic characterizations the close interplay be-
tween theory and experiments is crucial, as the experiments
provide electronically sensitive benchmarks against which
different computational methods may be tested. Quantum
chemistry is invaluable in the assignment and interpretation
of the spectra.

In this work we present XPS, NEXAFS, photoelectron-
photoion coincidence (PEPICO) measurements and mass
spectra (MS) across the C and N K-edges in the trans-
isomer of AB. The results are compared to the photoelec-
tron (PES) and photo-fragmentation spectra of the valence
shell and interpreted by electronic structure computations at
the RASSCF/RASPT2 level, thus providing a comprehensive
characterization of valence and inner shell states. Finally, the
suitability of XPS and NEXAFS to study the photoinduced
dynamics in AB is assessed computationally by simulation of
time-resolved spectra.

II. METHODS

A. Experimental

All experiments were performed at the Gas Phase Photoe-
mission (GAPH) beamline45 of the Elettra synchrotron radi-
ation facility in Trieste, Italy. This beamline provides tun-
able, monochromatic and fully linearly polarised radiation
from about 13.5 to 900 eV, by mean of five interchangeable
gratings. The experimental station is equipped with a hemi-
spherical electron analyser (VG 220i) and a time-of-flight
(TOF) ion mass spectrometer mounted opposite to each other
at the magic angle, i.e. approximately 55◦ with respect to
the polarisation axis of the radiation, in order to cancel out
possible angular effects on the photoelectrons emitted from
the different molecular orbitals. The electron and ion spec-
trometers have been used either independently of each other,
for photoelectron spectroscopy (PES and XPS) and photoion
mass spectrometry (MS and NEXAFS), or ‘in conjunction’ for
photoelectron-photoion coincidence (PEPICO) experiments.
All the details of the acquisition and data analysis procedures
have been discussed in refs46,47, and will be only briefly sum-
marised here.
For the photoelectron measurements, the TOF is switched off
in order to have the interaction region free of penetrating fields
from the high voltage of the drift tube. The electron analyzer
hosts a 2D position-sensitive detector built by Sincrotrone
Trieste48,49. This detector allows the simultaneous acquisition
of electrons over an energy window of about 10% of the pass
energy in the analyzer with an energy resolution of about 2%
of the pass energy. The PES spectrum was measured at 60 eV
photon energy, while the XPS spectra of the C(1s) and N(1s)
shells were measured at about 90 eV above their respective
ionization thresholds, i.e. at 382 and 495 eV photon energy,
respectively, with a pass energy of 5 and 30 eV in the C and
N case, respectively. A higher pass energy, and therefore a
reduced energy resolution, has been used in the case of N(1s)
XPS, where only one contribution is expected. The chosen
photon energies are sufficiently far from the ionization thresh-
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olds so that post-collision interaction effects can be neglected.
The experimental binding energy values reported in Tab. I
are obtained by a fit of the XPS data with Gaussian functions,
upon subtraction of a Shirley background. In the C(1s) case,
the relative intensity has been constrained to the one deter-
mined by the number of non-equivalent C atoms (i.e. 1:2:2:1
for C1:C2:C3:C4, see Fig.1 for the numbering) and the full
width at half maximum of the four states has been constrained
to be the same. In the N(1s) XPS case, the FWHM was left as
a free parameter and optimised by the fitting procedure to 710
meV.

In the TOF spectrometer, the repeller and extractor elec-
trodes are polarized with anti-symmetric voltages to produce
a field up to 370 V/cm. For NEXAFS measurements, the TOF
is operated in the total ion yield mode, with continuous extrac-
tion. The ion yields are measured at different photon energies
across the C and N(1s) near-edge regions, and are normalized
to the photon beam intensity variation read by a photodiode
placed at the end of the beamline. For the measurement of
the ion flight time the TOF extraction is operated in pulsed
mode triggered by either i) the signal of a random pulse gen-
erator operated at 1-kHz frequency for MS measurements or
by ii) the signal of either a photoelectron or a pulse genera-
tor running at 100 Hz for PEPICO measurements. The latter
‘random extraction pulse’ is used for the measurement of the
‘random mass spectrum’, due to ions residing in the interac-
tion region, but uncorrelated with the detected photoelectron.
All electrons and ions that hit the detectors are recorded by
the acquisition software, however the PEPICO data analysis
selects only electron-single ion events. The ‘random mass
spectrum’, after a proper normalisation to the number of trig-
gering events, is subtracted from the measured electron-ion
coincidence spectrum46. MS were measured at several photon
energies across the C and N(1s) edge regions, with a step size
of 0.5 eV and a typical acquisition time of 1500 s/point. In the
data analysis, the background was subtracted from each raw
mass spectrum and then the intensity of each fragment, identi-
fied by a specific mass-over-charge (m/z) ratio, was evaluated
by a Lorentzian fit to resolve the contribution of each peak to
the total mass spectra.

The PEPICO spectra were measured at a fixed photon en-
ergy of 60 eV and an overall energy resolution of 0.4 eV,
scanning the electron kinetic energy in steps of 2.7 eV in or-
der to cover the binding energy region 7.5-26 eV with suf-
ficient overlap between adjacent acquisition windows. An
Al filter was inserted along the photon beam pathway to fil-
ter out second order radiation. The spectra have been mea-
sured in several scans that allow to check the stability of the
measurements, for a total acquisition time of about 18h. The
first onset of the main fragments has been extracted from a
linear fit of their respective PEPICO branching ratios, and
these values have been compared with the appearance energy
(AE) from literature50 in Table II. These two quantities do
not necessarily coincide due to the fact that at variance with
a ‘conventional’ AE measurement where the electron/photon
energy is scanned, the PEPICO experiments are performed at
a fixed photon energy so that the involvement of several reso-
nant/autoionizing states is not possible, and this can alter both

the ionization and fragmentation process.
The XPS and NEXAFS spectra were calibrated according

to well-known references51–54 in CO2 : C(1s)−1 at 297.6 eV,
O(1s)−1 at 541.3 eV, C(1s)→ π∗ at 290.77 eV and O(1s)→ π∗

at 535.4 eV) and references55,56 in N2 : N(1s)−1 at 409.9 eV
and N(1s)→ π∗ at 400.87 eV. Calibration gases were inserted
as diffuse gases in the end-station hosting the electron and ion
spectrometers for the calibration of the XPS measurements or
in a separate vacuum chamber, equipped with a channeltron
detector for total ion yield measurements, positioned along
the beam path for the calibration of the NEXAFS spectra.
In both cases, the calibration gas and AB spectra were mea-
sured simultaneously. The PEPICO spectra were calibrated
against the ground state of the water photoelectron spectrum
at 12.62 eV57, clearly identifiable in the PEPICO spectrum of
fragments m/z 18.

The trans-azobenzene, AB molecule, Fig.1 is commercially
available with 99% purity and appears as orange-red crystals
at ambient temperature and pressure. It has been introduced
to the vacuum chamber in a crucible and sublimated at room
temperature, with a residual pressure of 7 x 10−7 mbar in the
vacuum chamber. To maximise the gas density of the sample
in the interaction region, the exit channel of the crucible is
equipped with a needle that fits into the extraction region of
the TOF. The tip of the needle has been positioned a few mm
below the photon beam.

B. Theoretical Methods

All quantum chemical computations were performed using
the QM software OpenMolcas58 starting from an MP2 op-
timized geometry. Dyson norms and transition dipole mo-
ments were calculated with the RAS sate interaction routine
(RASSI) routine implemented in OpenMolcas59.
Electronic structure computations were performed at the
RASSCF/RASPT2 level of theory60,61. This theoretical
methodology, belonging to the family of multiconfigurational
wave-function based methods, is a generalized form of the
Complete Active Space SCF (CASSCF) method that allows a
restricted number of holes and electrons in certain subspaces
(i.e. RAS1 and RAS3) in contrast to the complete set of per-
mutations of the electrons in the active orbitals of CASSCF
adopted for the RAS2 subspace.
As PES, XPS and NEXAFS probe different manifolds of
the electronic structure, each experiment was simulated with
an independent calculation using different parameters in the
RASSCF/RASPT2 protocol. Throughout, the C2h molecular
point group with irreducible representations (IrRep) Ag, Bg,
Au and Bu is employed and the construction of the active space
(AS) was made in accord with the four IrRep.

1. Photoelectron Spectroscopy (PES)

The simulation of valence shell photo-ionization spec-
troscopy requires calculation of the manifold of doublet
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cationic states and the intensity of ionization with respect to
the neutral electronic ground state. The manifold of cation
states was obtained by imposing a positive charge and setting
the spin quantum number to 2. Thereby, two different AS
compositions were used:

• an AS consisting of 17 electrons in 16 orbitals parti-
tioned in the following way: RAS1 was left empty;
RAS2 includes the two nitrogen’s lone pairs (n) belong-
ing to Ag & Bu IrRep and seven occupied π orbital be-
longing to Bg & Au IrRep; RAS3 includes seven vir-
tual π∗ orbitals belonging to Bg & Au IrRep. Up to
4 electrons were allowed to be excited from RAS2 in
the RAS3 subspace. We denote this active space as
RAS(17,0,4;0,9,7) where the first three indices iden-
tify: the number of electrons, the number of holes in
RAS1 and of excitations in RAS3 respectively, while
the last three indices denote the number of orbitals in
each subspace. In order to cover a broad energy win-
dow 33 cation states of different symmetry were com-
puted. In particular, 7 states of Ag symmetry, 9 states of
Bg symmetry, 10 states of Au symmetry and 7 states of
Bu symmetry have been computed in four independent
calculations with the state-average version of RASSCF
(i.e SA-RASSCF). This is the minimal number of states
required to capture all 9 singly-ionized states (of n+ and
π+ character). The remaining 24 states represent shake-
up features in which the ionization is accompanied by a
valence electronic transition.

• an AS consisting of 10 occupied σ orbitals of Ag & Bu
IrRep in RAS2 and 10 virtual σ∗ orbitals of Ag & Bu
IrRep in RAS3. Up to 4 electrons were allowed to be
excited from RAS2 in the RAS3 subspace. We denote
this active space as RAS(20,0,4;0,10,10). 5 of Ag sym-
metry and 5 of Bu symmetry have been computed in
two independent calculation at the SA-RASSCF level.
This allowed to describe 10 singly-ionized σ+ states.

Perturbation correction to the RASSCF solutions was ob-
tained using the multi state (MS) flavor of RASPT2 applying
an imaginary shift of 0.5 and setting the ionization potential
electron affinity IPEA to 0.0.
In a separate calculation the neutral ground electronic state
was calculated with the AS compositions used to obtain
the doublet manifolds in a state-specific fashion (i.e. SS-
RASSCF) and its energy was corrected by a second order per-
turbation correction.
Finally, the ionization intensities from the neutral ground state
were evaluated within the sudden approximation approxima-
tion using the Dyson orbitals formalism. This constitutes a
very efficient approximation, that has been shown to be com-
parable with higher level of theory62–64.

2. X-ray Photoelectron spectroscopy (XPS)

The simulation of the core photo-ionization spectroscopy
requires calculation of the manifold of doublet cation states

exhibiting an unpaired electron in a carbon or nitrogen core-
orbital and the intensity of ionization with respect to the neu-
tral electronic ground state. To that aim the RAS(17,0,4;0,9,7)
used to simulate valence shell PES was augmented to include,
one at a time, a core orbital of interest, which is placed inside
RAS1 and kept frozen, giving rise to a RAS(19,1,4;1,9,7).
The manifold of core cation states was obtained within the
core-valence separation (CVS) framework trough a projection
technique named HEXS65 (highly excited states) which sets
to zero the CI coefficients for those configuration state func-
tions with a maximum occupation from a given subspace, thus
effectively projecting them out of the wave-function. In par-
ticular, by applying this procedure to the RAS1 subspace the
core-excited states for the nitrogen and for the four chemi-
cally non-equivalent carbon atoms could be computed. We
note that a thorough benchmarking of the protocol has demon-
strated a sub-eV accuracy of the predicted absolute transition
energies31. For the nitrogen K-edge state averaging over 15
states is employed in order to describe both the main sig-
nal and the shake-up satellites observed experimentally while
for the carbon K-edge single state calculation for each non-
equivalent carbon turned out to be enough to described the
experimental spectra.
Benchmark calculations were performed to compare the de-
localized (canonical orbitals) and localized (obtained through
Cholesky localization66 of the canonical orbitals) descriptions
of the core orbitals. The outcome of these tests are reported
in the SI and show that better results are obtained with local-
ized core orbitals. We note that the molecular symmetry is
lost upon localization and, as a consequence, calculations had
to be performed with the C1 point group.
Perturbation correction to the RASSCF solutions was done us-
ing the single state (SS) flavor of RASPT2 with an imaginary
shift of 0.5 and IPEA of 0.0. The number of frozen orbitals
was set to zero.
In a separate calculation the neutral ground electronic state
was calculated with AS composition used to obtain the dou-
blet manifold in a state-specific fashion and its energy was
corrected by a second order perturbation correction.
The XPS peak intensity were evaluated within the aforemen-
tioned Sudden Approximation62–64.

3. Near Edge X-ray Absorption Spectroscopy (NEXAFS)

Simulation of the core-excited spectroscopy requires cal-
culation of the manifold of singlet neutral states exhibiting
an unpaired electron in a carbon or nitrogen core-orbital and
the oscillator strength with respect to the neutral electronic
ground state. The AS for these simulations were constructed
following the same considerations discussed in the XPS sec-
tion (i.e one 1s orbital a time in RAS1, occupied valence or-
bital in RAS2 and virtual orbitals in RAS3) and it is denoted
RAS(20,1,4;1,9,7).
For the simulation of the nitrogen K-edge an averaging over
10 states is sufficient to capture both the main signal and the
shake-up satellites (i.e. mixed double excitations in which a
core-excitation is accompanied by a valence electronic transi-
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tion) while for each non-equivalent carbon K-edge 15 states
had to be considered.
Second order perturbation theory is then applied on the top
the RASSCF wavefunction in a multi-state fashion for nitro-
gen while extended multi-state flavour of CASPT2 (XMS-
CASPT) was applied for carbon.
In a separate calculation the neutral ground electronic state
was calculated with RAS(20,1,4;1,9,7) in a state-specific fash-
ion and its energy was corrected by a second order perturba-
tion correction.
The transition intensity between the ground and the core-
excited states were modeled as proportional to the squared
transition dipole moments (TDMs).

4. Technical details of the XPS and NEXAFS simulations

Scalar relativistic effects weere taken into account via a sec-
ond order Douglass-Kroll-Hess Hamiltonian in combination
with a relativistic atomic natural orbital basis set67,68 (ANO-
RCC) with contractions 4s3p2d on carbon, 4s3p2d1f on nitro-
gen and 2s1p on hydrogen. A density-fitting approximation,
known as Cholesky decomposition69, of the electron repul-
sion integrals has been used to speed up the calculation of
two-electron integrals.
Additional details, such as the selected active spaces and the
leading configuration state functions of each excited/ionized
state are reported in the SI.

5. Fragmentation

To investigate the photo-fragmentation process quantum
chemical calculations have been performed with Density
Functional Theory (DFT). The geometries were optimized us-
ing the Becke, three-parameter, Lee-Yang-Parr (B3LYP) func-
tional with the 6-311++G∗∗ basis set, while single-point en-
ergy calculations were performed at CCSD/6-311++G∗∗ level.
All calculation were performed using the GAUSSIAN 09 suite
of program70.

III. RESULTS AND DISCUSSION

A. Valence shell photo-ionization and photo-fragmentation

The PES spectrum reported in Fig. 2.a displays a distinct
structure with at least two experimental bands in the binding
energy, BE, region 8-10 eV, separated by a small but well
defined gap from several broader bands (BE > 12 eV). The
lowest energy band of the PES spectrum, centered at around
8.43±0.14 eV in the present measurements, is assigned to the
ionization of two molecular orbitals (Fig. 3): a superposition
of the lone pair atomic orbitals of the two nitrogen atoms
(denoted n2) and the highest occupied π-orbital delocalized
over the entire molecule (denoted π7). As the n2π∗ electronic
state of the neutral system is energetically lower than the
π7π∗ state (thus suggesting a smaller n2 − π∗ energy gap

compared to π−π∗), it would be natural to assume that the n2
lone pair is easier to ionize compared to the π-orbital. In fact,
this argument has been used previously by others reporting
PES of AB71,72. Our calculations demonstrate, however, that
the π

+
7 state (8.01 eV, Tab. I) is ∼0.2 eV lower in energy

compared to the n+2 state (8.23 eV, see Tab. I). This can be
rationalized with the delocalization of the positive charge
over the entire molecule upon ionization from the π-orbital
in contrast to its localization on the nitrogen atoms in case
of ionization from the lone pair. The lowest band in the PES
spectrum has been shown to be very sensitive to functional
groups73. We attribute this observation to the interaction of
electron-donating and -withdrawing substituents with the
aromatic system expected to affect the π

+
7 rather than the n+2

state.

The second band centered around 9.3±0.12 eV with
a shoulder at 9.76±0.21 eV in the present experiments
is assigned as the ionization from several π orbitals. In
particular, the maximum of the band is determined by
two degenerate ionized states (at 8.91 eV, Tab. I) involv-
ing orbitals π3 and π6 localized over the benzene rings
(Fig. 3), whereas the shoulder arises from the ionization
from π2 (9.29 eV, Tab. I) delocalized over the entire molecule.

A number of ionized states contribute to the binding energy
region above 10 eV (listed in Tables SIII-SVIII in the SI). The
band between 11 eV and 13 eV is due to the ionization of
lower lying π-orbitals and to the higher lying σ -orbitals (see
Fig. 3 and Tab. I). It also exhibits several less intense satellite
features arising through valence π→ π∗ excitations accompa-
nying the ionization. Ionization from a second, energetically
lower lying, superposition of nitrogen lone pairs (denoted n1)
also falls in this region contributing to the shoulder at 12.5 eV.
The fourth band in the PES spectrum spreads between 13 and
16 eV and is dominated by ionization from multiple σ -orbital
(listed in SVII-SVIII in the SI).

The AB photo-fragmentation mass spectrum reported in
Fig. 2.c is the sum of all the PEPICO mass spectra mea-
sured in the binding energy region 8-26 eV, at a photon en-
ergy of 60 eV. Even though the contribution of double ioniza-
tion fragmentation processes cannot be ruled out, especially
in the high binding energy region, the spectrum is expected
to be dominated by single ionization events, and no clear evi-
dence of doubly charged ions has been detected. Further than
the parent ion, clearly visible at m/z 182, also indicated with
the notation 182+, the spectrum is dominated by a relatively
small number of fragments of branching ratios > 5%, namely
77+ and 51+ among the most intense, 105+ and the group
154+-152+. The proposed assignment is reported in Tab. II,
together with a previous determination of appearance energy
by electron impact ionization experiments50 and the present
estimate of the first onset in the PEPICO branching ration, see
Fig. 2.b.

According to the PEPICO measurements, the parent ion
(182+) is characterized by a high stability over the entire
binding energy range 8-10 eV, where it is the only observed
charged species. The cis and trans structures of both the neu-
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FIG. 2: a) The AB PES spectrum measured at 60 eV photon
energy and 20 eV pass energy in the electron analyser, with

an overall energy resolution of about 0.4 eV. Present
theoretical results are reported as vertical sticks and

convoluted Gaussian functions in the bottom part of panel a).
b) Branching ratios of the main fragments from PEPICO
spectra. The plots of the different fragments have been
shifted up by 1 unit for clarity in the display. PEPICO

fragments with intensity < 5% are not reported individually,
but have been added up according to the BE range where

they provided an appreciable contribution. These two groups
are reported on the top of panel, where the contribution

frgaments have been indicated b). c) Sum of all PEPICO
mass spectra from the ionization threshold to 26 eV binding
energy. The narrow positive signal at 10.2 eV is a spike due
to the calculation of the BR in a region of vanishing signal.

tral and charged parent molecule have been analyzed. In both
cases we observe a stabilization of the trans form, which is
0.5 and 0.28 eV more stable than the cis form in 182 and
182+, respectively. Exploring the energy potential due to tor-
sion of dihedral angle C4-N5-N5

′
-C6 going from trans to cis

we identified the transition state of this reaction at an energy
of 8.57 eV in 182+. Therefore, based on these results we can
safely assume that while the neutral gaseous species, desorbed
at room temperature, is in a pure trans conformation, the trans-
cis isomerization is energetically open in the cation at about
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<latexit sha1_base64="hbapMh91XPlGE91WxNbIF3GCpdc=">AAAB93icbVC7TsNAEDyHVwivACXNiQgpNJGNIqAM0FAGCSeREis6XzbhlPPZulsjRVa+gRYqOkTL51DwL9jGBSRMNZrZ1c6OH0lh0LY/rdLK6tr6RnmzsrW9s7tX3T/omDDWHFweylD3fGZACgUuCpTQizSwwJfQ9ac3md99BG1EqO5xFoEXsIkSY8EZppJbvxpOTofVmt2wc9Bl4hSkRgq0h9WvwSjkcQAKuWTG9B07Qi9hGgWXMK8MYgMR41M2gX5KFQvAeEkedk5PYsMwpBFoKiTNRfi9kbDAmFngp5MBwwez6GXif14/xvGllwgVxQiKZ4dQSMgPGa5F2gLQkdCAyLLkQIWinGmGCFpQxnkqxmktlbQPZ/H7ZdI5azjnjeZds9a6LpopkyNyTOrEIRekRW5Jm7iEE0GeyDN5sWbWq/Vmvf+Mlqxi55D8gfXxDX0FkpI=</latexit>

(Ag)

Ionized MOsSignal

(1) 8.42eV

(2) 9.30eV

(3) 11.7eV

(4) 14.0eV
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FIG. 3: Valence molecular orbitals that are ionized and give
rise to the first four bands in the photoelectron spectrum in

Fig. 2.a.

600 meV above ionization threshold.
In the binding energy region >10 eV , the most intense frag-

ments are the 105+ and 77+, with a very tiny contribution
from 154+. The first two, lighter, fragments can be assigned
to the two complementary fragments C6H5N+

2 and C6H+
5 , re-

spectively, corresponding to the detachment of a phenyl ring
from the molecule and the charge on either of the two moi-
eties. Their first onsets in the PEPICO experiments are very
close (at least within the present experimental uncertainty),
but they display a very different behaviour vs binding energy,
with 105+ being more state-selective, i.e. existing in quite
narrow binding energy region, while 77+ can be found over
the entire binding energy region investigated above its forma-
tion. This suggests that 77+ is a highly stable species, requir-
ing a large amount of energy for subsequent fragmentation. It
is interesting to explore the energy and formation pathways
of these fragments along the potential energy surface. Start-
ing from the trans-configuration, 182+ can produce 105+ +
77 with AE(105+) = 9.53 eV, or 105 + 77+ with AE(77+)
= 12.04 eV, a value much higher than the experimental one.
Considering the 105+ fragmentation into 77+ + 28 we calcu-
late AE(77+) = 10.91 eV, in better agreement with the experi-
mental value (see Fig. 4) . Thus the calculations suggest that,
according the minimum energy path, 77+ derives from the
105+ fragment, and not directly from the 182+. This is consis-
tent with MIKE experiments74 where, at least in the threshold
energy region, these two channels are strictly related by sub-
sequent losses: C12H10N+

2 (182+)→C6H5N+
2 (105+)+C6H5

and C6H5N+
2 (105+)→ C6H+

5 (77+) + N2, rather than being
independent channels.

The group of fragments 154+ - 152+, of much smaller in-
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5.55 eV

7.93 eV
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8.53 eV
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(105+)

(77+)

(77+)

(182+)

(182+ trans)

(182+ cis)

(154+)

FIG. 4: The most relevant features in the potential energy surface of AB as discussed in the text. On the right side, parent ion
conversion between trans and cis form, considered as a plausible preliminary step for the N2 elimination. The existence of an

energy barrier of this latter process, whose transition state has not been identified, is hypothetical. On the left side the
fragmentation of the trans -isomer leading to 105+ and 77+ formation, with no barrier processes.

tensity with respect to 105+ and 77+, is very intriguing. Be-
ing separated of each other by one mass unit and about 2 eV
in the energy onset, they are clearly related by successive74

hydrogen losses from 154+. This fragment from both our cal-
culations and ref.s50,74 is attributed to C12H+

10, i.e. to the loss
of N2 from the parent cation. However its mechanism of for-
mation, with N2 extraction, and structure remain controver-
sial. Natalis and Franklin50 considered the two possible struc-
tures: acenaphthene, a polycyclic aromatic hydrocarbon con-
sisting of naphthalene with an ethylene bridge, and biphenyl,
an aromatic hydrocarbon consisting of two connected phenyl
rings. Based on a thermochemical analysis, they considered
biphenyl as the most likely structure, but do not provide any
information on the possible mechanisms of N2 extraction with
recombination of the phenyl rings. According to our calcula-
tions, from an energetic point of view, the fragmentation of
the parent ion into of 154+ + N2 is very favourable, because
the formation energy of 154+ without taking into account any
energy barrier, is 5.55 eV, indicating an extremely stable frag-
ment that would most likely require overtaking a significant

energy barrier for further fragmentation. However, the low
intensity of fragment 154+ in the PEPICO spectra suggests
that dynamical considerations may play a crucial role turning
this process into an improbable one. It is therefore likely that
the N2 elimination involves a multi step process with energy
barriers to be overcome. As plausible mechanism we propose
that the N2 elimination may be due to a preliminary trans to
cis conversion of 182+ whose transition state at 8.53 eV is
energetically achievable below the AE of 154+. Then from
cis-182+, either a sequential or concerted reaction, favoured
by the close proximity of the two phenyl rings, may lead to
elimination of N2 with phenyl rings recombination. For the
sequential case, the transition state for the N-C bond breaking
has been calculated at 9.14 eV. However, following steps of
rings recombination could not be investigated with the present
theoretical methodology.

Fragment 51+ has not been discussed before. Its first onset
at 17.7 eV in the PEPICO spectra indicates that its origin is
related to relatively high energy processes, which could see
the involvement of inner-valence molecular orbitals and, at
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TABLE I: The experimental and calculated binding energies
of the valence and core orbitals of AB. For the numbering of
the C atoms see Fig. 1. For orbitals see Fig. 3. Only cation
states with Dyson norms higher than 1e-01 are reported for
the PES. A complete list of the valence cation states can be

found in Tab. SIII-SVIII in the SI.

Theory Exp Configuration
(eV) (eV) (weight %)

Valence 8.01 8.43±0.14 π
[1]
7 (74%)

Valence 8.23 n[1]2 (72%)
−−−−−−−−−−−−−−−−−−−−−−−

Valence 8.91 9.30±0.12 π
[1]
3 (73%)

Valence 8.91 π
[1]
6 (73%)

−−−−−−−−−−−−−−−−−−−−−−−
Valence 9.29 9.76±0.21 π

[1]
2 (69%)

−−−−−−−−−−−−−−−−−−−−−−−
Valence 10.98

11-13

π
[1]
5 (47%)

Valence 11.33 σ
[1]
6 (48%)

σ
[1]
8 (40%)

Valence 11.36 σ
[1]
2 (68%)

Valence 11.54 π
[1]
1 (49%)

Valence 12.17 n[1]1 (43%)
Valence 12.41 π

[1]
4 (20%)

Valence 12.43 σ
[1]
1 (36%)

σ
[1]
4 (29%)

C1(1s) 290.232 290.26±0.02 1s[1]C1 (74%)
C2(1s) 290.344 290.43±0.01 1s[1]C2 (74%)
C3(1s) 290.106 290.16±0.01 1s[1]C3 (74%)
C4(1s) 290.889 290.88±0.01 1s[1]C4 (74%)

N(1s) 405.18 405.53 ± 0.01 1s[1]N (68%)
N(1s) 407.246 – 1s[1]π [1]

7 π
∗[1]
1 (46%)

N(1s) 408.582 409.00 ± 0.04 1s[1]n[1]2 π
∗[1]
1 (35%)

higher energy, the fragmentation of doubly charged ion states,
estimated75 to be in the range 20 - 21 eV. As for the fragmen-
tation path, subsequent dissociation of fragments 152+ and/or
77+, which in the valence region74 are the evolution of the ini-
tial steps of fragmentation from 154+ and 105+, respectively,
can be considered. In any case, the formation of fragment
51+ requires the fragmentation of the phenyl ring and some
rearrangement, most likely favoured by an extensive hydrogen
scrambling74 that could lead to the formation of cyclobutadi-
ene (C4H+

3 ). The PEPICO BR of these fragments, Fig. 2.b,
may provide some hints on the formation of 51+. Indeed, the
BR of both 152+ and 77+ decrease in the same binding energy
region that sees the rise of 51+, i.e. 18-22 eV. However, while

TABLE II: The main fragments observed in the PEPICO
measurement, Fig. 2.b, their proposed assignment,

consistently with ref.s50,74, the AE value from literature data
and the first onset from the PEPICO branching ratio, BR, of

Fig. 2.b (estimated uncertainty are around 0.2-0.3 eV).
?) ref50; �) ref74; •) not observed/discussed in ref.s50,74

m/z Proposed?,� PEPICO BR AE ?

assignment onset (eV) (eV)
182+ C12H10N+

2 7.8 8.5±0.05
154+ C12H+

10 9.9 11.6±0.2
153+ C12H+

9 11.9 12.4±0.1
152+ C12H+

8 13.2 14.7±0.05
105+ C6H5N+

2 9.9 9.8±0.1
77+ C6H+

5 10.2 11.9±0.1
51+ C4H+

3 (•) 17.7 –

this decrease coincides with the complete disappearance of the
low intensity fragment 152+ from the PEPICO spectra, 77+

can be seen rising again in the higher binding energy region,
most likely via a double ionization process, as suggested by
the broadening of its line shape in the PEPICO spectra mea-
sured at BE > 19.5 eV. Then, the PEPICO experiments suggest
that both precursor ions (152+ and 77+) could be considered
in the formation pathway of 51+.

Considering the low BR value of fragment 152+, and the
negligible contribution it may give to the BR of 51+, we the-
oretically investigated the 51+ formation starting from 77+,
leading to 51+ + 28(C2H2). In the final form, we obtain for
51+ either a three-member ring structure with formation en-
ergy of 14.70 eV, or a linear structure with formation energy
of 15.44 eV, see right hand side of Fig. 5. Considering the
energy barrier for the ring breaking, we studied two possible
channels: a) the breaking of the C3-C4 bond, with a transition
state of 17 eV and b) the breaking of C1-C2, with a transi-
tion state of 16.0 eV. It is interesting to observe that in both
cases, either directly or via rearrangement in case of C3-C4
breaking, it is the CH2C fragment to be produced rather than
C2H2. Taking into account this new product, we obtain a for-
mation energy of 51+ starting from the breaking of C3-C4 of
17.25 eV, while the formation energy starting from the break-
ing of C1-C2 is 16.51 eV. Both these channels are possible, as
consistent with the experiments.

B. Core-ionization and photo-fragmentation

The experimental and theoretical XPS spectra for C(1s) and
N(1s) are shown in Figs. 6.a and 6.b, respectively, while the
corresponding peaks assignments are reported in Table I.

Depending on their position on the ring, the 1s binding
energies of the carbon atoms present positive/negative shifts
compared to the benzene molecule, where the adiabatic
ionization energy is 290.26 eV76. The larger shift is expected
in the substitution site, i.e. C4 in the present notation (Fig. 1).
The negative inductive effect (-I) exerted by the nitrogen
lowers the electron density around C4 resulting in a higher
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FIG. 5: Production of 51+ from a) the breaking of C3-C4
bond b) the breaking of C1-C2 from 77+.

binding energy. As a consequence the C4 band appears
most blue-shifted at 290.88 eV in the XPS spectrum (cyan
peak in Fig. 6). While the effect of the electronegativity
of the substituent atom decreases as the distance increases,
the inductive effect alone cannot explain the ordering of
the binding energies of the four carbon atoms. In fact, our
calculations show that the binding energy decreases in the
order C2 > C1 > C3. This ordering can be rationalized taking
into consideration the nitrogen positive mesomeric effect
(+M) which restores electron density back in the phenyl
ring through the π-orbitals. The +M effect decreases in the
order ortho (C3) > para (C1) > meta (C2) with respect to
the substituted atom, thus resulting in the highest electron
density and, conversely, lowest binding energy for C3 (red
peak in Fig. 6). A similar effect has been reported for
halopyrimidines77.

In the N(1s) XPS spectrum, Fig. 6.b, the main band is
found at 405.53 eV, in good agreement with the theoretically
predicted ionization energy of 405.18 eV. A second less
intense feature appears approx. 3.5 eV above the main
band, i.e. at 408.58 eV. XPS measurements on AB layers
adsorbed on layered crystals have assigned a similar feature
to a satellite structure corresponding to a shake-up π → π∗

transition78,79. Our calculations demonstrate that the corre-
sponding shake-up π → π∗ feature should give rise to a less
intense satellite approx. 2.0 eV above the main band (407.25
eV) which remains experimentally unresolved. Instead, the
satellite at 408.58 eV is due to a shake-up n2→ π∗ transition
accompanying the 1s ionization. The 3.5 eV energy required
for this shake-up with respect to the bare N(1s) ionization
is about 1 eV higher compared to the energy required to
excite the same transition in the neutral system (n2π∗ has
a maximum in the visible spectrum at ca. 2.7 eV80). It is
energetically more demanding to excite an electron from
the lone pair into the aromatic system and, thus, to displace
electron density away from the nitrogen atoms when the
density is simultaneously depleted through ionization.
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FIG. 6: The nitrogen (top) and carbon (bottom) 1s XPS
spectra of AB (open dots) measured at 382 and 495 eV

photon energy, respectively, experimental fits (full areas) and
theoretical predictions (vertical bars). A shift of 0.35 eV has

been applied to the N(1s) theoretical results to match the
experimental features.

C. The core near-edge absorption

The experimental and theoretical NEXAFS spectra for
C(1s) and N(1s) are reported in Fig. 7 and Fig. 8, respectively,
while the corresponding peaks assignments are reported in
Table III. The carbon spectrum exhibits a complex multi-peak
pre-edge structure with three well separated bands peaking
at 285.3 eV, 287.5 eV and 289.5 eV superimposed on a
linearly increasing ionization continuum. Each of these three
peaks arises due to excitations from multiple carbon centers
distinguishable by the calculations. In particular, the lowest
band at 285.3 eV exhibits a fine splitting and a shoulder on
the low energy side at 284.5 eV. The shoulder forms due
to transitions from C1, C3 and C4 to the lowest virtual π∗1
orbital (Fig. 7).81 Interestingly, the transition energy for the
sites increases in the order C3 > C1 > C4 which matches with
the order of the XPS binding energies (Fig. 6.a). Transitions
to the second virtual π∗2 orbital give rise to the main peak.
Only C2 and C3 contribute to this peak due to the shape of
the virtual orbital having no coefficient on C1 and C4 (Fig.
7). Notably, the transitions into the two π∗ orbitals appear
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FIG. 7: Molecular orbitals diagram (left) and carbon K-edge NEXAFS spectra (right) for AB. The experimental data are
reported in the top panel as black dots with superimposed 3-point smooth line in red, while the theoretical results, convoluted
by Gaussian functions of FWHM = 0.7 eV, are depicted in the bottom panel. Individual contributions from different carbon 1s
orbitals are also shown with different colors. Labels a,b,c and d indicate signals associated with transitions to different virtual

orbitals. The C(1s) ionization threshold is also highlighted with vertical lines.

as distinct peaks in the calculations while they merge into
a single band in the experiment. The second band at 287.5
eV, which also exhibits a shoulder on the low energy side,
arises due to transitions from all four carbon core orbitals
to the virtual orbital labeled π∗7 . In fact, orbitals π∗1 and
π∗7 are formed through bonding (π∗1 ) and anti-bonding (π∗7 )
interactions of the phenyl rings with the central N2 unit. The
third band at 289.5 eV is dominated by shake-up features due
to transitions into orbital π∗3 , i.e. the completely anti-bonding
phenyl orbital (Tables SIX-SXII in the SI). In agreement with
the above analysis, the peaks at 285 eV and 289.5 eV arising
due to core transitions into the weakly perturbed phenyl
orbitals π∗2 and π∗3 have been reported for bare benzene
chemisorbed on Cu(110)82.
Overall, the calculations show that the core orbitals of the
four nonequivalent carbon atoms lie energetically close, as
can be also inferred from the XPS spectrum (Fig. 6). Hence,
the multi-peak nature of the NEXAFS spectrum reflects
rather the energetic structure of the virtual orbital manifold
(Fig. 7.a).

The nitrogen spectrum is characterized by one dominant

pre-edge band at 398.57 eV assigned to the 1s→ π∗1 transi-
tion. Notably, no further intense transitions into the π-system
are observed as among the virtual π∗-orbitals only π∗1 has sig-
nificant coefficient on the nitrogens (Fig. S1 in the SI) which
is a requirement for a finite dipolar coupling31. A less intense
feature between 400.5 eV and 402.5 eV is due to a shake-up
feature characterized by the simultaneous excitation of a 1s
and a valence π electrons in the virtual orbitals.

In the K-edge regions around the C and N thresholds whose
main NEXAFS features have been discussed above, sev-
eral MS spectra have been acquired at regular steps. These
background-subtracted mass spectra are shown in Fig. 9
where they are compared to the mass spectra recorded at 60
eV (black curve), i.e. the photon energy used for the PEPICO
measurements.

In both cases where the mass spectra have been measured
above 1s ionization thresholds, the contributions of the par-
ent ion and of the m/z > 100 fragments are vanishing. These
spectra are dominated by the C6H+

5 (m/z 77) and C4H+
3 (m/z

51) observed also in the mass spectrum measured at 60 eV
and other fragments ( C5H+

4 , C3H+
2 and C2H+

3 ) with a relative
contribution enhanced with respect to the spectrum at 60 eV.
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TABLE III: The experimental and calculated core excited
states of AB. For the numbering of the C atoms see Fig. 1.
For orbitals see Fig. S1 and S3 of the SI. Only core excited

states with |TDM|2 higher than 1e-04 are reported. A
complete list of the core excited states which give rise to the

NEXAFS spectra can be found in Tab. SII and Tab. SIX-SXII
in the SI. The experimental positions refer to the features

distinguishable in the spectra reported in Fig. 7 and Fig. 8.

Theory Exp Configuration
(eV) (eV) (weight %)

C3(1s) 284.15 1s[1]π∗[1]1 (76%)
C1(1s) 284.40 285.72 1s[1]π∗[1]1 (76%)
C4(1s) 284.80 1s[1]π∗[1]1 (76%)
−−−−−−−−−−−−−−−−−−−−−−−
C2(1s) 285.31 285.12 1s[1]π∗[1]2 (75%)
C3(1s) 285.41 285.48 1s[1]π∗[1]2 (62%)
−−−−−−−−−−−−−−−−−−−−−−−

C1(1s) 286.33 286.63 1s[1]π∗[1]7 (32%)
1s[1]π∗[1]2 (30%)

C3(1s) 286.40 1s[1]π∗[1]7 (34%)
C4(1s) 286.78 287.27 1s[1]π∗[1]7 (48%)
C2(1s) 286.99 1s[1]π∗[1]7 (24%)
−−−−−−−−−−−−−−−−−−−−−−−

C3(1s) 289.06 288.11
1s[1]n[1]2 π

∗[2]
1 (17%)

1s[1]π∗[1]3 (16%)
1s[1]π∗[1]4 π

∗[1]
1 π

∗[2]
1 (11%)

C4(1s) 289.59 289.07 1s[1]π∗[1]3 (12%)
1s[1]π∗[1]4 π

∗[1]
1 π

∗[2]
1 (10%)

C4(1s) 289.63 ex.m.

N(1s) 398.57 398.67 1s[1]π∗[1]1 (78%)
−−−−−−−−−−−−−−−−−−−−−−−
N(1s) 401.21 401.13 1s[1]π [1]

4 π
∗[2]
1 (27%)

N(1s) 401.70 401.75 1s[1]π [1]
7 π

∗[1]
1 π

∗[1]
5 (19%)

1s[1]π [1]
6 π

∗[1]
1 π

∗[1]
7 (19%)

All fragments are broader and accompanied by other minor
contributions corresponding to H losses. These observations,
together with the low cross section for direct photo-ionization
of the valence shell, suggest that these fragments are produced
in the fragmentation of AB dication formed by the radiation-
less Auger-Meitner decay following core ionization.

In Figure 10 the branching ratio of the most representative
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FIG. 9: Mass spectra of AB measured at photon energies of
60 eV (black), 293 eV (red) and 405 eV (green).

fragments are reported vs photon energy in the region of the
N(1s) excitation. A similar representation for all fragments is
reported in the SI.

In the N(1s) near threshold region all main fragments dis-
play a clear enhancement at the 1s→ π∗1 transition and 51+,
which is characterized by the largest BR, also in the case of
the other excitations. Consistently with the observation in the
1s continuum, 51+ and 77+ have the largest BR. This obser-
vation can be rationalized in the following way. Inner shell
excitation can decay to cation states via resonant Auger. In
the case of a participator decay, the excited electron is in-
volved in the process and the final states correspond to one-
hole states, as the ones more likely populated in direct ion-
ization at lower photon energies. Vice versa, in the case of
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FIG. 10: Total ion yield (grey shaded area) and branching ratios of the most representative fragments at the N(1s)
excitation/ionization region (coloured lines). The error bars represent the confidence of the fit. Fragments have been grouped

according to their dependence with the photon energy.

a spectator decay the excited electron does not participate in
the process and the final state is a singly charge ion with two
holes and an excited electron. These states are the ones that
converge to double ionization. Thus participator decays are
expected to produce mass spectra similar to the one obtained
in the valence ionization, i.e. with a dominant contribution
of 182+,152− 154+,105+, while spectator decays will pro-
duce mass spectra similar to the ones dominated by dications
fragmentation. The 77+ represents a peculiar case because, as
also observed in the PEPICO experiments (Fig. 2), it can be
produced via the fragmentation of either cations and dications.
Looking at the variation of the BR in the resonance and at the
width of the peak one can state that in this energy region the
contribution of the direct ionization is negligible. According
to the different BRs one can clearly state that the radiationless
decay of the N 1s→ π∗1 is dominated by spectator decays.

As for the total ion yield at the C(1s) edge (see Fig. S4 in
SI), it is clearly observed that on resonance the H-loss pro-
cess is reduced in all channels, stays almost constant outside
the resonance, and decreases in the continuum. Qualitatively,
one might ascribe this observation to the rapid dissociation
of the molecular ion, formed in highly excited states in the
spectator decay, that prevents the energy redistribution lead-
ing to further H losses. In the C(1s) near threshold region
the presence of excitations of the four non-equivalent C atoms
partially masks the effects clearly detected in the case of the
N(1s) strong isolated resonance. However, a similar trend in
the region of the resonances, with increasing BR dominated
by fragments 77+ and 51+, is observed.

D. The excited state core ionization and near-edge
absorption

Well established valence-shell spectroscopy techniques
probe changes in electron density on a molecular scale by
interrogating transitions among generally delocalized fron-
tier orbitals. Transient UV/Vis and PES have been success-
fully applied to study the ultrafast non-adiabatic dynamics
in AB6,83. Core-shell spectroscopy, on the other hand, ad-
dresses changes in electron density on the atomic scale and
acts as a sensor for the involvement of individual atoms in the
electronic structure of an excited state. Having demonstrated
the accuracy of our simulation protocol in the reproduction
of ground state NEXAFS and XPS features, we conclude by
reporting simulations of the corresponding spectra out of the
nπ∗ and ππ∗ excited states (Fig. 11) and discuss the charac-
teristic features which would facilitate studying photoinduced
dynamics in AB by means of transient core-shell spectroscopy
techniques. Thereby we omit coupling between electronic and
vibrational degrees of freedom and discuss only the FC spec-
tra (potentially obtainable with ultrashort pulses at very short
pump-probe delays).
Electronic transitions create vacancies in the occupied valence
orbitals which could give rise to characteristic red-shifted ab-
sorption features in transient NEXAFS provided core and va-
lence orbitals exhibit finite overlap. In the case of AB the
excited state NEXAFS show peaks red-shifted by several eV
to a background-free spectral region (Fig. 11.a between 281
and 282 eV in the ππ∗ carbon K edge and Fig. 11.c at 396 eV
in the nπ∗ nitrogen K edge). They are associated with core-
to-valence C(1s)→ π and N(1s)→ n transitions. The comple-
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FIG. 11: Carbon 1s (a,b) and nitrogen 1s (c,d) NEXAFS (a,c) and XPS (b,d) signals from the ππ∗ (green), nπ∗ (yellow) and
ground (gray) electronic states calculated at the FC point. The central panel shows detachment (red)/attachment (blue) electron

densities for the excited states, thus highlighting how the electronic density is redistributed upon excitation.

mentary signals C(1s)→ n and N(1s)→ π are weak due to the
vanishing molecular orbital overlap.
Excitations are often associated with partial charge transfer
throughout the system. Depletion of electron density (detach-
ment) around an atom hampers whereas accumulation (attach-
ment) facilitates core ionization/excitation. In the case of AB,
π → π∗ excitation leads to a depletion in the aromatic rings
accompanied by density increase in the central NN fragment
(Fig. 11, central panel). Density flow in the opposite direc-
tion, albeit to a less extent, is observed in the nπ∗ state. The
consequences of this partial charge transfer are best seen in
the nitrogen NEXAFS and XPS (Figs. 11.c,d) where 1s→ π∗

transition (NEXAFS) and 1s ionization (XPS) exhibit up to
1 eV red-shift in the ππ∗ state (due to the electron attach-
ment) or blue-shift in the nπ∗ state (due to the electron de-
tachment). The complementary detachment/attachment in the
aromatic ring depends on the position of the carbon (ortho,
meta, para) with respect to the NN fragment and gives rise
to more complex patterns, e.g. the broad absorption band be-
tween 289 eV and 291 eV in the carbon XPS out of the ππ∗

state (Fig. 11.b).
Finally, the nitrogen and carbon XPS (Figs. 11.b,d) out of
the ππ∗ state show a weak signal red-shifted by about 3 eV
associated with a shake-down feature, i.e. a core-ionization
accompanied by a π ← π∗ de-excitation. These features dis-
appear following the decay to the nπ∗.
In summary, both the carbon and the nitrogen K edges can be
utilized to follow the ππ∗ → nπ∗ → GS internal conversion
by means of transient NEXAFS and/or XPS owing to their
pronounced sensitivity to the electronic structure.

IV. CONCLUSIONS

The photo-ionization and photo-fragmentation of the va-
lence and core shells of Azobenzene as well as of the NEX-
AFS in the carbon and nitrogen K edge regions have been
studied by a combination of several experimental and theoret-
ical methods, providing a comprehensive characterization of
the electronic structure of this prototype molecule for a class
of molecular photo-switches.
In the valence shell, the lowest energy band has been at-
tributed to the π

+
7 state delocalized over the aromatic ring,

thus explaining the well known high sensitivity of the PES
to the functional group in the class of AB molecules as due
to competing electron-donating and -withdrawing role of the
substituent. Then, guided by the theoretical simulations, the
main features in the PES spectrum have also been assigned,
showing a dominance of π and lone pair orbitals in the bind-
ing energy region below 11 eV, and a dominance of σ orbitals
above that. The study of the fragmentation paths has allowed
to shed light on the subsequent fate of these valence and core
shell excited/ionized states of the molecule.
The valence shell photo-fragmentation of AB relies on two
primary and competing processes, namely the C6H5 loss and
N2 extraction from the parent ion, with the branching ratio of
the first process dominating over the second. In both cases
the phenyl rings are preserved, thanks to their high stabil-
ity, and the first bond to break in the AB molecular structure
is(are) the C-N bond(s) in the binding energy region > 10 eV.
Theoretical calculations propose that fragment 77+, attributed
to C6H+

5 , is more easily produced by a two-step mechanism
from C6H5N+

2 (105+) followed by N2 loss, rather than a sin-
gle C-N bond breakage with charge on C6H+

5 rather than on
C6H5N+

2 . The proposed mechanism for the formation of frag-
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ment 154+, attributed to C12H+
10, may involve a trans-cis iso-

merization of the molecular ion which brings phenyl rings in
closer proximity thus favouring formation of a biphenyl struc-
ture with expulsion of the stable N2. Even though with the
present theoretical approach it has not been possible to prove
the ’condensation’ of the two phenyl rings following trans-cis
isomerization, the relatively low energy barrier calculated for
this isomerization in the molecular ion places this transition
well below the calculated AE of 154+, as well as below its
first onset in the PEPICO measurements, making isomeriza-
tion at least energetically possible as a preliminary rearrange-
ment preceding N2 loss.
The theoretical analysis of 154+ shows how the existence
of this fragment is extremely favourable from a purely ener-
getic/structural point of view, suggesting that ones formed, it
should be stable. However, this is clearly in contrast with the
PEPICO observation, where this fragment contributes for just
a few percents of the branching ratio. Therefore, the most
likely explanation for the low intensity of fragment 154+ has
to be found in dynamical aspects where, from the cis-state
of the molecular ion the breakage of two C-N bonds with re-
bound of the two phenyl rings makes this a quite unlikely pro-
cess to happen.
In the core region, apart for a rigid energy shift, an overall
excellent agreement has been observed between theory and
experiment. The NEXAFS exhibit features which reflect the
energetic structure of the manifold of virtual orbitals. In par-
ticular, we attributed each individual peak in the carbon K
edge to a core transition to a specific π∗ orbital. The NEX-
AFS, however, cannot resolve the four types of carbon atoms
present in AB as the chemical shifts are smaller than the band-
width. Comparison between the carbon and nitrogen spectra
highlights another trait of NEXAFS, namely that virtual or-
bitals must exhibit contribution over the atoms whose core or-
bitals are interrogated to give rise to signals. In that regard, the
single-peak structure of the nitrogen K edge opposite to the
multi-peak structure of the carbon K edge is a consequence of
the localization of most π∗ orbitals on the aromatic rings.
The XPS exhibit generally less features as each non-
equivalent 1s orbital contributes only with one intense peak.
The N XPS resolves a couple of satellites, one confirmed by
the experiment. The C XPS exhibits a non-trivial ordering
of the binding energy of the four non equivalent C atoms, a
consequence of the interplay of inductive and resonant effect
in the aromatic ring. The chemical shifts allow to distinguish
spectroscopically the carbon directly bonded to the nitrogen.
Finally, we demonstrated that the carbon and nitrogen K
edges can be utilized to study the photoinduced dynamics
in AB owing to transient signals - core-transitions to va-
cant occupied orbitals and shake-down features - appearing
in background-free regions of the NEXAFS and XPS. More-
over, core-excitation and ionization show to be very sensitive
to the unique distribution of electron density in each excited
state which makes them excellent internal observer of the par-
ticipation of certain atoms in the excited state deactivation.
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