
HAL Id: hal-03864073
https://hal.science/hal-03864073

Submitted on 21 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Coincidence study of core-ionized adamantane:
site-sensitivity within a carbon cage?

Smita Ganguly, Mathieu Gisselbrecht, Per Eng-Johnsson, Raimund Feifel,
Paul-Antoine Hervieux, Zeinab Alfaytarouni, Reinhold F Fink, Sergio

Díaz-Tendero, Aleksandar Milosavljevic, Patrick Rousseau, et al.

To cite this version:
Smita Ganguly, Mathieu Gisselbrecht, Per Eng-Johnsson, Raimund Feifel, Paul-Antoine Hervieux, et
al.. Coincidence study of core-ionized adamantane: site-sensitivity within a carbon cage?. Physical
Chemistry Chemical Physics, 2022, �10.1039/d2cp04426a�. �hal-03864073�

https://hal.science/hal-03864073
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


rsc.li/pccp

PCCP
Physical Chemistry Chemical Physics

rsc.li/pccp

ISSN 1463-9076

PAPER
H.-P. Loock et al. 
Determination of the thermal, oxidative and photochemical 
degradation rates of scintillator liquid by fluorescence EEM 
spectroscopy

Volume 19
Number 1
7 January 2017
Pages 1-896

PCCP
Physical Chemistry Chemical Physics

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  S. Ganguly, M.

Gisselbrecht, P. Eng-Johnsson, R. Feifel, P. Hervieux, Z. Alfaytarouni, R. F. Fink, S. Díaz-Tendero, A.

Milosavljevic, P. Rousseau and S. Maclot, Phys. Chem. Chem. Phys., 2022, DOI: 10.1039/D2CP04426A.

http://rsc.li/pccp
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d2cp04426a
https://pubs.rsc.org/en/journals/journal/CP
http://crossmark.crossref.org/dialog/?doi=10.1039/D2CP04426A&domain=pdf&date_stamp=2022-11-17


Coincidence study of core-ionized adamantane: Site-
sensitivity within a carbon cage?

Smita Ganguly,∗a Mathieu Gisselbrecht,a Per Eng-Johnsson,a Raimund Feifel,b Paul-Antoine
Hervieux,c Zeinab Alfaytarounid,e, Reinhold F. Fink, f Sergio Díaz-Tendero,g,h,i Aleksandar R.
Milosavljević, j Patrick Rousseau,k and Sylvain Maclot∗b,l

We investigate the fragmentation dynamics of adamantane dications produced after core-ionization at
the carbon edge followed by Auger decay. The combination of high-resolution electron spectroscopy,
energy-resolved electron-ion multi-coincidence spectroscopy and different theoretical models allows
us to give a complete characterization of the processes involved after ionization. We show that
energy- and site-sensitivity is observed even for a highly-symmetric molecule that lacks any unique
atomic site.

1 Introduction

Diamondoids have been of great interest in recent years due to
their role in many applications1 such as in nanotechnology,2 in
medicine3,4, and in astrochemistry5,6. In space, diamondoids
are expected to be abundant due to their high stability but af-
ter comparison with laboratory measurements based on infrared
spectroscopy7, astronomical observations show a deficiency of di-
amondoids in the interstellar medium which to date is not com-
pletely understood8. Adamantane (C10H16) is the smallest dia-
mondoid molecule with a carbon cage formed by C(sp3)-C(sp3)-
hybridized bonds and fully terminated by hydrogen atoms. The
molecule comprises two different carbon sites CH and CH2, so-
called methanetriyl and methylene groups, respectively. Previ-
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d Université de Strasbourg, CNRS, IPHC UMR 7178, 67000 Strasbourg, France
e Radiotherapy department, institut de cancérologie Strasbourg Europe (ICANS), 67200
Strasbourg, France
f Institute of Physical and Theoretical Chemistry, Eberhard Karls University Tübingen,
Auf der Morgenstelle 18, 72076 Tübingen, Germany
g Department of Chemistry, Universidad Autonoma de Madrid, 28049, Madrid, Spain
h Institute for Advanced Research in Chemistry (IAdChem), Universidad Autónoma de
Madrid, 28049 Madrid, Spain
i Condensed Matter Physics Center (IFIMAC), Universidad Autónoma de Madrid, 28049
Madrid, Spain
j Synchrotron SOLEIL, L’Orme de Merisiers, Saint Aubin, BP48, 91192, Gif-sur-Yvette
Cedex, France
k Normandie Univ., ENSICAEN, UNICAEN, CEA, CNRS, CIMAP, 14000, Caen, France
l Institut Lumière Matière UMR 5306, Université Claude Bernard Lyon 1, CNRS, Univ
Lyon, 69100 Villeurbanne, France

ously, valence dissociative ionization of the adamantane has been
studied using VUV radiation9, XUV femtosecond pulses10,11,
electron ionization12,13 as well as other spectroscopic works14,15.
These studies reveal dissociation via a number of parallel chan-
nels which all start with an opening of the carbon cage and hy-
drogen migration indicating that the low stability of adamantane
after excitation/ionization could explain its deficiency in astro-
nomical observations. However, little is known about X-ray dis-
sociative ionization of adamantane and diamondoids in general.
It is known that X-rays travelling through the interstellar medium
ionize the atoms, molecules and grains in the medium16,17. The
interaction of diamondoids with X-rays is therefore relevant to the
chemistry of interstellar medium18–21 and could partially explain
the lack of diamondoids in space.

The only studies of carbon K-edge spectra we are aware of,
for adamantane and other diamondoids, are the absorption spec-
tra of Willey et al.22,23. In addition, the Auger electron spectra
of diamondoids (bulk) have been measured and rationalized by
calculations on adamantane derivatives by Endo et al.24. The
theoretical results could resolve different contributions both re-
garding the Auger process (1s-2p2p, 1s-2s2p,1s-2s2s) and the
chemical environment (C-C or different C-Hn atoms), raising the
possibility of finding site-sensitive fragmentation upon core-hole
excitation. Thus we have studied the dissociation of adamantane
molecules in the gas phase after C-1s core-ionization using syn-
chrotron X-ray radiation and explore site-sensitive dissociation. In
fact, K-shell ionization by synchrotron radiation has been exten-
sively used to probe the chemical environment of many molecu-
lar and cluster systems25–33 even though site-specific dissociation
is often considered as weak34 and that fragmentation dynamics
is mostly driven by internal energy35,36. The fact that adaman-
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tane is a saturated hydrocarbon implies that the detection of site-
selective dissociation (using the direct photoelectron) is highly
challenging due to small energy difference between the two dif-
ferent carbon sites (similar chemical environment) and the effect
is expected to be rather small. Nevertheless, multi-coincidence
tools using Auger electron and ion spectroscopy can reveal such
processes as we will show in the following.

In this work, we present the results of electron-ion spec-
troscopy of the adamantane dication after core-ionization at the
carbon edge using X-ray photons. The first part consists of high-
resolution spectroscopic measurements such as C-edge X-ray pho-
toelectron spectrum (XPS), Near edge X-ray absorption fine struc-
ture (NEXAFS), normal and resonant Auger electron spectroscopy
(AES and RAES). These studies are used to determine the condi-
tions and interpret the results of correlated photoion and Auger
electron spectroscopy (AEPIPICO). This enables the characteri-
zation of the charged products of interaction (identification and
energetics). Combination of state-of-the-art computational tech-
niques is required to treat such complex system and the variety
of processes occurring. We demonstrate that thanks to coinci-
dence measurements and good understanding of the electronic
structure of ionized adamantane we can reveal both energy-
and site-sensitivity of photodissociation, even for such symmet-
ric molecules containing carbon as the only heavy element.

2 Methods

2.1 Experimental

The experiments were carried out at the soft X-ray beamline
PLEIADES at Synchrotron SOLEIL37. The soft X-rays were gen-
erated by an Apple II HU 80 permanent magnet undulator
and monochromatized using the modified Petersen plane grating
monochromator in combination with a high-flux 600 lines/mm
grating. For the present experiment, the photon energy was cali-
brated according to the maximum position of the CO2 C-1s → π*
absorption peak38.

The electron spectroscopy measurements were performed us-
ing a newly developed heated gas cell, in combination with a
wide-angle lens VG-Scienta R4000 electron energy analyzer39.
High purity commercial adamantane powder (99%, Sigma-
Aldrich) was used without further purification except vacuum
pumping. The sample was placed in an external container and in-
troduced into the gas cell through a heated injection gas line. The
gas cell was heated at 54 degrees Celsius. During the measure-
ments, the pressure in the Scienta chamber (outside the gas cell)
was 7.1×10−7 mbar (the base pressure was 4.3×10−8 mbar). The
binding energy scale of the adamantane XPS spectrum was cali-
brated according to the XPS spectrum of CO2 and the reference
C-1s IP value reported by Myrseth et al40. The CO2 was intro-
duced into the gas cell under the same experimental conditions,
through the same injection gas line. The kinetic energy scale of
the adamantane Auger spectra was calibrated at the same time ac-
cording to the measured CO2 Auger spectrum and the position of
reference lines reported by Modeman et al41. The overall uncer-
tainty of binding and kinetic energy scales due to the calibration
is estimated to be up to 0.1 eV. The adamantane electron spectra

were recorded at the photon energy of 350 eV for the XPS and
AES, 287 and 287.6 eV for the RAES, with an overall resolution
of 55 meV.

The AEPIPICO spectra were recorded using the EPICEA
setup32,37, which consists of a double toroidal electron analyzer
(DTA)42 and a 3D focusing ion TOF spectrometer. Electrons emit-
ted at an angle of 54.7° enter the DTA, where they are retarded
to a predetermined pass energy (Ep). The detection electron ki-
netic energy window is about 12% of the defined Ep, whereas
the energy resolution is about 1% of the Ep43. In the present
experiments, a pass energy of 250 eV was used, which leads to
an analyzer resolution of about 2.5 eV and a detection range
of ±15 eV. The retardation voltage and DTA lenses were then
adjusted to detect Auger electrons with a kinetic energy corre-
sponding to a binding energy (BE) centered at 20 eV in the case
of resonant Auger electron spectra and 40 eV in the case of nor-
mal Auger electron spectra. After exiting the DTA, the electrons
are recorded by a delay-line position sensitive detector (DLD40,
Roentdek GmbH). The distance of the electron position from the
center is inversely proportional to its kinetic energy. The cali-
bration of the kinetic energy scale was performed by recording
radius-positions of Xe 5p and Xe 5s IPs as a function of the pho-
ton energy, and by using a previously proposed empirical formula
to transform the detector radius-position (mm) to the electron
kinetic energy (eV)43.

For the EPICEA experiment, the adamantane is introduced into
the vacuum chamber through a heated injection gas line and
a heated needle, in a crossed-beam experimental arrangement.
The base pressure was 4.2×10−8 mbar. The interaction region is
placed in a zero-electric-field space between two extraction grids.
The detection of an electron triggers a pulsed field that accel-
erates all ions toward a hexagonal delay-line detector (HEX75,
Roentdek GmbH) placed behind the TOF drift tube. The positions
on the detector and time of flight of all extracted ions are recorded
and make part of the same coincident “event” marked by the trig-
gering electron. Additionally, a pulse generator (Stanford DG645)
was used to produce random triggers, which extract ions present
in the interaction without a coincident electron event, thus allow-
ing to analyze the background ion signal recorded due to false
coincidences. False coincidences were taken into account using
the statistical procedure reported by Prümper and Ueda44. The
NEXAFS spectra recorded on the EPICEA setup were obtained as
a total photoion yield measured in a continuous ion extraction
field.

2.2 Theoretical

2.2.1 XPS spectra

In a series of papers45–48 we have proposed a quantum approach
to calculate total and differential cross sections for the electron
impact ionization of complex molecules (formic acid, tetrahydro-
furan, pyrimidine...). By integrating the most differential cross
sections (here the triply differential cross sections), we can eas-
ily retrieve the doubly differential (DDCS), simply differential
and total cross sections. In order to obtain the XPS intensi-
ties one computes the zero momentum transfer limit (q ≃ 0) of
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the DDCS. The calculation is performed for a given energy de-
posit provided by the electron projectile that corresponds, under
these special kinematical conditions, to the XPS photon energy
(e.g. hν = 350 eV). Finally, the modeling of an experiment using
molecules in gas phase necessitates that the DDCS results must
be averaged out over the molecular orientations.

The theoretical framework is based on the First Born Approxi-
mation (FBA) and the ejected electron is described by a distorted
wave (a complete theoretical description of the model is given
in48). The molecular wavefunction was computed at the HF/6-
31G(d) level over the optimized geometry at the B3LYP/6-31G(d)
level, and using Gaussian16 code49. Such wave function is then
converted to a single center wavefunction, thereby reducing the
complexity of this multi-atom system.

2.2.2 Auger spectra

Auger electron spectra of adamantane were obtained with a pro-
tocol that uses configuration interaction (CI) wavefunctions and
the one-centre approximation.50–52 A convolution with Gaussian
functions with a full width at half maximum (FWHM) of 1eV pro-
vided the resulting theoretical spectra. The protocol is very simi-
lar to the one described in more detail in Refs.53 and further de-
tails of the approach as well as references to them can be found
in Ref.54

Hartree-Fock (HF) orbitals of the adamantane molecule ob-
tained with the SV(P) basis set55 were extended by the space
of atomic valence orbitals according to Ref.56 Localized C-1s core
orbitals were obtained with a Mulliken localization of the ten HF-
orbitals with lowest orbital energies. The core-ionized states were
described with CI calculations with one hole in the core orbital
of interest and additionally one excitation of an electron from
the occupied valence orbitals to one atomic virtual orbital while
the final state energies and wavefunctions were obtained with a
CI calculation with all configurations that result from two holes
in the occupied valence orbitals of the ground state adamantane
molecule.

2.2.3 Dication photodissociation

Exploration of the potential energy surface in doubly ionized
adamantane was carried out at the B3LYP/6-31G(d) level of the-
ory. We have located relevant minima and the corresponding
transition states connecting them. The nature of the stationary
points (both minima and first order transition states) was veri-
fied by computing the harmonic frequencies, and the connection
of the transition states by running the intrinsic reaction coordi-
nate. Relative energies were corrected with the zero-point energy,
ZPE. These calculations were also carried out using Gaussian16
code49.

3 Results and Discussion

3.1 C-edge X-ray photoelectron spectroscopy

We used X-ray photoelectron spectroscopy (XPS) to probe the
chemical environment of the adamantane carbon cage. Fig. 1
shows the experimental C-1s edge XPS spectrum recorded at
hν = 350 eV and where several contributions can be observed.
The two main features at 289.9 eV and 290.1 eV come from the

289 289.5 290 290.5 291 291.5
Binding energy (eV)

0

0.2

0.4

0.6

0.8

1

In
te

ns
ity

Adamantane

Fig. 1 C-1s XPS spectrum of adamantane recorded at hν = 350 eV.
The two bars represent the theoretical contributions of the 2 carbon sites
(purple for CH2 sites and orange for CH sites) and are normalized to 0.7.
The strucutre of adamantane is depicted in inset.

(1) (2)

(3) (4)

(5) (6)

(7) (8)

(9) (10)

r(CH)

r(CH2)

Fig. 2 Molecular orbitals (MO) φi of neutral adamantane, computed at
the HF/6-31G(d) level, are depicted, in red and green the two phases of
the MO, and with a surface isovalue of 0.01 a.u. (1-4) correspond to 1s
molecular orbitals of CH sites and (5-10) to CH2 sites. The electronic
density associated with the two types of carbon atoms has been computed
as ρ(CH) = ∑

4
i=1 |φi|2 and ρ(CH2) = ∑

10
i=5 |φi|2 and have been depicted in

orange and purple, respectively and with an isovalue of 0.001 a.u.

two different carbon sites (CH and CH2) and are spaced by about
200 meV. The visible tail at higher binding energies can be asso-
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Fig. 3 (a) Two dimensional map of Auger electron kinetic energy as
a function of incident photon energy near the C-1s ionization edge of
adamantane. (b) Near edge X-ray absorption fine structure (NEXAFS)
spectrum and the total ion yield X-ray absorption (TIY) spectrum of
adamantane.

ciated with the population of some vibrational states.
To compare with the experimental measurement, theoretical

calculations (see sec. 2.2.1) have been performed. First, they give
access to the 10 different molecular orbitals that are displayed in
Fig. 2. The first four (1-4) correspond to methanetriyl groups and
ρ(CH) is the corresponding electronic density associated to the
core orbitals in this site (see caption of Fig. 2). This shows that
the electronic density is mainly located on the carbon of the initial
site. Similar behaviour is observed for the ones of the methylene
groups (5-10) and ρ(CH2). This indicates that orbitals seem to be
very well localized on the carbon groups involved in the ioniza-
tion and should give a well defined site-sensitivity. The Koopmans
energy values of these molecular orbitals have an energy differ-
ence of ∼200 meV between the two carbon sites matching the
experimental observation. The intensities of the different orbitals
are calculated with a method based on the First Born Approxima-
tion (see sec. 2.2.1) and are reported as bars normalized to 0.7
in Fig. 1 (purple for CH2 sites and orange for CH sites) in good
agreement with the experimental measurement.

3.2 Auger-yield Near Edge X-ray Absorption Fine Structure
Fig. 3 (a) shows the photon energy dependence of Auger elec-
tron energy of adamantane near the C-1s ionization edge. We
observe that below the ionization edge (∼ 289.7 eV) there are
two resonances at 287 eV and 287.6 eV attributed to CH and CH2

valence orbitals, respectively, and one resonance above threshold
at 292 eV coming from σ∗ states of C–C bonds (respective attri-
butions from Refs.22,23). Strong post-collision interactions (PCI)
are visible between 288 and 292 eV (curved features). Fig. 3 (b)
shows the NEXAFS spectrum were the two narrow resonances at
287 eV and 287.6 eV and a broad one at 292 eV are clearly ob-
served same as in Fig. 3 (a). For comparison, a total ion yield
X-ray absorption spectrum was recorded including higher resolu-
tion (30 meV) around the narrow resonances where the differ-
ent vibration modes can be observed as in the works of Willey et
al.22,23.
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2
 contribution

010203040
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Fig. 4 Normal Auger electron spectrum of adamantane. The thick
black line corresponds to the experimental measurement recorded at
hν = 350 eV, the dotted black line to the theoretical calculations and the
orange and purple shaded curves to the calculated contributions from
CH and CH2 sites, respectively. The two shaded rectangles (purple for
CH2 and orange for CH sites) represent the two bands used later for the
ion-electron data analysis.

3.3 Auger electron spectra

220 230 240 250 260 270
Auger electron energy (eV)

0

0.5
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N
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m
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ed
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ity Experimental RAES - CH

Experimental RAES - CH
2

Fig. 5 Two resonant Auger electron spectra (RAES) at the CH (or-
ange) and CH2 (purple) valence orbital resonances after photoionization
of adamantane at hν = 287 eV and hν = 287.6 eV, respectively.

The normal Auger electron spectrum was recorded at hν =

350 eV photon energy well above threshold (∼ 289.7 eV) in or-
der to avoid PCI effects and is shown as a thick black line in
Fig. 4. We also estimate the internal energy axis (top axis of
Fig. 4) according to the equation proposed by Kukk et al.35

Eint(Ada2+) = Eb(Ada∗+)−VDIT −KEAES where Eb(Ada∗+) is the
binding energy of the C-1s core hole state approximated at 290
eV in our case (see Fig. 1), VDIT is the double ionization threshold
known at 23.9 eV according to our previous study10 and KEAES

the kinetic energy of the Auger electrons. We can see that the
internal energy starts nicely from 0 eV with a maximum around
15 eV. The theoretical Auger electron spectrum was obtained us-
ing CI energies and intensities according to the one-centre ap-
proximation (see sec. 2.2.2) and is reported as a dotted black line
in Fig. 4 showing a good agreement with the general features
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Fig. 6 Two-dimensional time-of-flight (TOF) coincidence map of ion pairs in correlation with Auger electrons with energy between 230 and 270 eV
following ionization of adamantane at hν = 350 eV, commonly referred to as AEPIPICO. The data are filtered to remove false coincidences using the
statistical technique described by Prümper et al.44 (a) All the ion pairs recorded in coincidence. (b) Heat map showing the branching ratios of ion
pairs produced after photoionization of adamantane at hν = 350 eV. White lines delimit the different carbon groups. The errors are estimated to be
around 10% of the value.

of the experimental spectrum and a previous work from Endo et
al.24 The theoretical spectrum can be decomposed in two con-
tributions coming from the two different carbon groups (CH and
CH2) and are shown in plain color (orange and purple, respec-
tively) in Fig. 4. The strongest contributions are observed around
252 eV in the case of the CH2 sites (purple) and 259 eV in the case
of CH sites (orange). The same predominance can be seen in the
two resonant Auger electron spectra (RAES) at the CH and CH2

sites (Fig. 5) demonstrating the site-sensitivity of this two peaks.
Therefore, we label two bands in the AES in purple for CH2 (be-
tween 247.8 and 255.1 eV) sites and orange for CH sites (between
255.2 and 264.3 eV) visible in Fig. 4 even though these bands are
not purely coming from one or another site. These bands will
be used afterwards as filters in the core-ionization ion-electron
spectroscopy analysis recorded at hν = 350 eV .

3.4 Dication photodissociation dynamics

When the adamantane molecule is ionized with a photon energy
above the C-1s edge, it undergoes normal Auger decay and pro-
duces an unstable C10H2+

16 state. Our previous study10 showed
that the adamantane dication goes through barrier-free structural
changes like cage-opening or hydrogen migration(s) before dis-

sociating into different ion pairs labelled as CnH+
x /CmH+

y . In this
section, we present the dissociation dynamics of the adamantane
dication after C-1s ionization at a photon energy of 350 eV.

3.4.1 AEPIPICO

Multi-particle coincidence data of Auger electrons and photoions
(AEPIPICO) of core-ionized adamantane were recorded using the
EPICEA setup (see sec.2.1). Fig. 6 (a) shows the different cor-
related ion pairs measured in coincidence with Auger electrons
in the energy range 230 to 270 eV. The AEPIPICO map shows
that the core-ionized adamantane dication mostly dissociates via
multi-body breakups leading to the production of small fragments
(CnHx with n=2,3), unlike valence ionization where the dication
mainly breaks via 2-body dissociations10.

The ion pair islands in the AEPIPICO were identified and for a
quantitative analysis we calculated their branching ratios. Fig. 6
(b) shows the branching ratios using a representation similar to
the AEPIPICO map shown in Fig. 6 (a) for direct comparison.
We observe that C2H+

3 /C3H+
3 is the most intense channel with

15.2% of the total counts measured. The second most intense
ion pair (8.4%) accounts for C3H+

3 /C3H+
3 . These two ions are

observed in space57 and can be reactive species since they are
radical cations which could contribute to the formation of large
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Fig. 7 (a)Heat map showing the weighted-average and standard deviation of Auger electron kinetic energy (eV) measured in coincidence with the ion
pairs produced after photoionization of adamantane molecules at hν = 350 eV. White lines delimit the different carbon groups. (b) Heat map showing
the weighted-average and standard deviation of kinetic energy released (eV) of ion pairs produced after photoionization of adamantane molecules at
hν = 350 eV. White lines delimit the different carbon groups.

hydrocarbon species in certain interstellar regions.

Interestingly, we observe quite some ion pairs containing the
ion CH+

3 (BR=21.6%) while the neutral structure of adamantane
does not contain any carbon group with 3 hydrogen atoms, there-
fore the abundance of methyl cations in our data is an evidence
for hydrogen migration10 before the dication dissociates. Methyl
cations are observed in coincidence with ions containing two to
seven carbon atoms. Methyl radical cations are reactive species
also detected in the interstellar medium58.

It is also worth mentioning that the combined branching frac-
tions of ion pairs that include CH+

3 , C2H+
3 , and C3H+

3 , account for
almost 40% thus could contribute to the astrochemistry of cer-
tain regions59, for instance planetary atmospheres such as Titan’s
one where formation of large polycyclic aromatic hydrocarbons
(PAHs) are observed60.

Another fragment, C2H+
5 , involving at least two hydrogen mi-

grations is observed in several channels. For instance, the corre-
lation island of the 2-body breakup channel C2H+

5 /C8H+
11 is ob-

served with an intensity of around 0.8% which is much smaller
that the one observed for valence ionization from our previous

study10 since it was the main dissociation channel (BR=23.3%).
As expected, the correlation island has a slope of -1 indicating a
2-body breakup with two ions ejected in opposite directions with
equal momenta61. In general, the slopes of the other islands of
the map are well defined and equal to -1 implying multi-step dis-
sociation process that involves neutral fragment evaporation(s)
prior to Coulomb explosion into two singly charged fragments
with negative momentum correlation.

3.4.2 Kinematics

In order to gain an insight into the fragmentation dynamics of
the dication of adamantane AEPIPICO measurements were used
to retrieve the kinetic energy release for each ion pair as well as
the kinetic energy of the correlated Auger electron. Fig. 7 (a)
shows the weighted-average value and the standard deviation of
the Auger electron kinetic energy distributions recorded in coin-
cidence with the different ion pairs while Fig. 7 (b) shows the
average value and the standard deviation of the total ion kinetic
energy released (KER) distributions of the ion pairs. For the most
part, ion pairs that have high energy Auger electrons have lower
KER values.
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Fig. 8 Potential energy surfaces (DFT-B3LYP/6-31G(d) level) for the channels C2H+
5 /C8H+

11 (a) and C2H+
3 /C3H+

3 (b-c). Relative energies in eV
corrected with ZPE and referred to the corresponding exit channel.

Fig. 9 The difference in energy-resolved AEPIPICO data for the
C2H+

3 /C3H+
3 (green) and the C2H+

5 /C8H+
11 (blue) ion pairs. (a) 2D

map showing the energy correlation of the Auger electron energy with
the total ion kinetic energy released (KER) for the selected ion pairs.
The intensities of the C2H+

3 /C3H+
3 events is set to be negative and the

C2H+
5 /C8H+

11 events is set to be positive for better contrast in the map.
(b) The projection of (a) showing the experimental total ion KER of the
C2H+

3 /C3H+
3 (green) and the C2H+

5 /C8H+
11 (blue) ion pairs. The theo-

retical ion KER values obtained from PES (Fig. 8) are shown as vertical
dashed lines. (c) The projection of (a) showing the experimental Auger
electron energy for the C2H+

3 /C3H+
3 (green) and the C2H+

5 /C8H+
11 (blue)

ion pairs.

High Auger electron kinetic energies indicate low binding en-
ergies of the states i.e. the first HOMOs - valence shells were
involved in the Auger cascade. After such a Auger decay, the
dication is left with low internal energy. The fragmentation dy-
namics of the dication depends on the internal energy and energy
barrier of the potential energy surfaces. In Fig. 7 (a) we observe
that within the same Cx/Cy groups ion pairs with more hydro-
gen atoms have higher Auger electron kinetic energies indicating
a strong correlation between the internal energy of the dication
upon Auger decay and hydrogen migration/dissociation before
fragmentation.

The highest Auger electron kinetic energies are observed for ion
pairs containing the fragment C2H+

5 . The maximum is observed
for the channel C2H+

5 /C8H+
11 with a weighted average value of

265.9 eV and a standard deviation of 4.0 eV, denoted as 265.9±
4.0 eV. The associated ion kinetic energy release for this channel is
2.7±0.7 eV. The dominant ion pair C2H+

3 /C3H+
3 has a low Auger

electron kinetic energy of 248.4± 4.6 eV and ion kinetic energy
release of 3.8±1.8 eV.

We compare the calculated potential energy surface (PES)
(Fig. 8) to the experimental results (Fig. 9). We have selected
the C2H+

5 /C8H+
11 (blue) and C2H+

3 /C3H+
3 (green) ion pairs to ex-

emplify 2-body and multi-body breakup dynamics in adamantane
dication respectively.

Fig. 8 (a) shows the PES of the channel C2H+
5 /C8H+

11. This ion
pair is formed by a barrier-less cage-opening, followed by three
hydrogen migrations and then finally a 2-body breakup. In Fig. 9
(a), we present the coincidence map of the ion KER vs. AES for
the two selected ion pairs. For C2H+

5 /C8H+
11, we see a sharp is-

land (in blue) indicating narrow distributions for AES and ion
KER with a well defined single peak. The theoretical ion KER can
be estimated as the difference between the energy levels of the
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Fig. 10 Zoomed in AEPIPICO of ion pairs recorded in coincidence with CH AES band (a) and CH2 AES band (b) following ionization of adamantane
at hν = 350 eV. The maps have been normalized to maintain the 4:6 (4 CH : 6 CH2) ratio that we expect in the adamantane molecule.

exit channel and the last transition state in the PES, because it
corresponds to the Coulomb repulsion62,63. In this case, the the-
oretical ion KER is 2.03 eV (vertical dashed blue line) which lies
within the experimental distribution (2.7±0.7 eV) shown in Fig. 9
(b). Fig. 9 (c) shows that AES of C2H+

5 /C8H+
11 (in blue) is in the

range 264-272 eV, which corresponds to a low internal energy
distribution spreading from 0 to ∼3 eV. The negative part of the
internal energy can be due to approximation of the binding en-
ergy Eb(Ada∗+) (vibrational states) and calibration uncertainties
at the edges of the DTA detector.

Fig. 8 (b) and (c) show the PES of two different fragmenta-
tion pathways producing the C2H+

3 /C3H+
3 ion pair. Pathway (b)

assumes the fragmentation of a linear C5H2+
6 and pathway (c)

a more complex cyclic structure leading to the formation of the
cyclopropenyl cation. Both kind of structures can be produced as-
suming a high internal excitation energy after Auger decay. The
coincidence map of ion KER vs. AES in Fig. 9 (a) shows a broad
distribution (in green) for C2H+

3 /C3H+
3 . Unlike C2H+

5 /C8H+
11, for

this ion pair there are several contributions in the AES and ion
KER distributions indicating the presence of multiple fragmenta-
tion pathways. The maximum intensity in Fig. 9 (b) is observed
for KER around 3 eV but widely spread from 0 to almost 9 eV.
The theoretical ion KER from the PES exploration gives two val-
ues of 3.45 and 4.56 eV (Fig. 8 (b) and (c)) which are reported
as vertical dashed green lines in Fig. 9 (b) and shows that the
broad distribution come from the fact that various pathways lead
to the same final exit channel. Then, in Fig. 9 (c) the AES dis-
tribution ranges from 240 to 260 eV and corresponds to a rather
high and broad internal energy distribution spanning from 6 to
26 eV which also partly explain the broad feature for the KER dis-
tribution (up to 15 eV of vibrational energy left in the fragments).

From these two examples, we illustrate that the large amount
of internal energy deposited by core-ionization compare to va-

lence ionization privileges multi-body breakups and the produc-
tion of small fragments.

3.4.3 Site-sensitive dissociation

Unlike heteronuclear site-specific studies, it is rather difficult to
selectively ionize the different carbon sites (CH and CH2) in
adamantane. Nevertheless, the use of the AEPIPICO technique
enables the observation of such site-sensitivity by filtering the
Auger electron kinetic energy.

Fig 10 (a) and (b) shows the filtered AEPIPICO maps recorded
in coincidence with the CH and CH2 AES bands (Fig. 4), respec-
tively. The intensities of the maps have been normalized to main-
tain the 4:6 (4 CH : 6 CH2) ratio that we expect in the adaman-
tane molecule. We observe that the map in Fig. 10 (a) has
more ion pairs containing C2H+

5 and C3H+
5 than the map in Fig

10 (b). Generally, ions with more hydrogen atoms attached are
more likely to be created when we ionize the CH site than the
CH2 site. There is a significant difference in the intensities of the
dominant ion pair C2H+

3 /C3H+
3 in Fig 10 (a) and (b). Also, the

C2H+
5 /C6H+

5,7 and C2H+
5 /C7H+

7 ion pairs are enhanced for CH site
whereas the C3H+

3 /C4H+
3,5 ion pairs are enhanced for CH2 site.

Therefore, we find that ions with more hydrogen atoms at-
tached are more likely to be created when we ionize the CH site
than the CH2 site. It seems that CH2 site-ionization creates a fi-
nal dicationic state that prefers to undergo hydrogen evaporation
and produces ions with fewer hydrogen atoms attached.

4 Conclusions
In this work, we investigated the dissociation of adamantane di-
cations produced after core-ionization at the C-1s edge and Auger
decay using energy-resolved electron-ion multi-coincidence spec-
troscopy and theoretical calculations. We first determined the
electronic structure of the ionized adamantane molecule using
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high-resolution spectroscopic techniques XPS, NEXAFS, AES and
RAES measurements. The XPS hinted to the contributions of the
two carbon sites (CH and CH2) of the molecule supported by the-
oretical calculations based on FBA methods. RAES and theoreti-
cal simulations showed that two energy bands in the AES can be
identified as main contributors from these two carbon sites. We
then performed AEPIPICO spectroscopy to assess the fragmenta-
tion dynamics of the dication of adamantane. We succeeded to
identify and access the kinematics of the different fragmentation
pathways and determined their branching ratios. The energetics
of two cases C2H+

3 /C3H+
3 and C2H+

5 /C8H+
11 have been presented

to illustrate the differences in the mechanisms of dissociation in-
volved. Higher internal energies are associated with stronger dis-
sociation. Finally, we used the filtering of the PIPICO measure-
ment with both CH and CH2 Auger electron bands. Our results
suggest the presence of site-sensitive dissociation even though the
effect can be blurred by the non-single state contributions in the
Auger spectrum. Thus, this study, which combines both experi-
mental and theoretical results, pushes the boundaries of under-
standing site sensitivity in a carbon cage. Further work is needed
with a higher degree of theory to reveal the role of electronic exci-
tation, and its interplay with nuclear dynamics, in the dissociation
of the adamantane dication.

Our results show that the adamantane molecule fragments into
small hydrocarbons after exposure to soft X-rays and could par-
tially play a part in the deficiency of diamondoids in space. In
addition, diamondoids could contribute as a source of reactive
species for carbonaceous cyclic compounds formation60. There-
fore, this study could be used to model the X-ray driven photodis-
sociation of adamantane and perhaps other diamondoids in ac-
companiment to the X-ray driven photodissocation of PAHs.
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