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Abstract. The interaction between polycyclic aromatic hydrocarbon (PAH) radical cations and X-rays
predominantly leads to photofragmentation, a process that strongly depends on PAH size and geometry.
In our experiments, five prototypical PAHs were exposed to monochromatic soft X-ray photons with
energies in the C K-edge regime. As a function of soft X-ray photon energy, photoion yields were obtained
by means of time-of-flight mass spectrometry. The resulting near-edge X-ray absorption mass spectra
were interpreted using time-dependent density functional theory (TD-DFT) with a short-range corrected
functional. We found that the carbon backbone of anthracene™ (C14H{,), pyrene™ (C16H{,) and coronene™
(C24H7,) can survive soft X-ray absorption, even though mostly intermediate size fragments are formed. In
contrast, for hexahydropyrene™ (C16H{;) and triphenylene™ (C1sH{,) molecular survival is not observed
and the fragmentation pattern is dominated by small fragments. For a given excitation energy, molecular
survival evidently does not simply correlate with PAH size but strongly depends on other PAH properties.

1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a family
of organic molecules consisting of multiple 6-membered
carbon rings and are thought to be widely distributed
throughout the interstellar medium (ISM) in neutral as
well as in ionic form. In the ISM, PAHs get photoex-
cited mostly by ultraviolet (UV) and vacuum ultra-
violet (VUV) photons. After internal conversion and
intramolecular vibrational redistribution, the resulting
vibrationally hot PAHs relax predominantly by emis-
sion of infrared (IR) photons [1,2].

UV and in particular VUV photoexcited PAHs can
also suffer dissociation/fragmentation, with the frag-
mentation pattern again depending on PAH structure
[3,4], size [4,5], aliphatic side group [6] and state of
hydrogenation [7]. In molecular clouds that surround
astronomical X-ray sources, such as planetary nebu-
lae (PNe) [8-10], supernova remnants [11,12], active
galactic nuclei [13-17] and young stellar objects [18,19],
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X-ray photoabsorption processes are relevant. Here,
photofragmentation is dominating, at least for small
PAHSs.

Over the last years, we have thoroughly investigated
the interaction of soft X-ray photons with energies
around the carbon K-edge with gas-phase coronene
cations and their singly and multiply hydrogenated
counterparts [20-22]. In these studies, we employed
near-edge X-ray absorption mass spectrometry (NEX-
AMS) [23], a technique in which partial photofragment
ion yields as a function of X-ray photon energy are
recorded, by exposure of molecular ions to monochro-
matic soft X-rays. Using time-dependent density func-
tional theory (TD-DFT) calculations, C 1s core exci-
tation to specific unoccupied molecular orbitals could
be assigned to resonant features in the NEXAMS spec-
tra. The NEXAMS studies showed that soft X-ray exci-
tation as well as direct ionization into the continuum
could induce non-dissociative ionization (NDI) but with
very small probability. Instead, H/H loss as well as car-
bon backbone fragmentation are dominating. Backbone
fragmentation was found to be substantially reduced
for hydrogenated coronene precursor cations [22]. In
subsequent studies on (significantly smaller) pyrene
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Table 1 List of the five PAHs studied and the abbrevia-
tions used throughout the paper

Molecule Abbreviation ~ Formula  Mass (Da)
Anthracene Ant C14H1o 178
Pyrene Py Ci6H1o 202
Hexahydropyrene  Hpy Ci6Hie 208
Triphenylene Tpl Ci1sHio 228
Coronene Cor CosHqo 300

cations and their superhydrogenated counterparts, H-
attachment was found to have the opposite effect [24].

Here, we extend our investigation of coronene and
pyrene cations by a systematic NEXAMS study of five
different prototypical PAH cations, anthracene (ant),
pyrene (py), 1,2,3,6,7,8-hexahydropyrene (hpy), triph-
enylene (tpl) and coronene (cor), see Table 1. Ant is
a typical catacondensed PAH of linear geometry, while
py and cor are both pericondensed PAHs. Tpl is a spe-
cial catacondensed PAH where no C atom belongs to
three benzene rings. The symmetry of the molecules
increases from Dy, (ant, py), D3y (tpl) to Dgp (cor).
The fifth molecule, hpy, is not a regular PAH, but it is
the sixfold hydrogenated form of py. The hydrogenation
leads to a significantly perturbed planar structure and
symmetry as compared to py. We have included hpy in
this study, as its activation by other methods has been
thoroughly investigated previously [25,26].

The carbon K-edge NEXAMS spectra are interpreted
and discussed with the help of TD-DFT calculations.

2 Methods

2.1 NEXAMS experiments

The experiments were carried out using the Ion Trap
endstation that is attached to the UE52-PGM beam-
line of the BESSY II synchrotron facility (Helmholtz-
Zentrum Berlin fiir Materialien und Energie, Berlin,
Germany) [27,28]. All chemicals were purchased from
Sigma-Aldrich in high purity of at least 99% and mixed
with HPLC-grade methanol in order to obtain sat-
urated solutions. The saturated PAH solutions were
then diluted with methanol, and 10 mmol/L AgNOs;
was added to facilitate the formation of radical PAH
cations based on the reaction process: PAH+Agt —
Ag+PAHT.

The cationic PAH molecules were brought to the gas
phase by means of electrospray ionization (ESI). The
electrosprayed PAH cations were then phase space com-
pressed in an RF ion funnel. The beam of molecular ions
coming out from the RF funnel was mass-selected by
a quadrupole mass filter and electrostatically deflected
by 90°. Eventually, the deflected ions were trapped in a
cryogenic (~ 20 K) quadrupole RF ion trap. Monochro-
matic soft X-ray beams from the BESSY II synchrotron
passed axially through the linear RF trap containing
the PAH cations. The soft X-ray photon energy was
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ramped from 279 eV to 300 eV with a resolution of 50
meV, and the generated photoproducts were extracted
into a reflectron time-of-flight (TOF) mass spectrome-
ter where they were detected on a microchannel plate
(MCP) detector and their times of arrival registered.
From the obtained TOF mass spectra, partial fragment-
ion yields were obtained as a function of photon energy,
EX—ray-

2.2 TD-DFT computations

An efficient and accurate method of computing near-
edge soft X-ray absorption spectra is TD-DFT using
short-range corrected (SRC) functionals [29,30]. All
calculations were performed using the Q-Chem 5.2.2
[31] quantum chemistry program package. The geome-
try optimization and frequency analysis (to check for
imaginary vibrational frequencies) were done at the
wB97XD/cc-pVDZ theory level for all PAH cations.
Finally, a single point calculation was performed to
obtain the vertical core excitation energies at the SRC-
2-R1-D2/cc-pVDZ theory level. This functional is most
suitable to calculate the absorption spectra within the
Tamm-Dancoff approximation [32]. For all PAHs, 1000
transitions from K-shell to higher excited electronic
states were computed. The energy range covered the
entire excitation region up to more than 295 eV.

3 Results and discussion

3.1 Photofragmentation mass spectra

The fragmentation pattern of a PAH at a given X-ray
photon energy is a fingerprint of the photoabsorption-
induced dynamics. In all the five PAH cations under
study here, photons with energies just above the C
K-edge (Ex_ray =~ 285 eV) can drive C 1s transi-
tions to low-lying unoccupied molecular orbitals. The
resulting 1s vacancy is then predominantly filled by
Auger-deexcitation, a process in which at least one
(Auger) electron is emitted [20,33]. This implies that
after photon absorption and subsequent Auger decay,
the PAH cation is predominantly left in a doubly ion-
ized state, though a small fraction of triply ionized PAH
cations can be present. The doubly ionized product of
the Auger decay process will usually have a substan-
tial electronic excitation, depending on the molecular
orbital from which the decaying electron originated and
left a vacancy. As described in the work of Egorov et
al. [34], the average electronic excitation energy after
Auger decay can be determined from the Auger elec-
tron spectrum. We are not aware of any Auger electron
spectra for PAHs or PAH cations in the scientific lit-
erature. However, Auger spectra for gas-phase benzene
are available in the literature [35].

The KVV (K indicates the initial vacancy site and V
indicates the initial valence sites at the two active elec-
trons) Auger spectrum of benzene covers an excitation
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Fig. 1 Photofragmentation spectra of ant a, f, py b, g, hpy ¢, h, tpl d, i and cor e, j cations induced by 285 eV photons
(left column) and 300 eV photons (right column). The spectra are normalized to the respective yields of all photoproducts.
The insets show the molecular structure of each of the 5 PAHs. More detailed and wide-range mass spectra are presented

in the supplementary material

energy range from 0 to about 50 eV, with an average
excitation of about 17.3 eV [36]. Via internal conver-
sion and intramolecular vibrational redistribution, this
energy will eventually determine the internal temper-
ature of the resulting molecular dications. Using the
method from Micelotta et al. [37], the average excita-
tion energy can be related to an effective PAH temper-
ature of ~ 2050 K (ant™), ~ 1940 K (py™), ~ 2000 K
(hpy™), ~ 1850 K (tpl™) and ~ 1650 K (cor™).

The fragmentation of these hot intermediate PAH
dications determines the experimentally observed frag-
mentation patterns, presented in Fig. 1, which show
Ex_iay = 285 eV photoabsorption products from
m/z = 24 to just above m/z ~ M/2 in the left
panel (M being the precursor cation mass). Fragments
with larger m/z are only observed with very small rel-
ative cross sections. Such fragments could in princi-
ple be formed in asymmetric fragmentation processes
that involve charge separation, but for all five PAH

molecules under study, these channels appear to be very
weak.

This implies that the fragments observed in Fig. 1
result primarily from neutral H, Hy or CoH,, loss from
the intermediate PAH dication and/or from multifrag-
mentation into small neutral and singly charged frag-
ments. Finally, before discussing the molecule specific
fragmentation spectra, it is important to realize that
the presented mass spectra have been recorded from
an RF ion trap. Trapping efficiencies are inherently
m/z-dependent, with low efficiency at low m/z. The
decrease in peak intensities at low m/z might therefore
be an experimental artefact. However, exact knowledge
on the reduction of detection efficiencies at low m/z
values is not necessary as the main focus of this work is
the comparison of the photofragmentation patterns of
five different PAH molecules.

The clearest difference between the 5 PAH molecules
is the presence or absence of a dicationic, non-dissociative
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single ionization (NDSI) peak at m/z = M/2 and of a
tricationic non-dissociative double ionization (NDDI)
peak at m/z = M/3. For ant™, py"t and cor™,
non-dissociative ionization (NDI) is clearly observed,
whereas for hpy™ and tpl™ no signs of NDI can be
found. Given that the masses of hpy™ and tpl™ are in
between ant* and cort, the NDI channel is not just an
effect of the size of the precursor molecule (and there-
fore its vibrational degrees of freedom and effective tem-
perature after photoexcitation) but rather a signature
of lower structural stability of hpy™ and tpl*.

A common feature of all spectra is the lack of large
fragments. Precursor molecules either stay intact or lose
on or more hydrogen atoms, or they break apart in rela-
tively small fragments. The absence of large fragments
could indicate a bimodel internal energy distribution.
Another very important aspect is the possibility of cool-
ing of the photoionized intermediate di- or trications by
means of recurrent fluorescence (or Poincaré fluores-
cence [38]). In this process, vibrational energy can be
transferred back into electronic degrees of freedom. The
resulting electronically excited states then decay radia-
tively, under emission of photons that typically have
UV energies. Martin et al. have observed this cooling
process, for instance, for anthracene dications [39]. Tt
is important to realize, however, that recurrent fluores-
cence is a process that involves ms timescales.

In our studies, the ions are held in a trap that is
filled with cryogenic He buffer gas. Collisional cool-
ing is therefore acting on much shorter timescales (us)
which is why recurrent fluorescence is not likely to con-
tribute strongly to the observed mass spectra. On the
other hand, the presence of us collisional cooling offers
a straightforward explanation for the quenched large
fragments: low excitation energy processes that would
lead to such large processes have relatively low decay
rates. The process is therefore not likely to happen
before the vibrational energy is cooled off.

3.1.1 Anthracene (Cy4H{,, m/z = 178)

Figure 1a shows the data for ant™, which shows the typ-
ical groups of CyHZT peaks. Postma et al. have thor-
oughly discussed anthracene fragmentation patterns
obtained from collisions with keV ions [40], where qual-
itatively similar fragmentation spectra were observed.
In a nutshell, monocations (z = 1) are dominating the
spectra and the 5 strong groups of peaks are due to
N = 3,4,5,6 and 7. Different numbers of H atoms
n appear at integer mass numbers. In particular, for
the N = 5,6 and 7 monocation groups, much weaker
peaks at half-integer masses can be observed in between
the integer mass peaks. These peaks are fingerprints
of dicationic photoproducts. It is difficult to quantify
the monocation/dication ratio because only dications
with odd mass numbers can be unambiguously identi-
fied. The even numbered dications coincide with mono-
cations. It is therefore also impossible to directly deter-
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mine the relative cross section for NDI: Cy4H2{ coin-
cides with C7H;r at an m/z = 89. However, the mass
spectrum also features half-integer peaks at 88.5 and
87.5 which are fingerprints of C14H§Jr and C14H§Jr dica-
tions. These dication peaks are obviously weaker than
the peaks at m/z = 88,87,86, corresponding to the
014H§+ /C7HZ—7 014H§+/C7H§_ and Cl4Hi+/C7H;.
Very likely, contributions from monocationic fragments
are stronger than those from dications in this group of
peaks.

This is in line with the finding that dicationic frag-
ments with odd N (such as C13H2") are almost fully
quenched. Instead, the spectrum is dominated by the
monocation groups CyH} (N = 3,4,5,6,7) with N =
6 being strongest.

Figure 1f shows the corresponding data for 300 eV
photon absorption, i.e. for carbon 1s ionization into
the continuum. Clearly, the yields for the larger frag-
ments C;H, and CgH;' decrease, while the intensities
of C4H;" and C3H;! increase. C5H," becomes the dom-
inant fragments. More small fragments are induced by
high-energy photons because more energy is deposited.
A group of dicationic fragments (CoH2") appears,
whereas the peaks due to C14H$Jr and C14H§+ are
quenched. Only very small yields of tricationic interac-
tion products such as ant3* (m/z = 59.4) are observed.
Theoretical data by Holm et al. predicted that 2+ is the
highest anthracene charge state that is thermodynam-
ically stable [41].

3.1.2 Pyrene (CisH{,, m/z = 202)

Py is the smallest pericondensed PAH, consisting of 4
benzene rings. The mass spectrum for 285 eV photons
in Fig. 1b (Ex,my = 285 eV) features strong groups
of monocationic CyH;! (N = 3,4,5,6,7,8) with N =7
being strongest, i.e. the spectral features resemble those
observed for ant™.

Again, the group including the dicationic precursor
(C16H2T, m/z = 98 to m/z = 101) coincides with the
corresponding monocationic group (CgH;"). Evidence
for dication formation is once again dication peaks with
odd numbers of H atoms n (e.g. C16H§Jr and C16H$Jr
at m/z = 100.5 and m/z = 99.5).

It is interesting that evidence for NDDI into tri-
cationic C16H3$ (m/z = 67.36) as well as multiple
H-loss from this peak into CigH3* can be observed.
Double ionization can, for instance, be due to double
Auger decay, or due to electron impact ionization ‘from
within’, where the outgoing Auger electron further ion-
izes the same molecule [42].

For Ex_;ay=300 eV, the fragmentation pattern again
shifts to smaller masses but in a more drastic way
as compared to ant™. C1gH2" yields are substantially
quenched but the group of CigH>T trications exhibits
the expected strong increase. Py*T ions are expected
to be thermodynamically stable up to a charge state of
3+ [41].
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3.1.3 Hexahydropyrene (Ci6H s, m/z = 208)

The molecular structure of hpy* is similar to that of
pyT in the sense that both molecules share a similar
backbone consisting of 16 carbon atoms. However, the
addition of 6 hydrogen atoms adds aliphatic charac-
ter to the molecule that, for instance, breaks the pla-
narity that is typical for PAHs (the outer edge carbon
atoms on the long axis are out of plane with the other
carbon atoms) but also reduces stability. The fragmen-
tation pattern in Fig. lc (Ex_ray = 285 eV) reflects
these changes. First of all, the monocationic CyH;
(N =2,3,4,5,6,7,8) fragmentation pattern is shifted
dramatically towards smaller monocationic fragments,
with N = 5 being strongest. The group with N = 7
is already strongly reduced in intensity, and the group
with NV = 8 can be barely distinguished from the super-
imposed dication distribution. Under the assumption of
a statistical (multi)fragmentation mechanism, the shift
to smaller masses can be due to a higher vibrational
temperature prior to fragmentation [43]. This can be
ruled out as the excitation energy that remains in the
molecular ion after photoabsorption and Auger decay
is not expected to differ much between py™ and hpy™.
Due to its larger number of degrees of freedom, most
likely hpy™ will therefore feature a lower vibrational
temperature than py ™. The alternative explanation for
the shift is the overall reduced structural stability in
hpy™ as compared to py™: Gatchell et al. [44] have
shown that fast backbone fragmentation of hpy™' sets
in at vibrational energies of about 13 eV, whereas for
py T this threshold is at about 15 eV.

It is very interesting to note that on the other hand,
the additional hydrogen atoms can also lead to back-
bone stabilization: Fig. 1c shows evidence for formation
of large dicationic fragments: C13H2T and C15H2" can
be unambiguously identified, and evidence for Cq4H2"
and C16H2™ can be found for odd n, leading to peaks at
non-integer m/z. In general, dication yields are much
stronger for hpy™ than for py™, i.e. the additional H
atoms help to stabilize the double positive charge. No
evidence for C1gH3* trications can be observed, though.

For a photon energy of 300 eV [see Fig. 1h], the inten-
sities of CyH;P (N = 3,4,5) increase and the intensity
of C;H; is strongly reduced. The fragmentation pattern
clearly shifts towards smaller masses. The intensities of
large dicationic fragments C13H2+ and Ci5H2" are very
similar as for 285 eV. At about m/z = 55, a group of
dicationic CoH2" is evidence for smaller doubly charged
fragments. Around m/z = 67 traces of tricationic frag-
ments C16H2T can be identified.

3.1.4 Triphenylene (CigH{,, m/z = 228)

Figure 1d shows the Fx_;,, = 285 eV photofrag-
mentation spectrum for tpl*, which has a very open
structure that only consists of edge carbon sites. Even
though this molecule contains 2 more carbon atoms
than py™ and it is a regular PAH, the fragmentation
pattern is remarkable. Once again, monocationic CyH;"
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(N = 2,3,4,5,6,7,8) fragments dominate, but large
ion yields are only found for N = 3 and N = 4, with
N = 3 being largest. The yields drop quickly with N,
suggesting a much lower structural stability than all
other systems under study, here. Furthermore, no dica-
tionic CyH2* groups are observed at all.

Above the C 1s ionization threshold, the mass spec-
trum remains remarkably unchanged, with a slight
increase of CoH;! fragments. In addition, traces of dica-
tionic fragments CrH2" and CoH2T are observed.

3.1.5 Coronene (Co4H7,, m/z = 300)

Figure le shows the Ex_,., = 285 eV photofragmenta-
tion spectrum for cort, the largest PAH cation under
study here. We have described this spectrum in detail
in a previous article [22]. The dominating group of
peaks is due to NDSI into CysH75 and H-loss from
this ion into CoqH2T. Clearly, cor™ is sufficiently large
to dissipate the excitation energy and yet stabilize the
two positive charges. The second most intense group
of peaks corresponds to tricationic CoqH2T. Monoca-
tionic CyH,! (N = 4,5,6,7,8,10,11,12) are observed
at lower intensities, with the peaks for N = 8 and
N = 12 being superimposed with trications and dica-
tions. The monocation peaks have comparable intensi-
ties for N =7 — 11. It is clearly shown that intensities
of CoqH2T are much higher than other fragments. In
excitation-Auger regime (below ionization threshold),
the carbon backbone is mainly preserved for cor™.

Figure 1j shows the cort photofragmentation spec-
trum for Ex_,ay = 300 eV. As expected, the yield of
CoqH2F cations drops dramatically. On the other hand,
the yield of tricationic Co4H3* only increases moder-
ately. In comparison with the data, e.g. py™, a moder-
ate increase is remarkable, as cor®* (and even cor*)
are thermodynamically stable [41]. In addition, evi-
dence for dicationic smaller fragments, such as CyH2Z"
(N =9,11,13,15), is observed.

3.2 NEXAMS spectra and theoretical data

As shown in the last section, evidence for both NDSI
and NDDI can be observed for ant™, py"t and cor™.
Figure 2 displays the corresponding NEXAMS data, i.e.
the photon energy dependence of the respective partial
ion yields, for Cl4H%r/3+ (a, d), for ClGHfg/:H (b, e)
and for CQ4H§;/3+ (c, 1).

We will first focus on the dication yields in the left
column, i.e. on NDSI. The first major peak at about
282.5 eV is due to C 1s transitions to the singly
occupied molecular orbital (SOMO). (All PAH cations
under study here are radical cations.) There is virtually
no difference in C 1s-SOMO transition energy between
the ant™, py™ and cort.

The peaks around 285 eV are due to carbon 1s-7*
transitions. For anthracene, these 7* transitions are
split into two peaks at about 284.5 eV and 286 eV.
For py™, these two peaks are distinguishable as well,

@ Springer
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Fig. 2 NEXAMS scans for NDSI (left) and NDDI (right). a C14H2, b C16H3a, ¢ C24H33, d C1aH3], e C1eHIS, £ Coa 35
The dicationic spectra are normalized to the total yield of excitation regime, and the tricationic spectra are normalized to
the average yield in the ionization regime. The data for the dications a-c also contain a small contribution of monocations

with the same m/z

but much less separated. For cor™, both peaks merge
into a single structure. These changes illustrate the dif-
ferences in electronic structure between molecules. It is
important to note that the 1 s-7* peaks are actually due
to a large number of 1s-7* transitions that cannot be
resolved experimentally (see Fig. 3).

A weaker peak at about 288.5 eV is observed for all
three molecules, as well.

At even higher photon energies, the NDSI yields
decrease to very low values. Nonzero NDSI yields in
the 1s ionization continuum above = 295 eV might,
for instance, be due to a small fraction of carbon 1s
vacancies that decay radiatively, i.e. without subse-
quent emission of an Auger electron: For atomic car-
bon, 1s Auger processes typically have decay rates in
the 10'* s~! range, whereas radiative decay rates are in
the 1012 s~! range [45].

The right column in Fig. 2 displays the corresponding
data for NDDI into tricationic species. As already dis-
cussed, the most straightforward pathway towards dou-
ble electron removal into the trication is direct carbon
1s ionization, followed by single Auger electron emis-
sion. All three spectra feature a strong step-like increase
between 294 eV (cor™) and 295 eV (ant™) that corre-
sponds to the ionization threshold. For higher photon
energies, a plateau is reached.

Below the ionization threshold, all three spectra
exhibit the same resonance features as observed for
NDSI. This is a commonly observed phenomenon [22],
that is, for instance, explained by double Auger decay,
i.e. the C 1s vacancy decay that involves the emission
of two Auger electrons. Roos et al. have recently shown
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that the C 1s 1s Auger decay in molecules like acety-
lene (CoHs), ethylene (C2Hy) and ethane (CyHg) has
an 8 % to 9% probability of double Auger decay [46].

However, the NDDI data in Fig. 2 show an interesting
phenomenon. As expected, the ratio between resonant
peaks and direct ionization plateau is relatively small
for both ant™ (d) and py™ (e), as expected from the
low probability for double Auger decay. For cor™ (f) on
the other hand, the 1s-7* resonance has higher yields
than the ionization continuum. Dramatically different
percentages of double Auger decay for the three PAH
cations are not likely. Another effect that could con-
tribute to double ionization below the ionization thresh-
old is ‘ionization from within’, i.e. (single) Auger elec-
tron emission where the outgoing Auger electron ionizes
another site of the molecule [42]. This effect naturally
scales with the size of the molecule.

In order to compare NEXAMS data for all 5 molec-
ular cations under study, Fig. 3 shows spectra based
on partial ion yields (PIYs) for the most intense mono-
cationic fragments (ant: CgHJ; py: C7Hy; hpy CsHZ;
tpl: CgH;r; cor: C;H). For all fragmentation channels
under study, the resonances in the excitation regime are
observed which have been discussed in the last section.
It is also obvious that all fragments feature substan-
tial yields in the ionization regime, above the ionization
threshold, i.e. both dicationic and tricationic interme-
diates contribute to the formation of these fragment
ions.

In order to interpret the NEXAMS data, we have
performed TD-DFT calculations to calculate the oscil-
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Fig. 3 NEXAMS data for particularly intense fragment
ions a CeHJ; b C7HF; ¢ CsHT; d: CsHI; e CoHY fol-
lowing photoabsorption by a ant™, b py™, ¢ hpy™, d tpl™
and e cor™. The calculated oscillator strengths are given as
a stick spectrum. Left y-axes: oscillator strengths; right y-
axes: normalized experimental NEXAMS intensity; bottom
x-axes: energies for theoretical data; and top x-axes: ener-
gies for experimental data. Note the 1 eV shift needed to
line up experimental axis and theoretical spectra. Selected
final states that strongly contribute are presented as isosur-
face plots. A complete list of isosurface plots can be found
in the supplementary material
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lator strengths for carbon 1 s transitions. The results are
shown as stick spectra in Fig. 3. The typical 7* char-
acter can be observed in the final state S(1)g SOMO
orbital for all PAH cations. The differences in relative
intensity of the SOMO peak (282.5 €V experimentally)
might be due to the differences in effective temperature
after the photoabsorption process. For ant™, 1s-SOMO
excitations can already induce substantial fragmenta-
tion, for instance, into C6HZ, whereas this appears to
be much less likely for the largest of the 5 PAHs studied
cor™.

Between 284 eV and 287 eV, transitions to the vir-
tual 7 orbitals V (1)a, V(1), V(2), and V(2)s are
observed, with double peak structures for ant™ and py™
and with a broad transition band for hpy™, tpl™ and
cort. For tpl™, only V(1) and V(2)s contribute. At
higher photon energies, states with o* character start
to contribute more strongly.

The relative strength of the ionization continuum is
very much dependent on molecular size and structure.
For ant™, only weak intensity is observed above 292 eV.
Very likely, this small cation breaks up into even smaller
fragments upon double electron removal. To a smaller
extent, this is also true for py™. The other 3 molecu-
lar ions under study exhibit relatively high intensities
above the 1s ionization threshold.

3.3 Photofragmentation channels

In the following, we will look more thoroughly into
backbone fragmentation of the PAH cations under
study. Figure 4 illustrates the differences in carbon
backbone fragmentation by 1s excitation (at Ex_yay =
285 eV) and 1s ionization (at Ex_ray = 300 V). PIYs
for groups of fragment ions with a common number of
carbon atoms N are displayed. For monocationic frag-
ments, these are the sums of peaks CyH,;'. For dica-
tionic and tricationic photoproducts with intact carbon
backbones, we display the respective precursor dica-
tions and trications with and without H-losses, as well
as fragment dications CyH2t, in case their yields are
sufficiently high.

The comparison of the data from ant™, py™ and
cort [Tepp ~ 2050 K (ant™), 1940 K (py™) and 1650
K (cor™)] shows the expected trends. With decreasing
effective temperature, fragmentation is decreasing and
the fragmentation pattern is shifting to larger N.

However, for the three species with almost identi-
cal size/T.s¢ (py', hpy" and tpl") vast differences in
backbone fragmentation are observed, with py™ having
lowest fragment PIYs and sizeable survival of dications
and trications with intact backbone. For hplt, no dica-
tions and trications with intact backbone are observed.
However, relatively large dications that only lost one or
few C atoms are still observed. For tpl™, solely multi-
fragmentation into small NV fragments is observed.

From Fig. 4, it is clear that 1s ionization at 300 eV
instead of 1s excitation at 285 eV shifts the fragmenta-
tion pattern to smaller masses for ant™, py™, hpl™ and
for cor™. Interestingly, for all precursors but cor™, frag-

n
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Fig. 4 PIYs of CyHZ" for soft X-ray photofragments
(Ex—ray = 285 eV: light grey, Ex—ray = 300 eV: light cyan).
The x-axis labels are (N, z) values of major fragments

mentation into monocations is not much higher in the
ionization regime. Only cor™ shows substantially higher
monocation fragment yields at 300 eV for all N under
study. tpl™ (where solely very relatively small fragments
are formed) monocationic fragment yields are lower in
the 1s ionization regime, with the exception of N = 2.
Most likely, this PAH cation has such a low structural
integrity that 1s ionization leads to a strong increase in
very small fragments with masses below the low-mass
cut-off of the ion trap.

The conclusion of this section is again that the sta-
bility of the carbon backbone not only depends on
the effective temperature of the molecular ion, but can
be dominated by structural properties. Pericondensed
PAHs are clearly more stable than non-pericondensed
species. Hydrogen attachment (from py™ to hpy™)
decreases the stability of py™, in contrast to what was
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earlier observed for cor™ [24]. The carbon skeleton of
hpy™ is entirely destroyed by X-ray photons. The back-
bone of ant™ and tplT is fragile as expected for catacon-
densed PAH molecules. The structure of tpl™ is most
open and features the most fragile carbon backbone.

3.4 Astrophysical implications: the photostability of
PAH in XDR

PNe are common carbon-rich environments where PAH
evolution is likely. NGC 7027 is a carbon-rich PN,
located about 920 parsecs from earth and very bright in
the visual range. IR emission from NGC 7027 exhibits
the typical features assigned to PAHs [47]. Data from
the SOFTA telescope even allowed for mapping spatial
distributions of the 6.2 ym PAH emission feature [47],
indicating efficient PAH formation from large grains.
NGC 7027 is a very high-temperature PN featuring
bright soft X-ray emission in the 0.2-3 keV band [8]. It
is an open question whether or not PAHs can survive
in such environments. In the following, we will there-
fore investigate, how soft X-ray absorption influences
half-life of PAH in this PN.

Here, we only consider non-dissociative photoioniza-
tion and photodissociation as possible relaxation chan-
nels. Other channels such as fluorescence and collision-
induced relaxation only contribute marginally. Pho-
todissociation can be further subdivided into carbon
backbone fragmentation and H-loss. The absorption
cross section oy, for transitions from a lower state |l > to
an upper excited state |u> can thus be approximated as
the sum of the experimentally observable cross sections
for non-dissociative photoionization oxpi, for carbon
backbone fragmentation oc_pp and for H-loss oy_joss-

2
e

Olu = ONDI + 0C—bb + OH—loss = —— * fiu - & (1)
MeC

with the oscillator strength f;, for the transition
between |I) and |u), the Maxwellian profile of the tran-
sition ¢, the electron mass m., the elementary charge e
and the speed of light ¢ [48].

The photoabsorption rate kqps for a given molecule
is defined as the sum of the product of theoretically
determined cross section (07,,) and photon flux (Fx _ray)
[7,49] for photon energies between E; and Ey:

The photon flux in the PNe can be approximated as:

o LX—ray

— —TX-—ray 3
T dnr2hy € )

where Lx_,ay = 7 x 103%erg s™! [10] is the integrated
X-ray luminosity and r represents the distance between
the X-ray source and the location within the PNe. The
X-ray optical depth is 7x_ray = @ - 4.6 x 1072! Ny, -
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Fig. 5 The half-lives of 5 PAHs exposed to the NGC 7027

soft X-ray source as the function of distance to the central
star (r = 0.1 — 0.6 pc). The Lx_ray = 7 X 10*! erg s+

(5oev) 257 [50]. Here, only the interval of C 1s exci-
tations to 7* orbitals in the energy range between 282
eV and 292 eV have been considered because the TD-
DFT calculations can only be performed for transitions
to bound states. From the comparison of theory and
experiment, it is, however, clear that the contribution
of the ionization continuum has the same order of mag-
nitude as the resonant part of the spectrum.

In the following, the values of oy, were computed
by TD-DFT. These are to some extent related to the
size of the PAH cations under study. The geometrical
structure and state of hydrogenation affect o, as well.

The second factor affecting half-life of PAH cation is
the relaxation channels. Based on the experimentally
observed normalized PIYs, e.g. for carbon backbone
fragmentation (PIYc_p, = %), the correspond-
ing absolute cross section can be determined oo_p, =
01w - PIY ¢_pp- The half-life of carbon backbone of frag-

ment of interests then becomes 2/, = ké”ib, and we

can define the carbon backbone fragmentation rate:

Ey
kc_vp = / ZUZU(E) “PIYc_pb - FX—ray(E)dE
Ei

(4)

The resulting half-lives for 5 PAHs exposed to the
NGC 7027 soft X-ray source are shown in Fig. 5.

All half-lives of studied PAH cations exhibit the triv-
ial increase with distance from the X-ray source r that
reflects the decrease in photon flux. Systematically the
highest half-life is observed for cor™, followed by py™
and ant™. This order simply reflects the size of these
PAHs and their internal temperature. For the species
hpy™ (multiply hydrogenated) and tpl™ (geometrically
very open structure), half-lives are systematically lower
by about a factor of 2.
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4 Conclusions

We have experimentally studied soft X-ray-induced ion-
ization and fragmentation of 5 small PAHs by means
of NEXAMS. The experimental data were compared
to oscillator strengths obtained by TD-DFT calcula-
tions with a SRC functional. Good agreement between
experiment and theory was observed. For photon ener-
gies around the carbon K-edge, we observed a com-
petition of carbon backbone fragmentation, (multiple)
hydrogen loss and non-dissociative ionization. Com-
paring the frequently investigated PAHs anthracene,
pyrene and coronene, we observed a relative decrease of
backbone fragmentation and a relative increase of non-
dissociative ionization as a function of the number of
carbon atoms. This is expected and merely reflects the
molecular size dependence of the PAH effective tem-
perature after soft X-ray absorption and subsequent
Auger decay. However, when comparing py' to hpy™
and tplt, three PAH cations of very similar size and
effective temperature but a very different geometry or
hydrogen content, entirely different conclusions can be
drawn. The additional H atoms in hpy' weaken the
carbon backbone, but increase the ability to stabilize
positive charge. The very open structure of tpl™ on the
other hand dramatically weakens the PAH structure
and facilitates total soft X-ray photofragmentation into
very small fragments. This is reflected in pronounced
differences in PAH cation survival in astronomical envi-
ronments. For the conditions in the planetary nebula
NGC 7027, we find comparable half-lives for ant™, py™
and cor™ and half-lives that are a factor of two shorter
for hpy™ and tplT. The differences in lifetimes cannot
easily be explained by a difference in electronic struc-
ture, as NEXAFS data for the 5 different systems are
very similar. They are rather due to the weaker molec-
ular structure of these molecular cations, which is obvi-
ous from the absence of non-dissociative ionization.
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