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ABSTRACT

The stability of polycyclic aromatic hydrocarbons (PAHs) upon soft X-ray absorption is of crucial relevance for PAH survival
in X-ray dominated regions (XDRs). PAH stability depends on molecular size but also on the degree of hydrogenation that is
related to H, formation in the interstellar medium (ISM). In this project, we intend to reveal the changes of electronic structure
caused by hydrogenation and the impact of hydrogenation on the stability of the carbon backbone for cationic pyrene and its
hydrogenated derivatives by analysis of near C K-edge soft X-ray photoions. In our experiments; the:PAH cations were trapped in
a cryogenic radiofrequency (RF) linear ion trap and exposed to monochromatic X-rays with energies from 279 eV to 300 eV. The
photo-products were mass-analyzed by means of time-of-flight (TOF) spectroscopy. Partial ion yields (PTYs) were then studied
as a function of photon energy. X-ray absorption spectra computed by time-dependent density functional theory (TD-DFT) aided
the interpretation of the experimental results. A very good agreement between experimental data and TDDFT with short-range
corrected (SRC) functionals for all PAH ions was reached. The near-edge X-tay=absorption mass spectra (NEXAMS) exhibit
clear peaks due to C 1s transitions to singly occupied molecular orbitals, SOMO and to low-lying unoccupied molecular orbitals.
In contrast to coronene cations, where hydrogen attachment drastically increases photostability of coronene, the influence of
hydrogenation on photostability is substantially weaker for pyrene cations. Here, hydrogen attachment even destabilizes the
molecular structure. An astrophysical model describes the half-life of PAH ions in interstellar environments.

Key words: molecular processes - ISM: molecules - astrochemistsy - molecular data

1 INTRODUCTION et al. 2018; Hickox & Alexander 2018) and young stellar objects
(Rab et al. 2018; Gavilan et al. 2022) . For instance, NGC 7027 is
a very high temperature PN, that exhibits bright soft X-ray emission
as observed by the Chandra X-Ray Observatory for the broad 0.2 -
3 keV band (Kastner et al. 2001) . Based on data from the SOFIA
telescope, Lau et al. investigated the spatial distribution of the 6.2
pm PAH emission feature in this PN (Lau et al. 2016) . They re-
port evidence of efficient PAH formation which entails the question
whether or not PAHs are sufficiently stable to survive and possibly
grow under these harsh conditions.

It is well established that PAH photostability increases with PAH
size (Zhen et al. 2015, 2016), but also hydrogen attachment can have
a substantial influence. Cazaux and coworkers have shown that ex-

Polycyclic Aromatic Hydrocarbons (PAHs) consisting of multiple
aromatic rings of carbon atoms are believed to existyin a variety of
astronomical environments, both in ionic and neutral form. PAHs
are the most likely carriers of the aromatic infrared bands (AIB)
in the interstellar medium (ISM) (Tielens 2008; Peeters et al. 2021;
Zettergren et al. 2021). In the ISM\PAHs ¢an be electronically excited
by means of ultraviolet or yacuum’ ultraviolet VU photoexcitation.
The electronic excitation is then internally converted into vibrational
modes that de-excite mostly by‘infrared (IR) emission.

X-ray induced photofragmentation processes dominate in molecu-
lar clouds surrounding X-ray sources, commonly referred to as X-ray
dominated regions (XDRs). Examples are planetary nebulae (PNe) . .
(Kastner et al 00T Zhang et al. 2008; Montez & Kastner 2018) , posure f)f gas-phase coronene cat}ons to atomic hydrogen 1§ads to
supernoya remnants (Vink 2012; Oskinova, Lidia M. et al. 2020) , Successive hydrogerll attachment viaa well-d.eﬁned sequence anO.IV-
active'galactic nuclei (AGN) (Jiménez-Bailon et al. 2005; Aalto, S. ing alternating reactions barriers and vastly different binding energies

etlal. 2012; Costagliola, F. et al. 2016; Puccetti, S. et al. 2016; Salak ~ (Boschman et al. 2012; Cazaux et al. 2016, 2019). The precise ef-
fect of hydrogenation on PAH stability has been debated over the

last years. Soft X-ray photoabsorption experiments have shown that
* E-mail: t.a.schlatholter @rug.nl attachment of several H atoms to coronene cations (C24HTZ) can
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2 Yining Huo et al.

protect the coronene backbone from fragmentation (Reitsma et al.
2014). In collision experiments it was subsequently shown that the
molecular skeleton of hexahydro-pyrene (CgH¢) and dodecahydro-
pyrene (CigHjyp) is actually weakened as compared to regular pyrene
(Ci6H10) (Gatchell et al. 2015). In these pyrene studies PAH hy-
drogenation was more extensive as compared to the coronene ex-
periment. Cazaux et al. employed IR spectroscopy to show that for
coronene cations, a transition from protection to weakening occurs
for attachment of more than 9 H atoms (Cazaux et al. 2019). A sim-
ilar observation was made by Stockett et al in a systematic VUV
photofragmentation study that demonstrated a protective effect for
neutral pyrene up to attachment of 4 H atoms, whereas addition of 6
hydrogen atoms proved to be de-stabilizing (Stockett et al. 2021). A
number of open questions remain. It is for instance unclear in how far
the PAH charge state influences stability (coronene has been studied
in cationic form whereas neutral pyrene was investigated) or what
the influence of a radical / non-radical electron configuration is.

A straightforward way to tackle these open questions is a system-
atic photofragmentation study on cationic pyrene derivatives in the
soft X-ray regime, which allows for a direct comparison to previ-
ous studies on cationic coronene. The soft X-ray range of photon
energies is interesting by itself for two reasons. XDRs and thus soft
X-ray induced fragmentation of molecules are ubiquitous in some
astrophysical environments and in particular in PNe. A number of
laboratory experiments focusing on X-ray interactions with carbona-
ceous molecular ions were reported recently (Reitsma et al. 2014,
2015; Quitidn-Lara et al. 2018, 2020; Monfredini et al. 2019; Huo
et al. 2022).

In the following we address PAH backbone fragmentation as well
as H loss from intact PAH dications and trications as a function of
soft X-ray photon energy. The prototype PAH molecules we use are
pyrene (py, CigHjg) and its superhydrogenated derivative hexahy-
dropyrene (hpy, C1gH1g) in their cationic state (py* and hpy*, respec-
tively). In addition, their singly-hydrogenated counterparts [py+H]*
(C16H},) and [hpy+H]* (C1H],) are studied to assess the effect
of the addition of a single H atom on the stability of py* and hpy™.
The molecular structures of py and hpy and their singly hydrogenated
counterparts are depicted in Fig. 1. From previous studies it is known
that for the first hydrogen attachment, edge positions are energetically:
favored (Cazaux et al. 2016). Because of the Dy, symmetry of py,
three different [py+H] isomers can be formed which are labeled by
h1, h2 and h3 subscripts. It is of note that the H attachment breaks
the Dy;, symmetry. For hpy, the four outer edge sites, available for
hydrogen attachment are symmetrically equivalent:

Throughout the paper for ease of identification of the four different
parent cations, the following color code Mill be ‘used py* - black,
[py+H]* - red, hpy' - blue, and [hpy+H]™ % _eyan, unless stated
otherwise.

2 EXPERIMENT

The experimental data presented in this work were obtained using
the Ion Trap end-station (Hirsch et al. 2009; Niemeyer et al. 2012;
Langenberg et,al»2014) at the UE52-PGM high-resolution soft X-
ray beamline at the BESSY II synchrotron facility at the Helmholtz
Zentrum Berlin. High purity samples of py and hpy molecules were
purchased from Sigma Aldrich. A saturated solution of the PAH
molecules in methanol was prepared. This solution was then di-
luted by adding methanol with 1:1 ratio in volume. A 5 ml diluted
PAH solution was mixed with 0.5 ml AgNO3 (10 mmol/L) for fa-

Py [py+H]n [py+H]n2 [py+H]ns

hpy [hpy+H]

Figure 1. Top row, from left to right: The structures of py, [py+HIn1, [py+Hln2,
[py+HIp3. The indices h1,h2 and h3 indicate three different outer edge hydro-
gen attachment sites for [py+H]. Bottom row, from left to right: The stfucture
of hpy and [hpy+H]. Only 4 hpy outer edge sites can accommodate‘hydrogen
attachment which are symmetrically equivalent.

cilitating PAH cation formation, by means of the chemical reaction:
CigHjo+Agt — Ag+C16HTO.

We employed electrospray ionization (ESI) to bring the analyte
cations into the gas phase. A radiofrequency.(RF) ion funnel was
used to compress the phase-space of the electrosprayed PAH cation
beam. The ions were then transported, through a RF hexapole ion
guide, where the ions could“be exposed to a beam of atomic hy-
drogen, produced in a 27 MHz.discharge source (Hoekstra et al.
1989). To avoid propagation.of UV photons from the plasma into the
hexapole chamber, an optically blind teflon capillary system (Bliek
et al. 1998) was€mployed: This system is known to reach a disso-
ciation degree of ='30% (Boschman et al. 2012). Atomic hydrogen
attachment”could, only occur during the passage of PAH cations
through.the hexapole, i.e. within a short time window. Therefore al-
most’solely single hydrogen attachment was observed in subsequent
mass-selection by an RF quadrupole mass filter. The mass-selected
PAH cations were deflected under 90° by an electrostatic quadrupole
deflector and injected into a cryogenic (T~20 K) linear RF ion trap.

In the linear RF trap, the PAH cations were exposed to a collinear
beam of monochromatic soft X-rays (AE~50 meV) with fluxes in the
10'2 photon/s range. Cationic photo-products were extracted into a
reflectron-type time of flight (TOF) mass spectrometer and detected
by a micro channel plate (MCP) detector. We performed NEXAMS
experiments, i.e. the soft X-ray energy Ex—ray Was ramped in small
steps across the C K-edge (279 eV-300 V). For each and every photon
energy Ex-ray, photofragmentation TOF spectra were recorded.

3 THEORY

The theoretical approach has been described in detail in our pre-
vious work on coronene cations (Huo et al. 2022). In short, Time-
Dependent Density Functional Theory (TD-DFT) in the adiabatic
approximation (Besley et al. 2009) was used to compute X-ray ab-
sorption spectra. The ground-state geometries of the gas-phase py*
and [py+H]* were optimized at the w-B97XD/cc-pVDZ theory level.
A vibrational frequency analysis at the same theory level was per-
formed to check for imaginary frequencies and confirm convergence
of the optimized molecular structures. Subsequently, C 1s excitations
were computed by means of TD-DFT within the Tamm-Dancoft ap-
proximation (Hirata & Head-Gordon 1999). Here, we used the SRC-
2-R1-D2 functional developed by Besley and coworkers (Besley et al.
2009; Besley & Asmuruf 2010) as implemented in the Q-Chem 5.2.2
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quantum chemistry package (Epifanovsky et al. 2021). In the SRC
functional, the exchange functional is described by the Becke func-
tional (Becke 1988) and the correlation functional is based on a
combination of the Lee-Yang-Parr (LYP) functional (Lee et al. 1988)
and the Vosko-Wilk-Nusair (VWN) functional (Vosko et al. 1980).
1000 carbon core excited-state transitions were calculated for the
py* radical cation and for various [py+H]* cation isomers, respec-
tively. More details about transition are presented in supplementary
material.

Adiabatic dissociation energies (ADE) for loss of neutral and ionic
H, H, were computed as the difference in energy between reactants
and products. Because of the large amount of deposited energy in X-
ray photon absorption processes, transition states and barriers were
not investigated. All ADE calculations including optimization and
frequency analysis were performed at the B3LYP/6-31G(d) level, as
implemented in the ORCA program package (Lehtola et al. 2018).
The scaling factor 0.9806 was adopted to correct the zero-point en-
ergy (ZPE) (Scott & Radom 1996).

4 RESULTS AND DISCUSSION
4.1 Mass spectra

In this study, soft X-ray photofragmentation of py*, [py+H]*, hpy™,
and [hpy+H]" was investigated over the photon energy range from
279 eV to 300 eV, which encompasses the C K-edge. Most extensive
fragmentation is observed for the highest photon energies at which
direct 1s photoionization is possible. Subsequent Auger decay to
the photoinduced 1s vacancy leads to emission of one (or more)
additional electrons. Therefore almost all fragmentation processes
start from an (at least) triply charged ion.

Mass spectra of 300 eV soft X-ray induced photoproducts for all
four molecular ions under study are presented in Fig. 2. For all four
systems, qualitatively similar fragmentation patterns are observed:
The highest peaks are always observed in the M /q range between 48
and 78 (M and ¢ stand for the mass and charge state of the molecule,
respectively). Peak assignment is not always straightforward, as pho-
toproducts can come in different masses and charge states which.may’
coincide in M/q. Postma et al. have illustrated this for keV/ion in-
duced fragmentation of anthracene (Postma et al. 2010). Most peaks
occur in CmHZJr groups with a fixed number of carbon atoms m ‘and
a variable number of hydrogen atoms n. Monocationic fragments
(g = 1) are most intense, with carbon numbers, 7. fanging from 2 to
8.

For every given m, a number of peaks“due to different numbers
of hydrogen atoms n can be observed at integér M/q values. In
many cases, additional peaks at halfsinteger M /q can be observed,
which can only be due to dicationic fragiments (¢ = 2). A good
example is the CsH}; group that'forall. 4 molecules clearly contains
a weaker contribution of CIOH%". The precise ratio of monocationic
and dicationic contributienite.a.group of peaks is difficult to quantify,
as integer peaks coin¢ide. Dicationic fragments with an odd number
of carbon atoms €an be observed as well, e.g. C9H,21+ between C4H;,
and CsHj;. Such fragment groups are solely due to dications and can
thus help to’estimate-the total contribution of dicationic fragments to
the spectrum. Dications can be clearly identified for the range from
m =7 town ="11 for py* and to m = 15 for hpy*. Fragments with
m/< 8 typically accommodate a single positive charge, only.

Tricationic fragments C16H§l+ with an intact carbon backbone are
observed for all 4 molecules, though only very weakly for hpy* and
[hpy+H]™. It is to be noted that the corresponding C16H%+ dications

o
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Figure 2. Mass spectra of py*, [py+H]*, hpy* and [hpy+H]* induced by 300
eV. All spectra are normalized to the respective total ionic fragments yields.
Predominate clusters of fragments have been labelled.

are only observed at photon energies below the 1s ionization thresh-
old. Large dicationic fragments that underwent loss into C13H%+ and
C15H2* are only observed for hpy* and [hpy+H]*.

Single hydrogenation of py* into [py+H]* leads to a relative in-
crease of C3H};, C4H},, and CsH;, . C|gH* yields on the other hand
are suppressed by hydrogenation.

Attachment of a single H atom to hpy™ leads to overall reduced
CH;, yields for m = 3 to m = 6. This is in stark contrast to our
previous observations for coronene cations (Huo et al. 2022), where
the opposite was observed. The relatively large dicationic fragments
C13H2* and CsHZ* only appear for the strongly hydrogenated hpy*
and [hpy+H]* precursors, indicating the ability of these systems to
accommodate more charge.

Naturally, for hpy* and [hpy+H]*, the various C,,HZ* groups
exhibit higher average hydrogen content than what is observed for
py" and [py+H]". This finding reflects simply the larger number of
H atoms present in the precursor ion.

For photon energies below the carbon 1s binding energy, 1s ex-
citation rather than ionization is induced. As a consequence, the
monocationic precursor is not further ionized in the photoabsorption
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process. Subsequent Auger decay of the photoinduced 1s vacancy
will lead to emission of one or more Auger electrons. Fragmentation
will therefore typically start from a doubly charged molecular ion.

A more quantitative investigation of partial ions yields (PIYs) in
the excitation and in the ionization regime can be found in part 1 of
the supplementary information.

4.2 NEXAMS spectra

A deeper look into the influence of photon energy on molecular
fragmentation is possible by investigation of selected fragment yields
as a function of photon energy. Fig. 3 displays such NEXAMS spectra
for non dissociative single ionization (NDSI) and for non-dissociative
double ionization (NDDI) of py* and [py+H]*. The top spectrum
shows the NDSI data, i.e. PIYs of C 16H%3 formed from py* and for

C16H%]L formed from [py+H]*. As discussed before, NDSI is very
unlikely in the Is-ionization regime, where 1s ionization is usually
followed by Auger relaxation releasing one more electron. Therefore,
(almost) all intensity of the dication spectra is below the ionization
threshold. The peaks are signatures of specific resonant 1s excitations
to unoccupied molecular orbitals.

The py* cation is a radical cation i.e. it features a singly occupied
molecular orbital (SOMO) as its highest occupied molecular orbital
(HOMO). The 1s-SOMO transition occurs at about 282.5 eV. At
about 285 eV, 1s excitation to the lowest unoccupied molecular orbital
(LUMO) is observed. The strongest peak is found at 286 ¢V and a
fourth maximum is observed at about 289 eV. In [py+H]", there is
no SOMO and the lowest-energy peak is the 1s-LUMO transition
at ~284 eV. The two remaining peaks are only weakly affected by
hydrogen attachment.

The bottom spectrum of Fig. 3 displays the data for NDDI, i.e.
py" ionization into CIGH%. Below the ionization threshold, trica-
tion yields are low but feature the same peak positions as observed
for NDSI. These low yields are expected as the Auger process that
follows resonant 1s excitation here needs to be accompanied by the
emission of two electrons, a process that has much smaller probabil-
ity. Above the carbon 1s ionization energy, the PIY quickly increases
until a plateau is reached.

For the hydrogenated [py+H]*, the spectrum is different. In partic-
ular the ratio between NDDI below and above the ionization thteshold
differs significantly from the case of the py* cation. For{py+H]% the
peaks in the excitation regime are relatively much mote inténse; with
the 286 eV resonance reaching the same intensity as observed above
the ionization threshold. As a consequence, .the ‘threshold like in-
crease around the 1s ionization energy is much less pronounced for
[py+H]*.

For a more detailed interpretation of the experimental data, it is
crucial to assign particular final molecular orbitals to the NEXAMS
spectral features by means of TD=DFT calculations.

4.3 Theoretical spectra

The intensities (oScillator strengths) for carbon 1s excitation of py™,
[py+H]", [hpy]t, [hpy+H]" are shown in Figs. 4-5 as stick spectra.

For a first directeomparison between experimental data and theory,
for all four precursor ions we have chosen the yield of the C5H§r
fragment,as it1s high for all precursors. It should be noted that in all
four figures the photon energy axes of the experiment (top axes) and
theory (bottom axes) are matched via shifting the energy axis of the
simulated spectra by -1 eV.

The very small mismatch between the energy axes is a signature

2
0.4 =
_|

0.2

Normalized Yield

C1s lonization

oo

150 [py+HI*" .

‘

Normalized Yield

0.5+ ‘

P (b)

0.0 f . . z : . . ]
2821284 286 288 290 292 294 296 298 300

Photon Energy (eV)

Figure 3. Top panel: NEXAMS data for C16H%6 from py* and CléH%T
from [py+H]* (normalized to the integral of the total yields in excitation
range). Bottom panel: NEXAMS data for Cle?g from py* and CléHﬁr
from Tpy+H]* (bottom panel, normalized to the the ionization continuum).
Transitions to SOMO and LUMO are indicated. The 1s binding energy is
around 295 eV where a threshold-like increase of trication yields is observed.

of the high quality of the calculations and the appropriateness of the
functionals used.

Fig. 4 shows the results for py* precursor radical cations. Experi-
ment and theory clearly are in very good agreement, allowing for an
assignment of specific final molecular orbitals to the observed spec-
tral features. As expected, the transitions that contribute to the lowest
energy peak all have the SOMO S(1)p) as final state. Different transi-
tion energies contributing to the SOMO peak stem from differences
in binding energies of the 1s initial states associated with specific
positions of the C atoms in the py" cation. The 16 C atoms can
be roughly divided in the following three categories: 2 inner atoms,
4 inner-edge atoms, and 10 outer-edge atoms. The peak structures
around 285 eV in the NEXAMS spectrum arise from 1s transitions
to the lowest LUMO orbitals which are labeled as V(k)q or V(k)g,
with index k and with « and 8 indicating the two possible spin orien-
tations. Isosurfaces of the electron density of the SOMO and the two
energetically lowest unoccupied orbitals are added. The low-lying
LUMO states have 7™ character. Energetically higher transitions at
294 eV and above and the broad continuum are due to a multitude of
higher excited states. With increasing transition energy, final states
with a stronger o* character are reached.

€20z ke g1 uo1sanb Aq 0L 2GS /LY L PRIS/SBIUW/EE0 L "0 /IOP/a|oliB-80UBAPE/SEIUW/WOD dNo-olWapeoe.//:sdny WwoJj papeojumoq



An X-ray spectroscopy study of structural stability of superhydrogenated pyrene derivatives 5

Photon Energy (eV)

0.20 282 284 286 288 290 292 294 296 298 300

(@) —— NEXAMS

0.15

0.10

Normalized Yield

0.05

0.00

L S

V(1) V(1),V(2),V(2),
i/ V(3),V(3),
0.10+ 4

Oscillator Strength

0.05¢

)

0.
852 284 286 288 290 292 294 296 298 300
Photon Energy (eV)

Figure 4. (a): CsH{ NEXAMS spectrum for py*. (b) TD-DFT stick spectrum
of oscillator strengths for py*. Selected final states are shown as molecular
orbitals. “S” and “V” indicate SOMO orbital and unoccupied orbitals, re-
spectively. Theoretical data has only been calcuated up to 296 eV.

Fig. 5 shows a similar comparison for hydrogenated pyrene cations
[py+H]*. For this precursor, three different hydrogenation/sites are
possible (see Fig. 1) and the corresponding isomers ate referred to
as hl, h2 and h3. The respective isosurface plotsereveal the loss
of symmetry induced by hydrogen attachment, A\comparison of
experimental and theoretical data shows that the gap experimentally
observed between the two lowest transition energy peaks (Fig. 5a) is
not present in the stick spectrum for\isomer h3 (Fig. 5d). The other
two isomers, hl and h2, do agree wellwwith the experimental data,
suggesting that one or both of these isemers are dominating. It has to
be noted, though that only two H'attachment sites correspond to h3
whereas 4 sites whereassinstotal, 8 positions (4 for hl and 4 for h2)
are available to h1 and h2:

When comparing pyt.(Fig. 4) and [py+H]* (Fig. 5), the most
obvious difference isthe absence of the SOMO peak for [py+H]".
Furthermore, ‘particularly the lowest-energy transitions are affected
by the presence ofthe H atom. For py™, the first 7*-band involves the
V(1)e.and V(1) final orbitals whereas the second 7*-band is mainly
involves V(D)g, V(2)a, V(2)g, V(3) and V(3)g final orbitals. For
[py+H]", the first peak involves V(1) final orbitals and the second
peak includes V(2), V(3) and V(4) final orbitals. The energy gap
between the two lowest energy peaks approximately doubles from
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Figure 5. (a): C5H§r NEXAMS spectrum for [py+H]*. (b, ¢, d) TD-DFT
calculated stick spectrum of oscillator strengths for the three different isomers
of [py+H]* ([py+H];]'1, [py+H];]'2 and [py+H];3). Selected final states are
shown as molecular orbitals. Theoretical data has only been calculated up to
296 eV.
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almost 1 eV to 2 eV. The widening appears to be primarily due to the
shift of ~-0.75 eV of the LUMO-V(1) transitions to lower energies
and now appears as a separated peak. Just like for py*, all final orbitals
V(1) to V(4) have n*-character and for higher energies transitions
start to populate more and more states with o* character.

The theoretical data for hpyt and [hpy+H]* can be found in the
supplementary information.

4.4 Fragmentation dynamics

In our previous study on coronene (Huo et al. 2022) we have in-
vestigated the influence of soft X-ray photon energy / final state on
the fragmentation dynamics. In the following, we apply the same
approach for the four pyrene-based molecular ions under study, here.
The advantage of NEXAMS as compared to conventional soft X-
ray spectroscopy is the availability of separate spectra for all ion-
ization/fragmentation channels. Fig. 6 shows a selection of these
spectra for py* and [py+H]". The top panel shows data for NDSI
into C16H%3 (a) and CléH%T (b), respectively. In addition, spectra
for single ionization accompanied by loss of s hydrogen atoms are
displayed.

The NDSI data shows the same trends as observed for the much
larger coronene cation (Huo et al. 2022). Most intensity is limited to
the excitation regime, i.e. PIYs are very low above the 1s ionization
threshold. For excitation into SOMO and LUMO, NDSI (s = 0) is
strongest. For excitation into higher molecular orbitals, the contribu-
tion of processes with higher s increase. This is particularly clear for
the broad maximum around 294 eV. Very similar trends are found for
py" and [py+H]*.

Also in the top row of panels of Fig. 6 we show the data for NDDI
into CléH?g (c) and C]GH?T (d), again accompanied by the data for
loss of s hydrogen atoms. For py*, the 1s ionization threshold start-
ing around 294 eV is clearly visible. As commonly found in other
systems, double ionization is also observed for carbon 1s excitation.
Most likely, the underlying mechanism involves two electron Auger
decay (Huo et al. 2022; Li et al. 2021). For NDSI, the effect is small-
est. For [py+H]*, the spectra look entirely different: the ionization
threshold is much less pronounced and triple cation yields are gen-
erally very low. Because this low yield is used for normalization,.the
resonant part of the spectrum appears very strong. It is possible that
the additional hydrogen atom already weakens the moleculesisuffi-
ciently to prevent efficient formation of the trications. These findings
are opposite of what we had earlier observed for coronene, where sin-
gle hydrogen attachment actually stabilizes the trication-(Huo et al.
2022). A hydrogenation-induced weakening of"the molecular struc-
ture however is in line with the findings of the Stockholm group for
pyrene hydrogenation (Gatchell et al. 2015).

The NEXAMS data for most common fragments due to backbone
scission are shown in the bottom row of Fig. 6 for C;H}; (e.f) and
CsH;. (g,h). For both groups of fragments and for both precursor ions,
there is a very smooth transition from excitation to ionization. This
is quite a remarkable finding,.as internal energies and initial charge
of the X-ray excitedfionized system are different in both regimes.
The larger C7H}/Shows ‘comparable peak intensities over the whole
energy range for n = 15 2. These fragments have lost most of their
hydrogen content'and their formation thus requires substantial exci-
tation energy. Forn = 3 and in particular for n = 4, the hydrogen to
carbon ratio 1s"Similar to the 10/16 ratio of the precursor, implying
that besides backbone scission, no additional hydrogen bonds needed
tobe broken. These fragments have highest intensity for 1s excitation
to low-lying unoccupied molecular orbitals where excitation energy
is small. The smaller CsHj; group of fragments exhibits a weaker

dependence on n-content and the spectra generally feature higher in-
tensities in the ionization continuum. This is a trend that is expected
when going to smaller fragments because higher excitation energy
and higher charge state simply favor multifragmentation into small
fragments.

The next question is, how more extensive hydrogenation influences
NEXAMS spectra. The data for hpy* and [hpy+H]* are shown in
Fig. 7. A quick look back at the photofragmentation spectra of hpy*
and [hpy+H]" in Fig. 2 reveals that the major fragments groups
are similar to the py*/[py+H]" case, with the exception that larger
dicationic fragments such as C15H%Jr and C13H%+ are clearly visible.
On the other hand, NDSI and NDDI as well as single and double
ionization accompanied by hydrogen loss ([CigHjg — sH]?* and
[C16H 6 —sH]?*) have much lower yields as compared to the py* and
[py+H]" cases and cannot be quantified with the accuracy réquired
for a NEXAMS spectrum. We therefore display data for: CISH%Jr
(Fig. 7a,b) and C13HZ* (c,d) in addition to for C7H}, (ef) and CsH?,
(g,h) which were shown in Fig. 6 as well.

The NEXAMS spectra for the large dications CysH2*and C3HZ+
are quite similar in overall structure to the data for NDDI and dou-
ble ionization accompanied by multiple’H loss fof py* and [py+H]*
(Fig. 6¢,d). There is a clear threshold behaviour when the 1s ioniza-
tion energy is reached. In the excitation regime, the normal spectral
features discussed in the context of.the TD-DFT calculation for hpy*
and [hpy+H]" are observed. The relative intensities of excitation
peaks with respect to the ionization continuum are higher for C; 5H%l+
and C13H2* from hpyithan for [CigH o — sH]>* from py™, though.
For the hydrogenated \[hpy+H]" precursor, the data are very simi-
lar to the [py+H]T caseThe similarity of the dicationic NEXAMS
data for hpy*tand the tricationic data from py* is strongly indicating
that double ionization of hpy" (and most likely also of [hpy+H]")
predoeminantly leads to charge separation with a large dicationic frag-
ment and a small monocationic fragment (plus possibly one or more
small neutral fragments). In the process, at least 6 hydrogen atoms
appear to be lost.

For C7H;: (Fig. 7e,f) and CsH;: (Fig. 7g,h), the trends are the same
as observed for py* and [py+H]™. Clearly, for the formation of these
small fragments, the initial molecular structure plays only a minor
role.

One of the reasons for performing the present study in the first
place was to answer whether hydrogenation protects PAH cations
against soft X-ray induced backbone damage. We have previously
investigated this issue for coronene (C24H’1'2, cor™) and its hydro-
genated counterpart (C24HT3, [cor+H]") (Huo et al. 2022). Fig. 8
shows the relative PIYs of fragments formed from backbone frag-
mentation as a function of energy for both cor* and py™. For cor,
backbone fragmentation is at about 35% the excitation regime and it
increases to more than 70 % in the 1s ionization continuum. Hydro-
genation reduces backbone fragmentation to about 30 % (excitation)
and to about 50 % (ionization). For py*, the difference between exci-
tation and ionization regime is much smaller than for cor*: backbone
fragmentation increases from about 65 % (excitation) to about 80
% (ionization). Also, hydrogenation of py* even higher enhances
backbone fragmentation systematically to 70 % (excitation) and 90
% (ionization). Also from this data, it is clear that the PAH size plays
a key role not only for its photoresponse but also for the effect of
hydrogen attachment. Note that for hpy*, backbone fragmentation is
close to 100 % over the entire photon energy region, studied here.
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Figure 6. The top row of panels presents NEXAMS data for dicationic and tricationic fragments produced from py* and [py+H]*. Speetra for non-dissociative
single ionizatiton (NDSI) into C16H%3 (a), and into C16l—{%’1r (b) and non-dissociative double ionization (NDDI) into C16H:f3 (c), and C16H:15-{ (d) are shown in
black. Spectra associated to loss of s H atoms are shown in color. Dication spectra are normalized to the integral over the excitation region. Trication spectra are
normalized to the average yield in the ionization region. The bottom row of panels shows data for the monocationic fragments'CyHin(e)(f) and CsH}; (g), (h).

thpy+H]" hpy" [hpy+HT"
S b 2+ 2:0 2+
o 1.0 ( ) ‘C15Hn (d) Cwan
> I
8 N h ‘t,’lh":
N v,
= 0.5
g g
—
§ n=9
0.0 o8 .
i 285 290 295 300 02 285 1,290° 295 300
i) CH' (e) ) CH; (9)
[) 7 n n
< 02
§ ‘/,\\M,m .
= o4 01y .
£ A 7V A
LA Tiuvs
B n=5----n=4 ;\ ‘r// \W 2:2 " "H,I \' :zz
Z 0.0 W e y S }\W nal 0.0k et
285 290 295 300 285 200 . 2057300 OO0 285 200 295 300 285 290 295 300
Photon Energy (eV) Photon Energy (eV) Photon Energy (eV) Photon Energy (eV)

Figure 7. The NEXAMS scan of main dicationic fragments produced from hpy™* [(a),(c),(e) and (g)] and [hpy+H]* [(b),(d),(f), and (h)]. The spectra for the
monocations (C7H}, and CsH},) are normalized te excitation regime. The spectra of dicationic fragments (Clstf and C; 3H,21+) are normalized to the average
yield in the ionization region, as were the trication spectra in Fig. 6(c), (d).

4.5 Photoinduced H/H; loss case of py™. For 1s-SOMO excitations (282.5 V), NDSI into C16H%(+)
is equally intense as single ionization accompanied by H, loss into
C16H§+. For 1s transitions to unoccupied 7* orbitals (286 V), due
to the slightly higher excitation energy, NDSI gets relatively weaker.
Furthermore, as commonly observed in excited PAHs (Szczepanski

Besides carbon backbone fragmentation, also the soft X-ray induced
loss of H and/or H, can be. dependent on photon energy, on molecular
size and on hydrogenation state.

Reitsma et al/ have-shown that hydrogenation can protect the struc- et al. 2010; Chen et al. 2015), H loss is preferred over sequential H
tural integrity, oficor* upon soft X-ray absorption (Reitsma et al. loss, leading to even-odd oscillations in the mass spectra. At higher
2014, 2015). The underlying mechanism is loss of the extra hydro- photon energies, direct 1s ionization occurs and NDSI is therefore
gen atoms instead of e.g. backbone fragmentation. Fig. 9 shows the quenched. Now loss of two or more Hy moieties appears to be domi-
CeH2"\(Figr 9a,c) and C gH2* (b,d) mass spectral regions for both nant, but those peaks are most likely due to charge separation, i.e. H}
py:" and [py+H]* precursors (top and bottom, respectively). loss following a double ionization process. For [py+H]* precursors,

As seen before, dicationic fragments C; 6H3;+ are almost solely essentially the same trends are observed, despite the fact that the pre-

formed in the excitation regime, e.g. for 282.5 €V and 286 €V in the cursor mass is 1 Da higher. The photoinduced loss of the additional
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X-ray photofragmentation of py* (top row of panels) and [py+H]% (bottom
row of panels).

H atoms leads to a shift towards higher hydrogen content, though
and as a consequence the C16H peak is strongest for 284 eV and
for 286 eV.

Tricationic fragments C16H§l+ show the opposite behaviour (see
Fig. 9(b,d). NDDI into Clngg (py*) and CIGH:;’-{— ([py+H]™) is ob-
served even in the excitation regime, with very low intensity for py*
and with intermediat€ intensity for [py+H]*. As discussed before,
1s excitation canybe followed by two-electron Auger processes and
lead to double fonization. Stronger NDDI yields are observed in the
ionization continuum at 297 eV. As for the dication case, Hp loss
appears to be preferred over H loss, as [C1H1g — 2H]* is stronger
than [Cy¢H o — 1H]** (for py™) and [CieH;; — 2H]?* is stronger
than [C¢H;; — IH]?* (for [py+H]™).

Charge State

Charge State

Figure 10. Adiabatic dissociation energies (ADE) for fragmentationichannels
associated with H/H,/2H loss as a function of charge state ofypy?* (dash
curves) and [py+H]9™ (solid curves). (a) H loss (squares)and H*loss (circles).
H and H* are lost from the "a" site (see sketch) for py?*rand from the the
"b" site for [py+H]9*. (b) 2H loss (squares); HJr loss (circles) and Hy loss
(triangles) as functions of PAH charge state. 2H/H2/H+ loss is from the "a"
and "b" sites for both py4* and [py+H]4 " All calculanons for [py+H]4* were
all done for the h2 isomer (see Fig.41), hydrogenated at the "b" site.

5 ASTROPHYSICAL IMPLICATIONS
5.1 Soft X-ray induced Hj production from PAHs

In the following we will investigate the competition between H,-loss
and H-loss processes from py* and [py+H]" in neutral and ionic
form./py ™ has three non-equivalent H sites and as a consequence,
H-loss,can Jead to three different isomers. For the case of double H
lossy.it 1Sydssumed that both H atoms are lost from the same benzene
ring, either as two consecutive atoms or as an H, molecules.

Fig. 10 shows the adiabatic dissociation energies ADEs obtained
by DFT for one exemplary isomeric dissociation channel. The
C16Hqu is produced by H loss from position "a" and 2H/H2/H+

" u

loss from neighboring "a" and "b" sites results in C16Hg+. The cor-
responding data for the remaining isomeric channels are provided in
the supplementary material. ADEs for different isomers are almost
identical. It is clear that for low charge states, neutral Hj loss is ener-
getically favorable. For triply charged systems, dissociation energies
for H; loss and for Hy loss become almost equal. The experimen-
tal data on the dications proves that H; loss becomes stronger with
decreasing H content in the trication.

From Fig. 10(a) it can be seen that the ADE for single neutral
H loss from py* is around 5 eV while it only is about 2.5 eV for
[py+H]". In an earlier study (Holm et al. 2011), the ADE datas have
already been presented for H loss from py?*, based on the same
functional and basis set. Herein, we further compute the ADE for
similar dissociation channel for [py+H]* to compare to py?*. ADE
of py?* weakly decrease from 5.1 eV to 4.3 eV with increasing charge
state. The ADE for [py+H]" are systematically lower (by a factor of 2
for g = 1), but also exhibit only a weak dependency on charge state.

The ADE for H* loss is inversely proportional to the charge state of
the three molecular cations (from positions "a", "b" and "c") for both
of py* and [py+H]*. For ¢ = 1, 2, the ADE for H" loss is significantly
higher than the ADE for neutral H loss. For ¢ = 3 the situation is
reversed, and the ADE for H" loss becomes significantly smaller than
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the ADE for neutral H loss. From g = 4 on, py* precursor cations
are not stable with respect to H* loss, anymore. [py+H]" becomes
unstable with respect to H* loss already for ¢ = 3. This clearly
explains the absence of triple cation peaks in the experimental data
for [py+H]*.

From Fig. 10(b) it is seen that the energetics for double H/H* loss
and for H2/H;r loss show the same trends: For ¢ = 1,2, neutral loss
is energetically preferred whereas for g = 3, it is charge separation.

From the comparison of Fig. 10(a) and (b), it is also clear that for
py*, Hy loss is energetically preferred, whereas for [py+H]*, single
H loss is preferred. In case of charge separation, H* loss is always
energetically favorable as compared to H; loss.

It is very interesting to note, that even though ADEs for cort and
[cor+H]* cations (Huo et al. 2022) are very similar to the pyrene
data presented in Fig. 10 both quantitatively and in g-dependence, H
attachment has a stabilizing effect for cort whereas it has a destabi-
lizing effect for pyrene cations. Once again, this stresses the fact that
the molecular size (and thus the vibrational temperature after X-ray
absorption, Auger decay, internal conversion and internal vibrational
redistribution (IVR) is the key property, here.

We also note that in order to determine the prevalence of H+H
loss or Hp loss from highly excited PAHs it is very importance
to account for hydrogen roaming prior to dissociation (Castellanos
etal. 2018a,b). In larger astronomically relevant PAHs, the formation
of the required aliphatic side groups is more likely than in small
PAHs. However, in a combined IR-spectroscopy and DFT study, it
has recently been shown that H, loss is an important de-excitation
channel for the very small py* cation, as well (Panchagnula et al.
2020).

5.2 Survival of PAHs

PAH abundance and degree of ionization in XDR depend on the gas
density and on the excitation energy (Maloney et al. 1996). Sieben-
morgen and Kriigel have developed a model, based on unimolecular
PAH photodissociation (Siebenmorgen & Kriigel 2010) that allows
to construct a simplified model for PAH survival in XDR. A sim-
ilar model was recently further developed to predict the half-lives
of PAHs in PNe (Quitidn-Lara et al. 2018, 2020) and in regions,of
AGNSs (Monfredini et al. 2019; Santos et al. 2022). Naturally, the
results of such model calculations crucially depend on the'accuracy
of the employed photoabsorption cross sections.

In the following, we present a combined theoretical and expetimen-
tal approach to determine soft X-ray photoabsorption‘cross sections
for the pyrene derivatives used in this work. The photoabsorption
cross section is proportional to the oscillator strength f,, for a tran-
sition from the lower |l ) state to the upper \u) state:

2
™ fby (1)
C

o (v) =
me

Here, c is the speed.ofilight,e ‘stands for the elementary charge,
me represents the electronimass and the ¢, is a Maxwell line profile
(Draine 2011).

The total photoabsorption cross section o3¢ must be equal to the
sum of the individual-Cross sections o7, of all possible photoinduced
processes. A photoinduced 1s vacancy in PAHs is predominantly
filled. by Augerdecay, a process that in most cases leaves the product
molecular cation strongly excited. The strong excitation will usually
lead to very fast dissociation/fragmentation, such that competing
slower processes such as buffer gas collisions or fluorescence can be
neglected.

Experimentally, only dissociation and non-dissociative ionization
(NDI) can be observed, anyway. We therefore write the photoabsorp-
tion cross section as a sum of two terms:

Oy = ONDI + Odis ()

Dissociation is now further divided into carbon backbone frag-
mentation and H loss with intact carbon backbone: 0y, = onp1 +
OC—frag T OH-loss- These partial cross sections are directly propor-
tional to the experimentally observed PIY for the three channels
(YNDI. YC—frag> YH-loss)- Thus the partial cross section for carbon
backbone fragmentation can be written as

0C—frag = Olu * YC—frag 3)

We can thus express this partial cross section as a product.of the
total cross section (obtained from TD-DFT calculations). andithe
partial ion yield (obtained experimentally).

Based on the definition of the dissociation rate,we getthe following
equation for dissociation rate of carbon backbone:

Emﬂx
kC—frag = / Z O-C—frag(E)FX—ray(E)dE 4)
‘min Lu
where Fx_ray (E) = 4I;rxr’2r;‘lyve‘TX-my is the photon flux. Lx_pyy is

the X-ray luminosity. 7x—ray = & 4.6% 10‘21NH2 . (60656‘,)(_2'67) is

the X-ray optical depth where"Nyy; stands for the column density of
molecular hydrogen and the factor @ depends on the photon energy
(@ = 0.054 for E < 600eV otherwise @ = 0.11) (Deguchi et al.
1990). In the following, we focus on the 7* transition region between
Enmin = 282@V.and Emax = 292 eV instead of a single photon. This
more general to describe the half-life of molecular ions in evolution
process. The half-life of the carbon backbone of a PAH molecular
ion‘isithen given by 7 /5 = kclilfzmg (Andrade et al. 2010; Quitian-Lara
et a1..2020).

Weare now in the position, to determine PAH half-life for realis-
tic astronomical systems. NGC 7027 is an ideal young PN to study
PAH survival in a carbon-rich astrophysical region of the ISM. The
infrared emission spectrum of NGC 7027 was obtained by the Short
Wavelength Spectrometer (SWS), on board the Infrared Space Ob-
servatory (ISO) (Bernard-Salas et al. 2001) and the IR telescope of
the Stratospheric Observatory for Infrared Astronomy (SOFIA) (Lau
et al. 2016). The observed IR emission bands strongly support the
presence of PAHs in NGC 7027, which is also known as a bright
X-ray source. In order to directly show the stability of the carbon
backbone for different molecular ions, the carbon backbone half-life
for cor*, [cor+H]*, py* and [py+H]* are presented as a function
of distance (r) from NGC 7027 center and of the X-ray luminosity
(LX—ray) in Fig. 11. The H, column density is Ny, = 1.3-10*! cm™2
1

(Agindez et al. 2010), the luminosity is Lx_ray = 7 - 103 erg - s~
(Montez & Kastner 2018) and the temperature of the X-ray emitting
plasmais 7 = 3.6 MK (Montez & Kastner 2018).

Fig. 11(a), displays PAH half-life for a selection of hydrogenated
and unhydrogenated PAH ions as a function of Lx_rqy. It is clear
that for all luminosities, cor* has a substantially shorter half-life than
[cor+H]". py* already has a substantially shorter half-life than cor*.
Here, hydrogen attachment into [py+H]* shortens half-life and this
effect is observed for all 3 isomers under study. The reduction in
half-life is relatively weak.

Fig. 11(b), explores the dependence of half-life from the distance
to the X-ray source (Quitidn-Lara et al. 2020). Lx_ray is taken as
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Figure 11. PAH cation half-life for cor®, [cor+H]", py* and [py+H]" as a
function of X-ray luminosity Lx-—ray (a) and as a function of distance from
central star to position r (b). (a): r =0.5 pc; (b): Lx—ray =7 - 103! ergs!.

7x 1031 erg s~! for all positions. Again, [cor+H]* has a substantially
longer half-life than cor™ for all r, whereas py* hydrogenation has
an opposite, yet much weaker effect.

6 CONCLUSIONS

We have performed an experimental carbon 1s X-rayyabsorption
spectroscopy study on cationic hydrogenated pyrene derivatives. The
experimental data are in good agreement with oscillatorstrengths ob-
tained by time-dependent density functional theory:From the com-
parison of experiment and theory, it was“observed that in particu-
lar Cls-o* excitations strongly correlate with multiple H/H,-losses,
whereas C 1s transitions to low lying 7r* orbitals favor little or no H
loss.

Pyrene cations were found to 'be’substantially more prone to soft
X-ray photodissociation than'coronene cations, most likely due to the
higher internal temperature.of photoexcited pyrene as compared to
coronene. Whereas hydrogen attachment has been shown to protect
coronene cationg/from soft X-ray photodissociation, the opposite is
observed for pyrene ‘cations, where the hydrogenated species fully
dissociates after soft-X-ray absorption.

In astfophysical environments, pyrene cations appear to be sub-
stantially‘less stable than coronene cations. Pyrene cation hydro-
genhation appears to have virtually no effect on the stability of carbon
backbone, in contrast to the case of coronene cations, where such
a protective effect is strong. It is likely that this effect limits PAH
growth but favors survival of larger PAHs.
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