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Abstract

Polycyclic aromatic hydrocarbons are major
species in astrophysical environments and this
motivates their study in samples of astrochemi-
cal interest such as meteorites and laboratory
analogues of stardust. Molecular analysis of
carbonaceous matter in these samples show a
dominant peak at m/z=202.078 corresponding
to C;4Hy. Obtaining information on the asso-
ciated isomeric structures is a challenge for the
molecular analysis of samples available in very
small quantities (mg or less). Here we show
that coupling laser desorption ionization mass
spectrometry with ion trapping opens up the
possibility of unraveling isomers by activating
ion fragmentation via collisions or photon ab-
sorption. We report the best criteria for differ-
entiating isomers with comparable dissociation
energies, namely pyrene, fluoranthene, and 9-
ethynylphenanthrene, on the basis of the parent
dissociation curve and the ratio of dehydrogena-
tion channels. Photoabsorption schemes (mul-
tiple photon absorption in the visible range and
single photon absorption at 10.5 eV) are more
effective in differentiating these isomers than
activation by low energy collisions. The impact

of the activation scheme on the fragmentation
kinetics and dehydrogenation pathways is dis-
cussed. By analyzing the 10.5 eV photodissocia-
tion measurements with a simple kinetic model,
we were able to derive a branching ratio for the
H and 2H/H, loss channels of the parent ions.
The results suggest a role in the formation of Hy
for bay hydrogens that are present in both flu-
oranthene and 9-ethynylphenanthrene. In ad-
dition, we suggest for the latter the presence of
a highly competitive 2H loss channel, possibly
associated with the formation of a pentagonal
ring.

Introduction

Molecular mass spectrometry analysis revealed
that various carbonaceous samples contain a
dominant peak at m/z=202.078 corresponding
to a polycyclic aromatic hydrocarbon (PAH)
of formula CigHig. These samples include
soot particles generated in flames,* diesel fu-
els and particulate matter,? cosmic dust ana-
logues,** and carbonaceous chondrite mete-
orites.”® Shukla and Koshi” showed that in
combustion reactions, different chemical path-
ways lead to the preferential formation of
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pyrene or fluoranthene. FEach isomer could
then lead to different species by subsequent
growth. Fluoranthene could lead to fullerene-
like structures due to the presence of the pen-
tagonal ring which allows the formation of 3D
structures. On the other hand, from pyrene,
growth processes by the hydrogen abstrac-
tion/vinylacetylene addition mechanism, can
lead by systematic ring expansions to more
complex PAHs and finally to 2D graphene-like
structures.™¥ Therefore, identifying the domi-
nant isomeric structure in a given sample could
provide clues to its chemical history. The
key role of medium-sized PAHs, particularly
pyrene, in soot nucleation is also a much de-
bated topic.HH2,

A robust mass spectrometry (MS) method for
differentiating isomers is to separate them by
their affinity with a given medium. This is
the basis of chromatography, which is a pow-
erful method in chemical analysis and identi-
fication of isomeric structures. Using a gas
chromatograph-mass spectrometer (GC-MS),
Basile et al.® detected more than thirty PAHs
in solvent extracts from the Murchison mete-
orite, with fluoranthene and pyrene constitut-
ing 58% of the PAHs detected in relative con-
centration, with both isomers having compa-
rable abundances. Using a similar technique,
Naraoka et al.” studied the molecular compo-
sition and carbon isotopic abundances of PAHs
in an Antarctic carbonaceous chondrite. They
identified more than 70 PAHs, fluoranthene and
pyrene being the most abundant. They pro-
posed two chemical pathways to explain the
formation of these PAHs and called them the
pyrene series and the fluoranthene series.

GC-MS analysis requires a sufficient amount
of sample and involves different preparation
steps for the extraction of species of interest, in-
cluding the use of solvents. It may therefore not
be suitable for in situ analysis in chemical reac-
tors and for molecular analysis of complex and
rare samples, as we will see later. In the field of
combustion chemistry, a number of techniques
have been interfaced with reactors for on-line
analysis, such as resonance enhanced multipho-
ton ionization (REMPI)™¥* The potential of
studies using tunable VUV synchrotron radi-

ation was then demonstrated, including pho-
toionization mass spectrometry““4 and photo-
electron coincidence spectroscopy*#%, with the
latter technique offering the best potential for
isomer differentiation, as also demonstrated in
other studies.%>0

Regarding the analysis of molecular complex-
ity in dust samples that are precious“” and/or
heterogeneous.™™®, laser desorption ionization
mass spectrometry (LDI-MS) has proven to be
an interesting method. The technique has been
applied to soot samples.”™ Recent work in
our group has demonstrated the very high sen-
sitivity (attomole level) of the two-step LDI-
MS to follow molecular families of PAHs, car-
bon clusters, hydrogenated carbon clusters, and
fullerenes. We have applied this technique to
the analysis of laboratory analogues of star-
dust®U3 and of meteorite samples.®225233 Ay
originality of our setup is to be equipped with
an ion trap so that ions can be activated by
collisions or by absorption of photons and their
dissociation features used to obtain information
on the structure of the ions.

McLuckey and Goeringer®* have reviewed
methods for slow heating activation of ions,
with collision-induced dissociation (CID) being
the one commonly implemented in ion trap-
ping instruments. Concerning PAHs, such ex-
periments revealed notable differences between
isomers regarding their dehydrogenation path-
ways.®" %1 Among photon activation methods,
infrared multiple photonic dissociation spec-
troscopy (IRMPD) has been most widely used
to characterize PAH cations and identify their
fragments by taking advantage of the free
electron laser for infrared experiments (FE-
LIX).#5 44 In order to study the isomers formed
during the dissociative -H ionization of methy-
lated PAHs, an alternative technique using Ne-
tagged ions produced in cryogenic traps has
proven to be more appropriate.#*4 Finally, a
number of studies have explored the unimolec-
ular dissociation of PAH cations using vacuum
ultraviolet (VUV) synchrotron irradiation and
photoion mass spectrometry**#% or the more
advanced imaging photoelectron photoion coin-
cidence spectroscopy (iPEPICO). 204500 These
studies concern neutrals that experience disso-
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ciative ionization by absorption of a single VUV
photon. Our group has studied the fragmenta-
tion (and ionization) of trapped PAH cations
subjected to VUV irradiation.”*3 This work
has in particular revealed differences in the de-
hydrogenation characteristics (H, 2H, and H,
losses) of two dibenzopyrene isomers.*

In this context, we investigate here the poten-
tial of three ion activation techniques to sepa-
rate PAH isomers in ion trap experiments as-
sociated with LDI-MS measurements. These
techniques include low-energy CID, multiple
photon absorption in the visible range, and sin-
gle VUV (10.5eV) photon absorption. This
VUV photon energy is well suited to study
the dissociation of pyrene and fluoranthene
cations.“®2I' Tt is also relevant for astrophysical
implications.?® We used both the AROMA (As-
trochemistry Research of Organics with Molec-
ular Analyzer) setup and the PIRENEA (’Piege
& Tons pour la Recherche et 'Etude de Nouvelles
Espéces Astrochimiques’) setup®. AROMA
is dedicated to ultra-sensitive two-step laser
desorption laser ionization mass spectrometry
(L2MS) analysis whereas PIRENEA is ded-
icated to the study of the photophysics of
PAHs in conditions close to those encountered
in the interstellar medium. Our focus is on
CysH,o" for which we consider three isomers,
namely pyrene (Pyr™), fluoranthene (Flu™),
and 9-ethynylphenanthrene (EtPT) (structures
in Figure [1)). The CID experiments were per-
formed on AROMA, while the photoexcitation
schemes involving either visible or VUV pho-
tons were performed with PIRENEA. After a
description of the experimental methods, we
present the results obtained for the three types
of experiments. Two criteria are used for the
differentiation of the isomers, namely the par-
ent dissociation curve/yield and the ratio be-
tween the -2H/H, and -H channel intensities.
We discuss the potential of each of the three
methods for isomer discrimination. Further
analysis of the data is performed by a simplified
kinetic Monte Carlo model for the CID exper-
iments and a kinetic analysis for the photoex-
citation experiments. This allows us to provide
additional information on the stability and dis-
sociation pathways of the different species un-

der the studied excitation conditions.

Figure 1: Molecular structures of the studied
Cy6Hpo" isomers, optimized with the GAUS-
SIAN16 package at the B3LYP/6-31g(d,p) level
of theory: (a) pyrene (Pyr™), (b) fluoranthene
(Flut), and (c) 9-ethynylphenanthrene (EtP™).

Methods

Cation production

The chemical samples are from Sigma-Aldrich
(> 97% purity). In all experiments, the ions are
produced in gas phase using well established
LDI techniques. For the AROMA setup, the
desorption and ionization steps are separated
using two different lasers. The neutral sam-
ples in the solid phase are desorbed from the
sample plate using the fundamental output of a
Nd:YAG pulsed laser at 1064 nm (Q-Smart 450,
Quantel). The resulting PAH plume is then
ionized by the fourth harmonic of a Nd:YAG
laser at 266 nm. For the PIRENEA setup, the
molecules are desorbed and ionized from a solid
aluminum target by using a single 266 nm pulse
whose energy and focal spot are optimized for
each studied species.

CID experiments with the AROMA
setup

Low energy CID measurements reported in this
work were performed using AROMA. The ex-
perimental setup is explained in detail else-
where® and only a brief description is presented
here (scheme in Figure . The ions gener-
ated by two-step LDI are extracted and colli-
mated into an octupole ion guide using a set
of high voltage DC lenses. The octupole trans-
mits these ions into a segmented (ql-q8) lin-
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Figure 2: (a) Scheme of the CID experiment using the AROMA setup. The ionization products
of each isomeric species are injected into the q2 segment of the LQIT where they are subjected to
isolation, cooling and slow heating by applying a dipolar excitation in a bath of rare gas (He/Ar,
black circle). This induces dissociation over time (parent and fragment are respectively represented
by full and broken red disks) and ions are mass-analyzed by a high resolution orthogonal ToF
(o-ToF) mass spectrometer. (b) The DC states of each segment of the LQIT are illustrated along
with the time required for performing one CID cycle.

ear quadrupole ion trap (LQIT). The ions are
initially trapped in the q2 segment of LQIT
and cooled by pulsed injection of He buffer gas.
Parent ions are further isolated in q2 through
minimal ion manipulation to avoid building ad-
ditional kinetic and internal energy excitation.
The isolated parent ions (sometimes with resid-
ual 13C isotopomers at the percentage level)
are kinetically excited by applying a dipolar
AC signal at a frequency close to the resonant
frequency of the pure 2C parent ion (f, =
187kHz), in the presence of a rare gas (He or
Ar). Helium is injected into the LQIT and is
used as a buffer gas to cool down ions in all
cases, and as a collision gas in He CID experi-
ments. When Ar is used, it is injected through
another valve into the octapole ion guide. For
CID, the gas is injected at a peak pressure of
~ 1073 mbar and the DE is applied at the res-
onance frequency in He and slightly off reso-
nance in Ar. The time delay between gas injec-

tion and DE was optimized to obtain a higher
fragmentation rate. The resulting dissociation
products are mass-analyzed by a high resolu-
tion (m/Am ~ 10%) orthogonal time-of-flight
(0-ToF) mass analyzer. The CID measurements
are repeated by varying the duration of the DE.
The carbon loss channels are found to be mi-
nor (see calibration experiment reported in Fig-
ure S1(b)), in line with previous CID measure-
ments.28 Recording these channels requires ad-
ditional measurements in which the delay time
between the LQIT exit and the o-ToF extrac-
tion pulse is changed. We therefore decided to
neglect these channels.

Photodissociation experiments
with the PIRENEA setup

Photoactivation of C,4H,;," isomers was per-
formed using PIRENEA % a cryogenic ion cy-
clotron resonance (ICR) trap capable of Fourier



transform mass spectrometry (FT-ICR-MS).
It is especially designed to study the photo-
physics®*® of PAH cations in physical condi-
tions that approach those of the interstellar
medium (~ 30K and ~ 107" mbar). The setup
scheme and a measurement timing chart are de-
picted in Figure[3|(a)-(b) and further details can
be found in Ref. 53l The PAH cations pro-
duced by LDI can be stored over long timescales
(hundreds of seconds) into the cryogenic ICR
cell. Excitation into cyclotron motion is used
to perform FT-ICR-MS®? or to eject unwanted
species, such as isotopomers or fragments gen-
erated by the ion production. Pure *C,H,,*
species can therefore be isolated. They are ex-
posed for a couple of seconds to ~ 1078 mbar of
He buffer gas to improve their cooling.

The prepared ions are then photoprocessed
during the irradiation time, t;.., by ns laser
pulses coming either from a tunable Visible
optical parametric oscillator (Vis-OPO, Laser
1) or from a 10.5eV VUV source (Laser 2).
Laser 1 has a duration of 5 ns and it is colli-
mated on a typical spot size of 2.4x107! cm?
which, for a 4 mJ pulse, corresponds to a flu-
ence of 16.6mJ cm™2 and a photon flux of
7.3x10%* photons s~ cm™2 at 436 nm. The de-
sign of Laser 2 is based on a Xe:Ar tripling
cell seeded by a 355nm laser (3rd harmonic
of the Nd:YAG laser) that is partially con-
verted (conversion rate of 107%) into a VUV
photon beam at 118nm (10.5eV) with a flux
of ~10' photons s™! em™2. More information
on the VUV source is available in Marciniak
et al.d,

The laser sources are operated at 10Hz
(100 ms between each pulse) and the laser beam
position has been optimized to overlap the ion
cloud along the horizontal axis of the ICR cell.
In the case of the OPO experiments, a flux of
7.3x10%* photons s™' ¢cm™2 at 436 nm corre-
sponds to a regime where an average of two
or more photons are absorbed per pulse by the
pyrene cation.”® For a single pulse, a number
of events will thus lead to ion heating and not
dissociation. Nevertheless, the accumulation of
energy from pulse to pulse will lead to a con-
tribution to the dissociation signal. To mini-
mize this contribution, we have performed ex-

periments in which the laser pulses are sepa-
rated by a larger delay (dt;.-). The cooling of
hot ions can take seconds or more as shown in
the case of Cy H," .5 In this work, we used a
value of dt;,., = 2s for experiments involving de-
layed pulses. In the VUV measurements, such
a delay is not needed because the VUV pho-
ton flux is low enough that the effective average
delay between the absorption of two VUV pho-
tons is of a few hundred seconds.”? Finally, after
laser irradiation, a very high resolution mass
spectrum is recorded and the ions are ejected
before an entire new sequence. Using PIRE-
NEA, we have studied the C,4H,," isomers by
acquiring (i) their action spectra in the range
410nm to 480 nm, (ii) their breakdown curves
as a function of the pulse energy or the num-
ber of pulses at two specific wavelengths, and
(iii) their breakdown curves as a function of the
VUV irradiation time.

Data analysis

Only singly charged ions were observed in the
reported experiments. We therefore associate
each mass peak to a mass M, and define its
normalized intensity by:

Iy
Jnorm. _ i 1
M; ZMj IMj ( )

In the following of the article, we notably re-
port breakdown curves, which display the vari-
ation of the normalized intensity of the parent
cations (C;4H,,") as a function of the collisional
excitation or the irradiation time. For sake of
simplicity, we name it [o02. We repeated each
measurement until we obtained reasonable error
bars as illustrated by the results displayed all
along this article. In this study, we also present
the intensity ratio corresponding to the 2H/H,
over H loss channels (Ragg /201):

Inorm.

Roooj2010 = o (2)

norm.
IZOl

In this case, the error bar is computed by :

A1200 A1201

1201 1201

err <R200/201> = R200/201 (3)
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Figure 3: (a) Scheme of the PIRENEA setup coupled to a Vis-OPO (Laser 1) and a 10.5e¢V
VUV source (Laser 2). Cationic species are produced in the gas phase by LDI of a sample target
with a 266 nm-laser and are stored in the cryogenic ICR cell. After the laser interaction, the ions
are analyzed in mass by FT-ICR-MS at very high resolution. (b) Time diagram of a PIRENEA
measurement sequence. The numbers circled in red link each step to its location in the setup.

where Ay, corresponds to the standard devia-
tion of Ip™- for a given series of measurements.

Model for CID experiments

A simple model was constructed to simulate the
dissociation kinetics in the multiple collision en-
vironment of the AROMA linear ion trap. Ion
kinematics were modeled using Simion® soft-
ware within a hard sphere model to describe the
collisions of the ions with the buffer gas. The
simulation begins by assuming that the ions are
thermalized at room temperature and subjected
to dipolar excitation in the presence of a buffer
noble gas (He/Ar) for a given time. This allows
us to recover the distribution of collision ener-
gies in the center-of-mass frame, E.,,, and the
distribution of the time interval between two
collisions, teon (see Figure S4).

The evolution of the internal energy distribu-
tion (IED) of the ions, during collisional acti-
vation, is modeled by performing Monte Carlo
simulations in which the collision is considered

as an event that can occur at a time t.,; and
an energy E.,, both randomly drawn from the
previously calculated distributions. The trans-
fer of kinetic to internal energy in each colli-
sion is described by AU = nE.,,, where the
conversion factor 7 represents the mean value
of collisional internal energy transfer (IET) in
an inelastic collision.®” As discussed in this re-
view article by Drahos and Vékey™ the de-
tails of the collisional IET distribution, which
depends on collision characteristics such as the
partners and the geometry of the collision, have
only been studied in a limited number of cases
(e.g. Ref®™ ). For simplicity, we consider 7 to
be a free parameter in our model. However, it
is not fixed as a constant value over the excita-
tion time since the internal energy of the ions
evolves with time, which is expected to affect
the IET distribution.®*®2 During the simula-
tion, the internal energy for each ion is built by
a succession of collisions leading to a total en-
ergy of U = XAU® where AU is the increase of
internal energy at the i'” collision. The compe-



tition between heating by collisions and dissoci-
ation is treated by comparing the inverse of the
collision time (keoy = 1/tcon) with the dissocia-
tion rate, kgs(U) as given in West et al.?d. If
keou > kaiss(U), then collisional energy transfer
occurs and increases the internal energy of the
ion. Conversely, if k.o < kgiss(U), the ion dis-
sociates. This study was performed for a set of
105 ions in order to simulate our experimental
results.

Simple kinetic model

We use a simple kinetic model (see full descrip-
tion in Marciniak et al.®) to fit photodissocia-
tion curves as a function of either number of de-
layed Vis-OPO pulses or VUV irradiation time.
In short, it consists in using a master equation
(ME) whose solution has to fit the photodisso-
ciation kinetics of the parent and fragments. It
reads :

d/,
(151:) Mparcnt (t) —
dt Mparent _>Mz
- Z kfrag IMparent (t)
Mi <Mparent

dIM
th
@

= > kg, (2)

Mp>M;

M;— M,

_ZM <M; kfrag JIM( )

(1)

where I, (t) is the population of the ion chan-
nel M; as a function of the irradiation time
t and kfrﬁ 7 is the fragmentation rate from
fragment M; to fragment M;. Each line of
the ME is the time variation of a given chan-
nel at mass M; which is equal to the sum of
depopulation (— kfr;_) T, with M; > M;)
and population (—f—kfr;_)M‘[Mh, with M, > M;)
terms. The kgae are free parameters in the
fitting procedure. For each species, we build
an initial ME using information from (i) previ-
ous studies (e.g., H- and/or 2H/H,-loss chan-
nels involved in parent dissociation), (ii) the
sequence relationship between fragment chan-
nels (e.g., C,;4Hg cannot produce C,4Hy), (iii)
energetics (e.g., 3H/(H,+H) loss is unfavorable
at 10.5eV) and (iv) careful observations of the

kinetics of all ion channels (e.g., some channels
are populated directly from ¢;.. = 0s while oth-
ers are delayed) Then, the fitting algorithm
optimizes the kfmg i values so that the ME so-
lution fits the parent and fragment photodis-
sociation curves at the same time. If the fits
are not satisfactory, it means that some pop-
ulation/depopulation terms may be missing or
unnecessary in the ME. These terms are iter-
atively implemented or removed until a fitting
solution with minimum number of kﬁf;; i pa-
rameters and best R? is found. Overall, this
procedure allows us to draw a fragmentation
map for the studied species with some details
on the total fragmentation rate of each detected
ion M; (kf]‘rﬁig) and the branching ratios associ-
ated with their daughter fragments (RM:i=Mi).
These values are defined by:

Mi—)M]’
M. o Mi—>Mj M;— M. o frag
kfrag - Z kfrag ) R ’ 7= LM
M;<M; frag

(5)

where M; are the daughter fragments of M;.

Results

CID: experimental results

In CID experiments, the H loss channels con-
stitute the major fragmentation channel for all
the isomers. As an example, the mass spec-
trum of Pyr™ obtained following CID in He
is displayed in Figure S1(b). The parent ion
breakdown (or depopulation) curves are pre-
sented in Figures [4a) and (c¢) for CID in He
and Ar, respectively. The dissociation thresh-
old is observed to arise after about 3.5 and
0.5ms of DE for CID in He and Ar, respec-
tively. For CID in He, the parent breakdown
curves are relatively similar for the three iso-
mers with a tendency for Flu™ to be less stable
(Figure [4(a)). This trend is amplified in Ar
gas (Figure [d{(c)) with a more pronounced sep-
aration between the isomers showing that Flu*
has the fastest dissociation kinetics followed by
Pyr*, while EtPT is found to have the slow-
est kinetics under these conditions. The frag-
ment kinetics in He gas (see Figure S2) clearly
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Figure 4: CID experiments (a)-(b) in He gas and (c)-(d) in Ar gas. The parent breakdown curve
I5p; and the associated fragment ratio Rygo/201 are plotted as a function of dipolar excitation time.
Results for the three isomers Pyr™, Flu™, and EtP* are shown with different symbols and colors.
Note that, for CID in Ar, the data points at longer excitation times (e.g., 3.5ms) should be at
lower values if the carbon loss channels were considered (not measured here), however this effect
does not change the conclusions we draw from these results.

shows that H-loss is the dominant fragmenta-
tion channel. The fragment corresponding to
2H/H, loss appears at longer time scales, sug-
gesting that this channel arises from the subse-
quent dehydrogenation of H-loss fragments af-
ter several cycles of re-excitation. This effect
is found to be pronounced when the DE ampli-
tude exceeds a certain value.®® For CID in Ar,
the dissociation kinetics is faster and the shift in
time between the H and the 2H loss fragments
is more difficult to estimate (see Figure S3).
The kinetics of 2H/H, loss can be further
characterized by Rago/201 (€q. . This ratio
increases as a function of the excitation time
for all the isomers (Figures [i] (b) and (d)). For
CID in He, the signal associated with the CygHg

fragment appears about 1ms after the parent
dissociation threshold (see Figure S2). The cor-
responding value for CID in Ar is less than
0.5ms (see Figure S3). Higher values of Rang/201
are achieved for Flu™ compared to Pyrt and
EtP*. This is best observed for CID in Ar with
a value of Rapp/201 up to 3.65 for one point of
Flu™, whereas the values are all below 0.6 in
He gas. Finally, we observed that for CID in
Ar, species with a high degree of dehydrogena-
tion, CigH,t, where m = 6,7, can be formed
but with an abundance lower than 6% even for
the longest excitation times (see Figure S1(c)).



CID: modeling results

Simulations using the CID model were run at a
background pressure of 1073 mbar (see section
S1.2 for further details). In order to cover the
full excitation time window, we performed 1000
and 250 collisions for CID in He and in Ar, re-
spectively, on a set of 100000 ions. The first set
of simulations were run for Pyrt with fitting of
the breakdown curve as shown in Figure[5|(a) for
CID in Ar and Figure S5(a) for CID in He. This
fitting allows us to retrieve the fitting parame-
ter n (Figure S6) and the time evolution of the
IED (Figure [5(b) and Figure S5(b), in Ar and
He respectively). For both gases, the ion en-
semble evolves in energy with time and the IED
truncates at around 11.5 eV. The later value
of energy is the dissociation limit at which the
Pyr* ensemble starts depopulating due to dis-
sociation. The ion ensemble reaches this limit
in about 400 us in Ar (see (Figure [f[b))) and
3.5ms in He (see Figure S5(b)). The derived
values for 1 (Figure S6) are found to decrease
rapidly with excitation time and reach a value
of 2% for both CID in He and Ar. This value
is lower than the values of 10-20% reported for
other types of molecules.™*% However, in our
case, other uncertainties are included in this fit-
ting parameter, such as the one on the pressure
value. The absolute value of n must therefore
be considered with caution. In addition, the
decrease of n with excitation time could be re-
lated to the decrease of the pressure during the
excitation time, because the value of 1 comes
from a CID model in which the pressure is as-
sumed to be constant. Another possibility is a
decrease of 1 with the collisional energy and/or
the internal energy of the ion, which can be ra-
tionalized with a shorter lifetime of the collision
complex and thus a lower efficiency of inelastic-
ity 062

The values of n fitted to the breakdown curve
of Pyrt were then used in the simulations of
Flu™ and EtP*. The unimolecular dissociation
rate of Flu" is available®® but that of EtP* is
unknown. For the latter case, we therefore used
the same rate as for Pyr™ but applied a multi-
plication factor (< 1) to account for the fact
that the dissociation kinetics of EtP* in CID

experiments is slower than that of Pyr™. Fig-
ure [f[(a) for CID in Ar and Figure S5(a) for
CID in He show that all simulated curves are in
good agreement with the experimental curves,
except for the parent breakdown curve of EtP+
in He. This will be discussed in more detail in
the General Discussion section.

Visible photoexcitation

Measurements of photoexcitation in the visible
range are based on a multiphoton (or multi-
ple photon) dissociation (MPD) scheme. For a
given species, this consists of the absorption of
several photons in a single pulse combined with
a possible absorption of photons in consecutive
pulses. Once the internal energy of the ions
is sufficient, dissociation occurs. In our study,
we have recorded the dependence of the MPD
yield with the wavelength of the OPO (Aopo).
We also studied the evolution of the breakdown
curves with the energy of the laser pulse (Egpo)
in the case of a single pulse, and with the num-
ber of pulses for pulses delayed by 2s.

MPD action spectra of the three C,;H,," iso-
mers are shown in Figure [0] for the 410-480 nm
spectral range. They were obtained by record-
ing, at each wavelength, the photodissociation
yield of the parent species (Yp = 1 — Iyp) in
%, after irradiation by five consecutive pulses of
2mJ energy delayed by 100 ms. The spectra of
Pyrt and EtP* show at least three bands in the
scanned range, including a strong band in the
432-446 nm range. On the opposite, no strong
band was found for Flu™ although we noted an
increase in Yp at A\opo < 420nm. This spectral
analysis allows us to easily differentiate Flu™
from the other two isomers.

Biennier et al.® determined that the absorp-
tion band of Pyr™ in the gas phase is located at
436.2+0.2 nm with a bandwidth of 2.8 nm. The
bands we observed in this range are much wider
(e.g., ~ 13nm for Pyr™). The band broad-
ening occurs due to heating of the ion during
the MPD process, which involves absorption of
multiple photons in the same pulse or between
consecutive pulses (see section "Photodissocia-
tion experiments with the PIRENEA setup").
Stockett et al.”® have studied the increase of
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Figure 5: Model simulation results for CID in Ar. (a) Fitted breakdown curves (solid line) for the
three isomeric ions. Experimental data points are shown as scattered dots. (b) Internal energy
distribution of Pyr™ as a function of the excitation time.

the bandwidth with internal energy in the case sorption of multiple photons in the same laser
of Cy,H,,". In addition of the temperature ef- pulse. We performed these measurements at
fect, dissociation occurs at a given threshold of two different wavelengths, Aopo =436 nm and
internal energy which induces nonlinear satura- 455nm, which correspond, respectively, to a
tion effects on the band profile, also leading to primary and secondary absorption maximum
band broadening. in the MPD spectra (Figure E[) In agreement
with the MPD spectra, we found that Pyr™ and

436 455 EtPt dissociate efficiently at Aopo =436 nm

and follow a similar breakdown curve. In con-

12 Flut trast, Flut dissociates very inefficiently (Fig-

+ ure[f(a)). At Aopo =455nm, Flu™ remains the

9] most inefficient to dissociate. In addition, the
] breakdown curves of the three isomers are well
5}_ 6 separated (Figure [f|(c)). For both wavelengths,

> the trends observed in the parent breakdown
3_2 curves are also clearly seen when the H loss or

] , 2H/H, loss fragmentation channels are consid-

0—5 e PR IMSUTES P ered separately (see Figure S9(a)-(d)). How-

SRS 2 S S (S ever, when the two channels are combined in
410 420 430 7‘:'40 450 460 470 480 Ra00/201, this ratio increases similarly for EtPT

ore (M) and Pyr* (Figure [[b),(d)). Only Flut can be
Figure 6: MPD action spectra of the CjgH, " differentiated from the others, reaching values
isomers. Each data point is obtained by using of 2'0 and above for t'he highest values of Eopo
five consecutive laser pulses of 2 mJ. The shaded (Figure m(b)’<d))' Finally, we found that the

areas show the two wavelengths (436nm and C,H, loss channel could be used to differenti-
455nm) used for the second experiment. ate EtP™ from Pyr™ at Aopo =436 nm but not

at Aopo =455 nm (see Figure S9(e)-(f)). How-
ever, the corresponding fragment abundances
are low, typically a factor of 10 lower than the
main fragment channels.

In a second experiment, we recorded Il59, and
Ragos201 as a function of Eopo (Figure [7). The
use of a single pulse limits the excitation to ab-

10
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Figure 7: MPD breakdown curves of the parent ion intensity I5p, and associated fragment ratio
Rog0/201 as a function of the OPO laser energy at wavelengths of (a)-(b) 436 nm and (c)-(d) 455 nm.
The experiments were performed using a single pulse at each energy.

In a third experiment, we characterized the
fragmentation kinetics of each isomer as a func-
tion of the number of OPO pulses. The mea-
surements were performed at Agpo =436 nm
and for two laser energies Egpo=4mJ and
14mJ. A delay of 2 s between pulses was set
to minimize the contribution of dissociation
events associated with the accumulation of en-
ergy between successive pulses. The break-
down curves are presented in Figure [§| (a),(c)
along with the decay curves corresponding to
the fragmentation rates derived with the ki-
netic model described in the Methods section.
At Eopo=4mJ, Flut shows inefficient disso-
ciation with the increasing pulse number and
its breakdown curve is well separated from the
other two isomers. At Egpo =14 mJ the three
isomers have distinct kinetics. Interestingly, the

11

ratio of the fragmentation rates derived at the
14 mJ

kfrag
Kivng
Pyr™ and EtP* while it is ~23 for Flu™. When
related to the multiplication factor between the
two OPO energies (14/4 = 3.5), these ratio
values show that MPD exhibits nonlinear ef-
fects that are strongly isomer-dependent and
can help differentiate these species (see also Fig-
ure S10).

Furthermore, we compare the evolution of
R00/201 as a function of the number of pulses for
the three isomers in Figure [§(b),(d). At both
Eopo=4mJ and 14mJ, this ratio increases
with the number of pulses and no clear sep-
aration can be made between the different iso-
mers, except at Egpo =14 mJ for a single pulse,
where Rypo/201 for Flu* is higher than for Pyr*

two OPO energies ( ) is equal to ~11 for
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Figure 8: MPD breakdown curves of the parent ion intensity 02 and the associated fragment ratio
Rogo/201 as a function of the number of OPO laser pulses (including a 2s delay between pulses) at
Aopo = 436 nm. The laser energies used are (a)-(b) 4 mJ and (c¢)-(d) 14 mJ. In (d), the added empty
symbols as well as the scale given on the right axis represent the fraction of the most fragmented
species (i.e., the sum of the intensity of the -3H, -4H, -5H fragments relative to the sum of the
intensity of the -H, -2H fragments). The solid lines and derived fragmentation rates, k, result from
the fit obtained with the kinetic model described in the section.

and EtP*, similarly to what is shown in Fig-
ure [7] (b). For a larger number of pulses at
Eopo =14mJ, we observe that the fraction of
consecutive nH loss channels (with n > 3) in-
creases significantly and represents 50-70% rel-
ative to the fraction of main fragment channels
for a number of 4 pulses (empty markers in Fig-
ure [§(d)).

We showed above that the three isomers can
be differentiated in a region of relatively low
absorption cross-section (e.g. Aopo =455 nm)
by recording Yp as a function of Egpg. As
demonstrated now, the same can be achieved
on a strong absorption peak by studying the
fragmentation kinetics at high values of Egpg.

12

VUV photoprocessing

The VUV photoprocessing measurements were
performed for long irradiation times, up to
1000s considering that the average delay be-
tween photon absorption events is on the order
of a few hundred seconds (see section Methods).
Note that we did not observe the formation of
dication using the 10.5eV photon source, which
is in agreement with an appearance energy of
Pyr?T from trapped Pyr™ of 11.7eV2Y. By fit-
ting the dissociation curves of the parent and
fragment ions with the kinetic model (see de-
scription in the section Methods), we retrieve a
fragmentation map for each isomer and extract
the fragmentation rates and associated branch-



ing ratios for all ion channels involved (simpli-
fied fragmentation map in Figure and full
map in Figure S12).

The variation of Iygy as a function of the
VUV irradiation time is plotted in Figure [Jj(a)
for the three isomers. Figure [fa) also re-
ports the curves obtained from the fits and
the corresponding fragmentation rates. The
results show that the kinetics of Flu™ is well
separated, with faster fragmentation (kf., =
(2.8 +0.2) x 1073s71), than for EtPt (kg =
(2.3+0.3) x 107*s7 1) and Pyrt (kpae = (1.9 £
0.1) x 1073s71). Although the fragmentation
rates are close for the latter two isomers, the
kinetic curve for EtP' shows a significant de-
viation from a single exponential depopulation
behavior. It starts with a slow depopulation (in
the 0-100 second range) followed by a steeper
slope (in the 150-500 second range).

The values of Rag/201 are very high (~10)
and almost constant for EtP* while it increases
to a maximum value of ~0,8 or ~ 1,2 respec-
tively for Pyr* and Flu* (Figure [9[b)). This
shows the presence of one or more effective
pathways to form C,;Hg" in EtPT upon ab-
sorption of a single VUV photon. Such path-
ways might be present in Flut. Indeed, if we
extrapolate Rago 201 toward tyyy = 0, we ob-
tain a non-zero value (~0.3). In the case of
Pyr*, we performed a complementary experi-
ment to check a possible contribution of a di-
rect pathway to produce C;4Hg". A branch-
ing ratio of ~2% was obtained for this channel
(see Figure S13), suggesting that this pathway,
if present, is negligible. Otherwise, the maps
for Pyr™ and Flu™ show a similar trend with a
major H loss cascade (Mg — Mooy — Magg)
and minor C,H, loss channels (a few percent
in both cases). On the other hand, the re-
covered fragmentation map for EtP* follows a
different logic. It requires a first main isomer-
ization step (CsH,,™*, BR 2,70 %) that com-
petes with a direct 2H/H, loss channel. We
emphasize that without this (photo)activated
isomerization step, the unusual depopulation
kinetics of the parent cannot be well fitted.
However, due to this extra step in the model,
the fitting parameters are more interdependent,
which means that the extracted values should
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be considered with caution (error bar of ~ 20 %,
see section S2.4). The (photo)activated iso-
mer population then leads to four fragmenta-
tion channels, namely the 2H/H,, H, C,H,,
and C,H, loss channels. The fragmentation
maps obtained and their associated constants
(rates and branching ratios) allow us to high-
light major differences between EtP* and the
other two isomers, including the opening of a di-
rect 2H/H, loss channel and the likely presence
of one or several long-lived (photo)activated iso-
mers.

Isomer differentiation

Table [I] summarizes the selected criteria, in-
cluding the parent breakdown curve Iy as
a function of the excitation condition, which
is related to the dissociation yield Yp, and
the intensity ratio involving the fragment ions
(R200/201)- Regarding the criterion on the par-
ent breakdown curve, the visible MPD scheme
offers the best way to differentiate the Flu™ re-
gardless of the laser parameter one varies: the
excitation wavelength (Figure @, the pulse en-
ergy (Figures [7] and S9), and the number of
delayed pulses (Figure [§(a,c)). This is due
to the much lower absorption cross section of
Flu™ compared to the other isomers in the
spectral range studied from Agpo ~ 432nm
to ~ 460 nm.“%8  In MPD experiments, we
also found two suitable conditions for differ-
entiation between EtPT and Pyr™. Firstly, at
Aorpo =455 nm and high values of Egpo, strong
nonlinear effects amplify the difference in dis-
sociation yield between the two isomers (Fig-
ure@. Second, by measuring the fragmentation
kinetics at Aopo =436 nm, we found that Pyr™
dissociates faster than EtP* under conditions
involving delayed pulses of 2s (Figure .
Regarding the fragmentation ratio given by
Ra00/201, we find that its value is higher for Flu™
compared to Pyr™ in all three types of exper-
iments. The clearest cases are for CID in Ar
for long excitation times with a value reached
of Raypo/201 = 3.65 to be compared with a value
of 1.8 for Pyrt (Figure [(d)). A similar varia-
tion is observed in the MPD measurements at
436 nm for high values of Eopo (Figure [f|(b)).
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Figure 10: Simplified VUV fragmentation map of (a) Pyr*, (b) Flu™ and (c) EtP*". Each arrow
represents a fragment loss or a mechanism triggered by the absorption of a VUV photon (see legend).
The fragmentation rate of each ion channel (written & and rounded to the first decimal) is displayed
in x1073 s and the branching ratios (rounded to integer values) are also displayed. Boxes circled
in bold correspond to major ion channels (/3™ greater than 10% during the kinetics). Full maps
are reported in Figure S12.

In the case of VUV photoexcitation, we note from the other two based on Rago/201. Indeed, it
that although both Flu* and Pyr* follow a lin-  reaches a much higher values for EtP* (~ 9.6)
ear behavior with a similar slope, the Flu™ ratio relative to those for Flu™ or Pyr™ which remain
is well separated from that of Pyr" thanks to  below 1.5. (Figure[|(b)). In the other types of
an initial offset of about 0.26, while the Pyr™ experiments, the value of Rygg/201 for EtP fol-
ratio Ryoo/201 starts near 0. Concerning EtP™, lows that for Pyr™.

the VUV photoexcitation seems to be the most In summary, we found that the ability of
appropriate method to differentiate this isomer MPD experiments in the visible to differentiate
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Table 1: Summary of isomer differentiation criteria as a function of activation scheme and excitation
conditions. The markers "—", "=" and "+", allow to describe qualitatively the contrast of a given
criterion. The use of two markers is to amplify the contrast scale, e.g., for the Vis-MPD experiment
performed as a function of Egpo (1 pulse) at 455 nm, we showed that Yp for Pyr™ is much higher
than for EtP* which is much higher than Flu™. More simply, the boxes indicate the isomers that

can be disentangled at a given criterion.

Activation Conditions (parameter) Criterion Pyrt Flut™ EtP™

Helium (teqc.) Yo -

Ra00/201 = =+ =
CID
YD = = —|— = —
Argo texe.

reon (teee) Raopn = - -
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Yp ’ ++ \ —— \ ==
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Rog0/201 = = =

436 nm (tir, 4mJ) Yp ’ + ‘ — ‘ =

R200/201 =—- == =

YD = — = + =

vVUv 10.5eV (tipr.
eV (tirr.) Ryooyeor | — [ =—1 ++ |
isomers is superior to that of other techniques for PAH isomers including C,4H,,, which were
due to the possibility to excite ions at differ- attributed to differences in the stability of the
ent wavelengths and thus across low and high fragments formed by knockout.*” However, high
cross sections. In addition, nonlinear effects can energy collisions are not accessible in an ion
be used to increase the contrast between dis- trap.

sociation yields. VUV photoexcitation can be

considered as an alternative technique but it . .
may appear more difficult to implement. On General discussion
the other hand, the commonly used CID tech-
nique does not provide much contrast in the
case of the isomers studied here because the
three species dissociate at comparable internal
energies and only the lowest-energy dissociation
channels are activated in our experimental con-
ditions. Carrying out collisions at higher en-
ergies could be useful in this regard. An ex- On the parent breakdown curve
treme case is the carbon knockout channel that (1502 or Yp)

opens at much higher energies (Ecom ~ 100eV ' . '
in He). [Stockett et al] have reported notice- The value of Iy is particularly useful to differ-
able differences in this non-statistical channel entiate isomers in the MPD scheme even if the

In the discussion, we focus on fundamental as-
pects associated with the different excitation
schemes and the impact of these schemes on
the parent breakdown curves and the hydrogen
loss channels for the three C,gH,," isomers.
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details of this activation process remain com-
plex. Indeed, in this scheme, several ensembles
of species having absorbed a different number of
photons are generated depending on the photon
flux and the effective absorption cross section as
shown in the case of Pyrt by Useli-Bacchitta
et al.®®.  We have shown that the degree of
non-linearity strongly depend on the combina-
tion of isomer and excitation wavelength (see
Figure S10). Usually these nonlinear effects are
described by fitting Yp as a function of Egpo
with a power law of type Yp o< Efpg. The
value of n is considered as indicative of the num-
ber of photons needed to be absorbed to over-
come the dissociation energy threshold. How-
ever, other nonlinear effects may be involved,
such as a change in the absorption cross sec-
tion as a function of the internal temperature of
the ion,” which is expected to evolve through-
out the interaction with the nanosecond pulse.
[somerization may also occur, especially when
multiple pulses are involved.

A clear example of this complex behav-
ior appears when comparing, in the case of
Pyrt and EtP*, the value of Yp measured
at Aopo =455nm in the MPD spectrum (Fig-
ure @ to that derived in the energy dependent
measurement (Figure [7j(c)). In the MPD spec-
trum, which is obtained with five consecutive
pulses at 2mJ, Pyrt and EtPT™ have similar
YD at )\01302455 nm, while YD(Pyr+) is at
least twice larger than Yp(EtPT) for a single
pulse at 10mJ. In the first case, thermal ef-
fects due to multiple absorption across consec-
utive pulses may help EtP* to dissociate with
the same efficiency than Pyr™, possibly by fa-
voring the formation of isomers. On the op-
posite, in the case of an excitation by a single
pulse at 10mJ, the multiphoton process leads
Pyr* to dissociate more efficiently than EtP™.
This behavior, although difficult to model, pro-
vides a way to disentangle both isomers. Re-
cently, Hrodmarsson et al.™' used an MPD ac-
tivation scheme at 620 nm to disentangle three
isomers of dibenzopyrene (DBP, Cy,H,,). The
authors measured the dissociation curves as a
function of the number of pulses and reported
similarities but also differences in the dissocia-
tion patterns between the species studied, con-
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cluding, however, that their interpretation was
not straightforward. Introducing a longer delay
between pulses, as we did in our work, could
have helped to disentangle the nonlinear effects
from the heating between successive pulses.

We discussed above that in CID experiments,
the ion absorbs energy through collisions up
to an internal energy at which there is com-
petition between the collisional and dissocia-
tion rates. The faster dissociation of Flu*
relative to Pyrt observed in CID is in agree-
ment with previous experiments using low en-
ergy®?37 collisional activation. This behavior
can be rationalized by considering the dissoci-
ation rates derived by West et al.?. With our
model for CID, we can derive the internal en-
ergy distribution of Pyrt and Flu™ while dis-
sociating (see Figure S7). This distribution is
shifted by ~0.7eV towards lower energies for
Flu™, which means that Flu™ will start dissoci-
ating earlier than Pyr™ upon activation by col-
lisions. Concerning the VUV experiments, the
absorption cross section of PAHs in the VUV
range above 8¢V is mainly dominated by a set
of 0* < o transitions. It is therefore smoother,
and even resembles in shape and intensity that
of all PAHs when renormalized by the number
of carbon atoms.”™ In other words, the VUV
absorption efficiency is barely useful for disen-
tangling the isomers under study. This is well
verified by the measured VUV photodissocia-
tion kinetics (Figure [9f(a)) which show similar
fragmentation rates between the isomers (about
2.3 x 1073s71). Yet, as in the CID experi-
ments, Flu™ appears to dissociate more rapidly.
The VUV experiments are performed in an iso-
lated environment in which dissociation com-
petes with radiative cooling.”® The difference
between the kinetics curves in Figure [0(a) indi-
cates that radiative cooling is more efficient for
Pyr™ compared to Flu*.

For EtP™, the stability of its neutral coun-
terpart upon photoionization has been studied
previously.*” The authors concluded that the
substituted PAH molecule has comparable sta-
bility to its non substituted counterpart. Our
study provides the first insight into the dis-
sociation properties of EtPT. Based on the
CID and VUV measurements, we can conclude



that EtP* has a dissociation rate close to but
lower than Pyr™, at least in the [10-12]eV en-
ergy range. However, this is only valid for the
shortest activation times. For the longest ac-
tivation times, our data indicate the opposite,
that is, EtP* dissociates faster than Pyrt. We
attribute this effect to the formation of an iso-
mer upon activation of EtP*, which dissociates
faster than the initial parent ion.

On the hydrogen fragmentation
channels (R200/201)

The C;4Hy" and C 4 Hg" species are the ma-
jor fragments for all three isomers and in all
three activation schemes. Because C;gHg" can
be generated sequentially from C,qHy" or di-
rectly from the parent, this channel contains
information about molecular properties such as
competition between the H and H, loss channels
but it also depends on the excitation scheme
which may involve fragment activation. The
measured values for Rypg/201 in the VUV exper-
iments and their analysis with the kinetic model
appear to be the best case for discussing differ-
ences in the dehydrogenation paths between the
isomers. A high value of Ry9/201 (~ 10) with
almost zero evolution with irradiation time is
observed for EtP* (F igure@, which means that
a direct channel of 2H/H, loss from the parent
is opened.

By fitting the dissociation curves with the ki-
netic model, we can construct fragmentation
maps (see Figure and derive a branching
ratio for the 2H/H, over H loss channels of
the parent ions. This leads to 90%/10% and
26%/72% for EtP* and Flu™. For EtP*, these
are total values that result from the contri-
bution of the parent and its (photo)activated
isomer(s). Pyr™ has no (or a very weak) di-
rect 2H/H, loss channel, as demonstrated by
some complementary measurements (see sec-
tion S2.4. and Figure S13). We note that the
values obtained for the branching ratio are in
good agreement with the experimental Rag0/201
values when extrapolated to t, = 0 (approx-
imately 9.6, 0.3, and 0 for EtP*, Flu™, and
Pyr™, respectively). This confirms the consis-
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tency of our kinetic model.

In CID and MPD experiments, it is more
complicated to evidence and quantify a direct
2H/H, loss channel. Both types of experiments
provide evidence for increased values of Rag/201
in the case of Flut and for specific excitation
conditions. This is observed in the most highly
excited conditions, which are obtained by ex-
citation with 14mJ laser pulses at 436 nm in
MPD experiments (see Figure [7{b)) and by
3500 s of DE in CID experiments with Ar (Fig-
ure 4f (d)). This efficient 2H/H, loss of Flu*
has indeed been observed in previous CID ex-
periments®>3” It is also seen in the more re-
cent measurements by |West et al.| (Figure S5 of
their work and private communication).”® The
increased values of Rapo/201 indicate either an
efficient fragmentation of m/z=201 within the
same laser pulse or that a direct channel of
2H/H, loss opens at high energy for the par-
ent at m/z=202, although we cannot conclude
on this point from our data.

Rodriguez Castillo et al.®* explored the
2H/H, dehydrogenation paths in two isomers
of dibenzopyrene by combining action spec-
troscopy under VUV photon with calculations
of dissociation paths. They concluded on the
presence of low-energy pathways for 2H/H,
loss due to the presence of bay H atoms. In
this work, bay Hs refer to a configuration in
which H atoms can come in close interaction
although located on two different cycles. This
is favored by structures called cove, bay, and
fjord-regions.™ The calculations show that the
low-energy pathways for 2H/H, loss involve an
energy that is only 0.6-1.3eV above the H loss
channel, depending on the isomers. In the case
of the non planar dibenzo(a,l)pyrene species,
there is in addition a 2H loss channel at com-
parable energies as the Hy channel. This is due
to the stabilization of the resulting ion frag-
ment by the formation of a five-membered ring.
Although carried on different PAHs, this study
brings us insights to rationalize the results of
the VUV experiments. The presence of two
bays in Flu™ could account for the possibility
to open the Hy channel following absorption of
VUV photons of 10.5eV, and therefore explains
the offset of 0.3 on the Ryyg/001 value, as dis-



cussed above. There might be also a possibility
to form Hy in the CID and MPD experiments
on Flut, which would explain the higher values
of Rapo/201 that are derived for this isomer rel-
ative to the two others. Concerning EtP™, the
exceptionally high values of Raq/201 achieved in
VUV experiments suggest the additional for-
mation of a pentagonal ring at the location
of the ethynyl group, although this has to be
demonstrated by detailed calculations of transi-
tion states.In general, it would be interesting to
explore possible dehydrogenation pathways in
EtP" and Flu™ using density functional theory
as performed in previous studies®*& Al
though out of the scope of the present article,
this is a necessary step to quantify the involved
energy barrier and eventually conclude on the
possible role of excited states.

Conclusion

We have characterized the fragmentation fea-
tures of the cations of three different C 4 H,,*
isomers using three distinct ion activation
methods including activation by low energy col-
lisions in a quadrupole ion trap, as well as vis-
ible (410-480nm) multiphoton absorption and
single VUV photon absorption in a cryogenic
ion cyclotron resonance cell. The combination
of spectral variability between the isomers and
nonlinear effects makes the visible MPD tech-
nique as the best suited to disentangle the in-
vestigated PAH isomers in complex mixtures.
Besides, the VUV technique consists of a more
controlled experiment in which only a single
photon excitation at a given energy needs to be
considered. This allows to quantify the compe-
tition between the fragmentation channels for
each isomer. This method is also the one that
can provide data relevant for the astrophysical
context. Finally, activation by low energy col-
lisions (< 1eV) favors the appearance of chan-
nels involving the lowest dissociation energies,
i.e. the loss of a single H in our case, which
is not efficient for disentangling the three iso-
mers. Higher energy collisions can help in this
regard through a better exploration of the po-
tential energy surface of the electronic ground
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state.

The results presented in this paper demon-
strate the value of coupling the AROMA molec-
ular analyzer with an OPO laser to character-
ize the molecular structure of abundant C,4H,,
species observed in meteorites and laboratory
analogues of interstellar/star dust. This iso-
mer analysis may also be useful in gas-phase
chemical studies to investigate the formation
pathways of C,4H,,. To achieve this goal, we
need to calibrate our instrument for samples
with known isomer proportions. This is a work
in progress that will be presented elsewhere.
Finally, exploring the fragmentation of PAHs
remains of high interest to quantify their sur-
vival in astrophysical environments. In the lat-
ter, the excitation is driven by absorption of
VUV photons. Our work provides further evi-
dence for the specificity of VUV excitation with
the possible formation of a pentagonal ring in
the dehydrogenation of EtP*. This dissociation
channel is not observed in the other activation
schemes. It could involve highly excited states
and is therefore an interesting case for dynamics
studies on ultra-short time scales.

Supporting Information Avail-
able

For CID experiments: complementary CID re-
sults and figures, results of numerical simula-
tions and modeling of breakdown curves in He,
and model for the sequential H loss. For MPD
experiments: complementary results for exper-
iments as a function of pulse energy. For VUV
experiments: complementary figures, full frag-
mentation maps for the three isomers, and ex-

periments on the 2H/H, direct loss channel for
Pyr™.
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S1. Complementary CID results

S1.1. CID Experiments

Examples of mass spectra obtained for CID experiments of Pyr* in He and Ar are shown in Fig-
ure The kinetic or breakdown curves of C,(H,," isomers obtained for CID in He and Ar are

presented in Figure [S2]and Figure[S3] respectively.
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Figure S1: (a) Mass spectrum where the pure '?C isotopomer of Pyr* was isolated. (b) Example
of mass spectrum measured for the same species after CID in He and an excitation time of 4.75
ms (the recorded m/z range was [170-220] in this measurement). (c) Example of a mass spectrum
measured after CID in Ar for an excitation time of 3.5 ms. The m/z detection range was [190-210]
in this last measurement which explains why no carbon loss fragments can be observed here.
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Figure S2: Normalized ion intensities of (a) Pyr*, (b) Flu*, and (c) EtP* and their first fragments (H
and 2H/H, loss channels) for CID in He as a function of the dipolar excitation time. (d) Evolution
of the intensity ratio corresponding to the 2H/H, over H loss channels (Ra00/201)-
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Figure S3: Normalized ion intensities of (a) Pyr™*, (b) Flu™, and (c) EtP* and their first fragments (H
and 2H/H, loss channels) for CID in Ar as a function of the dipolar excitation time. (d) Evolution
of the intensity ratio corresponding to the 2H/H, over H loss channels (R2g/201)-

S-4



S1.2. Modeling CID breakdown curves

To mimic the experimental conditions, the model for CID was run at a rare gas pressure of
1073 mbar and a DE frequency of 206.5 and 205.5kHz, for He and Ar, respectively. The value
of 206.5 kHz corresponds to the frequency at which the ions gain the maximum kinetic energy in
the simulations. It differs by about 10% from the resonance frequency used in the experiments,
due to an imperfect description of the ion trap in Simion®©. The distributions of collision energies
in the center-of-mass frame, E..,, and time interval between collisions, t.,;, which were recovered
from Simion® simulations, are displayed in Figure

Figure [S5] (a) shows, in the case of CID in He, the breakdown curves of the three isomers
that were fitted by performing Monte Carlo simulations (see description in the main manuscript).
The time variation of the internal energy distribution of Pyr*™ ions obtained from this simulation
is presented in Figure [S5] (b). The values for the free parameter 1 derived from the simulations
to fit the experimental data (Figure 5(a) of the main manuscript and Figure |§_3| (a)) are shown in
Figure |S6| for both He and Ar. Finally, Figure [S7| compares, in the case of Pyr* and Flu*, the
internal energy distribution for dissociating ions (when k.,; < k45s(U)) derived from the Monte

Carlo simulations.
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Figure S4: (a) Distribution of time interval between two collisions (t.,;) for CID in He and Ar
simulated by Simion®. (b) Distribution of collision energy (Econ) for CID in He and Ar simulated
by Simion®.
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Figure S5: Model simulation results for CID in He. (a) Fitted breakdown curves (solid line) for

the three isomeric ions. Experimental data points are shown as scattered dots. (b) Internal energy
distribution of Pyr* as a function of the excitation time.
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Figure S6: Time variation of the n parameter, derived from fitting experimental data with Monte
Carlo simulations for CID in (a) He and (b) Ar.
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Figure S7: Simulated internal energy distribution of dissociating ions in the case of Pyr" and Flu*
and for the CID experiment in (a) He and (b) Ar.
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S1.3. Modeling sequential H loss curves for CID in He

We modeled the measured H and 2H loss curves for CID in He using a simple semi-empirical
method. The method assumes that the parent ions mainly depopulate by single hydrogen loss so
that the instantaneous production of -H fragment ions can be easily derived from the parent break-
down curves. The 2H loss ion yield curve is then computed by doing a convolution between the
yield of -H fragment and its breakdown curve. The latter is obtained from the previous simulations
by using the n parameter derived for the parent ions and the dissociation rates of the -H fragment
available in West et al.®!. Since the H loss rate of [EtP-H]" is not available from the latter study,
the breakdown curve of [EtP-H]* was built using the H loss rate of [Pyr-H]*. This choice is justi-
fied by the fact that the values of Rag020; for these two isomers are found to be similar for CID in
He (see Figure 4(b)).

We initially modeled the 2H loss curves by assuming that the ions are produced at room tem-
perature after H loss and undergo subsequent collisional heating. This resulted in a calculated 2H
loss curve that is delayed in time from the experimental curve, showing that the -H ions are pro-
duced with a significant amount of internal energy. To simply account for this effect, we shifted the
modeled curves in time to match the timing of the experimental curves. As shown in Figure[S8] the
two types of curves are then consistent, supporting a scenario of sequential H loss under slow CID
heating. In the case of CID in Ar, the high values reached for Rygo/201 and the very slow increase

of this ratio with excitation time (Figure 4 (d)) can be attributed to fast excitation of -H fragments.
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Figure S8: CID experiments in He gas: parent breakdown curve and relative abundance of H and
2H loss channels as a function of excitation time for (a) Pyr*, (b) Flu*, and (c) EtP*. (d) Ratio
of associated fragments Rygo/201. The solid lines were obtained with a semi-empirical model that

describes the sequential loss of H (see S1.3.)

S-9



S2. Complementary photoexcitation results

S2.1. Visible MPD results: Pulse energy dependent breakdown curves

0.30 0.30
s [PyrHt  F=43nm m [Pyr-HJt *=455nm
0.25] ® [Flu-H* 025] e [Flu-H]* { i
e [EtP-HI* {l ® [EtP-H] { %
0.20 o % 0.20 §
5 ] S 0.154
R oos] 5 8 b) % :
0.10] 010 ¢ %
.f 0.05 {
0.05 i ii [ ] ¢ a®
ii ® i § 0.00 ] [ ]
P [ ] .00 4
0.00 ' B L. ' ; . . .
0.40 4% 0.50 -
n [Pyr2HH T  [Pyr2H(Hy) A= 4sm
® [Flu-2H(H,)* 0404 ® [Flu-2H(H,)*
0307 o [EtP-2H(H,)* o [EtP-2H(H,)I"
0.30
2 g §
&N 0.204 i ==
0.20 ]
(c) * (d) § é
0.10- % { 0.10 ¢
. ()
. s 000] wam oot
a9 ° ’
0.00 +——=m% ao ® 9
0.040 A =436 nm 0.030 A =455nm
0.035 . 0.025
0.030 " Py x=24 ‘ m [Pyr-CH ] x=24 )
_ e [EtP-C,H ] x=24 —~0020] ® [EtP-CHJI x=2.4
© 0.025 2
‘; e ‘-l_- f 1
E 0.020 () E 0.015 - (f) ¢
0.015 00101
0.010 %
0.005 -
0.005 ; %
0.000 -1 ; ' , . 0.000 : ] : ;
0 3 6 9 12 15 0 3 6 9 12 15
Eopo (MJ) Eopo (MJ)

Figure S9: Normalized ion intensities of (a-b) H, (c-d) 2H/H, and (e-f) C,H, loss channels for the
three isomers at 436 nm (left column) and 455 nm (right column). In the case of Flu*, the C,H, loss
channel was not detected even at the highest pulse energy. Dehydrogenated fragments (C;cHj,_))

are observed up to x = 4 for Pyr* and EtP*, in agreement with West et al.>>

is observed for Flu*.

, while only up to x = 2
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Figure S10: Dissociation efficiency Y, of the three isomers as a function of pulse energy from data
recorded at (a) 436 nm and (b) 455 nm (Figure 7 of the main manuscript). The use of a log-log
scale allows us to define a linear regime with a slope n that quantifies the increase of Y with laser
energy, considering that Y, o« (Egpp)”. The transparent points are those that have not been taken
into account in the fit. We obtained n = 2.8 + 0.1 for Pyr™ at 455 nm, which agrees well with the
value obtained by Wolf et al.®? in similar experiments.
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S2.2. VUV breakdown curve of the parent, and H and 2H/H, loss channels
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Figure S11: Normalized ion intensities of (a) Pyr*, (b) Flu*, and (c¢) EtP* and their first fragmen-
tation channels (H and 2H/H, loss) as a function of VUV irradiation time. The fit curves and
the extracted fragmentation rates for each parent isomer are displayed. (d) Evolution of the in-
tensity ratio corresponding to the 2H/H, over H loss channels (R200/201) as a function of the VUV
irradiation time.
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S2.3. Full Fragmentation map of three isomers

In Figure [S12{(a-c), we display the full fragmentation maps of each isomer obtained thanks to
the fitting procedure using the kinetic model (see main paper). They correspond to the complete
versions of the simplified fragmentation maps displayed in Figure 10 of the main paper. For Pyr*
and Flu*, we are confident in the obtained maps and their extracted fragmentation rates since the
experimental data constrain them well. We believe that only minor additional channels may exist,
but they will not be sufficiently constrained by our experimental data to extract relevant parameters
(e.g., the direct 2H/H, loss pathway in Pyr™).

For EtP*, the parent breakdown curve shows a ”delay” before having a standard exponential
decay behavior. We model this by a population of photoactivated isomers (EtP**) that is built when
the inactivated EtP* ions absorb a first VUV photon. The various tests of the model performed
before obtaining the displayed map revealed that this isomer channel competes with a direct 2H/H,
loss channel. However, in order to construct this map (Figure[ST2(c)), we had to set an upper limit
for the fragmentation rates to stay within limits consistent with the VUV flux and an estimate
of the EtP* photo-absorption cross section at 10.5eV. By relaxing this constraint, we obtain the
fragmentation map shown in Figure d) and we also gain in quality of fit (from R? = 0.9869
to R? = 0.9892). We observe that the branching ratio between the direct 2H/H, loss channel and
the isomerization channel changes from 28 %/72 % to 12 %/88 % and that the initial populations
of EtP* and EtP** also change from 93 %/7 % to 100 %/0 %. This shows that some of the fitting
parameters are interdependent and that the obtained rates should be taken with caution. More
importantly, the fragmentation rate of the EtP** population reaches a value of 14 x 107>s~!, in
particular due to the strong contribution of the 2H/H, loss channel (about 11.2 x 1073 s7!). This
extracted fragmentation rate is exceptionally high compared to standard values (about 3x 1073 s7!)
for PAHs that efficiently absorb VUV photons and consecutively fragment without competition
from radiative cooling (e.g. see Marciniak et al.®*). We do not have a clear interpretation for

this result. It could suggest that the isomer produced (EtP**) is metastable on a second timescale.

Such an assumption is still consistent with the claim that there is competition between a direct
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2H/H, loss and isomerization. Note that the other fragmentation rates hardly change between the
two EtP* maps (Figure [S12|c-d)). Finally, as it was done for the coronene cation in Marciniak
et al.>*, we tried a model in which we added a channel back from the isomer population to the
initial population. This model also works well. Nevertheless, the addition of a rate makes the free
parameters even more interdependent and does not allow us to conclude on the existence of this
additional channel. Obtaining evidence for this specific channel remains a limitation of the kinetic

model we use in this study.
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Figure S12: Complete fragmentation map of (a) Pyr*, (b) Flu*, and (c) EtP*. Each arrow represents
a fragment loss or a mechanism triggered by the absorption of a VUV photon (see legend in each
map). We display the fragmentation rate of each ion channel (written k to simplify and rounded to
the first decimal) in X107 s™! and the branching ratios (rounded to their integer values). The bold
boxes correspond to the main ion channels (yield greater than 10 % during kinetics). The case of
EtP* is special since the fit requires the contribution of a population of photoactivated isomers that
delay the fragmentation kinetics. Another likely version of this map is shown in (d). The main
differences between these two maps are highlighted in magenta.

S-15



S2.4. Search for a direct 2H/H, loss channel in Pyr*

To clarify the presence of a direct 2H/H, loss channel in the Pyr* fragmentation map (Pyr* — [Pyr-
2H/H,]"), we performed specific measurements in which we repeatedly ejected the [Pyr-H]* frag-
ments irradiation of the trapped ion cloud. Note that the ejection procedure can disturb the ion
cloud, so we did not apply a continuous ejection of [Pyr-H]* fragments. As a compromise, we
chose to eject the [Pyr-H]* fragments every 25 s during the VUV irradiation. As it is shown in
Figure (a), this delay is short enough to avoid the production of [Pyr-2H/H,]* by sequential
dissociation (Pyr™ — [Pyr-H]" — [Pyr-2H/H,]"). In Figure (b-d), we compare the mass spec-
tra obtained for a VUV irradiation time of 200, 400, and 600 s respectively when no ejection is
performed (“reference”, black curve) with those obtained when an ejection is performed every 25 s
("direct”, red curve). Each mass spectrum has been normalized to the Pyr* intensity in order to
compare the “reference” and “direct” measurements at a given VUV irradiation time. The figures
show that a direct 2H/H, loss channel, if it exists, is very small: a zoom on the scale 0 -2 % must
be performed to observe the [Pyr-2H/H,]* signal. To quantify the branching ratio between this

channel and the H loss (and the sequential cascade), we defined the following ratio:

I—2H /Hj,direct

oY)

R_oH/H, direct = ] |
—H,ref + —2H/Hj ref

where Iy rer + Iop/m, rer 1S the sum of the intensity of the -H and -2H/H, channels in the reference
measurement (black curve) and Iy, girect 1S the intensity of the 2H/H, loss channel when ejection
of the [Pyr-H]* is performed. This ratio is shown in Figure (e) for the three VUV irradiation
times. The average is Rop/m, direct = 1.9 £ 1.4%. As it is small, we decided not to consider this

channel in the fragmentation map in agreement with Marciniak et al.>*.
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Figure S13: (a) Mass spectrum for a VUV irradiation time of 25s. The insert is a zoom on the
[Pyr-H]* and [Pyr-2H/H,]" peaks. (b-d) Mass spectra for a VUV irradiation time of 200, 400, and
600 s respectively without [Pyr-H]* ejection (black curves) and with [Pyr-H]" ejection all 25 s (red
curves). The inserts show a zoom on the [Pyr-H]" and [Pyr-2H/H,]* peaks. (e) Ratio of the direct
2H/H, loss peak to the total H and 2H/H, production for the three VUV irradiation times, which
leads to a value of 1.9 + 1.4 %.
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