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We present an investigation of the ultrafast dynamics of the polycyclic aromatic hydrocarbon flu-
orene initiated by an intense femtosecond infrared laser pulse and probed by a weak visible pulse.
Using a multichannel detection scheme (mass spectra, electron and ion velocity-map imaging), we
provide a full disentanglement of the complex dynamics of the vibronically excited parent molecule,
its excited ionic states, and fragments. We observed channels resulting from both multiphoton- and
tunnel-ionization regimes. In particular, we observed the formation of the unstable tetracation of
fluorene, above-threshold ionization features in the photoelectron spectra, and evidence of ubiquitous
secondary fragmentation. We produced a global fit of all observed time-dependent photoelectron
and photoion channels. This global fit includes four parent ions extracted from the mass spectra,
15 kinetic-energy-resolved ionic fragments extracted from ion velocity map imaging, and five photo-
electron channels obtained from electron velocity map imaging. The fit allowed the extraction of 60
transient lifetimes corresponding to different photoinduced intermediates.

@ Deutsches Elektronen-Synchrotron DESY, Germany; E-mail: melanie.schnell@desy.de
b Department of Physics, Universitdt Hamburg, Hamburg, Germany

¢ Institute of Physical Chemistry, Christian-Albrechts-Universitdt zu Kiel, Kiel, Germany
4 Chemistry Research Laboratory, Department of Chemistry, University of Oxford, Ox-
ford, United Kingdom

¢ Present address: Stanford PULSE Institute, SLAC National Accelerator Laboratory,
Menlo Park, California, United States

I Present address: Linac Coherent Light Source, SLAC National Accelerator Laboratory,
Menlo Park, California, United States

8 European XFEL, Schenefeld, Germany

I Center for Free-Electron Laser Science CFEL, Deutsches Elektronen-Synchrotron DESY,
Germany

i Department of Physics, Lund University, Lund, Sweden

J Van’t Hoff Institute for Molecular Sciences, University of Amsterdam, Amsterdam, The
Netherlands

k FELIX Laboratory, Radboud University, Nijmegen, The Netherlands

! Université Claude Bernard Lyon 1, Villeurbanne, France

™ Present address: Ruhr-Universitdt Bochum, Bochum, Germany

" Present address: Universidad de Valladolid, Valladolid, Spain

¢ Department of Chemistry, Universitit Hamburg, Hamburg, Germany

P Center for Ultrafast Imaging, Universitit Hamburg, Hamburg, Germany

Journal Name, [year], [vol.], 1-11 |1



1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a large class of
molecules that consist of carbon and hydrogen atoms. Each PAH
contains at least two rings, of which at least one is aromatic.
These molecules play an important role in astrochemistry since
they are estimated to account for about 10% of all galactic car-
bon. 2 PAHs can also form in combustion reactions of fossil fu-
els, which lead to the presence of PAHs in the Earth’s atmosphere.
Here, they act as environmental pollutants, and they impact the
health of the population. 3 In the atmosphere, PAHs are also sub-
jected to high-energy particles. Therefore, investigating the pho-
toinduced chemistry of PAHs is an interesting topic.

Previously, the photoinduced ionization and fragmentation of
PAHs upon strong-field excitation-ionization were studied with
table-top laser setups.>8 In particular, laser pulses with peak in-
tensities of about ~ 10'* W/cm? interacting with PAHs have pro-
duced ionic species up to tetracations.® Investigations of the ul-
trafast ionization and fragmentation of PAHs induced by highly
energetic XUV photons have recently gained attention in the sci-
entific community for tracing down mechanisms of photochem-
ical reactions. The ultrafast pump-probe studies with ultrashort
XUV pulses produced either by high-harmonic generation (HHG)
sources 12 or free-electron lasers (FELs) 13-15 revealed rich dy-
namics of charge state evolutions up to PAH trications. Femtosec-
ond strong-field laser pulses, produced by Ti:Sa lasers, were also
used to induce dynamics in benzene and toluene. 16:17 These stud-
ies found interesting dynamics, such as oscillations between vi-
brational states in toluene, 17 or conical intersection relaxation 1°

in Jahn-Teller benzene cations. 18:19

In this work, we present an investigation of the dynamics of
a three-ring PAH fluorene (C;3H;,, FLU). The XUV-induced dy-
namics of this molecule have recently been studied in detail. 13:15
Therefore, it is interesting to investigate how the observed dy-
namics change in a different excitation regime. We used ultra-
short strong-field infrared (IR) laser pulses to excite FLU and
subsequently probed it using a weaker visible (VIS) pulse. The
pump pulse peak intensity was estimated to be 3 x 10'3 W/cm?,
which corresponds to a Keldysh parameter value of y = 2.1,20
for the single ionization of FLU. Based on the calculated y value
and considering a non-uniform distribution of intensities in the
laser pulse, we expect to observe a mixed strong-field regime be-
tween tunneling ionization (TI, y <« 1) and multiphoton ioniza-
tion (MPI, y>> 1). The interaction of strong-field laser with FLU

results in the production of electrons and multiple ions, which
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were measured using a double-sided velocity map imaging (VMI)
spectrometer. VMI enabled the disentangling of the various pho-
todissociation fragmentation pathways on the basis of momen-
tum. In addition, the time-of-flight (TOF) mass spectra (MS) of
the ions were measured. This multi-channel data accumulation
allowed for a detailed and comprehensive decomposition of the
strong-field-induced dynamics of FLU. In this manuscript, we de-
scribe the experimental details, data analysis, and theoretical cal-
culations. This is followed by pump-probe independent results,
dynamical observations, and conclusions.
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Fig. 1 Experimental MS of FLU obtained with only the IR laser pulse
for different intensities. The spectra were normalized to the maximum
intensity peak of the FLU monocation (C13H10+, m/z = 166) observed
with the unattenuated data corresponding to a laser peak intensity of
3.1 x 10" W/cm?. The absolute values of the ion yields (|IY|) were
taken to allow for a logarithmic scale since the baseline oscillates around
zero signal and can have negative values. Gray-shaded areas highlight
the four peaks of interest: C* (m/z=12), FLU3* (m/z=55.3), FLU?**
(m/z=183), and FLU¥ (m/z=166). The dependencies of the intensities
of these peaks as a function of laser intensities are given in ESI.

2 Methods

2.1 Experimental details

The IR (810 nm) - VIS (405 nm) pump-probe experiments were
carried out at the permanent CAMP end-station®! at beamline
BL1, at the free-electron laser in Hamburg (FLASH) 22 facility. A
Ti:Sa laser system?3 produced pulses at 810 nm. Most of each
pulse was used as an IR pump, and a part of each pulse went to
the second harmonic generation (SHG) to produce a weaker VIS
probe pulse of 405 nm. The duration (full width at half maxi-
mum, FWHM) of the IR pulse was 50 fs, while the duration of the
VIS pulse was estimated to be less than 150 fs. We measured the
ion yield produced as a function of pump-probe delay time. The
arrival time of the probe pulse was varied from -1 ps to +1 ps in
15 fs steps relative to the pump pulse using a mechanical delay
stage.

The CAMP end-station houses a double-sided electron and ion
VMI spectrometer,®*2°> enabling the measurement of ion and
electron kinetic energies simultaneously. An open port in the vac-
uum chamber at the CAMP end-station allowed for the installa-
tion of a source chamber with the Even-Lavie valve (ELV),2° two
subsequent skimmers, and a differential pump for sample intro-



duction into the experiment.

The sample of FLU was purchased from Sigma-Aldrich and
Thermo Fisher with 98% purity and used without further purifica-
tion in two different beamtimes performed in 2018 (F-20170540)
and 2023 (F-20211752), respectively. In the experiment, fluorene
powder was heated to 200°C in an in-vacuum reservoir, imple-
mented in the high-temperature ELV, in order to obtain sufficient
vapor pressure. The gas-phase molecules were then introduced
into the vacuum chamber by means of a helium carrier gas with
a backing pressure of 1 bar. A pulsed ELV-produced molecular
jet was doubly skimmed on the way to the interaction region to
obtain a well-collimated molecular beam.

Three types of data obtained from the experiments have been
used for the analysis, namely, the TOF-MS, the electron VMI, and
the ion VMI. Each ion and electron dataset were acquired using a
combination of microchannel plate (MCP) in chevron configura-
tion and phosphor screens, P47 and P20, respectively. The TOF-
MS were obtained directly from the MCP readout with the help of
a 2 GHz analog-to-digital-converter (ADQ412AC-4G-MTCA). The
velocity map images of the ionic species, together with lower-
resolution TOF-MS, were obtained using a Pixel Imaging Mass
Spectrometry (PImMS2) sensor. 27-28 Lastly, the electron data was
obtained directly from a CCD (in 2018) or CMOS (in 2023) cam-
era readout.

2.2 Data analysis

Data extraction and analysis were performed using home-written
scripts. To retrieve and analyze the data from the TOF-MS and
electron VMI data, a combination of the BeamtimeDAQAccess2?
and CAMPFancyAnalysis3? Python libraries was used. For the
analysis of the PImMS data, a home-written set of LabView scripts
and the CAMPFancyAnalysis library were employed.

A detailed description of the recoil-frame covariance analy-
sis for the ion VMI data can be found elsewhere.13:31-35 The
photoelectron-photoion covariance analysis (PEPICOV) was per-
formed in the following way: 3637 first, each single-shot electron
image was converted into the radial distribution function (RDF),
and each single-shot TOF-MS was converted into the mass-over-
charge (;m/z) MS. The centers of the images and the momentum
calibration were determined based on the helium II photoelec-
tron data, which was obtained in pre- and post-measurements for
the same molecular beam with 41 eV XUV radiation from FLASH,
published in Refs. 13,15. Then, the covariance map was obtained
as

cov(IY,PEY) = (IY -PEY) — (IY) - (PEY) ,

where “IY” denotes ion yield at a given m/z value, “PEY” denotes
photoelectron yield at a given image radius value, and {...) de-
notes averaging over all shots. A partial covariance correction for
fluctuations in the pressure in the chamber was also applied.38
Then, along the image radius axis of the map, a direct Abel in-
version transformation was performed, as implemented in the
PyAbel package. 3940

The observed dependencies of the ion and electron yields as a
function of pump-probe delay time were fit with standard expres-

sions 1341 using the MC3Fitting software*2 with a previously de-

scribed algorithm. '3 A simultaneous fitting was done for the mul-
tiple channel data for the parent ions (from the high-resolution
TOF-MS), momentum-disentangled fragment ion yields (from the
ion VMI), and photoelectron yields (from the electron VMI). Fit-
ting was done for 40 datasets of ion yield versus pump-probe
delay time, which comprise momentum-resolved fragment ion
yields of ions having 5 to 13 carbon atoms, the parent monoca-
tion, dication and trication, dehydrogenated parent monocation,
momentum-resolved dications of fragment ions having 5, 7, and
11 carbon atoms and electron yields corresponding to five pho-
toelectron bands. Fitting multiple datasets together enabled an
estimation of the overlapping time of the pump and probe pulses
(tp). Using this 7y, five momentum-resolved fragment ions with
more than one transient feature were also fitted, giving out 15
datasets.

The results of the data analysis are given in the Electronic Sup-
porting Information (ESI).

2.3 Computational details

To calculate the MS of FLU, augmented Born-Oppenheimer
molecular dynamics (aBOMD) simulations of the fragmentation
of FLU were done using the DissMD script from the PyRAMD
software.*3 The algorithm was based on the QCEIMS idea, 444>
and the modifications are described in detail in Refs. 14,46. The
forces for aBOMD were computed with the XTB software4” at the
semi-empirical GFN2-xTB level of theory“® that was shown to be
suitable for the fragmentation pattern predictions.4® To emulate
the high-energy excitation regime, the excitation energy was rep-
resented as n-hv, where n is the number of photons, and Av is
the photon energy, which was taken to be 1.5 €V (corresponding
to a wavelength of 810 nm). The parameter n was sampled from
the Poisson distribution with a mean number of photons (n) = 40,
and the result was adjusted to fit in the interval of 6 <n < 100 by
setting the outlier n value to the closest value of n = 6 or n = 100.

The energetics of the reaction C,2* —— 2C™, discussed later
in section 3.2.5, were computed at CCSD(T)/aug-cc-pVTZ5>0-52
using the ORCA 5 software.>® The geometries of C,2* were opti-
mized for the singlet, triplet, and quintet multiplicities, with the
triplet being the lowest energy state. For the carbon monocation,
doublet and quadruplet states were computed, with the doublet
found to be the lowest in energy. All the geometries and energies
are given in the ESI.

3 Results and discussion

3.1 Roadmap of the analysis

In the following two sections, we will present the analysis of the
strong-field-induced reaction dynamics of FLU. First, we will dis-
cuss the main time-independent features observed in the pho-
toion and photoelectron signals without consideration of the
pump-probe effects. There, we will focus on the individual spec-
tra of the species and on the covariance techniques that allow
to find relations between the different observables. Afterward,
we will look into the pump-probe dependencies of the discussed
signal, extracting the information on the ultrafast photochemical
processes in FLU.
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3.2 Time-independent observations
3.2.1 Mass spectra

The behavior of benzene, benzene derivatives,16:17:5455 and
PAHs > in strong laser fields have been investigated for decades.
The general fragmentation patterns of PAHs are very similar: at
low peak field intensities (~ 10'®> W/em?)>, only single ioniza-
tion is visible in the MS. As the peak power is increased, a rise
of the parent monocation formation is observed as well as the
formation of the parent dication and monocationic and dicationic
fragments. At high peak powers (~ 10'* W/cm?), trications and
even tetracations occur in the MS for PAHs. 555

In the first set of experiments, in which FLU was subjected to
IR pulses of variable intensity, we also observed this ubiquitous
behavior, which can be seen in Figure 1. We see the production of
the highly-charged parent species up to the trication (FLU3*), as
well as a subsequent rise in the production of the fragment ions
upon increasing the IR pulse peak power. The first, second, and
third sequential ionization potentials (IPs) of FLU are 7.9, 13.1,
and 17.4 eV, respectively; 13 therefore, to reach the tricationic
state by MPI, 26 photons of 1.5 eV energy (810 nm) would be
required, which is highly improbable. Thus, trications are prob-
ably formed mostly through sequential TI (y = 2.1/2.7/3.1 for
first/second/third ionization), or in the mixed MPI+TI regime,

which is agreed upon in the literature. >>—>8

3.2.2 Photoelectron spectra

Electron yield (EY) [arb. units]

Kinetic energy of electrons [eV]

Fig. 2 Experimental pump-probe delay averaged photoelectron spectrum
of FLU (solid line) and PEPICOV-disentangled spectra for the parent
FLU* (m/z=166), FLU** (m/z =83), and C3HT (m/z =37) fragment
ion. The different colored areas underneath the spectrum and the vertical
lines highlight different ATI peak orders. The inset shows the distorted
raw electron VMI image. The vertical lines correspond to the circles in
the inset image. Full PEPICOV map available in ESI

The photoelectron spectrum (PES) of FLU averaged over all
pump-probe delays (~ 2 ps in total) is shown in Figure 2. The ex-
perimental results clearly show above threshold ionization (ATI)
features as distinct peaks with equal spacing corresponding to the
photon energy of the IR pulse (1.5 €V).5% The ATI peaks were fit-
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ted using the expression
E, = (nmin%»k)hV*W s (1)

where E}, is the position of the k-th ATI peak (k=0,1,2,3,4),n=6
is the minimal number of IR photons with energy hv = 1.5 €V
to produce ionization of FLU, and W is the fitted work function.
From the fit (see ESI for details), we obtain W = 8.4 €V, which is
comparable to the first IP of FLU (7.9 eV).

The ATI features are clear signatures of MPI processes. The
photoelectron-photoion covariance (PEPICOV) analysis revealed
that the disentangled PES corresponding to all the ionic fragments
look very similar and resemble the PES of the whole system, with
the same set of ATI peaks (see dashed PEPICOV lines in Figure
2). This indicates that the MPI regime dominates TI in producing
low-charge parent ions and fragments. Additionally, the general
mechanism of fragmentation implies obtaining first a highly ex-
cited mono- or dicationic state of the parent, which later decays
into the charged fragments, thereby providing similar PES.

3.2.3 Recoil-frame covariance
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Fig. 3 Matrix of the recoil-frame covariance images for different pairs of
recoiling ions obtained from averaging all pump-probe delays of the IR-
VIS pump-probe experiment. The diagonal violet dashed boxes indicate
where the signal was present in the case of the XUV-UV experiment
on FLU, from Ref. 15. The green shaded boxes show the most intense
recoil covariance signals in the current experiment. The two insets show
zoomed images of the C; HX+ ion of interest recoiling against the C,, Hy+
and CgH* reference ions. The arrows in both insets show the reference
ion direction for all the recoil-frame covariance images.
version of this map without notations is available in ESI.

An enlarged

Recoil-frame covariance analysis was performed on the mass-
resolved VMI data to distinguish the various measured fragmen-
tation channels. This approach was shown to be very effective
in disentangling the fragmentation pathways of complex PAH
molecules. 131> In brief, this method correlates the relative po-
sitions of two ions (the reference ion and the ion of interest) on
the imaging detector. If the ion of interest is produced simulta-
neously with the reference ion, we see a recoil feature, a positive



covariance in the opposite direction to that defined by the refer-
ence ion, which we choose to be upwards. More information on
this technique can be found in Ref. 31.

When we look at the covariance images obtained from the
strong-field excitation (Figure 3), we see a major difference
from the results observed upon the ionization and fragmenta-
tion induced with the single-photon XUV. 13:15 In the case of XUV
excitation-ionization, the recoil features appeared on the diag-
onals, corresponding to C,H,-fragment loss (shown as dashed
boxes in Figure 3). However, in the strong-field regime, we see
distinct features off these diagonals, e.g., the C3H,* ion of in-
terest recoiling against C;H,", or C,;H," against CgH,*. Such
off-diagonal signals indicate odd-carbon loss fragmentation chan-
nels, which were not observed in the XUV regime.

We also see recoil relation between the smallest fragments:
CyH, ™ ion of interest against CZHy+' A significant broadening of
the recoil feature (see enlarged insets in Figure 3) may indicate
that they are not produced in the same dissociation event but
sequentially. In this case, the additional fragments would carry
additional momentum, blurring out the recoil feature of the cor-
related ions.

A significant asymmetry in the intensities of the observed co-
variances was noted. On the one hand, in Figure 3, we see clear
signals for the small reference ions (C2+—C5+) of interest recoil-
ing against larger monocations (Cg*~Cy; ) in the pairwise disso-
ciation of the parent and of the acetylene-loss fragment C11H82+.
On the other hand, the inverted covariances, e.g., CloHyJr ion
of interest against C;H, *, are significantly less intense (however,
present). This asymmetry is also a signature of sequential frag-
mentation, in which the fraction of events producing stable large
fragments is much lower than the fraction of metastable large
fragments that undergo further fragmentation, producing smaller
ions without larger counterparts.

3.2.4 Formation and fragmentation of tetracation

While the trication FLU3* is clearly visible in the MS data (Fig-
ure 1), we have not observed any traces of the intact FLU tetra-
cation (FLU*') in the MS data. However, we see evidence of
the parent tetracation fragmentation in the ion VMI of dicationic
fragments, namely C,H,2* and C;;H,2" recoiled from a doubly-
charged counterion. In Figure 4, the pump-probe delay averaged
VMI image for the C7HX2+ ion and the corresponding angularly-
integrated ion momentum distribution are shown. In the VMI
image, three features are observed: a near-the-center signal, a
larger circle, and a halo. Large fragments, such as C7HX2+ and
CHHX2+, are mostly produced from the parent ion as a result of
the reaction

CisHip ™" = CHIT + CoHIM )

which we will denote as (n,m) channel. Upon the increase of
the fragments’ charges (n and m), the Coulomb repulsion also in-
creases as a product of these charges (n x m). This increasing re-
pulsion increases the kinetic energy release (KER), which leads to
an increase in the momentum of individual fragments. Therefore,
we can attribute three observed features to three fragmentation
channels: (2,0), (2,1), and (2,2).

The momentum value of C;H2* formed via dissociation of
FLU*" into the (2,2) channel is calculated to be ~ 4.6 x 10722
kg-m/s using the experimental KER values of FLU?t dissocia-
tion'#4, which is in agreement with the observed value (4.43 +
0.02) x 10722 kg-m/s (calculation is provided in the ESI). This
value is obtained by fitting the momentum profile of G;H2" as
shown in Figure 4. The (2,2) channel is a direct indication of the
FLU*t production. However, FLU** itself is not observed in the
MS, which indicates that it is unstable.

3.2.5 Feature atm/z=12

A distinctive feature appears in the strong-field induced mass
spectra of substituted benzenes 16:17:54.55 and PAHs, >-8 that is not
observed in analogous XUV-induced mass spectra. 131> This fea-
ture is a peak at m/z = 12, which can either correspond to C* or
to C22+ (see Figures 1 and 5). On the one hand, if this fragment
is mainly C22+, this would strongly indicate a preferred acetylene
loss mechanism for PAH fragmentation. Such preference was ob-
served in the XUV-induced fragmentation patterns, which can be
related to the hydrogen abstraction acetylene addition (HACA)
mechanism of PAH formation, ®®-%2 that can be important due
to the presence of the C, molecule®® in space, for instance in
comets. %% On the other hand, if the m/z = 12 peak corresponds to
C*, that could indicate a high-energy stochastic fragmentation of
the backbone.

We do not observe any conclusive recoil-frame covariance fea-
tures for this fragment. However, this might also be due to it
displaying the strongest distortion of the ion VMI among all frag-
ments, which makes the center determination for this ion com-
plicated. The momentum distribution map for this ion has three
dissociation channels that can be interpreted as (1,0), (1,1), and
(1,2) or as (2,0), (2,1), and (2,2) (see Equation 2), which does
not favor either of the interpretations. However, the TOF-MS data
is more in favor of the C* interpretation of this peak: we see
two peaks that are positioned at m/z = 12 and m/z = 13 (Figure
5). This pattern suggests that this feature corresponds to C* be-
cause, in case of the dication, we would expect m/z = 12 for C22+,
m/z =12.5 for CH?*, and m/z = 13.0 for C,H,>*. The isotope
13C in this case does not explain the observed pattern since, in the
natural abundance, it is expected to be around 1% of the most in-
tense peak, while the ratio of the peaks at m/z =12 and m/z = 13
is about 2:1, respectively (Figure 5).

To support this assignment from the mass spectrum, we have
calculated the equilibrium dissociation energy (D.) for the reac-
tion C,2* — 2C™ at the CCSD(T)/aug-cc-pVTZ level of theory.
The obtained value of D, = —5.3 €V shows that this reaction is
strongly exothermic, which means that C* is a more energetically
favorable ion. The estimated lifetime of the metastable triplet
C,2* into two C* ions is 0.9 ns (see ESI for details), which makes
the detection of this species with MS impossible. Using aBOMD
simulations of the fragmentation dynamics, we also observe peaks
at the m/z region of interest (12 < m/z < 14), which all corre-
spond to CH," species (Figure 5). The further fragmentation
of CH,* up to C* could not be traced with the semi-empirical
method used for aBOMD. Nevertheless, from a combination of
experimental data and simulations, we conclude that the features
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around m/z = 12 in the high laser power-induced MS of PAHs in-
deed correspond to C*.

3.3 Pump-probe-dependent results

Now, we present the analysis of the time-resolved pump-probe
measurements for our system. The pump pulse was a strong-field
IR (810 nm) laser pulse with an estimated peak power of 3 x 10!3
W/em?. This pulse initiated the ionization and fragmentation dy-
namics in FLU, which was described in the previous section. The
probe pulse was a weaker VIS pulse (405 nm) produced from the
same laser system. The comparison of the pump-only, probe-only,
and pump-probe averaged MS is given in the ESI. We monitor
various observables (various ion and electron yields) as a func-
tion of the delay between pump and probe pulses (r). We chose
the temporal overlap of both pulses (#p) to be at 1 = 0. The region
in which the probe pulse comes before the pump pulse is r < 0,
and the region when the probe comes after the pump is 7 > 0.

The time-dependent changes in the MS, PES, and a typical ion
momentum distribution map of the (‘,4HXJr ion are shown in Fig-
ure 6. The momentum map illustrates the evolution of the mo-
mentum of the ion extracted from the ion VMI (as in Figure 4b) as
a function of pump-probe delay r. In the pump-probe-dependent
MS, we see similar trends for the fragmentation dynamics of PAHs
as were observed with the XUV-pumped experiments. 13:1> In the
t < 0 region, we see more of the parent species than in the r > 0
region. For the fragments, this trend is inverse: for ¢ < 0, we see
fewer ions than for r > 0. Such behavior indicates that the pump
pulse produces an excited state ensemble, and the probe pulse
destroys it by pumping even more energy to overcome fragmenta-
tion thresholds. This is observed for the PAH in both XUV-excited
regimes probed with IR and VIS pulses as well as for benzene and
toluene excited by a strong-field laser. 16:17

Near the temporal overlap of the two laser pulses (z = 0), there
is a strong increase in the ion production of all kinds of ions,
as well as an increase in the yields of the ATI peaks. The PES
(Figure 6b) shows qualitatively the same ATI spectrum given by
Equation 1 being present in the whole range of the pump-probe
delays. The new photoelectron features, different from the ATI
pattern, do not appear in the PES because probe photons are just
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ATI band order k  Lifetime, fs | Parent species Lifetime, fs
0 102+ 4 CrsHpo 6241
1 93+3 CraHo* 91+1
2 87+3 Ci3Hio 79+1
3 9044 (o 2+1
4 8343

Table 1 Transient lifetimes observed in various photoelectron and pho-
toion yields. The left part of the table contains lifetimes of tran-
sients in ATI bands of various orders with photoelectron energies given
by Equation 1. The right part shows ion yields of parent FLU ions
(CyzHyg™, C13H102+, C13H103+) and monodehydrogenated FLU mono-
cation (C13H9+). The uncertainties of the lifetimes are the 1o values
obtained from the Monte-Carlo sampling.

twice the energy of the IR pump photons. The transient increase
in each ATI peak’s intensity arises from transferring each k-th ATI
peak into the (k +2)-th peak by a probe VIS photon with 3 eV
of energy (see Equation 1 and vertical arrows in Figure 6 (b) for
details). The fitted lifetimes of the transients in the ATI bands
seem to decrease with increasing order of the band, going from
10244 fs to 83+ 3 fs (Table 1). However, they are all centered
around 90 fs, which might indicate that the source of these ATI
bands is the same set of excited states of the neutral FLU parent
molecule.

Based on the channels observed in XUV-pumped investiga-
9-15 and the time-independent results observed in the IR-
only case from the previous section, the general scheme for the
observed strong-field induced dynamics of FLU in the IR-VIS
regime can be described as summarized in Figure 7. Here, we
will briefly describe it. Upon interaction with the IR pump pulse,
FLU can produce multiple parent species, from the excited neu-
tral molecules (FLU®) to tetracations (FLU*'). The probe VIS
pulse can ionize the near-threshold species, providing the ob-
served transient increase in the production of the higher-charge
parent ions, which we directly detect from the MS. The excited
parent species (FLU?, FLU*, FLU?*, FLU®*, and FLU*") can frag-
ment, producing the fragments in different momentum channels
(n,m), i.e., (0,0), (1,0), (1,1), and so forth. The probe photon can
increase the fragmentation charge state by one, switching from a

tions
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Fig. 5 Experimental and aBOMD-calculated theoretical MS of FLU (up-
per trace) and disentangled theoretical MS (lower trace). Top: full m/z
range, bottom: zoom for a region between m/z=10 and m/z=17.

(n,m) dissociation channel to a (n+1,m) channel. The fragments
can spontaneously fragment further into smaller species. How-
ever, the probe pulse can also enhance this fragmentation in the
smaller fragments of the (1,0) channel, leading eventually to the
C* fragment, for which we see a transient increase in produc-
tion. All the fitted lifetimes are shown in Figure 8 and Table 1,
and all the fitted pump-probe dependencies of the ion yield and
numerical values are given in ESI.

In general, the strong-field induced dynamics are in many as-
pects similar to the dynamics observed by the XUV pulses.®-15
This is direct evidence of general photochemical properties of the
PAHs, dictated by their molecular and electronic structures, such
as the closely connected carbon framework and a highly conju-
gated nature of 7-bonds. However, there are some noticeable
differences with the XUV regime, which are signs of the strong-
field excitation character. Here, we will focus the discussion on
the channels that were not observed with XUV excitation.

First, let us discuss the dynamics of the parent ions, given in
Table 1. Unlike before, with the IR pump, we see short-lived
transients in the monocations, corresponding to the lifetime of
excited neutral FLU. We observed the transient peaks in both the
intact parent FLU monocation (C13H10+) and in its monodehy-
drogenated version (C13H9+). The lifetime extracted from the
Cy3Hy™ ion yield is 30 fs longer than the lifetime from C;3H,4%,
which is most likely a sign of the unresolved delay for the loss
of hydrogen. The lifetime of the near-threshold FLU™ observed in

(a) Mass spectrum

miz

-1 -0.5 [} 0.5 1
pump-probe delay [ps]

(b) Photoelectron spectrum

—
o

Electron Kinetic Energy [eV]
PEY [arb. units]

pump-probe delay [ps]

(c) Momentum map of the C4H, ™" ion

Momentum [x10722 kg-mys]
~
IY [arb. units]

pump-probe delay [ps]

Fig. 6 Experimental parts of the pump-probe dependent MS (a) and
photoelectron spectrum (b) of FLU, and (c) ion momentum distribution
map of the C4HX+ fragment. Horizontal lines in (b) indicate the positions
of the ATI peaks from Figure 2. Purple arrows in (b) indicate the probe
photon conversion of the ATI electrons. Horizontal lines in (c) show
the approximate delimiters of the (1,0), (1,1), and (1,2) channels of the
C4H,* ion. The full m/z-range version of the (a) is available in ESI.

the yield of the parent dication C, 3H102+ is longer than for the ex-
cited neutral. This could be due to a larger density of the excited
states with the increase of the charge state. The fitted lifetimes
of the near-ionization-threshold FLU dication FLU?*, observed
through the pump-probe dependent IY of C13H103+, revealed a
significantly shortened lifetime (42 + 6 fs), compared to those ob-
tained with the XUV pump (126 +16 in the XUV-IR experiment
and 184 2 44 fs in XUV-VIS). 15 This drastic difference arises from
a difference in the distribution of the population of the FLUZ*
excited states obtained in the strong-field and single-XUV-photon
ionization regimes.

In the kinetic-energy resolved IY of the monocationic frag-
ments (Figure 6¢c and “Peak 1” in Figure 9), we see the same
channels as in the XUV experiments, 13,15 namely (1,0)—(1,1)
and (1,1)—(2,1) (Figure 7 and ESI). However, because the low-
energy IR pump photons do not necessarily ionize the molecule,
a new channel was observed, namely (0,0)—(1,0), similar to that
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Fig. 7 Reaction scheme of the observed pump-probe dynamics in FLU
under the influence of an intense IR pump pulse (indicated by a red arrow)
and probed with a VIS pulse (indicated as curved violet arrows). The
gray dashed arrows indicate possible evolution pathways of the excited-
ionized ensemble of molecules. Species in bold font were observed in the
experiment, whilst the normal font indicates unobserved or uncharged
(and thus invisible in the MS) species.
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Fig. 8 All fitted relaxation lifetimes of the different fragmentation-related
processes, extracted through the global fitting of the pump-probe depen-
dent observables. The x-axis indicates the size of the fragment in which
the corresponding lifetime was observed, and the y-axis shows lifetimes
on a logarithmic scale. The bold font in the legend indicates in which
channel of the fragment ion the transient was observed. The (1,...) and
(2,...) bold channels’ notation indicates that the lifetime was observed
either in the monocationic or dicationic fragment, respectively.

in the parent monocations (see Figure 7). This channel has a
much shorter lifetime on the order of a few fs to 10 fs than the
analogous process in parent ions (FLU? — FLU*) with a life-
time of 62+ 1 fs (see Table 1 and Figure 8).

Another previously unseen channel corresponds to a slow dy-
namics with lifetimes of 0.1 — 1 ps observed in the (1,0) channels
of small ions (CHXJr to CBHX+). An example of such a channel can
be seen in Figure 9, denoted as “Peak 2”. This dynamic feature
* to CgH, +,
but for the CH +, it is a transient increase. Therefore, we at-

is a transient decrease for the fragments from C,H,

tribute this channel to the secondary dissociation of the larger
ions, eventually ending up with the smallest CH, " fragment. The
slow transient lifetimes could be attributed to the relaxation life-
times of the vibronically excited fragment ions that eventually
fragment further upon the interaction with the probe pulse, lead-
ing to transient decay of its own ion yield and corresponding tran-
sient increase in the ion yield of the CH,* species. Such fragmen-
tation is consistent with observations from the static recoil-frame
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Fig. 9 An example of the pump-probe fit for the (1,0) channel of the
C4HX+ fragment. All the fits are available in the ESI.

covariance analysis.

The last new set of channels that have not been observed be-
fore for FLU in the XUV-pump regime1> are the (2,1) and (2,2)
channels of the dicationic fragments (C7HX2+, and C;;H,2"),
as shown in Figure 4. These channels indicate the lifetimes of
the excited FLU trication (FLU3*') and tetracation (FLU**). The
lifetimes of these channels have similar values and show simi-
lar trends, as those observed in monocationic fragments for the
(1,0)—(1,1) and (1,1)—(1,2) channels (Figure 8). This might
indicate that all these fragments are formed through a set of sim-
ilar excited states of the di- and trications.

4 Conclusions

We investigated the behavior of fluorene (C;3H;,), a three-ring
polycyclic aromatic hydrocarbon, under the influence of strong-
field laser pulses in the mixed multiphoton-ionization and tun-
neling regime. We have identified the photoion and photoelec-
tron channels that can be ascribed to either of these strong-field
ionization or excitation regimes. For instance, the above thresh-
old ionization peaks in the photoelectron spectra are clear signs of
the multiphoton regime, while the triply charged parent cations
are probably appearing through tunneling ionization.

In this work, we provided a complete disentanglement and
characterization of the photochemical dynamics of fluorene in
the strong-field regime. Excitation by intense IR pulses tends to
induce more secondary fragmentation and double and triple ion-
ization than single-photon XUV ionization, which is seen from the
recoil-frame covariance analysis and pump-probe dynamics. The
strong-field excitation also opens new channels that were not ob-
served in the XUV ionization. First of all, this is the dynamics of
the near-threshold neutral molecule, which produces previously
unobserved features appearing from the presence of the excited
neutral molecule. The second new observation is the tetracation
formation, which was observed via the (2,2) channel of the dica-
tionic fragments C,H,2* and C;;H2*

All the observed time-dependent channels in photoion and pho-



toelectron spectra were included in a global fit. This fitting
dataset consisted of four parent ions extracted from the mass
spectra, 15 kinetic-energy resolved ionic fragments extracted
from ion-velocity-map imaging, and five photoelectron channels
obtained from electron-velocity-map imaging. From this analy-
sis, we extracted 60 transient lifetimes corresponding to different
photoinduced intermediates. This extensive dataset of the tran-
sient species’ lifetimes of a prototypical polycyclic aromatic hy-
drocarbon provides new insights into the rich photochemistry of
PAHs under the influence of intense electric fields.
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