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Unraveling ultrafast molecular processes initiated by energetic radiation provides direct information on
the chemical evolution under extreme conditions. A prominent example is interstellar media where
complex molecules such as polycyclic aromatic hydrocarbons (PAHs) are excited by energetic photons.
Until recently, ultrafast dynamics following such excitations remained largely unexplored due to the lack of
relevant technologies. Here, we use time-resolved mass spectrometry combining ultrashort femtosecond
XUV and IR pulses, to investigate the dynamics induced by high-energy photon excitation in PAHs. We
demonstrate that excited cations relax through a progressive loss of vibrational selectivity, created at the
early-stage dynamics, and which represents the first steps of a complete intramolecular vibrational energy
redistribution. This process is in competition with the recently revealed correlation-band dynamics. These
results might have direct consequences for the development of XUV molecular physics and other fields
such as astrochemistry.

DOI: 10.1103/PhysRevX.11.041012 Subject Areas: Atomic and Molecular Physics

I. INTRODUCTION

Highly excited molecules are common species in the
natural environment where irradiation occurs. Their
dynamical properties are essential components of the
nonstationary character of these media. Outer space is a
prominent example where these species are encountered,
especially in cold areas, such as diffuse molecular clouds,
but also in hot areas of ionized matter. Surprisingly, in these
areas, the molecular complexity is a sustainable property
that has provided the richness and the variety of structures
which allowed the appearance of complex biomolecules
and eventually life in the Universe on astronomical time-
scale [1]. An important illustration of the quest for under-
standing molecular complexity in the Universe is the study
of polycyclic aromatic hydrocarbon (PAH) molecules [2,3]
that are suspected to represent about 15% of the carbon in
the Universe and thus are strongly involved in the carbon
chemistry of interstellar media.

In space, PAHs are exposed to XUV radiation, for
instance, in protoplanetary disks or in the so-called photo-
dissociation regions where XUV photons above 10 eV,
emitted from the surrounding stars, can induce the fragmen-
tation of structural changes of PAHs. Moreover, XUV
photons can efficiently ionize PAHs and produce a number
of photoelectrons that are responsible for heating processes
of the molecular gas. Therefore, the importance of PAHs in
interstellar media is determined by processes such as
ionization, dissociation, and structural rearrangements that
occur on ultrashort timescale, and that strongly influence
parameters such as cloud temperature or molecular abun-
dance [4–6]. Consequently, ultrafast XUV-induced dynam-
ics is a cornerstone of astrochemistry modeling.
To understand the behavior of XUV-excited PAHs,

laboratory experiments have been developed. Synchrotron
facilities allow us to study the evolution of the photo-
reactivity as a function of the photon energy [7]. This has
shown that there exists a competition between ionization and
statistical fragmentation, which strongly evolves with the
molecular size. All these studies showed the complexity of
the processes, including energy and size dependence.
Unfortunately, the information on ultrafast properties of
PAHs, ranging from attosecond to picosecond timescales,
even at low excitation energy, remains scarce [8–12]. In this
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context, time-resolved experiments require ultrashort pulses
of energetic light in order to mimic the processes occurring
in interstellar media. This has recently become accessible
thanks to the development of tabletop high-order harmonic
generation (HHG) sources. While several experiments have
investigated ultrafast processes following XUV ionization in
atoms and small molecules [13], it is only recently that these
light sources have been applied to study ultrafast dynamics
in larger systems [14–16]. The first ultrafast dynamics
experiments in XUV-excited PAH was reported in
Ref. [17] and showed the existence of unexpectedly long
excited-state lifetimes for highly excited cationic states. It
was followed by another experiment demonstrating that the
relaxation timescale increases with the energy of the excited
states [18]. Recently, we carried out studies on the dynamics
of highly excited PAH cations and showed that these
dynamics are driven by the presence of the so-called
correlation bands (CBs) [19], which are features in the
ionization spectra created by the electronic correlation [20].
So far, all these experiments have been conducted by
monitoring the probe-induced ionization of the excited
cation, thus probing the dynamics of electronic states just
below the double-ionization threshold.
In this work, we investigate the dynamics of highly

excited PAHs using XUV-IR pump-probe experiment,
focusing on the time dependence of the fragmentation yield
(time-resolved mass spectrometry). Our results show a
simple general trend in which all fragmentation signals
for a given molecule can be interpreted with only two
timescales. We show that this trend is common to several
PAHs and is directly linked to vibrational relaxation dynam-
ics in the excited intact cation PAH, occurring after the
relaxation of the CBs. Our results provide a general under-
standing of the XUV-induced ultrafast dynamics in PAHs,
beyond each system’s unique properties, and can serve in
constructing models describing highly excited molecules.

II. EXPERIMENTAL SETUP

Our experimental setup was presented before (see Ref,
[19]]; see Supplemental Material [21]). It is based on an
amplified laser, delivering 25 fs near infrared pulses
centered around 800 nm at 2 mJ per pulse with a repetition
rate of 5 kHz. The near infrared beam is split in two parts
using a 50∶50 beam splitter to create a pump-probe
interferometer. The first part is focused into a gas cell
with a f ¼ 30 cm lens to generate XUV photons through
HHG in rare gas atoms. The XUV photon energy is
controlled by changing the generation gas and covers a
range from 20 to approximately 30 eV. The XUV beam is
then reflected by a Nb2O5 mirror that removes the residual
IR. The XUV beam is then reflected and focused on the
molecular jet by using a toroidal mirror. An aluminum
filter is inserted on the path of the XUV beam to remove
the harmonics below the 11th order. The final XUV beam
is used as the pump arm of the interferometer. The second

part of the IR beam passes through a half-wave plate and a
polarizer to control the light intensity, then the IR beam is
used as a probe and is delayed with a subfemtosecond
precision using a delay line made of two wedges. The
delayed beam is focused using a f ¼ 1 m lens before
being recombined with the XUV beam on a drilled mirror.
The gas-phase molecules were injected using an oven
filled with the corresponding molecule (in powder), and
heated for sublimation of the sample to 90 °C (anthracene,
C14H10), 120 °C (pyrene, C16H10), 210 °C (tetracene,
C18H12), 240 °C (coronene, C24H12), 290 °C (pentacene,
C22H14), and 450 °C [hexabenzocorone (HBC), C42H18].
The created molecular jet interacts with the XUV and
IR pulses. The result of the interaction is then recorded
with a time-of-flight (TOF) spectrometer. Delay-depen
dent TOF spectra were recorded using several XUVand IR
conditions.

III. RESULTS

In the experiment, neutral molecules (PAHs) are photo-
ionized by the XUV photons producing excited molecular
cations with an internal energy that can reach more than
10 eV. The excited cations are then probed by a delayed IR
pulse, leading to a second photoexcitation that can further
ionize or fragment the charged molecule, if internal
energy reaches the required threshold. The experiment
consists of recording the variation of the fragments’ yields
as a function of the delay between the XUV pump and IR
probe pulses. As explained below, this time-dependent
signal carries information on the ultrafast dynamics in the
excited cations following the XUV photoionization.
The mass spectrum resulting from the interaction of

anthracene molecules (m=q ¼ 178) with XUV light is
shown in Fig. 1. In this case, high harmonics were
generated in xenon and filtered with an aluminum filter
which leads to an XUV bandwidth centered around 25 eV.
The mass spectrum shows that the interaction with XUV
light induces double ionization (m=q ¼ 89), but also gives
rise to a fragmentation pattern, corresponding to the loss
of Hx and CnHx groups. This is a typical fragmentation
pattern that is observed for all studied PAHs [22]. The
same pattern is obtained when the XUV photon energy is
changed to higher values using other rare gases as HHG
targets. Only the relative intensity varies. These statistical
fragmentation processes have been investigated in many
experiments, showing that they occur after intramolecular
vibrational redistribution (IVR) of the excitation energy,
within the monocation [23]. To obtain the XUV-IR delay
dependence of the fragments’ yields, mass spectra were
recorded at each pump-probe delay. The normalized two-
color signal recorded for the doubly charged anthracene is
shown in Fig. 1(c). It corresponds to the pump-probe
signal from which we subtracted the background signal,
and the signals obtained with IR only and XUVonly. We
observe a fast increase of the dication yield at the zero
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delay, where the two pulses overlap, followed by an
exponential decay. The timescale of this decay is extracted
through a standard fitting procedure using the convolution
between the cross-correlation of the XUV and IR pulses
and an exponential decay. Thus, we extract a decay
(relaxation) time of τdecay ¼ 37� 6 fs for anthracene.
Time-dependent signals are also observed for the yields

of different fragments of anthracene. Here we consider the
loss of CnHx groups. The pump-probe signal recorded for
the loss of C4Hx (C10Hþ

y ) is shown in Fig. 1(e). A fast
increase of the signal at zero delay is also observed,
directly followed by a fast decay. However, after about
100 fs, the fragment yield starts growing again.
Consequently, compared to the two-color signal obtained
for the dication, the dynamics in the fragments can no
longer be described by a single timescale but requires two
time constants that we identify as a decay τdecay and a
population τpop. The same behavior is observed in the
C2Hx loss signal, although with different amplitudes for
the two processes [see Fig. 1(d)]. By looking at the
variations of other fragments’ yields, corresponding to
the loss of H, 2H, C3Hx, C5Hx, etc., (not shown here), we
notice that the general trend is common to all the
fragments.
The population time constant is then extracted through a

fitting procedure using the following formula:

ΔSðtÞ ¼ θðt − t0Þ
�
Adecay exp

�
− t − t0
τdecay

�

þ Apop

�
1 − exp

�
− t − t0

τpop

���
; ð1Þ

where τdecay and Adecay are the time constant of the
exponential decay dynamics and its amplitude, τpop and
Apop the time constant of the population dynamics and its
amplitude, t0 is the zero delay, and θðt − t0Þ is the
Heaviside step function. We thus obtain a time constant
of τpop ¼ 160� 54 fs for the population dynamics by
fitting the signal of C4Hx loss. A multidimensional fitting
procedure is used to fit simultaneously the time-dependent
yields of all fragments and dication with either independent
or global parameters (see details in Appendix A1 and in the
Supplemental Material [21]). Strikingly, this shows that
time-dependent signals for all ions can satisfactorily be
fitted with only two time constants, τdecay ¼ 37� 6 fs,
τpop ¼ 151� 30 fs. Therefore, we assume that the XUV
dynamics observed in all these fragments correspond to
essentially two processes. We also notice that τdecay
determines both the timescale extracted from the parent
dication yield and the decay timescale observed in all the
fragment signals.

FIG. 1. (a) Mass spectrum of anthracene after interaction with the XUV. (b) Cation yield as a function of the XUV-IR delay with a
global fit (orange curve) and its breakdown in the two components: the exponential decay depletion (gray dashed line) and population
(yellow dashed line). (c) Dication yield with exponential fit (d) C2Hx loss yield as a function of the XUV-IR delay with a global fit
(orange curve) and its breakdown in the two components: the exponential decay (yellow dashed line) and the increase exponential
(purple dashed line). (e) Same as (d) but for loss of C4Hx.
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The same experiments have been performed for several
PAHs from anthracene to HBC. Figure 2 presents the time-
dependent signals obtained for the 2H loss in the case of six
different PAHs (anthracene, pyrene, pentacene, tetracene,
coronene, HBC). It shows that the trend described above is
general to all studied PAHs. As expected, time-dependent
signals are observed in the other fragments, corresponding to
the loss of CnHx groups. However, these fragments are very
weak for the largest PAHs and only 2H loss is considered in
the following for the sake of comparison. We note, however,
that the time-dependent signals recorded for all the frag-
ments of a given molecule are always described by a decay
timescale, similar to the one observed in the dication, and a
population timescale. The two timescales have been
extracted from the 2H-loss data for each studied PAH.
For coronene and HBC, only a step appears in the time-
dependent signals and no accurate population timescale
could be obtained. Therefore, only the decay timescale
could be extracted and an upper limit to the τpop is estimated.
The evolution of the two timescales as a function of the
number of valence electrons of the PAHs is shown in Fig. 3.
We observe that the decay timescales increase with the
number of valence electrons, a consequence of the dynamics
in CBs, as demonstrated in Ref. [19]. On the contrary, the
population timescales do not follow the same trend but
decrease. Although the largest PAHs show an undefined
timescale (see Supplemental Material [21]), it is clear that the

two timescales reach similar values above 100 valence
electrons preventing the extraction of the timescale for
larger systems.

FIG. 2. Fragmentation yield for the 2H-loss channel, as a function of the XUV-IR delay with a global fit and its breakdown into
exponential decay (gray dashed curve) and population (yellow dashed curve) components, for six PAHs. (a) Anthracene in orange.
(b) Pyrene in red. (c) Tetracene in sky blue. (d) Pentacene in blue. (e) Coronene in purple. (f) HBC in green. The color theme for the
different PAHs is the same for the entire paper and the additional data shown in the Supplemental Material [21]. For the smallest PAH
presented here, the abundance of other fragments contributes to the accurate determination of the timescales by using a multidimensional
fitting procedure.

FIG. 3. Extracted timescales for the nonadiabatic relaxation
dynamics in the CB (blue diamonds) and the vibrational
relaxation dynamics (green dots) as function of the size of the
PAHs (anthracene to HBC) described by the number of valence
electrons. We note that in the case of coronene and HBC, the
experimental timescale of the vibrational relaxation dynamics is
very inaccurate (shown by the shaded green area). The CB
timescales are fitted using a logarithmic law and vibrational
dynamics data are fitted with a 1=N law as discussed in the text.
We note that the 1=N fitting is constrained in order to give only
positive values to be consistent with our interpretation. The fitting
curves are presented as blue and green dashed lines, respectively.
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IV. DISCUSSION

In order to understand the general process observed in
our experiment, we have to consider the first steps of the
XUV photoexcitation, as well as the probing mechanism.
In the present situation, when the neutral PAH mole-

cules are ionized by the XUV pump pulse, the produced
cations are left in a large number of possible excited states.
At high energy, the density of these states increases and
new features are formed due to electron correlation. These
features are named correlation bands [20] as they strongly
resemble electronic bands in solid-state materials. After
ionization, the energy deposited in these CBs relax
through nonadiabatic effects, transferring the energy from
the electronic to the nuclear degrees of freedom. This first
step of the XUV-photoinduced dynamics corresponds
to τdecay and was studied in a series of PAHs measuring
the time-dependent ionization (dication formation) yield
(see Ref. [19]).
Here we use a different approach by considering not only

the dication but the complete time-dependent fragmentation
spectrum. Indeed, the photoexcitation by the IR probe pulse
can not only lead to second ionization (forming a dication),
but also to fragmentation of the cationic molecule, without
ejection of a second electron. In order to understand the
dynamics revealed by the time-dependent fragmentation
yield, one needs to have a closer look at the probing process.
The IR probing process is a transition between bound
monocationic electronic states. The absorption probability
of the probe pulse is determined by the overlap between the
initial and final vibrational states involved in the transition
[Franck-Condon (FC) overlap; see Supplemental Material
[21] ].After IRabsorption, internal vibrational redistribution
occurs, eventually leading to high internal energy and
statistical fragmentation [22,24,25]. The variation of the
fragmentationyieldasa functionof thepump-probedelay isa
signature of the variation of the IR absorption probability
(i.e., variation of the FC overlap between vibrational states)
occurring during the XUV-induced dynamics. In the case of
highly excited states, where the density of states is high,
we expect that there will always be an energetically acces-
sible final state. Thus, the Franck-Condon overlap mainly
depends on the localization of the vibrational wave function
in the initial state. Therefore, the time-dependent signal
can be interpreted in terms of vibrational dynamics, as
described below.
During the CB relaxation the molecule evolves from

highly excited electronic states to lower electronic states
with higher vibrational energy (i.e., a spatially extended or
“delocalized” vibrational wave function). This dynamic
induces a decrease of the FC overlap that results in a
decrease of the IR absorption probability and thus of the
fragmentation yield. This is what is observed in Figs. 1(d)
and 1(e), where τdecay is measured in the C2Hx and C4Hx
loss signals. We note that the relaxation in the CB favors the
population of a subset of vibrational modes of the molecule

because the nonadiabatic relaxation occurs preferentially
between states of similar symmetries. In our case, the
dynamic is essentially driven by fully symmetric delocal-
ized modes (see Ref. [18]).
Following this CB relaxation dynamic, the populated

highly excited symmetric vibrational modes are then
coupled to other modes, which leads to a progressive
redistribution of the energy between all the vibrational
degrees of freedom of the molecule. While the CB
relaxation was characterized by a population of specific
highly excited vibrational states, this second step corre-
sponds to a population of various low excited vibrational
states (i.e., a spatially confined or more “localized”
vibrational wave functions). Therefore, this population
transfer leads back to larger FC overlap and thus to a
higher IR absorption probability. As a consequence, a
progressive increase of the fragmentation signal is
observed (see Supplemental Material [21] and Fig. 4)
which corresponds to τpop. One might notice that this
represents the first step toward a complete statistical
exploration of the nuclear degrees of freedom correspond-
ing to IVR.
As mentioned above, we observe that τpop decreases with

PAH size. From the perspective of the vibrational relaxation
dynamics described above, this evolution corresponds to
the increasing number of accessible vibrational modes,
among which the vibrational energy can be shared. This
type of vibrational dynamics mechanism has been studied

FIG. 4. Schematic of the IR probing of the two mechanisms in
XUV ionized PAHs: CBs relaxation through conical intersections
(CI) and nuclear relocalization due to vibrational coupling
(vibrational dynamics). Both mechanisms are observed in the
time-dependent fragmentation yield, as soon as the fragmentation
threshold is overcome. The potential energy surfaces are sche-
matically represented along one nuclear coordinate (right-hand
part of the figure), while the density of states (DOS) populated by
the XUV pulse is presented on the left-hand part.
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in the context of laser-selective chemistry [26], where
selective vibrational modes are excited in order to control
the reactivity of a molecular system. In our case the
relaxation in the CB can be seen as a way to prepare such
a specific nuclear wave packet with only a limited subset of
vibrational modes significantly excited. In this context, it
has been shown that for complex molecules the coupling
between the initially excited modes and the remaining ones
can be modeled as coupling to a bath [19,27]. Using such a
model, it is possible to derive a Fermi-golden-rule-like
expression for the vibrational relaxation dynamics time-
scale:

1

τpop
¼ 2π

ℏ
jVj2ρ; ð2Þ

where V is the average coupling between the initially excited
modes and the remaining ones forming a bath, and ρ is the
density of bath states. τpop evolves like the inverse of the
density of bath states ρ, which is proportional to the number
of vibrational modes and thus to the number of atoms n,
τpop ∝ ð1=nÞ. For the sake of a simpler comparison between
τpop and τdecay, it is useful to take advantage of the fact that
the number of atoms n is proportional to the number of
valence electrons N, τpop ∝ ð1=NÞ (for molecules with very
different structure or chemical elements, the number of
atoms n should be used). This behavior is validated by the
good agreement with the fit in Fig. 3. This also implies that
the coupling term V, which corresponds to the anharmo-
nicity of the vibrational modes, weakly evolves between all
the molecules studied here. This can be understood by the
fact that V corresponds to a mean coupling with a finite set of
vibrational states. In the complete IVR process, this coupling
term would decrease with the size.
Overall, the timescales of the two mechanisms (CB

relaxation and vibrational relaxation dynamics) have an
opposite evolution with the PAH size. The larger the
PAHs, the longer the population is trapped in the CBs
following a logarithmic behavior (see Ref. [19]), while the
vibrational relaxation dynamics is faster for larger mole-
cules. The two processes reach similar timescales around
N ¼ 100. Interestingly, we note that this might impact the
lifetime of any coherent process. XUV-induced electronic
and vibrational coherence is a subject of great interest in
current ultrafast science, which has motivated experimental
and theoretical investigations [28]. In such investigation, the
coherence loss is defined as the disappearance of dynamics
corresponding to a photoinduced time-dependent coherent
wave packet. The vibrational relaxation dynamics is a first
step toward such coherence loss because the phase
will spread over a large number of degrees of freedom
and will never be recovered. According to our measure-
ments, in small PAHs, the population stays longer in specific
vibrational modes; therefore the coherence in the CB could
be maintained until vibrational energy redistribution occurs.

Thus, we expect that for highly excited molecules, the
coherence would quickly disappear after the relaxation of
the CBs due to the vibrational relaxation dynamics followed
by complete IVR. This should be the case for large PAHs for
which τpop is faster than τdecay. However, for smaller PAHs,
after the relaxation in the CBs, the wave packet is trapped for
some time in the lower electronic states before going through
an IVR. For instance, coherence can be maintained longer
than 30 fs in highly excited anthracene, because of the 100 fs
vibrational dynamics. This observation could explain recent
results on vibrational coherence observed in small PAHs
[18], and similar implications concern electronic coherence
[29]. Obviously, the complex electronic structure of CB
implies that the design of a time-dependent wave packet with
a broadband laser pulse is highly nontrivial and needs to be
investigated.

V. CONCLUSION

In this work, we performed XUV-IR pump-probe
experiment on a series of PAHs, to investigate the
dynamics of XUV-induced excited states. In contrast with
previously reported experiments, this work analyzes the
time-dependent fragmentation yield. Surprisingly, we
found that for a given molecule, the time-dependent
signals of all fragments are described by only two time
constants. The first one corresponds to the relaxation in
the correlation bands, reported in a previous experiment
on time-resolved photoionization [19,20]. The second one
brings new information about the energy sharing path-
ways in highly excited PAHs involving vibrational relax-
ation dynamics. Indeed, the CB relaxation preferentially
populates highly symmetric vibrational modes, in highly
excited, “delocalized” vibrational states. In a second step,
vibrational couplings to other vibrational degrees of
freedom lead to excitation of other, weakly excited modes
(more “localized” vibrational wave functions). This tran-
sition between highly excited few vibrational modes to
weakly excited multiple vibrational modes represents the
onset of the process of IVR. By measuring the size
dependence of both timescales, we deduce that the two
processes converge toward similar timescales for mole-
cules with around 100 valence electrons. This might have
an influence on how the coherence and excitation is
managed by the molecule. These observations bring
new opportunities on the control of coherence in highly
excited molecules and might contribute to explain the
existence of long-lived electronic and vibrational coher-
ences, over several tens of femtoseconds, in molecules of
similar sizes. Ultrafast dynamics induced by XUV exci-
tation in PAH is barely studied; this work focused on the
internal energy dynamics of highly excited PAH cations.
The fragmentation dynamics itself could also be studied in
a time-resolved fashion, providing a direct examination of
the reaction pathways that are very complex in PAH-like
molecules [30]. Overall, accurate dynamical information
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on XUV excited PAH might serve in improving astro-
chemistry models.

All relevant data supporting the key findings of this study
are available within the article, in the Supplemental Material
[21], or from the corresponding authors upon reasonable
request.
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APPENDIX A: METHODS

1. Data analysis

In order to extract the population time constant shown in
Fig. 3, several steps of analysis were performed. In each
step, the following formula was used to fit the experimental
data:

SfitðtÞ ¼ exp

�
−4 lnð2Þ

�
t

τXco

�
2
�

× ⊗ (θðt − t0Þ
�
Adecay exp

�
− t − t0
τdecay

�

þ Apop

�
1 − exp

�
− t − t0

τpop

���
); ðA1Þ

where τXco and t0 are fixed parameters.
The first step in the analysis assumed Adecay, Apop, τdecay,

and τpop as independent parameters for every fragment.
From this first step, we noticed that the decay timescales
obtained in fragmentation signals seem to be the same as
the decay timescale extracted from the dication signal,
within the error bar. Thus, we assumed that this timescale
should also be visible through the fragmentation signals
and should be similar.
Therefore, the second step of the analysis consisted in

constraining the fitting procedure by using the decay time-
scale extracted from the dication signal as a fixed parameter.
The parameters Adecay, Apop, and τpop were considered as
independent from one fragment to another. Some results
obtained in different fragments for all the studied PAHs are
given in the Table S1 of the Supplemental Material [21],
showing that the obtained values for τpop are similar from
one fragment to another, within the error bar.
Thus, in order to improve our estimation of τpop, we

constrained the fitting by forcing τpop to be common to all the

fitted fragments. The results of this last step of analysis are
plotted inFig.3.Thenumericalvalueof someof theextracted
timescales are given in the Table S1 of the Supplemental
Material [21] (All Fragments). The time-dependent signals
and corresponding fitting are shown in Figs. 1 and 2. More
data are also available for pyrene, tetracene, andpentacene in
the Fig. S2 of the Supplemental Material [21]. The fitting
curves, using a common τpop, are in good agreementwith the
experimental data.

2. Theoretical methods

The ionization spectra of naphtalene, anthracene, and
pyrene have been obtained using third-order non-Dyson
algebraic diagrammatic construction methodology [nd-ADC
(3)], with cc-pVDZ basis set. This level of theory allows us
to include two-holes one-particle configurations. From the
ADC calculations, we could extract the corresponding
density of states (DOS), showing that below the second
ionization potential (at the energy range of the CBs) the DOS
increases linearly with the energy. Regarding this high DOS,
we developed a model based on an analogy with solid-state
physics that has been explained in detail in our previous
paper (see Ref. [19]). This model describes the relaxation of
the CBs as electron-phonon scattering. Assuming that, we
were able to derive a simple relation between the relaxation
of the correlation bands τ and the number of valence
electrons N:

τ ¼ τ0 ln
N
NCB

; ðA2Þ

where τ0 is the mean lifetime of an excited electron inside
the CBs andNCB corresponds to the lower limit of validity of
the above formula. This law describes the evolution of the
decay dynamics τdecay observed in this paper by looking at
the fragmentation yield. It is represented in Fig. 3 by a blue
dashed curve.
After the relaxation of the CBs, vibrational modes

are populated. To decipher which vibrational modes are
involved in the relaxation of the CBs, we have performed
propagation calculations describing the dynamics trig-
gered by ionization in the case of naphthalene using
multiconfiguration time dependent Hartree calculations
(more details about these calculations can be obtained if
Ref. [18]). Thus, we could extract the nonadiabatic
dynamics taking place between the molecular electronic
states, showing that the totally symmetric modes (of ag
symmetry) are the modes with the most efficient coupling.
The calculations could only be performed on naphtha-

lene, but the coupling with totally symmetric modes should
also be the most efficient for larger PAHs, such as the ones
presented in this paper. Indeed, electron correlation creates
a large number of states with the same symmetry after the
removal of an inner-valence shell electron. These states are
then coupled by symmetric normal modes due to selection
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rules, meaning that totally symmetric modes are the last
step of the relaxation of the CBs, thus the first step of the
subsequent dynamics.
Therefore, the vibrational relaxation process represents

the redistribution of the vibrational energy deposited in a
small subset of totally symmetric vibrational modes to the
remaining accessible modes of the system. This energy
redistribution from a few states to a large number of modes
(bath) is governed by the intermode coupling V in the
system. The probability for such an energy dissipation can
be calculated by Fermi’s golden rule, giving the transition
probability per unit time Γ from an initial state jψνi to a set
of final states jψν0 i,

Γν→ν0 ¼
2π

ℏ
jhψν0 jVjψνij2ρðEν0 Þ; ðA3Þ

where ρðEν0 Þ is the density of final states. The relaxation
time τpop is, therefore, given by the inverse of Γν→ν00 ; that is

τpop ¼
ℏ

2πjVj2
1

ρðEν0 Þ
: ðA4Þ

Because of the similarity in the structure and symmetry
of the different PAH molecules, the averaged intermode
coupling is expected to vary only very weakly among the
different members of the PAH family. The vibrational
relaxation time, therefore, will decrease with the increase
of the density of final states (modes) ρ. As the number of
modes increases linearly with the number of atoms in the
molecules, the density of states will be proportional to the
number of atoms n in a given PAH. We can also use the fact
that the PAHs are constructed of only two types of atoms
and, therefore, relate the number of atoms in the molecule
with the number of valence electrons N. We, therefore, can
see that the vibrational relaxation time is inversely propor-
tional to the number of valance electrons:

τpop ¼ const
1

N
: ðA5Þ

This trend is indeed observed in our experimental data.
Thus, it confirms our understanding of the population
dynamics as a redistribution of energy through vibrational
coupling.

APPENDIX B: ADDITIONAL RESULTS ON
STATISTICAL FRAGMENTATION

In this paper, we focus on the fragmentation yields of
different PAHs. In order to understand the nature of this
fragmentation, we measured the fragment ion kinetic
energy distribution.
Using gated detection, we were able to select a particular

m ¼ q fragment ion of interest and perform momentum
measurements by using a velocity map imaging (VMI)

spectrometer based on the design by Eppink and Parker [31].
A raw VMI image (in pixel) corresponding to the ions
ðPy-C2HxÞþ is shown in Fig. 5(a). By performing Abel
transform, we could then obtain the velocity distribution of
the different fragment ions emitted after the absorption of
XUVand IR pulses. After calibration, we could also extract
the corresponding kinetic energy distribution [an example
for ðPy-C2HxÞþ is shown in Fig. 5(b)]. We observe that the
velocity distribution is isotropic with a low energy distri-
bution with a mean value of few tens of meV. This is clearly
the signature of statistical fragmentation. Similar values of
few tens of meV were obtained in other fragments. This
supports the description of the probing mechanism as a
bound-bound IR transition leading to statistical fragmenta-
tion after IVR. This also confirms our interpretation of τpop
as a general process occurring in the excited cation, as
discussed in the main paper and Appendix A.
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F. Lépine, Ultrafast Nonadiabatic Cascade and Subsequent
Photofragmentation of Extreme Ultraviolet Excited Caf-
feine Molecule, J. Phys. Chem. Lett. 9, 6927 (2018).

[16] M. Lara-Astiaso, M. Galli, A. Trabattoni, A. Palacios,
D. Ayuso, F. Frassetto, L. Poletto, S. De Camillis,
J. Greenwood, P. Decleva, I. Tavernelli, F. Calegari, M.
Nisoli, and F. Martín, Attosecond Pump–Probe Spectros-
copy of Charge Dynamics in Tryptophan, J. Phys. Chem.
Lett. 9, 4570 (2018).
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