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Unraveling ultrafast processes induced by energetic radiation is compulsory to understand the evolution
of molecules under extreme excitation conditions. To describe these photo-induced processes, one
needs to perform time-resolved experiments to follow in real time the dynamics induced by the
absorption of light. Recent experiments have demonstrated that ultrafast dynamics on few tens of
femtoseconds are expected in such situations and a very challenging task is to identify the role played
by electronic and nuclear degrees of freedom, charge, energy flows and structural rearrangements.
Here, we performed time-resolved XUV-IR experiments on diamondoids carbon cages, in order to
decipher the processes following XUV ionization. We show that the dynamics is driven by two
timescales, the first one is associated to electronic relaxation and the second one is identified as the
redistribution of vibrational energy along the accessible modes, prior to the cage opening that is
involved in all fragmentation mechanisms in this family of molecules.

1. Introduction

Diamondoids are molecules composed by one or several unit
carbon cage of diamond surrounded by hydrogens. On Earth,
diamondoids can be isolated from hydrocarbon-rich materials
such as natural gas. Recently, large diamondoids (~1 to 2 nm)
were extracted from petroleum." The possibility to access a wide
range of sizes and shapes of diamondoids has attracted the
attention of several scientific communities,” from nanotechnologies
towards medical applications. Indeed, diamondoids combine the
properties of nanomaterials together with the ones of bulk
diamonds. They exhibit remarkable strength, rigidity, thermal
stability and tunable optical gaps, pushed towards UV range, due
to quantum confinement.>* Moreover, recent results show that
diamondoids have negative electron affinities (NEA),>® which brings
new opportunities in the development of electron emitter devices.
Small diamondoids are also easy to functionalize, an essential
condition to push for further applications’ for instance in medicine
thanks to their non-toxicity. As an example, adamantane derivatives
are currently used for pharmaceutical applications in the treatment
of various viral diseases and parkinsonism.®

With the discovery of small nano-diamondoids in
meteorites,” diamondoids also gained a lot of attention from
the astrophysical community. Due to isotope anomaly, these
diamondoids are considered to have presolar origin® and are even
considered as the most abundant component of presolar grains.*°
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Regarding their high stability, they are also expected to be
abundant in the interstellar medium. However, compared to
polycyclic aromatic hydrocarbon (PAH) emission bands that
dominate most of the mid-IR emission from astronomical objects,
only few astronomical objects show spectroscopic evidences of the
presence of diamondoids. For example, they are thought to be
responsible for two broad emission bands (at 3.43 and 3.53 pm),
observed in the spectrum of circumstellar disks around the stars
Elias 1 and HD 97048 but their size is still a matter of debate."* ™
Regarding the strength of these bands, diamondoids are thought
to represent 1-2% of the amount of cosmic carbon.'*™ The
difficulty to detect emission spectra associated to diamondoids
have been partially explained by the specific local conditions
for their formation."® However, the presolar origin of the
diamondoids found in meteorites indicates sources of
diamondoids outside the solar system. To understand the paucity
of diamondoids in the interstellar medium, a large number of
laboratory experiments and theoretical calculations have been
developed, in particular to investigate the photostability of
these molecules. Indeed, in space and for instance in Photo-
Dissociation Regions, molecules are exposed to extreme
ultraviolet (XUV) radiations above 10 eV. In that case, a low
photostability could also explain the low detection of spectro-
scopic features. It was shown that upon ionization small
diamondoids have low photostability, with efficient H-loss
channels to form a stable closed-shell cation'” or fragmentation
following the opening of the cage structure.'® The photostability
of the doubly charged adamantane was investigated using XUV
excitation, showing that the dissociation is driven by Coulomb
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repulsion.” Although, these processes are expected to occur on
ultrafast timescales, ranging from attosecond to picosecond, we
note that no experiment has been able to investigate in a time-
resolved fashion, the photoinduced evolution of diamondoids.

In this work, we investigate the electronic and vibrational
relaxation dynamics of the two smallest diamondoids,
adamantane (C;oH;6) and diamantane (Cj,H,,), following
XUV ionization. We use an ultrashort XUV pulse to ionize and
excite the molecules and the induced dynamics is probe using
an ultrashort IR pulse. The observed dynamics are associated to
the electronic relaxation of the correlation bands (CBs),
features created by electron correlation, and the following
vibrational redistribution of the energy to lower electronic
states. Similar temporal dynamics have been observed
previously in polycyclic aromatic hydrocarbons (PAHs).>**'
Here, we investigate the effect of the 3D structure of these
nanoscale diamonds on the energy redistribution and discuss
its implication in understanding cage opening.

2. Experimental set-up

The experimental set-up has been described in details in
previous paper.?® It consists of a Mach-Zehnder interferometer
seeded with an amplified laser delivering 25 fs pulses at
2 mJ, centered around 800 nm with a repetition rate of 5 kHz.
The first arm is focused into a gas cell using a f= 30 cm lens in
order to generate XUV light through high harmonic generation
process (HHG). In our experiment, Xenon, Krypton and Argon
were used to generate the XUV pulses, giving access to an energy
range of the corresponding pulses of 17 to 35 eV. After the HHG,
the residual IR is removed by a Nb,Os dichroic mirror and
an aluminum filter that removes the harmonics below the
11th one. A toroidal mirror is used to focus the XUV pulses in
the interaction region of a velocity map imaging (VMI)
spectrometer.”> The second part of the IR beam, the probe
arm, goes through a half-wave plate and a polarizer to control
the intensity. A refractive delay line made of two wedges is used
to control the delay between the pump and the probe pulses with
an attosecond accuracy. The delayed beam is focused using a f=
1 m lens before being recombined with the pump arm using a
drilled mirror. The molecular effusive jet is created through
sublimation. In the case of adamantane, the vapor pressure at
room temperature is enough to sublimate the sample (from
Sigma-Aldrich, purity >99%). In the case of diamantane, the
sample (from Tokyo Chemical Industry, purity >98%) is heated
up to 80 °C by an oven. The results of the interaction of the
neutral molecules in gas phase and the XUV and IR pulses is
then recorded with the VMI operating as a time-of-flight (TOF)
spectrometer. Mass spectra are recorded at each pump-probe
delay in order to obtain the time dependent signals. The zero
delay ¢, corresponding to the temporal overlap of the two
laser pulses, is determined by measuring the IR pump-IR probe
time-dependent signal of the photoelectrons emitted from the
ionization of argon targets. All the experiments have been
performed using several XUV and IR conditions.
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3. Experimental results
3.1. Fragmentation mechanisms

The experiments have been performed on the two smallest
diamondoids, adamantane (CyoHy6, m/q = 136, IP = 9.2 eV,*
IP2 = 23.9 eV'°) and diamantane (Cy4H,0, m/q = 188, IP = 9.2 eV*®).
In both cases, the energy of the XUV pulse (> 17 eV) is sufficient to
ionize the molecules and create highly excited cations with
internal energy of approximately 10 eV. Moreover, calculations
performed on adamantane using RRKM model have shown that
the fragmentation thresholds for large fragment ion (m/q > 78) lie
between 10.5 eV and 10.83 eV.'® Thus, the energy of the XUV pulse
used in our experiment is also sufficient to produce cations
resulting from the fragmentation of the parent ion.

Mass spectra recorded from the interaction of neutral
adamantane with either XUV or IR pulses are shown in
Fig. 1a. These measurements were obtained with XUV photons
energy centered around 17-23 eV or 30-33 eV and an IR
intensity of about 5.5 TWem ™2, The spectra show a fragmentation
pattern corresponding to the loss of C,H, groups. Similar patterns
have been observed in collision induced dissociation (CID)** or
electron impact experiments.”>> In CID experiments, the kinetic
energy of the ions is converted into internal energy due to the
collision, resulting in statistical fragmentation. Here, the main
statistical fragments observed in CID correspond to the dominant
peaks at groups of masses C¢H," (m/q ~ 79) and C,H," (m/q ~
93). The same behavior is observed in infra-red multi photon
ionization (MPI) as shown in the mass spectrum measured with
IR only (black line), where the number of photon is not sufficient
to double ionize the molecule but the internal energy left in the
monocation is sufficiently high to produce the same two groups of
fragments. The same dominant peaks are also observed following
the absorption of XUV photons of 17-23 eV (blue line). Since the
absorption of 17-23 eV is not sufficient to double ionize the
molecule, we conclude that most of the fragment ions observed
in the corresponding mass spectrum are coming from the
fragmentation of the excited monocation. In particular, some
fragments such as the groups of masses C¢H," (m/q =~ 79) and
C,H," (m/q ~ 93) can be identify as statistical fragments. For the
absorption of XUV photons of 30-33 eV (red line), the energy
is sufficient to lead to the second ionization of the molecule.
We note that no signature of the stable dication is measured at
mass m/q = 68. This illustrates the low stability of the doubly
charged adamantane. Indeed, one can see in Fig. 1a that some of
the fragments detected in the mass spectrum at energy above IP2
(red line) are significantly different from the mass spectrum
obtained at energy lower than the (blue line). For instance, the
dominant peak for higher energy photons corresponds to the
mass m/q = 41 (CsHs"). No significant amount of this fragment is
observed in the statistical fragmentation of the monocation while
it has been identified as part of the 2 and 3-body break-up
channels of the dication."® Some low masses can therefore be
identified as coming mainly from the dissociation of the dication.
Overall, the measured fragment ions in our experiment can come
from two different mechanisms: statistical fragmentation of the
monocation or dissociation of the unstable dication.

This journal is © the Owner Societies 2021
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Fig. 1 Mass spectra recorded from the interaction of (a) neutral adamantane with IR only (black line), XUV only centered around 17-23 eV (blue line) and XUV
only centered around 30-33 eV (red line), (b) neutral diamantane with IR only (black line), XUV only centered around 33-39 eV (purple line) and XUV only
centered around 20-23 eV (green line). The spectra are zoomed around the fragment ions and are normalized with respect to the parent cations intensity.

In the case of diamantane, only few experiments have been
performed on the ionized molecule.”” To our knowledge, no
study on the photostability of the doubly charged diamantane
has been reported in literature. Its double ionization potential
is also not known. However, regarding the similarity of
adamantane and diamantane,” it can be assumed to similar
to IP2 of adamantane. The mass spectra recorded in diaman-
tane are shown in Fig. 1b. The mass spectrum recorded from
the interaction of the neutral diamantane with XUV photons
energy centered around 20-23 eV (green line) exhibits the same
fragmentation pattern than the one obtained in electron
impact experiment.”” The dominant peaks are similar and
correspond to the mass C,H," (m/q ~ 93). It means that the
energy used in this experiment is probably not sufficient to
significantly double ionize the molecule. Thus, the observed
fragments mainly come from the statistical fragmentation of
the monocation. When the XUV photon energy increases up to
33-39 eV, a significant number of small masses appears (purple
line). Among these fragments, the masses m/q = 29 (C,Hs") and
41 (C3Hs') become dominant and correspond to fragments
involved in the 2-body and 3-body break-up channels of the
doubly charged adamantane. One can assume that, similarly to
adamantane, these fragments come from the dissociation of
the dication. Thus, the different fragments observed in the

This journal is © the Owner Societies 2021

mass spectra arise either from statistical fragmentation of the
monocation or from the dissociation of the dication. We also
note that in the case of diamantane, the internal energy left in
the monocation after the multi photon ionization by the IR is
not sufficient to reach the fragmentation threshold of the
monocation. Indeed, only the parent ion is observed in the IR
only mass spectrum (black line).

3.2. Time-resolved dynamics

Following the absorption of the XUV pulse, cations are formed
with an internal energy up to approximately 10 eV. In that case,
the IR pulse probes the dynamics induced by the absorption of
XUV light by leading to a second ionization step or to the
statistical fragmentation of the cation. As discussed in the
previous section, the double ionization of adamantane and
diamantane may also lead to fragmentation due to the low
photostability of the dications. Thus, the time-dependent
fragmentation signals contain the information on the
dynamics following XUV ionization, namely in excited cations.

Time-dependent signals are shown in Fig. 2. for adamantane
(a-d) and diamantane (e-g). The signals were obtained using XUV
pulses of 30-33 eV for adamantane and 20-23 eV for diamantane.
The contribution from the XUV and IR pulses only are subtracted
from the two color signal. Different temporal behaviors can be
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Fig. 2 Time-dependent signals obtained in adamantane (red symbols) and diamantane (green symbols) for the parent ions (a) adamantane CyoH¢™ and
(e) diamantane C14H»0" and for different fragments (b) CoHs* (m/g = 29) (c) CsH;* (m/q = 67) (d) C;Ho* (m/q = 93) (f) CoHs™ (m/g = 29) () C/H, Y (m/g ~
93). The fitting curves for each signals are represented in solid line for each case. In the case of CsH,* in adamantane (b), the decomposition of the fitting
in decay component (orange dashed line) and population component (yellow dashed line) is also represented.

observed depending on the measured fragments. In the case of a
fragment coming from the dissociation of the doubly charged
molecules, C,H;" (m/q = 29), the time-dependent signal exhibits a
fast increase of the signal around the zero delay followed by an
exponential decay of the yield (see Fig. 2b and f). In the case of
major statistical fragments of the monocations, C;H," (m/g ~ 93),
one can observe a population behavior with an increase of the signal
after the zero delay following an exponential increase of the yield
(see Fig. 2d and g). Thus, probing the dynamics by statistical
fragmentation of the monocation gives access to a population
timescale while probing the dynamics by the dissociation of the
dication gives access to a decay dynamics. Depending on the
observable, different ultrafast processes can be investigated.

In the case of diamantane, most of the studied fragments
exhibit either a decay dynamics or a population dynamics as
shown in Fig. 2f and g. In the case of adamantane, the number
of fragments that exhibit both dynamics is high. The example
of CsH," is given in Fig. 2c. However, despite the apparent
complexity of these dynamics, our analysis led to the conclu-
sion that only two time scales, Tgecay and Tpp, for the decay and
population, respectively, are sufficient to describe the dynamics
observed in all the fragments for adamantane and diamantane.
This conclusion arises from a multistep procedure in our
analysis starting from the use of free parameters (each transient
is considered independently) to constrained parameters. Here
we describe only the last step of our analysis. A multi-
dimensional fitting procedure using the convolution between
the cross-correlation of the XUV and IR pulses I.. and an
exponential decay plus an exponential increase has been used:

S(I) = Iz‘c([7 XCO) ® @(l — l())

t— 1 t—1 (1)
Adecay €Xp| — 0 + Apop| 1 —exp L +C
Tdecay Tpop
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where Xcoo and ¢, are experimental parameters, O(t) is the
Heaviside step function, Agecay and Ao, the respective
amplitude of the two contributions and C a step amplitude.
In order to extract more precisely the time constants, the
common parameters Xgo and ¢, and the time constant Tgecay
were first extracted from the time-dependent signals showing
only decay dynamics (Fig. 2b and d for example). Then the
time-dependent signals showing also a population dynamics
were fitted using fixed values of X0, fo and tgecay- The time
constants extracted for the two molecules are summarized in
Table 1, they correspond to the weighted average of tens of the
experimental results.

The experiment was performed for different XUV photon
energies and different IR intensities and no significant XUV
and IR dependency of the timescales was observed. However, the
amplitudes of the decay component Agey and the population
component Ay, can change depending on the observed fragments,
even going from positive to negative value in the case of adaman-
tane. Moreover, the ratio of these two amplitudes also change with
the XUV photon energy (without altering the measured timescales).
This can be understood as a change in internal energy deposited
into the molecule and the competition between statistical
fragmentation of the monocation and direct dissociation of the
dication. For instance, in the case of CsH," (m/q = 67) (Fig. 2c), the
time-dependent signal is composed by a negative Agecay (Orange
dashed line) and a positive A,qp, (yellow dashed line). Since the two
dynamics are measured from different observables, the negative
Agecay means that the absorption of the IR pulse depopulated the

Table 1 Time constants extracted for adamantane and diamantane

Tdecay (f5) Tpop (fS)
Adamantane 22+5 28 +4
Diamantane 29+ 7 19+ 6

This journal is © the Owner Societies 2021
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states that should have led to the statistical fragmentation of the
monocation towards CsH-" to lead to the creation of dication. The
formed dication later dissociates into other fragments.

A striking example of the two origins of the fragments is
observed in the mass m/q = 41 (C;H;') of adamantane. The 2D
time-dependent mass spectrum is shown in Fig. 3a. One can
see that signals surrounding mass 41 appear at the zero delay.
It corresponds to the C;Hs' ions with high kinetic energy.
Indeed, the presence of translational kinetic energy affects
the arrival time of the ion on the detector, arriving earlier or
later than the ion with low initial kinetic energy. This leads to
the detection of signal around the m/q values. The corres-
ponding time-dependent signals obtained by integrating the
map at masses m/q =40.6 = 0.1, m/q =41 + 0.1 and m/q=41.3 +
0.1 are shown respectively in Fig. 3b-d. One can see that the
signals of the fragments with high kinetic energy exhibit decay
dynamics. Their high kinetic energy allows to identify them as
purely coming from the dissociation of the dication following
Coulomb repulsion. The signal at the central mass (ion with
low kinetic energy) corresponds to mass 41 coming from
statistical fragmentation only. It exhibits a negative amplitude
of the decay, corresponding to a depletion of the statistical
fragmentation channel towards the creation of dication. This
shows that a given fragment can be reached following different
pathways that can be separated as a function of the kinetic
energy of the ions.

4. Discussion
4.1. Dynamics of correlation bands

We first consider the case of fragments coming from the
dissociation of the dication following Coulomb repulsion.
These fragments show a characteristic decay process with a
common timescale for all the fragments. When neutral molecules
are ionized by an XUV pulse, highly excited cationic states are
created. These cationic states have a strong multielectronic
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character as they are composed by a large number of electronic
configurations. These states form dense electronic structures just
below the second ionization potential, named the correlation
bands (CBs) that are features resulting from electron correlation
effects. Although these structures were predicted and described
theoretically in the 90’s,”® it is only recently that their intrinsic
relaxation dynamics was observed experimentally. This first
experimental demonstration was performed on PAHs by
measuring the variation of the dication yield as a function of
the XUV-IR delay.”® In this article, the relaxation dynamics of CBs
in adamantane and diamantane is also presented. Here, we have
extracted the CBs relaxation timescale from the time-dependent
fragmentation signals (see for example Fig. 2b and f). Indeed, due
to the instability of the dications, the dynamics observed in
fragments coming from the dication dissociation are equivalent
to the dynamics observed in the stable dication time-dependent
signal of the PAHs. Thus, we associate the decay timescales of
Tdecay = 22 £ 5 fs for adamantane and tgecqy = 29 £ 7 fs for
diamantane to the electronic relaxation of the CBs. We note that
these values are in good agreement with the results presented in
ref.”° (tgecay = 22 =+ 2 fs for adamantane, Tgecay = 25 =+ 7 fs for
diamantane).

4.2. Vibrational dynamics in 3D molecules

Here we consider fragments coming from statistical dissociation.
Dynamics extracted from time-dependent signal of statistical
fragments show a population behavior and a common population
timescale for all the fragments. During the relaxation of the CBs,
the molecules evolves from highly excited electronic states toward
lower-lying electronic states with higher vibrational energy in
specific modes. These initially populated modes relax towards
other vibrational modes eventually leading to complete intra-
molecular vibrational energy redistribution and fragmentation
on longer timescale. Here, the time-dependent population
measured in all the fragments is interpreted as the population of
all accessible vibrational modes (t,p), prior to any fragmentation

Observable yield (a.u.)

100 0 100 200
XUV-IR Delay (fs)

Fig. 3 (a) Two-color time-dependent signal in adamantane zoomed around the mass m/q = 41 (CsHs*) where the axis become sensitive to the kinetic
energy of the fragments. (b) Time-dependent signal obtained by integrating the map around the mass m/q = 40.6 + 0.1 (c) same for the integration

around m/q = 41 £ 0.1 (d) same for integration around m/q = 41.3 + 0.1.
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processes which are not probed in our experiment. In order to
understand the measured timescale, it is essential to determine the
modes involved in the CBs relaxation.

We note that the vibrational dynamics described above has
been observed in PAHs in recent experiments. In PAHs, the
population timescales were substantially longer than in the
case of diamandoids. For instance, pyrene whose number of
valence electron (N = 74) is similar to diamantane, has a
population timescale of 7., = 101 £ 27 fs, while diamantane
(v = 76) has a population timescale of tp,, = 19 & 6 fs. In the
case of PAHSs, ab initio calculations show that following CBs
relaxation, mainly symmetric normal modes are excited. For
instance, ab initio calculations performed on the smallest PAH,
naphthalene, show that the frequency of the symmetric normal
modes responsible for the electron-vibration energy redistribution
are 514.30, 771.15 and 1050.83 cm ™" [ref. 20]. Since the normal
modes are very sensitive to the geometrical structure of the
system, one can expect that higher frequency modes (compared
to PAHSs) will be involved in the electronic relaxation of carbon
cages such as diamondoids. For instance, the three lowest
symmetric modes of adamantane have frequencies of 759.0,
1057.0 and 1496.0 cm ™' [ref. 29]. Consequently, we can assume
that the initially populated vibrational modes have higher
frequency in the case of diamondoids compared to PAHs.
These higher frequency modes are considered as the starting
point of the subsequent vibrational dynamics and therefore one
can expect the redistribution of energy to occur faster. This
could explain the shorter timescales measured in the case of
diamondoids compared to PAHs.

We conclude that in the case of diamondoid cations, the
vibrational energy is spread in few tens of fs over the vibrational
degrees of freedom. With high energy in the nuclear degrees of
freedom, diamondoids are unstable and fragment on longer
timescales. Although there is not detailed theoretical or experimental
investigations about these fragmentation mechanisms, any
fragmentation of diamondoids starts with an essential first
step of the molecular reorganization that is the opening of the
carbon cage.'®'® Cage and ring openings are a general feature
in organic molecules that recently attracted the attention of the
ultrafast community.*® The energy barrier corresponding to the
cage opening in adamantane was found to be 1.71 eV above
the ionization potential of the molecule'® and therefore could
be easily overcome in our experiment. Since the population
dynamics is associated with the energy flow towards nuclear
degrees of freedom and prior to dissociation, one can try to
interrogate the link between 1., and the timescale of cage
opening.

To answer this question, one should consider that the
complete cage opening is expected to occur on femtosecond
timescale and our measurements are rather connected to the
first steps of this structural change. The comparison between
the timescales measured in adamantane and diamantane
provides a direct information on the size dependence of the
process. One expects that the cage opening will take more
time for a larger diamondoid (diamantane). However, the
population timescales in diamantane is about 10 fs faster than
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in adamantane. This decrease of 7,,, with the size of the
molecules is similar to what was observed in our previous work
on PAHs.?! It is associated with the larger number of accessible
degrees of freedom for a larger system, which leads to faster
dynamics. We conclude that in our XUV-IR experiment the
extracted timescale reveals the first instants of energy flow
towards all accessible vibrational modes, which gives birth to
the cage opening and subsequent fragmentation. Thus, our
experiment is neither sensible to the cage opening of the
molecule, neither to the fragmentation process itself which
should occur on longer (picosecond) timescale. The vibrational
dynamics we are measuring is an initial step of energetic
relaxation, prior to any structural change and occurs in the
intact parent ion. The larger the molecule, the faster this initial
step even if the complete structural change itself is slower.

5. Conclusion

In this work, we performed time-resolved experiments to investigate
dynamics induced by XUV ionization in diamondoids. We show
that, similarly to what has been observed previously in PAHs, two
dynamics can be observed using XUV-IR pump-probe scheme: a
decay dynamics associated to the electronic relaxation of correlation
bands (CBs) and a population dynamics associated to energy
redistribution through vibrational degrees of freedom.

In contrast to the case of PAHs, the CBs dynamics was not
observed by measuring the stable dication signal, but using
fragments arising from the dissociation of unstable dications.
We showed that the fast vibrational dynamics measured in
diamondoids could be understood by the high frequency
vibrational modes involved in the relaxation of the CBs in the
case of 3D molecules. We show that in our experiment, the
timescales are associated to the initial step of cage opening
that is a general feature of diamondoid fragmentation. Our
experimental results show that XUV induced ultrafast
electronic and vibrational dynamics in diamondoids occurs
on very short timescales of few tens of fs, reaching a threshold
from where the molecule dissociates through complex
structural rearrangements. Further time-resolved experiments,
for instance using coulomb explosion imaging, could allow to
measure XUV induced structural changes on longer timescales
overall providing a multiscale “movie” of photoinduced
processes in diamondoids.
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