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We report on the use of extreme ultraviolet (XUV, 30.3 nm) radiation from the Free-electron LASer in Hamburg (FLASH) and visible (Vis, 405 nm) photons from an optical laser to investigate the relaxation and fragmentation dynamics of fluorene ions. The ultrashort laser pulses allow to resolve the molecular processes occurring on the femtosecond timescales. Fluorene is a prototypical small polycyclic aromatic hydrocarbon (PAH). Through their infrared emission signature, PAHs have been shown to be ubiquitous in the universe, and they are assumed to play an important role in the chemistry of the interstellar medium. Our experiments track the ionization and dissociative ionization products of fluorene through time-of-flight mass spectrometry and velocity-map imaging. Multiple processes involved in the formation of each of the fragment ions are disentangled through analysis of the ion images. The relaxation lifetimes of the excited fluorene monocation and dication obtained through the fragment formation channels are reported to be in the range of a few tens of femtoseconds to a few picoseconds.
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1 INTRODUCTION
The rich molecular inventory of the interstellar medium (ISM) includes polycyclic aromatic hydrocarbons (PAHs), which are estimated to constitute more than 10% of the total galactic carbon [1–4]. UV photons present in the ISM can be absorbed by the PAHs, which can lead to photodissociation, photoionization, photoemission, and photoelectron emission [5]. PAH molecules absorb UV photons, and they relax through IR photon emission [6]. PAHs also play an active role in the ISM through the photoelectric effect where the photoelectrons emitted from the PAH provide the energy to the gas and atoms in the ISM. It also has been suggested that near the photodissociation regions (PDRs), photolysis of these PAHs may lead to the formation of small hydrocarbons [3, 5]. The unidentified infrared bands (UIR), measured in the interstellar atomic hydrogen (H II) and planetary nebula regions of the ISM, are attributed to PAHs and their clusters in cationic or neutral form [5, 7–9] and are also referred to as Aromatic Infrared Bands (AIBs). With radio telescope observations, the support of laboratory experiments, and quantum chemical calculations, the first PAH (indene) and substituted PAHs (1-cyano-naphthalene and 2-cyano-naphthalene) have recently been identified in the ISM [10–12]. To understand the formation of these species, various mechanisms and hypotheses are proposed, involving small hydrocarbons or hydrogen as precursors. These small species might become available as the fragmentation products of other PAHs under harsh radiations [12–14]. Understanding the complex pathways leading to the formation of the detected carbon-containing species extending from small-sized PAHs to large carbonaceous species (e.g., [image: image] [15]) will provide guidance towards finding more molecules and exploring the constituents of the ISM in the presence of photons, ions, and electrons. One of the ways to look into the complex chemical reactions involved in the ISM is to study the interaction of the relevant molecules with radiation at well defined wavelengths and observing the dissociation products to provide insights into the possible species present in the ISM. Knowledge of the reaction products and the average relaxation lifetimes of the excited species will aid astrochemical evolution models [11].
Despite the remarkable stability of PAHs, they can undergo ionization, isomerization, fragmentation, and dissociative ionization when exposed to high-energy radiation [16–21]. Understanding these processes is challenging for both computational and experimental methods because a large number of nuclear and electronic degrees of freedom are strongly coupled when the system is highly excited and typically enters the non-adiabatic regime, in which the Born-Oppenheimer approximation breaks down [22–25]. The excited species then relax on ultrafast timescales, which can be investigated by pump-probe spectroscopy. Such ultrafast timescales have been observed and reported by several previous laboratory studies [16, 18, 21, 26].
Different experimental approaches exist to investigate the fragmentation products and the fragmentation dynamics of PAHs within different energy regimes (XUV, UV, Vis, IR) [16, 17, 20, 27–29]. The general fragmentation pattern after the interaction of these molecules with high energy photons (a few 10 eV) shows multiple hydrogen losses and a prominent carbon backbone fragmentation, which majorly involves an even number of carbon atoms, for example in the form of acetylene units. The interaction of the molecular beam with high energy photons may also lead to double ionization of the parent molecules, which then dissociate into two monocations involving the loss of zero or an even number of carbon atoms, as shown in photoelectron-photoion-photoion-coincidence (PEPIPICO) measurements [30, 31]. In a recent study employing recoil-frame covariance analysis of velocity-map imaging, we observed a similar behaviour [16]. In the ultraviolet regime, larger PAHs (more than 32 carbon atoms) show more dehydrogenation and less carbon-carbon fragmentation [5] than the small and medium-sized PAHs, which undergo fragmentation affecting the carbon skeleton. Fragmentation of the carbon skeleton could also provide information on the origin of potential species for the hydrogen abstraction and acetylene addition (HACA) model, which is widely suggested as a possible PAH growth mechanism in the photosphere of the asymptotic giant branch stars, where small hydrocarbons form large molecules and soot analogues in the ISM [5, 32].
Here, we present the results from an XUV-Vis pump-probe spectroscopy experiment on the PAH fluorene (FLU, C13H10, molecular mass = 166 a.m.u.), which contains two aliphatic hydrogen atoms. The fluorenyl cation, which is dehydrogenated singly ionized FLU, has been reported to be formed from various other PAHs [33–35], which points towards its considerable stability. In a previous study, FLU molecules were irradiated with visible light (593 nm) and their charged clusters were observed to undergo photo-dehydrogenation and photo-isomerization, resulting in the formation of bowl-type structures [36]. This “curling” mechanism was discussed as a bottom-up step to form the fullerene-type structures that are found in the interstellar medium [36]. The formation of stable large FLU clusters is also interesting in the context of the “grandPAH hypothesis,” according to which only the most stable species are thought to survive in the photodissociation regions [37]. We investigate the interaction of FLU with XUV radiation centered at 30.3 nm (40.9 eV), which corresponds to the helium (He) II emission line. As the dynamics occur on femtosecond (fs) timescales, we use femtosecond XUV pulses generated from FLASH [38]. The resulting ionized system generated by the XUV radiation is then probed by 405 nm (3.1 eV) visible photons. The studies give insight into the relaxation, dissociation, and ionization dynamics of FLU under XUV conditions.
2 MATERIALS AND METHODS
2.1 Experiments
The experiments were performed using the CFEL-ASG Multi Purpose (CAMP) endstation [39] at the beamline BL1 at the FLASH1 branch of the free-electron laser with a double-sided velocity-map-imaging (VMI) spectrometer installed at the CAMP endstation. We used two pulsed beams (XUV and Vis), operated at a repetition rate of 10 Hz. The XUV pulses (λ = 30.3 nm, pulse duration 80–90 fs (FWHM), which is estimated from the pulse length of electrons [40] using the “LOLA instrument” [41]) were provided by FLASH1 with an average pulse energy of 14.5 μJ, which was then reduced to 1.4 μJ by two aluminium filters of thickness 100.9 nm (55% transmission) and 423.4 nm (28% transmission), and the five beamline mirrors (resultant transmission 62%). The second harmonic generation output of a Ti:Sapphire optical laser, obtained using one beta-barium borate (BBO) crystal, was used as the Vis laser pulse (λ = 405 nm, pulse duration less than ∼150 fs, which is estimated from the fundamental beam pulse duration) with a pulse energy up to ∼390 μJ [42].
We used the VMI setup [43, 44] at the CAMP endstation [39] to obtain the ion yields and ion momenta of the FLU parent ions (mono-, di-, and trication) as well as fragment ions as a function of pump-probe delay time. FLU was purchased with 98% purity from Sigma-Aldrich and was used without any further purification. A brief description of the experimental procedure and setup (shown in Figure 1) is as follows. FLU with a melting point of 116°C was heated to 200°C to produce sufficient molecules in the gas phase. The molecular beam was produced via supersonic expansion through a high temperature Even-Lavie pulsed valve with opening times of a few 10 microseconds [45]. We used helium as a carrier gas at 1–2 bar backing pressure. After passing through a pair of skimmers, the well-collimated and internally cooled molecular beam, with the majority of the molecules in their vibrational ground state, entered the vacuum chamber and was irradiated by the two almost collinear beams (XUV and Vis pulses), which crossed each other at a small angle (∼1.5°) with different delay times, Δt, between them. The two pulses interact with the neutral molecules perpendicularly. The ions and electrons produced by ionization or dissociative ionization of the neutral molecules were accelerated by an electric field along two diametrically opposed flight tubes and detected at the microchannel plate (MCP) detector/phosphor detector setups in the “top” and “bottom” detector assemblies, respectively. In this work, only the ion data is discussed.
[image: Figure 1]FIGURE 1 | Schematic of the experimental arrangement at the CAMP endstation at FLASH1 (excluding the ion optics for ion and electron extraction) [39]. The supersonically expanded molecular beam interacts with the XUV and Vis pulses (arriving with a delay time, Δt, between them). After interaction, ions and electrons were velocity-mapped on the ion detector assembly (at the top) and on the electron detector assembly (at the bottom). The paths followed by the beams after the interaction are not shown in the figure.
The ion detector assembly consists of a dual MCP detector coupled to a P47 phosphor screen that converts the position information of each ion hit on the detector to light. A multi-mass imaging PImMS2 sensor in a PImMS camera [46, 47] recorded the velocity-mapped 2D ion images formed by the phosphor screen for all the fragments and parent ions in each interaction event. A high-resolution TOF spectrum was obtained by recording the total signal from the MCP using a 2-GHz analog to digital converter (model: ADQ2AC-4G-MTCA, company: SP Devices). Similar to the ion detector assembly, the electrons were simultaneously velocity-mapped onto a P20 phosphor screen and captured by a charged coupled device (CCD) camera. Each experiment involved scanning over the pump-probe delay time between the two laser pulses and recording the ion yield (intensities of the time-of-flight mass spectrum recorded) and ion momenta (extracted from the ion velocity map images) at each step. In this experiment, we scanned a range of 3 picoseconds (ps) of pump-probe delay time with 0.05 ps steps. At each delay value, ∼250 measurements were acquired in order to obtain sufficient statistics.
2.2 Analysis
The 2D ion velocity-map images captured from the PImMS camera were fully symmetrized (top/bottom/left/right) and then Abel-inverted to obtain the central slices of the 3D product ion velocity distributions, using the onion peeling method implemented in the PyAbel package available in Python [48, 49]. Angular integration of these Abel-inverted velocity-map ion images generated the radial distribution (in pixels), which was converted to ion momentum using a calibration factor determined through SIMION ion trajectory simulations [50]. The momentum distributions were analyzed as a function of delay time, and the resulting pump-probe delay-time dependent ion yields were fitted using in-house developed open source libraries and scripts [51–53]. The fitting procedure is explained in detail in Refs. [54, 55].
The temporal overlap of the two laser pulses (t0) was extracted after simultaneously fitting 18 different pump-probe delay time-dependent ion yield curves, which were recorded in the same dataset, and therefore have the same parameter t0. The resulting t0 with a fit error of 1 femtosecond was then used as a constraint parameter to fit time-dependent ion yields of other fragments, which were fit with multiple transient features as discussed below for the fragment [image: image]. The pump-probe delay time values were corrected for the temporal overlap offset between the two pulses and for jitter in the XUV pulse arrival time that was measured by the beam arrival-time monitor (BAM) [56, 57]. The ion yield intensity was also corrected for shot-to-shot FEL pulse energy fluctuations that is described briefly in the Supplementary Material. Covariance analysis [58] was performed on both TOF and VMI results. The TOF measurements enabled us to calculate TOF-TOF partial covariance. The method is explained in detail in Ref. [59], and the results are shared in the Supplementary Material. The two-body recoil-frame covariance could be calculated from the VMI data, which are discussed in the results section.
3 RESULTS
3.1 Time-Independent Results
3.1.1 Ionization and Fragmentation of FLU
Mass spectra obtained after the interaction of FLU with XUV (mass spectrum in red) and Vis (mass spectrum in blue) radiation are shown in Figure 2A. Subscript “x” depicts the number of hydrogen atoms attached to the fragments (ranges from 1 to 10). In the following section, we first discuss the effect of Vis and XUV photons on FLU separately before we evaluate their combined effects.
[image: Figure 2]FIGURE 2 | (A) Mass spectra shown for two different conditions: XUV only (red) and Vis only (blue), which were measured using the MCP detector. The insets are the zoomed views of less intense fragments. (B) Differential mass spectrum calculated by subtracting the individual XUV only and Vis only spectra from the pump-probe delay-time averaged XUV-Vis mass spectrum in order to visualize the effect of the XUV and Vis pulses.
When FLU absorbs Vis photons, mostly single ionization (ionization potential: 7.88 ± 0.05 eV [60]) with loss of up to three hydrogen atoms (hydrogen dissociation energy: ∼4 eV [16, 61]) and one acetylene (forming [image: image]) is observed. The single hydrogen atom loss from FLU+ is found to be the second most intense peak, FLU+ being the most intense one. As the energy required for ionization and dissociative ionization is more than the single Vis photon energy (3.1 eV), multi-photon processes must be involved [16]. Consequently, several fragmentation channels are also accessible.
The absorption of XUV photons by FLU leads to single, double, and triple ionization. The singly and doubly charged FLU ions show loss of up to three and four hydrogen atoms, respectively. In the mass spectrum, the intensity of the fluorenyl cation [image: image] is observed to be higher than the intensity of [image: image]. The major contribution of [image: image] to the mass spectrum can be attributed to the conversion of an sp3 hybridized carbon to an sp2 hybridized carbon after loss of an aliphatic hydrogen, which makes the molecule a fully conjugated system. Since a single XUV photon has enough energy to cause ionization and/or hydrogen dissociation, the production of the fluorenyl cation is observed to be more intense during XUV interaction than in the case of Vis pulse interaction that needs multiple photons to produce the fluorenyl cation. Low abundance of the fluorenyl cation is consistent to the observation in other studies with rather low ∼4.1 eV photon energy [62] and proton impact studies [19]. Acetylene loss from the parent monocation forming [image: image] and from the parent dication forming [image: image] is also observed. The relative abundance of [image: image] w.r.t [image: image] is higher than that of [image: image] w.r.t [image: image], which points towards a facilitated acetylene loss from the parent dication than from the parent monocation. The possible dissociation pathways leading to the formation of [image: image] and [image: image] and the energies involved in dissociation of the parent mono- and dication are summarized in the Supplementary Material.
A more prominent [image: image] peak is observed in the XUV-only case compared to the Vis-only condition. During interaction with XUV photons, both the parent monocation and the dication can dissociate to produce [image: image]. For the parent monocation, both the formation of the charged acetylene unit, [image: image] (together with the neutral partners, e.g., C11Hy, where the subscript “y” depicts the number of hydrogen atoms in this partner fragment), and formation of neutral C2Hx (together with charged partners, e.g., [image: image]) are feasible. The parent monocation dissociation will be reflected in the low momentum region, i.e., region I in Figure 3, since during the dissociation of the parent monocation, the charged fragments are recoiling from neutral fragments, whereas the parent dication produces [image: image] partnered by charged [image: image] resulting in higher momentum and increase the signal measured in region II in Figure 3. The co-production of these two fragment ions is indicated by the similar momentum profiles in region II, which is confirmed by the recoil-frame covariance (shown in Figure 4). Only a low amount of [image: image] is formed from FLU+, while significant amounts are formed from the FLU2+.
[image: Figure 3]FIGURE 3 | The momentum profiles of [image: image] (blue curve) and [image: image] (black curve) fragments are shown for the XUV-only condition and were acquired from the velocity-mapped ion images. Regions I and II mark ions with low and high momentum, respectively. The momentum matches for the two ions, indicating their co-production, which is confirmed by recoil-frame covariance.
[image: Figure 4]FIGURE 4 | Each square in the dotted grid represents a two-body recoil frame covariance map of the ion of interest with respect to the reference ion, for all the fragment ions, where the direction of the reference ion is vertically upward as also shown in the inset by the black arrow. Self-covariance of an ion with itself is omitted for clarity. Since FLU has 13 carbon atoms, the sum of carbon atoms of the dissociation products cannot exceed 13, and therefore no covariance is expected in the upper half. As an example, the zoomed covariance signal of [image: image] with the reference ion [image: image] is displayed in the inset. The additional subscript “y” depicts the number of hydrogen atoms attached to the fragment, which is the momentum partner of another fragment with the number of hydrogen atoms depicted with subscript “x”. The blue rectangle depicts multiple possible ions with which [image: image] could be produced, similarly the red rectangle and green square highlight the possible partners of [image: image] and [image: image], respectively.
The differential mass spectrum is calculated by subtracting the individual ion yields observed in the XUV only and the Vis only condition from the XUV-Vis pump-probe delay-time averaged mass spectrum (shown in black in Figure 2B). The positive and negative intensity show the increase and decrease in the ion yield, respectively. The decrease in the ion yield of the large fragments or the parent ion species (for example for [image: image], [image: image], and [image: image]) together with the substantial increase in the fragment intensity allude the dissociation of the large species into the smaller fragment ions as a result of the molecular beam interacting with the XUV and Vis pulses.
3.1.2 Ion Momenta and Covariance of Product Fragment Ions
Recoil-frame covariance analysis was performed on the multi-mass VMI data set to discern the correlated ions. The details of covariance mapping can be found in Refs. [63–66]. Briefly, recoil-frame covariance shows the velocity distribution of one ion (ion of interest) with respect to the recoil velocity vector of another ion (reference ion). Figure 4 shows the covariances between all possible monocation pairs resulting from dissociation of FLU2+. Generally, the intense spot directing opposite to the reference ion direction indicates that the two ions (the ion of interest and the reference ion) are created from the same parent molecule, in a simple two-body decay. Since recoil-frame covariance demonstrates the correlated motion of the two species, the blurred spots indicate that they are produced via a more complex mechanism along with other (neutral or charged) partners. It can be observed that [image: image] (green square) is only produced together with an acetylene ion, but that the acetylene ion can be produced with other monocations (blue rectangle). The TOF-TOF partial covariance map provides information on only three of the fragmentation channels involving dissociation of FLU2+ into [image: image] (with [image: image]), [image: image] (with [image: image]), and [image: image] (with [image: image]), shown in the Supplementary Material. To summarize, the mass spectrum and the covariance analysis help us to identify a number of major fragmentation pathways of FLU molecules when subjected to Vis and XUV radiation. The time-dependent results are shown in the next section to understand the time evolution of the XUV-initiated dynamics in FLU molecules, probed using Vis photons.
3.2 Time-Resolved Results
3.2.1 Fragmentation Channels and Their Relative Intensities
We probed the dynamics and fragmentation pathways of fluorene initiated by the XUV photons at different delay times Δt using Vis photons. In the following, negative time delays (Δt < 0) denote Vis light irradiating the FLU molecules before the XUV pulse, and positive delays (Δt > 0) denote XUV pulses arriving earlier than Vis pulses, where the time at which the pulses coincide corresponds to Δt = 0. In the notation (i,j), “i” indicates the charge state of the ion of interest, and “j” depicts the charge state of the partner produced along with the ion of interest. The (1,0) channel would thus correspond to a monocation (ion of interest) recoiling against a neutral partner. Such products will have lower momentum than in the case of the (1,1) channel, where the monocation is recoiling against another monocation and experiences Coulomb repulsion, which is absent when recoiling against a neutral partner. We specify [image: image], [image: image], [image: image] as small fragments, [image: image] and [image: image] as large fragments, and the others are considered as medium fragments.
Figure 5A shows the delay-time averaged velocity-map ion images for two fragments [image: image] and [image: image]. These images were processed to obtain the momentum distribution as a function of delay time shown in Figure 5B, which can be divided into three channels: (1,0), (1,1), and (1,2) to depict low, medium, and high momentum regions, respectively. The signal intensity is then integrated over the momentum coordinate to generate pump-probe delay time-dependent ion yields in these distinct channels (green points in Figures 6C,D).
[image: Figure 5]FIGURE 5 | Results for two of the fragments, [image: image] and [image: image]: (A) 2D raw velocity-mapped ion images for the two fragments. The x and y axes denote the pixels of the PImMS camera (324 × 324). The black spots in the ion images are due to an artifact in the MCP detector. These images are later fully symmetrized and then Abel-inverted to obtain the central slice of the 3D velocity distribution. This central slice is angularly integrated, and the resultant momentum distribution is plotted as a function of delay time shown in (B). (B) Momentum distribution as a function of pump-probe delay for two fragment ions showing momentum matching in the (1,1) channel, indicating their co-production in the same fragmentation reaction, which is verified by the two-body recoil frame covariance. The white vertical dotted line indicates the overlap of the two pulses at t0.
[image: Figure 6]FIGURE 6 | Schematics of the XUV-pump, Vis-probe regime for the monocation and dication, (A) and (B), respectively. The orange arrow depicts the relaxation of electronically excited ions over time. The letters M and N depict other possible fragments, which may be produced with the fragment [image: image]. Ion yield dependences [in (B)] on the pump-probe delay time for the fragment ion [image: image] is shown for both (1,0) (C) and (1,1) channel (D). The black curve is the final fitted curve, which is the result of transient peaks (blue, brown, and orange) and the step function (magenta curve). In all the curves the shaded area depicts the error. (C) The downward transient peak in the (1,0) channel depicts the transient depletion in the ion yield. (D) The (1,1) channel is fitted with three transient features, which comprises of two peaks showing transient decrease in the ion yields (peak 1 and peak 3) and one peak indicating transient increase (peak 2).
FLU undergoes single and double ionization upon interaction with XUV photons, the resulting parent monocation and the dication interact with the Vis probe pulse and dissociate into the (1,0) and (1,1) channels of the fragment ions, respectively. This dissociation is evident by a sudden decrease in signal for the parent ions accompanied by an increase in the intensity of fragment ions after Δt = 0. For small fragments, the (1,1) channel is observed to be the most dominant amongst the (1,0), (1,1) and (1,2) channels as shown in Figure 5B for [image: image]. On the contrary, the medium-sized fragments are observed to be mostly produced through the (1,0) channel, shown in Figure 5B for [image: image]. The preference of the (1,0) channel and (1,1) channel by medium and small-sized ions, respectively, is explained as follows. During the dissociation of the parent monocation, the charge is mostly carried by the larger fragment than the smaller fragment due to higher ionization potential energy of the smaller fragment. As a result, the medium-sized fragments carry away the charges and are produced with neutrals in the (1,0) channel. The dissociation of the parent dication into the (1,1) channel is energetically favorable, which results in the production of small fragment ions in the (1,1) channel. Therefore, small charged ions are preferably produced with other medium-sized ions in the (1,1) channel than being produced in the (1,0) channel. Although the medium-sized ions are being produced through both channels (1,0) and (1,1), the (1,0) channel is observed to be more pronounced because of the larger production of the parent monocations as shown in Figure 5B. A similar trend in the preference of the channels is shown in the Supplementary Material for other small and medium-sized fragments.
3.2.2 Internal Relaxation Lifetimes
The experimental delay-time dependent ion yields are displayed with green points in Figures 6C,D. The black curve shows the final fit result, which has two major components, namely the step function (magenta curve) and transient peaks (blue, orange, and brown curves). The step function corresponds to the transition from the Vis-pump/XUV-probe (negative Δt) regime to the XUV-pump/Vis-probe (positive Δt) regime. The pronounced increase/decrease in the ion yields are depicted by transient peaks, which are observed in the positive Δt regions, i.e., we observed transient features when the FLU molecules are first pumped by the XUV photons to the singly and doubly ionized states, and the resulting parent monocations and dications dissociate through a number of fragmentation pathways after interaction with the Vis pulses. The various fragmentation channels arise from different ensembles of electronic states, giving rise to different relaxation lifetimes for each channel. In the following, we address the average electronic relaxation lifetimes of FLU monocation and dication obtained from the data on dissociation into [image: image] through the (1,0) and (1,1) channel. The [image: image] ion is highlighted as an example, which shows all the features observed across the other fragment ions.
FLU+*: After absorbing an XUV photon, the FLU monocation may be formed in electronically excited states (FLU+*), which relaxes over time to low-lying electronic states depicted as FLU+. The relaxation process is probed using Vis pulses, as shown schematically in Figure 6A. Near t0, FLU+* may undergo two processes, denoted by pathways (1) and (2). The Vis pulse may induce dissociative ionization, promoting FLU+* to FLU2+* that dissociates into [image: image] and [image: image] [the (1,1) channel of [image: image]], demonstrated by pathway (1) following the blue arrows. As a side note, [image: image] could also be produced with other monocations in a (1,1,0) channel with neutral co-fragments. Another possibility is that FLU+* can spontaneously dissociate through the (1,0) channel of [image: image] before the arrival of the probe pulse. The Vis pulse can ionize the neutral fragments produced in the (1,0) channel of [image: image] and convert the (1,0) channel to a (1,1) channel as indicated by pathway (2) following the green arrows. During this conversion, the two charged fragments in the resulting (1,1) channel are still close enough to face a strong Coulombic repulsion and must appear in the (1,1) channel region of the momentum distribution. Upon arrival of the Vis pulse during the evolution of the system along pathway (2), the (1,0) channel can in principle also lead to a (2,0) channel, if the Vis pulse ionizes the charged fragment [image: image] rather than the neutral C9Hy, thus there may also be a conversion from the (1,0) to the (2,0) channel. Since double ionization of the small fragment has a comparable low probability and we do not observe this conversion, this process is not discussed here and is not included in the schematic. At longer delay, the FLU+* electronically relaxes (orange arrow in Figure 6A), and the Vis pulses can only lead to dissociation of relaxed FLU+ through the (1,0) channel [pathway (3)].
Overall, these three pathways contribute to the transient increase in the (1,1) channel of [image: image] (blue peak 2 in Figure 6D), which matches the transient decrease in the (1,0) channel of the [image: image] yield (blue peak 1 in Figure 6C) near time Δt = 0. The timescales of the transient peaks correspond to the relaxation lifetime of the FLU+* electronic states, which lead to the formation of [image: image] in the channels described above. These lifetimes are found to be 249 ± 10 fs and 339 ± 77 fs, for the depletion of the (1,0) [pathway (3)] and increase in the (1,1) channel (pathways (1) and (2) in Figure 6A, respectively). In addition to relaxation via carbon loss fragmentation channels, the H-loss channel also shows a transient increase, with a relaxation lifetime of 136 ± 7 fs. All other fragments have similar transient increase and decrease features in their (1,1) and (1,0) channels, respectively, except [image: image], where the data had a significant [image: image] contamination. These are shown in the Supplementary Material.
FLU2+*: XUV photon absorption also forms FLU in an electronically excited dication state, FLU2+*. Similar to the processes described above, near t0 we probe a number of dissociative pathways. Pathway (4) demonstrates dissociative ionization of FLU2+* after interaction with Vis photons forming FLU3+*, which dissociates through either (1,2) or (1,1,1) channels (monocation recoiling against two other monocations), shown in Figure 6B following the blue arrows. The other pathway (5) depicts spontaneous dissociation of the FLU2+* ions into the (1,1) channel, before the arrival of the Vis pulse. The Vis pulse may lead to the formation of the (1,2) or (1,1,1) channel of [image: image]. If alternatively there is a sufficiently long delay time, the FLU2+* molecules relax to FLU2+, and promotion to the next ionization state by the Vis pulse is less favoured. The relaxed FLU2+ can then dissociate through the (1,1) channel upon arrival of the Vis pulse.
We observed two peaks depicting transient depletion in the ion yields in the (1,1) channel of [image: image], indicated as peak 1 (brown) and peak 3 (orange) in Figure 6D. The less intense peak 1 corresponds to a short lifetime of 30 ± 14 fs showing the depletion in the ion yield near t0. This depletion is attributed to the corresponding transient increase in the (1,2) channel of [image: image]. In our experiments, the signal for the (1,2) channel is very low, which could be due to the less intense probe pulse, and the corresponding increase in the (1,2) channel is not observed clearly. But the presence of the (1,2) channel for the fragment ion [image: image] was visible in a previous study with a different probe (810 nm), and a similar short lifetime of 17 ± 5 fs was reported [16]. Therefore, the peak 1 can be attributed to the shifting of population from the (1,1) channel to the (1,2) channel of [image: image] near t0.
Peak 3 with a long lifetime of 1001 ± 204 fs can be attributed to the formation of the (1,1,1) channel. Formation of the (1,1,1) channel initiated by the Vis pulse involves production of three fragment ions, which can be produced at any time after the Vis pulse interaction. This leads to their production in a longer time span resulting in longer lifetime. The corresponding increase in the (1,1,1) channel can not be shown since this channel will have a large momentum distribution that could not be disentangled through the momentum maps. To summarize, the relaxation lifetime of FLU2+* is determined via three pathways (4), (5), and (6), which result in transient depletion in the (1,1) channel resolvable for conversion into two dissociation channels, namely the (1,2) channel with a lifetime of 30 ± 14 fs and the (1,1,1) channel with a lifetime of 1001 ± 204 fs.
In addition to the FLU2+* lifetimes obtained through the carbon skeleton fragmentation channels, we also obtained the relaxation lifetime of the FLU dication dissociating through the H-loss channel, which was found to be 117 ± 6 fs. The H-loss relaxation lifetimes of FLU2+* and FLU+* are similar and indicate that hydrogen loss from the parent ion, which involves σ-bond fission, is unaffected by the difference in the charge states that are mostly localized in the conjugated-π system. The lifetimes extracted from other fragments are tabulated in the Supplementary Material.
The fragment ions with higher masses than [image: image] were fitted with a single transient increase peak. The absence of multiple peaks in the (1,1) channels for these heavier mass fragments is attributed to the following two reasons. Firstly, the conversion from the (1,1) channel to the (1,2) channel for the higher masses might be inaccessible since the small partner ions of these large fragments are difficult to doubly ionize by the Vis pulse, due to the higher ionization potential compared to the larger fragments and even higher double ionization potential. Secondly, the (1,1,1) channel is formed by the dissociation of the FLU trication into smaller fragments, and hence this channel is likely to have a significantly smaller branching ratio due to the fact that one of the fragments is already large.
Relaxation lifetimes for near-ionization-threshold electronic states of FLU2+* could also be extracted from the transient increase in the FLU trication signal. As depicted in process (4) in the schematic of Figure 6B, the Vis pulse absorption by FLU2+* results in the formation of FLU trication, observed as a transient increase in the FLU3+ ion yield. This transient peak corresponds to a relaxation lifetime of 184 ± 44 fs, which was measured using 405 nm Vis photons as the probe pulse (∼390 μJ pulse energy). The relaxation lifetime was also determined before using XUV-IR (30.3 and 810 nm) [16] pump-probe studies to be 126 ± 16 fs, which is somewhat lower compared to the XUV-Vis studies reported here.
4 DISCUSSION
4.1 Effect of Fragment Size on the Observed Relaxation Lifetimes
The relaxation of the electronically excited FLU monocation and dication is probed via Vis pulses by inducing dissociation and/or dissociative ionization. Various fragment ions thus produced would show different relaxation lifetimes (τr) of FLU+ and FLU2+. The effect of the fragment ion’s size on the τr can be observed in Figures 7A,B, where we plot the identified relaxation lifetimes as a function of the number of carbon atoms in the fragment ion. The respective τr of FLU+* determined through the (1,0) channel and the (1,1) channel are depicted by the blue curves in Figures 7A,B. The small fragments with number of carbons atoms from two to eight indicate similar lifetimes (τr) whereas the large fragments [image: image] and [image: image] except [image: image] show longer τr.
[image: Figure 7]FIGURE 7 | Observed trends as a function of fragment size. (A) Relaxation lifetime of FLU+* plotted as a function of the number of carbon atoms of the fragment, with which the relaxation lifetime is associated. This demonstrates the depletion of the (1,0) channel and the formation of the (1,1) channel. (B) Relaxation lifetime of FLU monocation and dication plotted as a function of the number of carbon atoms of the fragment obtained from the (1,1) channel, depicting three processes. First, conversion of the (1,0) channel to the (1,1) channel, which corresponds to the electronic relaxation lifetimes of the FLU monocation (blue curve). Second, conversion of the (1,1) channel to the (1,2) channel, which corresponds to the electronic relaxation lifetimes of the FLU dication (black curve). Third, conversion of the (1,1) channel to the (1,1,1) channel, which also corresponds to the electronic relaxation lifetimes of the FLU dication (green curve). The fragment ion [image: image] with a lifetime of 2.987 ± 0.006 ps, which would be on the blue curve, has been omitted for better visibility of the other fragments with much shorter lifetimes.
The longer and shorter relaxation lifetimes for the small and large fragments, respectively, can be explained as follows: as can be inferred from the covariance maps (Figure 4), the smaller fragments have more possible dissociation partners, and hence more fragmentation pathways are associated with them. The relaxation of FLU+* into these multiple pathways, involving the formation of a small fragment with various other partners, is not completely resolvable. The resultant transient peaks thus have contributions from all possible formation pathways, and hence longer lifetimes are observed compared to the large fragments having a relatively low number of formation pathways resulting in shorter lifetimes.
The longer lifetime corresponding to the [image: image] fragment ion is an exception to the lifetimes extracted from other large fragment ions. This exception is attributed to the fact that the formation pathway of [image: image] involves acetylene loss from the parent species. This pathway is thought to progress via a mechanism involving rearrangement of the rings to allow C2H2 loss described in Ref. [67], which is not the case for the C3Hx loss or C4Hx loss leading to the formation of other large fragments. This low-energy dissociative pathway forming [image: image] is likely to be initiated by the Vis pulse from a wide range of electronic states of FLU+, which results in longer relaxation lifetimes. The relaxation lifetimes of FLU2+* were obtained from the shift of population from the (1,1) channel to the (1,2) and (1,1,1) channels of small fragment ions. The absence of these features in the large fragments was explained in the previous section. The observation of similar lifetimes for small fragments is consistent here as depicted by the green and black curve in Figure 7B.
4.2 Effect of Probe Pulse on the Observed Relaxation Lifetimes
As reported in the results section, the relaxation lifetimes of FLU2+* were found to be different when probed with IR and Vis pulses. This difference in the recorded lifetime with the Vis pulse is attributed to its higher probe energy, which is able to excite lower-lying states of FLU2+* to FLU3+*, resulting in an increase in the observed relaxation lifetimes.
5 SUMMARY AND CONCLUSION
We studied the interaction of FLU molecules with XUV radiation, which is present in the interstellar medium as He II emission line. FLU was observed to undergo numerous processes, involving single and double ionization, dominant single dehydrogenation post single ionization, and fragmentation into various carbon loss channels with acetylene loss being a major process. The fragments observed in the mass spectrum can be thought of as potential ions that would be present in the ISM as a result of UV induced photodissociation.
The recoil-frame covariance technique exhibited the primary, secondary, and tertiary fragmentation of the parent dication that have occurred from a high amount of residual energy given by the high-energy photons. The ultrafast pump-probe measurements with the 405 nm probe enabled us to investigate the ultrafast decay of electronically excited and highly energetic parent ions that are promoted to the next charge state dissociation and/or non-dissociation channels.
Interaction with high energy photons opened the possibility for parent ion dissociation through a large number of fragmentation pathways. The momentum resolution provided by the velocity map imaging made it possible to distinguish between several channels for the fragments, which we label as (1,0), (1,1) and (1,2) channels. A detailed analysis on the fragments showed the transient depletion and enhancement of the ion yields, as a result of the FLU+* and FLU2+* ions’ temporal relaxation into different energy levels. It is interesting to observe the time-resolved shift of the population from one channel to another one of the observed fragments, revealing the lifetimes of the species they are formed from. The results enabled us to determine the dependence of the relaxation lifetimes on the fragment size. These relaxation lifetimes were reported to be in the range of 10 fs to a few ps. The range of the lifetimes is similar to the lifetimes that were reported to be in the range of 10–100 fs using XUV-IR pump-probe spectroscopy [16, 18, 26].
In this work, we used and discussed different experimental and analytical tools to investigate the fundamental photophysics and chemical processes engaged after the interaction of fluorene with XUV radiation. Through these processes, the relaxation lifetimes of the fluorene parent ions were extracted, which are beneficial to gaining a complete view of the timescales of small PAHs. All dissociation products from fluorene were found to have reaction pathways decaying on the sub-picosecond timescale, indicating non-adiabatic relaxation mediated by a high number of conical intersections. As PAHs typically have a high density of states, similar to fluorene, ultrafast relaxation across all charge states investigated might be expected amongst PAH molecules in general. Overall, exploring the possible reaction pathways of the fluorene cations in its non-radiative regime is advantageous for the fundamental femtochemistry and astrochemistry fields.
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