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Structural rearrangements in ions are essential for understanding the composition and evolution of energetic and chemically active environments. This study explores the interconversion routes for simple polycyclic aromatic hydrocarbons, namely naphthalene and azulene radical cations (C 10 H + 8 ), by combining mass spectrometry and vacuum ultraviolet tunable synchrotron radiation through the chemical monitoring technique. Products of ion-molecule reactions are used to probe C 10 H + 8

structures that are formed as a function of their internal energies. Isomerisation from azulene radical cation towards naphthalene radical cation in a timescale faster than 80 µs was monitored, whereas no reverse isomerisation was observed in the same time window. When energising C 10 H + 8 with more than 6 eV, the reactivity of C 10 H + 8 unveils the formation of a new isomeric group with a contrasted reactivity compared with naphthalene and azulene cations. We tentatively assigned these structures to phenylvinylacetylene cations.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) and their derivatives represent a major class of organic molecules that have enthralled chemists since their discovery due to their peculiar aromaticity nature. [1] They have attracted attention from various chemical communities as they are essential in the understanding of the chemical network at play in the interstellar medium [2][3][4] and in hydrocarbon combustion processes. [5][6][7][8] Furthermore, anthropogenic activities lead to the release of a large amount of PAHs in our atmosphere and soils. As many PAHs have been shown to be toxic, mutagenic and/or carcinogenic to humans as well as microorganisms, causing severe health and environmental issues, [9][10][11][12] understanding their formation, transformation, and destruction mechanisms is thus of upmost importance.

Charged and predominantly positively charged PAHs play a determining role in the chemical evolution in environments exposed to energetic processes such as flames, [START_REF] Homann | Symposium (International) on Combustion[END_REF][START_REF] Fialkov | [END_REF] plasmas, [15,16] and interstellar medium. [17,18] In these environments most of the small-size PAHs exist in the gas phase. The absorption of ultraviolet (UV) radiation can drive several chemical transformations such as fragmentation and/or isomerisation that can modify the chemical properties of the newly formed species. The amount of internal energy deposited into the PAH systems can stir the isomeric distribution population, which in turn affects the available dissociation pathways and the chemical properties of the systems. The unimolecular reactions leading to fragmentation processes have been experimentally and theoretically studied extensively for the prototypical PAH system, e.g., naphthalene cation (Naph + ) and its close-lying isomer azulene cation (Azu + ) [19][20][21][22][23][24][25][26][27][28][29] but exclusively theoretically for the isomerisation reactions that interconvert them. [26,28,30] The C 10 H + 8 gas-phase ion chemistry resulting from absorption of UV photons has proven to be very complex, owing to the richness of low-lying isomers creating a complicated potential energy surface (a simplified version can be found in Figure 1), further frustrated by kinetic considerations as many isomerisation and fragmentation routes are competing on a very extended potential energy surface. [26,28] Mass spectrometry (MS) studies have evidenced that, for both Naph + and Azu + , the major dissociation pathways correspond the loss of H and C 2 H 2 . [19,27] Additionally, at high photon energy (20.58 eV) the fragments observed in the mass spectra starting from both species are similar, [19] which indicates that common transient species must be reached prior to dissociation. However, MS is only sensitive to the mass-to-charge ratio so that without using activation methods, structural information cannot be retrieved.

Experimentally, two studies have investigated the C 8 H + 6 structures resulting from the loss of a C 2 H 2 from

Naph + . [23,29] Schroeter et al. [23] utilised a large panel of complementary mass spectrometric techniques. 8 potential energy surface including several interconversion routes and the main C 2 H 2 loss channels. PE + , PA + , BCB + , PVA + , Naph + , and Azu + stand for the radical cation of pentalene, phenylacetylene, benzocyclobutadiene, phenylvinylacetylene, naphthalene, and azulene, respectively. The energies are taken from the work of Mebel and coworkers. [26] The italic values indicate transition state (TS) energies and the shaded grey area represents the energy range covered by the lowest to the highest TS of the six most probable Naph + ↔ Azu + pathways. species obtained from the loss of acetylene upon dissociative ionisation of Naph, they have been able to rule out phenylacetylene radical cation (PA + ), acyclic structures, and an eight-membered ring structure. They proposed the formation of benzocyclobutadiene radical cation (BCB + ) to be the most favoured one, as previously suggested theoretically by Lifshitz and coworkers. [31] However, the presence of other isomers could not be firmly excluded and rightly so because later Bouwman et al. [29] showed spectroscopically the presence of another structure, the pentalene radical cation (PE + ). and Mayer, [28] that combines density-functional theory (DFT) calculations with Rice-Ramsperger-Kassel-Marcus (RRKM) theory, to conclude that the main C 8 H + 6 isomer from C 2 H 2 -loss at low internal energies of the naphthalene cation is PE + , whereas the contributions of PA + and BCB + grow as the internal energy of Naph + rises. Mebel and coworkers [26] had computed the C 10 H + 8 potential energy surface at higher level of theory using composite method (G3(MP2,CC)//B3LYP) and used RRKM theory to study the photodissociation of Azu + , indicating that the main isomer from C 2 H 2 -loss at low internal energies of

Azu + is also PE + .
We present hereafter results using the chemical monitoring technique consisting in tracking reactivity changes as a function of photoionisation energy. The increase in photon energy produces ions with higher internal energy content and eventually drives unimolecular isomerisation reactions, where the newly formed isomer might exhibit different reactivity with the neutral target. Therefore, changes in reactivity can be used as proxies for the formation of new isomers. We report the structures of C 10 H + 8 species ≈ 80 µs after photoionisation of Azu and Naph -corresponding to a microcanonical rate coefficient of ≈ 10 4 s -1 .

This technique was recently successfully used to disentangle the structural diversity of C 6 H + 4 formed upon dissociative ionisation of PA, Azu, and Naph. [32] Experimental section

Reactive ions (C 10 H + 8 ) were produced by photoionisation of Azu and Naph in the 7 to 20 eV photon energy range using the DESIRS undulator-based vacuum ultraviolet (VUV) beamline [33] at the SOLEIL synchrotron facility in Saint-Aubin (France). Higher order light was removed from the beam by using a gas filter either filled with Kr, Ar or Ne depending on the energy range (8-14, 8-15.5 and 13.5-20 eV respectively).

The reaction products are monitored using a tandem mass spectrometer known as CERISES, [34] which is composed of two octopoles placed between two quadrupole mass filters. The first quadrupole mass filter is used to mass select the desired reactant ions, the first octopole is used to guide these ions to the reaction cell while controlling their collision energy, the second octopole enables to radially confine the ionic products of reactions and to guide them prior to mass analysis with the second quadrupole. The measurements of the quantity of parent and product ions and the absolute pressure of the neutral reactant in the reaction cell enable to obtain the absolute reaction cross sections. Therefore the cross section can be obtained as a function of the collision energy by varying the potential applied along the first octopole and/or the internal energy of the parent ions by varying the photon energy used for the photoionisation process. In the present study, sensitivity to collision energy was recorded for all products at few photon energies, in order to identify the reaction mechanism, either adduct formation versus charge transfer (rapid decrease of cross sections proportional to velocity versus close to constant cross section in the 0-20 eV collision energy range). When scanning the photon energy, the collision energies were set between 0.07 and 0.15 eV in the centre-of-mass reference frame, depending on the system under investigation. Tracking of the isomerisation process relies on the observation of reactivity changes as a function of the photon energy. Four different neutral targets have been used as the difference in reactivity between isomeric ions can also depend on the chemical nature of the neutral reactants. The four neutral reactants were the two C 3 H 4 isomers propyne and allene, methanol (MeOH), and 1,2,4,5-tetramethylbenzene (TMB). They were introduced in the 4 cm long reaction cell at a maximum pressure of 70 nbar, ensuring single collision regime.

Results and discussions

Thermodynamical considerations

The ionisation energies (IEs) are important thermodynamical data, especially in the realm of charge transfer (CT) reaction mechanisms. Indeed, a sine qua non condition for a CT reaction is that the IE of the neutral partner is lower than the IE of the neutral counterpart of the ionic partner. In addition, the cross section for CT reactions are normally governed by Franck-Condon factors and energy resonance but mostly in a simple approach the CT cross section increases with the decrease of the IE difference of the two reactive species.

All IEs of the molecules used in this study are summarised in Table 1.

Appearance energies (AEs) of ionic fragments result from the convolution between thermodynamical energies and kinetic processes, which are important trackers of the unimolecular chemistry happening in the Species Naph [35] Azu [36] Allene [37] Propyne [38] TMB [39] MeOH [40] IEs (eV) The internal energy of the parent ions is tuned by scanning the photon energy used for the photoionisation process. Two important considerations should be noted: i) for each photon energy, the ions will be generated with a distribution of internal energy as the excess of energy can be distributed between the ion and the photoelectron. The use of photoelectron-photoion coincidence experiment enables to produce ions with known internal energy defined by the difference between the photon and the ionisation energy (example of such experiment on Naph + can be found in Ref. 27). The CERISES ion source can be tuned in this mode of ion production, [41] however, the acquisition time becomes very long and would not have permitted to carry out the present study. ii) A high density of accessible states and/or long Franck-Condon progressions are mandatory to obtain a quasi-continuum of states and thus a gradual change of the internal energy distribution of the produced ions. The He I photoelectron spectra of Naph [42] and Azu [43] show that this is the case for both systems. 2.

Isomerisation from ionised Naph

We assume that near the first ionisation threshold of Naph (8.14 eV), the structure of C 10 H + 8 formed corresponds to Naph + . This assumption enables to conclude that Naph + undergoes strong CT reaction with TMB (panel b) of Figure 2), as expected, but presents a weak chemical reactivity -no reactivity with allene and propyne (panels c) and d) of Figure 2) and two weak reaction channels from the reaction with MeOH (panel e) of Figure 2). The cross section of the CT reaction decreases as the internal energy of Naph + increases and at ≈ 12.8 eV a dissociative CT channel (CH 3 loss) kicks in. The dissociative CT reaction can serve as a Naph + thermometer, which will be useful in the following sections.

The high-energy region exhibits a richer chemistry that involves bond forming/breaking reactions. All together with the fact that the CT cross section starts to plateau at the same energy where chemistry arises indicating the formation of a new population of C 10 H + 8 isomers. In other words, these observations imply that beyond a photoionisation energy of ≈ 14.4 eV no more internal energy can be deposited into Naph + without driving isomerisation and/or dissociation reactions. Although we do not have unambiguous means of elucidating the structures of the isomer(s) formed above 14.4 eV, their higher chemical reactivity could indicate ring-opened structures such as alkylated benzene species. Solano and Mayer [28] have separated C 10 H + 8 isomers based on kinetic barriers and RRKM rate constants, they concluded that C 10 H + 8 population rapidly equilibrates to a mixture of E-and Z-phenylvinylacetylene (PVA) cations (structure shown in Figure 1).

The formation rate of Azu + (second lowest energy on the C 10 H + 8 potential energy surface) from Naph + is much slower than the rate to form E-and Z-PVA + . The cross section spectrum of the reaction of Naph + with TMB does not present evidence of isomerisation from Naph + to Azu + . Indeed, as the IE of Azu is lower than the IE of TMB no CT reaction from Azu + to TMB is expected. The cross section of the CT between Naph + and TMB is regularly decreasing up to 14.4 eV so that no significant abrupt drop is observed as one would expect if Azu + was significantly formed. This observation is in agreement with the slow RRKM rate calculated by Solano and Mayer, [28] however, a signal depletion is always more challenging to observe than a growth on background-free baseline so we cannot rule out that a small part of Naph + isomerises to Azu + . From the spectroscopic observation of PE + , Bouwman et al. [29] inferred a formation mechanism of PE + involving an isomerisation from Naph + to Azu + prior to dissociation. They generated ions directly inside an ion trap by two-photon ionisation process at 193 nm, creating an excitation of 12.85 eV.

This excitation energy is ≈ 0.4 eV below our C 8 H + 6 AE from Naph, suggesting that their observable time window is longer than ours so that they can explore the Azu + part of the potential energy surface from Naph + . According to the RRKM calculations of Mebel and coworkers [26] and assuming that we have a microcanonical rate constant of 10 4 s -1 , the isomerisation from Naph + to Azu + should occur between 14.4 and 15.1 eV. Photon energy of 14.4 eV coincides with the apparition of an other group of isomer(s), probably PVA + . [28] Solano and Mayer [28] calculated that PVA + should be predominant at low internal energy but that formation of Azu + should compete more and more with PVA + as the photon energies increase.

However, we did not clearly observe the formation of Azu + , this isomerisation reaction might be occurring but it can be obscured by the reactivity of PVA + and additionally the absence of a specific reaction channel associated with Azu + further complicates its detection. 3.

Isomerisation from ionised Azu

Similarly to the Naph + case, we can make the assumption that the low-energy region corresponds to the formation of only Azu + . No CT occurs with TMB as anticipated based on the IE differences. No chemical reactivity is observed with the two C 3 H 4 isomers and neither with a functionalised reactant partner such as MeOH. The second energy region exhibits the same chemistry as Naph + and undergoes CT with TMB so that we can unambiguously infer that isomerisation from Azu + to Naph + is taking place in region ii).

The maximum CT cross sections reached starting from Naph and Azu are 280 and 60 Å2 , respectively, but no quantitative discussion on the isomerisation yield can be made due to the unknown internal energy distribution of the C 10 H + 8 ions. The dissociative CT channel opens up only at 11.8 eV when starting from

Naph but is present at the isomerisation threshold from Azu, and its cross section parallels the CT cross section to reach a plateau for Azu + while it had an anti-parallel behaviour in Naph + . This indicates that a constant internal energy population of Naph + is produced after isomerisation and produces Naph + with a large amount of internal energy. Interestingly, the cross sections of the dissociative CT reach a plateau between 4 and 5 Å2 for both Naph + and Azu + , which can be understood either as Naph + ions are formed with more internal energy by isomerisation than by direct photoionisation or that the temperature distribution of Naph + formed from Azu + is narrowly distributed around hot temperatures. The CT and thus the isomerisation begins 4.2 eV above the ionisation threshold of Azu. Mebel and coworkers [26] have identified six groups of possible interconversion pathways between Naph + and Azu + , which are all thermodynamically accessible within 4.2 eV of energy. The extrapolation of the RRKM calculations that they performed predicts that at such internal energies the two most probable rearrangements occur through either bicyclobutane or norcaradiene mechanisms. Furthermore, they predicted that it would take about 0.37 µs at 12.4 eV for Azu + to isomerise to Naph + , which is two order of magnitudes faster than our time limit of detectability thus comforting our observations.

The high-energy region reveals the same chemistry as the high-energy one in Naph + . At 20 eV, the cross sections are identical within the experimental uncertainties, indicating that the C 10 H + 8 isomeric population must be very similar starting from Naph or Azu, which rationalises the finding that the photoionisation mass spectra of the two isomers are nearly identical at 20.58 eV. [19] In the case of Naph, the apparition of the "highly" reactive C 10 H + 8 population arrives 6.3 eV above the IE, which is quite similar to the Azu case -6 eV above the IE. The similar amount of internal energy needed for the systems to reach the reactive C 10 H + 8 isomers further indicates that at high energies Naph + and Azu + explore similar parts of the C 10 H + 8 potential energy surface leading to akin isomeric populations.

Conclusion

This work provides evidence for several C 10 H + 8 isomerisation reactions upon photoionisation from azulene and naphtahlene by monitoring different structure-specific ion-molecule reaction channels as a function of 11 photoionisation energies. We could not observe the interconversion from Naph + to Azu + in our observable time window (< 80 µs), whereas the interconversion from Azu + to Naph + was observed through CT reaction with TMB and bonds forming/breaking chemical reactions with MeOH. Azu + and Naph + exhibit very similar chemical properties at high energy, i.e., ≈> 6 eV of internal energy. The increase in reactivity, the large amount of energy needed to form these species, and the previous RRKM studies point toward structures where one ring has been opened such as PVA + isomers.

Overall Azu + and Naph + showed a very limited reactivity except for CT reaction. In an astrophysical context, as nearly no reactivity below the Lyman α (13.6 eV) is observed, it appears that Azu + and Naph + will mainly play a role in the chemical evolution of the interstellar medium through CT reactions or through their reactive ionic photo-fragments.

We have presented direct evidence of 5-to 6-membered ring and 7-to 6-membered ring conversion with the isomerisation from Azu + to Naph + . We unveiled the apparition of a third family of isomers that enhances the reactivity of the C 10 H + 8 species that might play an important piece in energised environments.

In a more global picture, these results on the prototypical PAHs that are Naph + and Azu + emphasise the role that may be played by isomers that are not necessarily the most stable ones.

Figure 1 :

 1 Figure 1: Schematic representation of the C 10 H +8 potential energy surface including several interconversion routes and the main C 2 H 2 loss channels. PE + , PA + , BCB + , PVA + , Naph + , and Azu + stand for the radical cation of pentalene, phenylacetylene, benzocyclobutadiene, phenylvinylacetylene, naphthalene, and azulene, respectively. The energies are taken from the work of Mebel and coworkers.[26] The italic values indicate transition state (TS) energies and the shaded grey area represents the energy range covered by the lowest to the highest TS of the six most probable Naph + ↔ Azu + pathways.

Figure 2

 2 Figure 2 displays in panel a) the photoion yield of C 10 H + 8 from Naph over the 7.8 to 20 eV photon energy range and the reactivity of Naph + with TMB, Propyne, Allene, and MeOH in panel b), c), d), and e), respectively. Two regions can be distinguished: i) the low-energy region [8.1 (IE) -14.4 eV] and ii) high-energy region [> 14.4 eV]. The reactivity of Naph + is summarised in Table2.

Figure 2 :

 2 Figure 2: Panel a) shows the ion yield obtained for C 10 H + 8 using Naph as a precursor. Panels b), c), d), and e) display the reaction cross sections of the corresponding C 10 H + 8 ions with TMB, propyne, allene, and MeOH, respectively, as a function of the photon energy. The collision energy in the centre-of-mass reference frame is indicated as E CM . Empty symbols or duller ones indicate that a different gas was used to filter out higher order light.

Figure 3 8 fromFigure 3 :

 383 Figure 3 shows in panel a) the photoion yield of C 10 H + 8 from Azu over the 7.1 to 20 eV photon energy range and the reactivity of Azu + with TMB, Propyne, Allene, and MeOH in panel b), c), d), and e), respectively. Three regions can be distinguished: i) the low-energy region [7.4 (IE) -11.6 eV], ii) middle-

  

Table 1 :

 1 Adiabatic ionisation energies of the species used in this study. IEs are truncated to a relevant resolution for the present study.

  AEs are obtained by selecting with the first quadrupole the parent ions (C 10 H + 8 ) and selecting the fragment ions in the second quadrupole. The AEs of the C 8 H + 6 "metastable" ions resulting from unimolecular dissociation of Naph and Azu are found to be 13.2 and 12.6 eV, respectively, considering the observable time window accessible here. It corresponds to the integrated fragmentation signal for parent ion exiting the first quadrupole mass filter (≈ 80 µs) and its travel time towards the beginning of the second quadrupole mass filter (≈ 400 µs).

	8.14	7.41	9.69	10.37	8.07	10.85
	system. The "metastable"					

Table 2 :

 2 Reaction products and corresponding cross section for C 10 H + 8 from naphthalene reacting with TMB, Propyne, Allene, and MeOH.

	Reactant	Product	m/z	Mechanism	Cross section σ ( Å2 ) hν < 14.4 eV hν > 14.4 eV
	TMB TMB Propyne Allene MeOH MeOH MeOH C 9 H + C 10 H + 14 C 9 H + 10 C 12 H + 8 C 12 H + 8 C 10 H 9 O + C 10 H 8 O + 11 /C 14] 134 Charge transfer [280-210] 119 [0-5] Dissociative charge transfer (loss of CH 3 ) 152 0 Adduct formation followed by loss of CH 4 152 0 Adduct formation followed by loss of CH 4 145 0 Adduct formation followed by loss of CH 3 144 0 Adduct formation followed by loss of CH 4 MeOH C 7 H + 4 88 Adduct formation followed by loss of 72 amu [0.02-0.14]	210 5 0.2 0.15 0.15 0.2 0.09 0.1

8 H 7 O + 119 Adduct formation followed by loss of C 2 HO/C 3 H 5 [0.35-0.

Table 3 :

 3 Reaction products and corresponding cross section for C 10 H + 8 from azulene reacting with TMB, Propyne, Allene, and MeOH.

	Reactant	Product	m/z	Mechanism	Cross section σ ( Å2 ) hν < 11.6 eV 11.6 < hν < 13.4 eV hν > 13.4 eV
	TMB TMB Propyne Allene MeOH MeOH MeOH C 9 H + C 10 H + 14 C 9 H + 10 C 12 H + 8 C 12 H + 8 C 10 H 9 O + C 10 H 8 O + 11 /C 8 H 7 O + 119 Adduct formation followed by loss of C 2 HO/C 3 H 5 134 Charge transfer 119 Dissociative charge transfer (loss of CH 3 ) 152 Adduct formation followed by loss of CH 4 152 Adduct formation followed by loss of CH 4 145 Adduct formation followed by loss of CH 3 144 Adduct formation followed by loss of CH 4 MeOH C 7 H + 4 88 Adduct formation followed by loss of 72 amu	0 0 0 0 0 0 0 0	[0-60] [0-4] [0-0.25] [0-0.2] [0-0.1] [0-1] [0-0.15] [0-0.55]	60 4 0.3 0.25 [0.1-0.4] 1 0.15 0.5
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