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Mass spectrometry is a powerful tool but when used on its own, without specific activation of ions, the ion mass is the single observable and the structural information is absent. One way of retrieving this information is by using ion-molecule reactions. We propose a general method to disentangle isomeric structures by combining mass spectrometry, tunable synchrotron light source, and quantum-chemistry calculations. We use reactive chemical monitoring technique, which consists in tracking reactivity changes as a function of photoionization energy i.e. the ionic structure. We illustrate the power of this technique with charge transfer reactions of C 6 H +• 4

isomers with allene and propyne and discuss its universal applicability. Furthermore, we emphasize the special reactivity characteristics of distonic ions, where strong charge transfer reactivity but very limited reactivity involving bond formation and following cleavages were observed and attributed to the unconventional ortho-benzyne distonic cation. isomers is done by monitoring different structurespecific ion-molecule reaction channels with propyne and allene, highlighting an abnormally large charge transfer cross section for the distonic ortho-benzyne cation together with a surprisingly very weak chemical reactivity.
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The group of C 6 H 4 hydrocarbons comprises a rich number of closed-shell stable isomers and diradical isomers. [1] The cyclic benzyne species own an exotic Kekule-type diradical structures where the two radical sites can be in ortho, meta or para arrangement as shown in Scheme 1. This diradical nature provides them hetarynes, and other related molecules have been isolated and investigated in cryogenic matrices. [1] Because the matrix isolation and spectroscopic characterization of the didehydrobenzenes 1-3 has been reviewed extensively, [1] we will focus here on rather new developments and especially on the tridehydrobenzenes 4-6 (Scheme 4) that have recently become amenable to experimental investigations. An interesting class of dehydroaromatic systems are the tetradehydrobenzenes (or benzdiynes), which have been thoroughly studied using matrix isolation spectroscopy by Sato et al. [9] Since this topic is covered by a separate Review in this Research Front, [10] it will not be discussed in detail here.
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The (positive when th hetarynes, and other related molecules have been isolated and investigated in cryogenic matrices. [1] Because the matrix isolation and spectroscopic characterization of the didehydrobenzenes 1-3 has been reviewed extensively, [1] we will focus here on rather new developments and especially on the tridehydrobenzenes 4-6 (Scheme 4) that have recently become amenable to experimental investigations. An interesting class of dehydroaromatic systems are the tetradehydrobenzenes (or benzdiynes), which have been thoroughly studied using matrix isolation spectroscopy by Sato et al. [9] Since this topic is covered by a separate Review in this Research Front, [10] it will not be discussed in detail here. with an extremely rich chemistry, [2] making them important intermediates in a great number of classical reactions in organic chemistry (nucleophilic aromatic substitution, hexadehydro-Diels-Alder, ...). [3][START_REF] Hoffmann | Dehydrobenzene and cycloalkynes[END_REF][START_REF] Dubrovskiy | [END_REF][6] Additionally, derivatives of p-benzyne were discovered to be the biologically active intermediates of the potent enediyne anti-tumor antibiotics [7,8] through a Masamune-Bergman cyclization. [9] The short lifetime and high reactivity of benzynes complicate investigations in solution. An historical review on benzynes has been compiled by Wentrup, [10] whose group specialized in studying highly reactive species in gas phase such as benzyne by combining pyrolysis techniques with spectroscopic tools. Another elegant approach extensively employed by the group of Kenttämaa to overcome experimental difficulties faced in solution was to study diradical species in the gas phase utilizing charged tagged derivatives in mass spectrometric experiments. [11] Evidence of the longer lifetime of benzyne in the gas phase was recently demonstrated by the detection of the ortho-benzyne in the Taurus molecular cloud using radio astronomy. [12] The removal of an electron from closed-shell C 6 H 4 species generates highly reactive "classical" radical cations, whereas the removal of an electron from biradical benzyne will create a species where the positive charge and the radical sites are spatially separated. These surprising ions have been named distonic ions in 1984 by Yates, Bouma, and Radom [13] and often possess a much greater stability with respect to unimolecular decomposition compared to their neutral counterparts. Reactivity characteristics of distonic ions have been proven to differ greatly from more conventional ions. General characterization of their reactivity has not been reached yet. This is partly due to experimental challenges in creating these ions and disentangling them from isomeric conventional ions. [14][15][16][17][18] Information about distonic radical benzyne cations are extremely scarce. The experimental work of Liu and coworkers [19] that generated o-, m-, and p-benzyne radical cations from the photolysis of Mg +difluorobenzene complexes has laid the foundation for the isolation, characterization, and investigations of the reactivity of distonic radical benzyne cations. Nevertheless, to the best of our knowledge there are no experimental data reported on the reactivity of isolated distonic benzyne cation. Most of the studies, theoretical and experimental, have focused on the determination of the adiabatic ionization energy of the o-benzyne
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to gain information about singlet-triplet splittings in neutral o-benzyne and heats of formation. [20][21][22][23][24][25][26] However, these thermodynamic quantities were most precisely obtained from benzyne anions using negative ion photoelectron spectroscopy. [27] Indeed, negative ion photoelectron spectroscopy has proven to be a powerful tool to retrieve the structures of (di)radicals including distonic species from their corresponding anionic counterparts. [28][29][30] Finally, computational and laser spectroscopic explorations of the C 6 H +• 4 potential energy surfaces including cyclic and acyclic isomers [31,32] have shown that the most stable structure on the potential energy surface of C 6 H +• 4 is a cyclic meta-benzyne, while for the neutral the most stable structure is ortho-benzyne. [1] When ions are not activated in specific means, mass spectrometric experiments usually suffer from their inherent blindness to isomeric distribution of ions. Ion mobility spectrometry, often combined with laser spectroscopy, is nowadays becoming the most prevalent technique to characterize an isomeric mixture of ions. [33,34] A powerful, though unconventional way is to use chemical reactivity to probe ion structures, which in addition to providing information on the shape of the ions also retrieves information on their chemical behavior. We used the chemical monitoring experimental technique, consisting in following the evolution of products from ion-neutral reaction as a function of the photoionization energy. This technique has been established and first applied with success to experimentally evaluate the barrier height of the unimolecular keto/enol tautomerization of the acetamide radical cation. [35] In the present study, we probe the isomeric distribution of C 6 H +• 4 species generated by dissociative photoionization using the the DESIRS undulator-based vacuum ultraviolet (VUV) beamline at the SOLEIL synchrotron facility in Saint-Aubin (France). [36] 

+ C 2 H 2 + e - (1) 
C 10 H 8 hνVUV ----→ C 6 H +• 4 + 2C 2 H 2 + e - (2) 
Reactive ions were produced by photoionization in the 9 to 20 eV photon energy range. Higher order light was removed from the beam by using a gas filter either filled with Kr or Ne depending on the energy range (8-14 and 13.5-20 eV respectively). The reaction products are monitored using a tandem mass spectrometer with photoionization source known as CERISES, [37] enabling to retrieve reaction cross sections at well controlled and defined collision energies. In the present study, the collision energy was set to 0.4 eV. The structure elucidation is done by searching for reactivity changes as a function of the photon energy. The increase in photon energy will produce ions with higher internal energy and eventually drive unimolecular isomerization reactions, where the newly formed isomer might exhibit different reactivity with the neutral target. Reactivity changes among different ionic isomers might also be dependent on the chemical nature of the neutral reactants. We used the two C 3) are summarized in Table 1. The practically flat behavior of the CT above the transition indicates that a constant ratio of the two isomeric populations is produced. The change of the neutral reactant partner from allene to propyne leads to Reaction (4).

C 6 H +• 4 + H 2 C C CH 2 -→ Products (Table 1) (3) 
C 6 H +• 4 + H 3 C C CH -→ Products (Table 2) ( 4 
)
Similarly to Figure 1b), the bottom part (panel c) of Figure 1 displays the reaction cross sections for the Reaction (4), which are cataloged in with the propyne and allene in the high energy region is quasi -identical for all reactions passing through an adduct (reaction complex). The decrease by a factor 20 in the σ of the CT from allene to propyne is indicative of the ionization energy (IE) of neutral counterpart(s) of the C 6 H +• 4 isomer(s) responsible for the CT reaction. Typically, for a CT reaction to occur, the IE of the neutral partner should be smaller than the IE of the neutral counterpart of the ionic partner. Furthermore, the cross section is usually governed by Franck-Condon factors and energy resonance, with a prevalence for the latter, being in a simple approach the difference in IE of the two reactive species. Therefore, from the results of Reactions ( 3) and ( 4), it can be retrieved that the neutral counterpart(s) of the C 6 H +• 4 isomer(s) formed upon VUV dissociative ionization of phenylacetylene should have an IE at least greater than the one of allene (9.69 eV) [38] and closer to the latter than to the IE of propyne (10.37 eV). [39] The fourteen most stable isomers are depicted in the upper part of Figure 2 with their relative energies with respect to A + -the global minimum of the potential energy surface of C 6 H +•
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-the energies are given in eV (light blue) in the bottom of each box. The IEs of the corresponding neutral counterparts are indicated on top of each box (red) and are also given in eV. All calculations were obtained using the CBS-QB3 composite method [40] implemented in Gaussian 16 package. [START_REF] Frisch | Gaussian˜16 Revision C.01[END_REF] The use of the B3LYP functional for the geometry optimization in the CBS-QB3 method might not capture correctly the geometries of all included isomers, but the choice of CBS-QB3 was guided by the robustness of the method with established accuracy for IEs of ≈ 0.05 eV, [START_REF] Montgomery | [END_REF] and its ease of use so that it can be utilized even by non-specialists.

Furthermore, the spread in the collision and internal energy of the reacting partners would contribute for more than the 0.05 eV of accuracy, making the presence of a high density of isomers with similar IEs the major limitation of the approach. The calculated IEs are schematically represented in the bottom part of species. The experimental values of the IEs of propyne [39] and allene [38] are represented by dash lines with the shaded area corresponding of the 0.4 eV of energy deposited in the system by kinetic energy (collision energy).

CT reaction observed. As aforementioned, the ∆E IE is expected to be smaller with the IE of allene than with propyne. The ortho-benzyne distonic cation (F + ) is the only C 6 H +• 4 isomer fulfilling all the enunciated requirements to be responsible for the CT reaction with allene. Mechanistically, the acetylene unit eliminated from the phenylacetylene should favour the formation of ortho-benzyne distonic cation. Indeed, only a H migration from the ortho position to the acetylenic group is needed to form the acetylene leaving group. The non-zero σ for the CT reaction with propyne indicates that a small fraction of the ortho-benzyne is formed with at least few hundreds meV of internal energy.

We have now identified the isomeric population of the low energy region to be simply constituted of the ortho-benzyne distonic cation. The current study does not allow to discriminate the isomers present in the high energy region. We tentatively proposed that the isomers are those of more conventional nature i.e radical cations -typically more chemically reactive -so the 3-and 4-membered rings and the acyclic isomers are privileged. These isomers require 4 eV of internal energy to be formed, indicating that the isomerization most likely occurs on the C 8 H + 6 potential energy surface rather than on the C 6 H +• structures within a certain IE range. The only prerequisite is then the knowledge of the IE of the different isomeric structures, which for molecules with less than 20 atoms can be obtained ab initio with sufficient precision at relatively low computational cost using basic composite methods. The proxy reaction chosen to illustrate this concept reveal once more how the chemistry of distonic ions can differ significantly from their isomeric radical cations structures.

  Chemical monitoring technique is used to disentangle the structural diversity of a C 6 H +• 4 isomeric mixture. The structural elucidation of C 6 H +•
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  The data clearly indicate two distinct reactivity behaviors in the [9.8 ; 14 eV] and [14 ; 20 eV] energy regions. The low-energy region exhibits only charge transfer (CT) reaction products, whereas the high-energy region reveals a very rich chemistry with reactions involving new chemical bond formation and further bond cleavages. The reaction cross section (σ) of the CT significantly decreases from 200 Å2 in the low-energy region to 3 Å2 in the the high-energy region, indicating an evolution of the C 6 H +•

Figure 1 :

 1 Figure 1: a) Photoion yield of C 6 H +• 4 resulting from dissociative ionization from phenylacetylene. b) and c) are reaction cross sections for the products resulting from C 6 H +• 4 produced from phenyacetylene reacting with allene and propyne, respectively, as a function of photon energy. Light and dark data-set correspond to the two gas-filter conditions aforementioned.

Figure 2

 2 Figure 2 and are color-coded as a function of the chemical nature of the corresponding isomer. The dashed lines indicate the referenced values of the IEs of propyne and allene, with the shaded zone representing the 0.4 eV of the experimental collision energy. If we assume that the C 6 H +• 4 are formed with no internal energy

Figure 2 :

 2 Figure 2: Upper part: Geometries and relative energies to A + given in eV (light blue at the bottom of each box). The IEs of the corresponding neutral counterparts are shown on top of each box and are also given in eV (red). All calculations were done with the CBS-QB3 composite method. Bottom part: Distribution of the calculated IEs as a function of the isomeric nature of the C 6 H +• 4
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  Three different precursors have been used in an attempt of stirring the isomeric distribution obtained. The phenylacetylene (C 8 H 6 ) that generates C 6 H +• 4 upon C 2 H 2 elimination (Reaction (1)) and from the two C 10 H 8 isomers (naphthalene and azulene), where two successive acetylene losses lead to C 6 H +•

	4	(Reaction (2)) .
		C 8 H 6	hνVUV ----→ C 6 H +• 4
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* Converged value above 17 eV.
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 2 The reactivity behavior of C 6 H +• 4
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 2 Reaction products and corresponding cross section for C 6 H +•

	4	from phenylacetylene reacting with

structures produced above 14 eV. From this observation, it can be inferred that at least two isomeric populations are present, one below and one above 14 eV. The fact that the σ of the CT plunges drastically but do not reach zero indicates that most of the low-energy population is transferred to the high-energy population (≈ 98.5%) but

one where all isomers
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The CT reaction can thus be used as a proxy for the formation of ortho-benzyne distonic cation. We have tested this approach with the prototypical polycyclic aromatic hydrocarbons (PAHs), naphthalene and azulene. The reaction cross sections of the C 6 H +• 4 obtained from Reaction (2) with allene are presented in Figure 3b) and d) for azulene and naphthalene neutral precursors, respectively. No CT reaction is observed with either precursors, revealing that ortho-benzyne distonic cation is not formed or, with an extremely low yield, upon dissociative ionization, which in turn informs about the C 8 H + 6 intermediate generated. It appears that the acetylene elimination from naphthalene and azulene cations will preferentially form bicyclic structure such as pentalene or bicyclobutane, confirming previous experimental findings [43,44] and calculations. [45] Indeed, difficulties of forming ortho-benzyne upon acetylene loss from C 8 H + 6 bicyclic structures compared to the phenylacetylene structure can be anticipated and may explain the present observations.

In this paper, we demonstrate how chemical reaction monitoring combined with a tunable photoionization light source can be used to disentangle the composition of an isomeric mixture. We used the CT reaction of C 6 H +• 4 with allene as a proxy for the formation the ortho-benzyne distonic cation. This technique could be extended by using neutral precursors with IEs equally spaced -a chemical ruler -to enclose isomeric