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Tunable photoionization chemical monitoring (TPI-CM) -a means

to probe molecular ion structures and monitor unimolecular processes through bimolecular ion-molecule reactions: Past, present, and future

Corentin Rossi 1 , Christian Alcaraz 2,3 , Roland Thissen 2,3 , and Ugo Jacovella The way in which molecules can arrange themselves is at the root of organic chemistry and elucidating the structures present in isomeric mixtures remains a major challenge nowadays. A tantalizing question for chemists is how molecules transform from one structural configuration to another one. This review introduces in details a technique -tunable photoionization chemical monitoring -that couples tandem mass spectrometry and photoionization enabling to answer the two aforementioned questions for molecular ions.

It is based on tracking reactivity changes in bimolecular ion-molecule reactions as a function of the internal energy of the ions. This is illustrated with i) the structural elucidation of ortho-benzyne distonic cation within a C 6 H + 4 population and ii) the tracking of the isomerization from azulene radical cation as it gets gradually energized to naphthalene cation. In both cases, charge transfer reactions have been primarily used because of their universality. Finally, a state-of-the-art of the TPI-CM technique using the CERISES mass spectrometer is given, indicating current limitations as well as prospects of improvement.

Introduction

Spectroscopy is a powerful tool providing a characteristic fingerprint of molecules highly sensitive to their structure. Although such signature is isomer-specific, yet, if more than one isomer is present in a mixture, the spectral signatures of the different isomers may overlap in the observed spectrum, preventing unambiguous spectral assignments. Furthermore, generating appreciable amount of desired molecular ions has proved to be challenging in some cases. A good example is the case of the tropylium cation (c-C 7 H + 7 ). Indeed, it took nearly 90 years since the prediction of its existence by Hückel [1] to obtain the first gas-phase spectra in the infrared [2,3] or ultraviolet spectral domain. [4] The rearrangement between the tropylium ion and its close-lying isomer, the benzylium ion (C 6 H 5 CH + 2 ), is a fundamental reaction in the field of physical organic chemistry which has been studied for over half a century and still enthralls chemists, however, to study this reaction a structural probe is needed. The pioneering work of Olah and Dunbar [5,6] followed by similar work using isotopic labeling by Ausloos [7] used the reactivity differences of benzylium and tropylium towards neutral toluene to disentangle benzylium from tropylium. Indeed, benzylium ions exhibit strong methylene-transfer reactions to form xylenium ions

(C 8 H + 9
), whereas tropylium is non-reactive. Although the difference in reactivity in itself is a good structural probe, no information on the rearrangement pathways can be retrieved. A more evolved approach has been introduced and named "chemical monitoring" that consists in keeping the mass spectrometric protocol identical but varying only one parameter at a time, typically, the internal energy of the ions or the collision energy. This concept was first demonstrated by Schröder and co-workers on the unimolecular keto/enol tautomerization of the acetamide cation. [8] The internal energy of the ions was tuned using monochromatized synchrotron radiation. The tandem mass spectrometer used is known as CERISES [9,10] , which is detailed in the next section. Schröder and co-workers used the chemical monitoring technique to investigate the tropylium/benzylium system, combining ion-trap mass spectrometry (IT-MS) with an electrospray ionization (ESI) source. [11] The internal energy of the ions was tuned by changing the temperature of the transfer capillary at the exit of the ESI source. They concluded that the kinetics data obtained were sufficient for kinetic modeling but the IT-MS apparatus was not suitable to retrieve absolute rate constants. The measurements of absolute reaction cross section is one of the preeminent features of the CERISES instrument.

In this mini review, we first present the specifications of the experimental setup -CERISES -as well as its different operational modes. This section is followed by detailed explanations of the tunable photoionization chemical monitoring (TPI-CM) technique, and more specifically using CERISES at the SOLEIL synchrotron. deposited into the system -exemplified with naphthalene/azulene cations interconversion. [13] The last part is a conclusion on what has been done and gives a perspective on what could be done.

Experimental setup

The CERISES (Collisions Et Réactions d'Ions Selectionnés par Electron de Seuil) experimental setup is a tandem mass spectrometer dedicated to ion-molecule reactions and the measurement of their absolute reaction cross sections. Nowadays, CERISES is an associated setup on the DESIRS undulator-based vacuum ultraviolet (VUV) beamline at the SOLEIL synchrotron facility in Saint-Aubin (France). [14] CERISES is schematically represented in Figure 1. The ions are generated from a neutral precursor that is leaked into the photoionization chamber where it is irradiated by the VUV radiation. Higher order light are removed from the beam by using a gas filter filled with the suitable rare gas. The photoionized precursors and potential ionic fragments are extracted toward the first quadrupole. After being mass selected, parent ions are guided The control of the internal energy of the ions can be done to some extent by varying the wavelength of the photoionizing radiation. The neutral precursors must have accessible quantum states with reasonable

Franck-Condon factors in a quasi-continuum fashion in order to linearly and gradually increase the amount of internal energy deposited into the molecular system as the energy of the radiation increases. These

properties are usually fulfilled for large molecular species but are harder to satisfy for small molecules.

Furthermore, direct photoionization does not produce only ions with energy corresponding to the difference between the photon energy and the ionization energy (IE) but rather produces a population of ions with a distributed internal energy. To overcome these limitations, CERISES can be operated in combination with the Threshold PhotoElectron PhotoIon Coincidence (TPEPICO) technique, referred to as the coincidence mode. In this operation mode, photoelectrons are analyzed and discriminated on the basis of their energy and only threshold electrons lift a deflecting potential on the source lens that allows for the extraction of the associated photoion. The cost of the coincidence mode is a low count rate (at most 500 parent ions per second) which results in a very long acquisition time and prevents its used for exploratory studies where many different ion-molecule systems need to be explored, but very suitable for in-depth specific reaction.

Principles of the tunable photoionization chemical monitoring (TPI-CM) method

The chemical monitoring technique enables to unveil ionic structures based on structure-specific chemical reactions. The combination of this technique with tunable photoionizing radiation allows to elucidate the structural evolution of the generated ionic species as a function of the internal energy deposited in the molecular system. In other words, it can be used to monitor unimolecular reactions such as dissociative ionization [12] or isomerization [8,13] by tracking changes in reactivity with increasing photon energy. The principle of the tunable photoionization chemical monitoring (TPI-CM) technique is schematically represented in Figure 2.

We consider here the simple case of a neutral molecule (1) that can only be ionized into two possible stable cationic species -isomer 1 + and 2 + , with significantly different appearance energies (AEs) -hν 1 and hν 2 , respectively. Alternatively, we could suppose another simple case, where a larger precursor P can only dissociate into similar ionic fragments (1 + and 2 + ). For simplicity, we assume the same energies hν 1 and hν 2 to form 1 + and 2 + from 1 and P. A set of two different neutral partners is chosen in such a way that each one can only react with a specific ionic isomer.

In case 1, only the cationic counter (1 + ) of the neutral precursor 1 -or the fragment (1 + ) from dissociative ionization of P -reacts with the neutral target (green triangles). Different reaction mechanisms can be considered -long range type such as charge transfer (CT) reaction or via the formation of an adduct followed or not by elimination. At the photon energy corresponding to the AE of 2 + , the reaction cross section decreases as population of 1 + decreases. It reflects that the isomerization barrier from 1 + to 2 + has been overcome (2 + has become accessible through dissociative ionization).

In the second case, schematized on the bottom part of Figure 2, only 2 + reacts with this second neutral reactant (yellow squares). Once 1 (P) is irradiated with energies ≥ hν 2 , the isomerization channel from 1 + to 2 + (the dissociative ionization channel to 2 + ) is open and thus the reaction cross section rises as the population of 2 + increases. This second case offers the advantage to be background-free, whereas the first one can have competing channels (long-lived excited state for example) also resulting in a decrease of the reaction cross section.

In actual experiments, ions of interest often exhibit a rich chemistry, generating diverse reaction productsespecially in their high-energy region. The CT reaction generally leads to the formation of one main reaction product so that the signal-to-noise ratio is maximized. Furthermore, one can genuinely consider that its reaction cross section is inversely proportional to the ∆IE of the two reactants so that even molecular ions exhibiting poor chemical reactivity can have strong suitable CT signals. Therefore, the CT reaction is the most attractive reaction mechanism for TPI-CM because of its inherent universal applicability.

Results

Two examples making use of the TPI-CM technique will be presented. The first one to monitor the structure of ionic photofragments formed upon dissociative ionization reactions and the second one on investigating different isomerization networks. In both experiments, the ions were generated using the tunable VUV radiation from the DESIRS beamline at the SOLEIL synchrotron. [14] with naphthalene (IE: 8.14 eV) [19] but not with azulene (IE: 7.41 eV). [20] The photoion yields of C 10 H + 8 from naphthalene and azulene are illustrated in panels a and c of Figure 4 The dissociative CT channel (purple squares) can serve as thermometer for the naphthalene ions. Indeed, the dissociative CT channel opens up only at 11.8 eV when naphthalene is used as precursor, whereas it appears right at the isomerization threshold from azulene (11.6 eV). The evolution of the ratio of the products resulting from CT and dissociative CT indicates that naphthalene radical cations formed via isomerization from azulene radical cations are produced with more internal energy than those produced from direct pho-toionization or alternatively that the temperature distribution of naphthalene radical cations formed from azulene radical cations is concentrated around hot temperatures.

In this study, we were not able to monitor the isomerization from naphthalene radical cation to azulene radical cation that would correspond to the first case of Figure 2. An explanation can be rooted in its slow isomerization time comparatively to the transit time in the CERISES apparatus and will be further discussed in the next section.

Conclusions and perspectives

This work details the principles of the tunable photoionization chemical monitoring technique and some of its abilities are illustrated. One with the structural elucidation of C 6 H + 4 ions and the other one studying the interconversion of the azulene/naphthalene radical cations. These two examples highlight how the charge transfer reaction is a very powerful tool in virtue of its universal nature and its ease of finding reactions with large cross sections.

The non-observation of the isomerization from the naphthalene cation to the azulene cation can be rationalized from the low isomerization rate predicted for a micro canonical rate of 10 4 s -1 [21] -corresponding to ≈ 80 µs. The travel time of the ions from the source to the reaction cell gives the upper limit for the timescale of unimolecular processes that can be monitored. This appears as a strong limitation as it renders the use of the TPI-CM technique with the CERISES apparatus blind to processes slower than 80µs. Extending the ion travel time would provide a larger observable time window. In addition, the implementation of a means to significantly vary the dynamic range of this travel time would be a major innovation as it will inform on the molecular dynamics involved.

Another limitation that could be risen is that the ions are not generated with a well defined internal energy at each photon energy but rather with a distributed internal energy, preventing direct comparison with RRKM modeling. This can be addressed using ion production in coincidence with threshold electrons.

At the moment, this way of generating ions cannot be used on exploratory studies of large molecular ions but could be used for one carefully chosen system at a time.

The ortho-benzyne isomer was successfully disentangled from C 6 H + 4 ions based on the difference of ionization energies for the different isomers. However, the spread in kinetics energy with which the ions are extracted from the source gives the minimal energy difference required between two isomers to be distinguished. Recently, the spread of kinetic energy of ions generated using the CERISES mass spectrometer
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 1 Figure 1: Schematic representation of the CERISES apparatus that enables to record absolute reaction cross sections of ion-molecule reactions as a function of i) the internal energy of the ionic reactant and ii) collision energy.
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 2 Figure 2: Schematic representation of the TPI-CM method.

  , respectively. The main reactivity results, i.e. the CT (m/z 134) and the dissociative CT (m/z 119) between naphthalene radical cation and TMB, are shown in panels b and d of Figure 4 starting from naphthalene and azulene neutral precursors, respectively. Panel b of Figure 4 displays a strong CT reactivity as soon as the photon energy corresponds to the IE of naphthalene, as expected. In panel d, no CT is observed once the ionization threshold of azulene is reached, as anticipated. However, at 11.6 eV (i.e, 4.2 eV of internal energy) the CT reaction kicks in. This is an unambiguous marker of the isomerization from azulene to naphthalene cations. 4.2 eV of internal energy renders accessible the six possible interconversion pathwaysbetween azulene and naphthalene radical cations calculated by Mebel and coworkers.[21] 

Figure 4 :

 4 Figure 4: Panels a and c show the ion yield obtained for C 10 H + 8 using naphthalene and azulene, respectively, as a precursor. Panels b and d display the reaction cross sections of the corresponding C 10 H + 8 ions with TMB as a function of the photon energy. The collision energy in the centre-of-mass reference frame is indicated as ECM. Figure adapted from Ref. 13.
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Structural elucidation

The TPI-CM technique has been used successfully to elucidate the structure of C , resulting from a CT reaction, with a high cross section (about 200 Å2 ) while the high-energy region, from 14.5 to 20 eV, unveils a richer chemistry. We assumed that a change in the ion population is responsible for the transition between the two contrasting regions. To elucidate the C 6 H + 4 isomer responsible for the CT reaction, we computed the IEs of the 14 lowest energy isomers of C 6 H + 4 using the CBS-QB3 composite method [15] implemented in Gaussian 16 package [START_REF] Frisch | Gaussian 16 Revision B.01[END_REF] (see right part of Figure 3).

The IE of allene is 9.69 eV, [START_REF] Schulenburg | [END_REF] the necessary thermodynamical condition for the CT reaction to occur is that the IE of the C 6 H + 4 structure plus its kinetic energy (0.4 eV, pink shaded area in top panel of Figure 3) is greater than the one of allene. The six-membered ring ortho-benzyne structure is the only one fulfilling this condition.

Similar reasoning has been followed for C 6 H + 4 generated from dissociative ionization of naphthalene and azulene (loss of 2 C 2 H 2 units). We evidenced that ortho-benzyne was not or very inefficiently formed. The CT reaction with allene was thus used as proxy of the formation of the ortho-benzyne distonic ion.

Monitoring light-induced isomerization

The TPI-CM technique has proven to be an excellent tool to monitor the azulene to naphthalene isomerization. The reaction chosen to do so was the CT reaction with tetramethylbenzene (TMB) as neutral partner. TMB was chosen because of its IE of 8.07 eV, [18] which thermodynamically allows the CT only

Conflicts of interest

There are no conflicts to declare.