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) eV. Fundamental wavenumbers are determined for several vibrational modes of the cation: ν+ 1 (CH 2 symmetric stretch) = 2999(80) cm -1 , ν+ 2 (N-C stretch) = 1925(40) cm -1 , ν+ 4 (H 2 C-N stretch) = 1193(40) cm -1 , ν+ 6 (CNC out-of-plane bend) = 237(50) cm -1 , and ν+ 8 (CH 2 rock) = 1185(60) cm -1 .

Introduction

Isocyanides (or isonitriles, R-NC), isomers of the most stable cyanide compounds (or nitriles, R-CN), are important species in interstellar media and planetary atmospheres because their formation pathways strongly constrain the photochemical models of these media. The most abundant isocyanide compound is the hydrogen isocyanide (HNC) which is ubiquitous in the interstellar medium, [START_REF] Turner | [END_REF] and present in comets 2 and in Titan's atmosphere. 3 In many objects, such as comets, the mechanism of formation of isocyanide is still unclear. Among the simplest isocyanides, HCNC and CH 2 NC are expected to be present in dense molecular clouds, although not detected yet. Indeed, their precursor CH 3 NC has been observed in the Horsehead Photon-Dominated Region 4 and in solar-type protostars. 5 Using their known spectral signatures, larger similar molecules such as HNCCC and HCCNC have been detected in dense molecular clouds such as TMC-1 6 † Electronic Supplementary Information (ESI) available: [TOF mass spectrum recoreded at 13.6 eV and, Ion yields and TPES of the species detected in our experiment and not presented in the paper]. See DOI: 10.1039/cXCP00000x/ * corresponding authors: berenger.gans@universite-paris-saclay.fr and jeanchristophe.loison@u-bordeaux.fr L1544. 7 Very recently, CNCN and C 2 N 2 H + have also been detected, [8][9][10] highlighting the importance of ionic chemistry in understanding the isonitrile formations and their role in astrochemistry. Indeed, CH 2 NC is expected to be produced through the electronic dissociative recombination of the CH [START_REF] Moran | [END_REF] In addition, CH 2 NC is expected to be one of the main products of the CN + CH 2 CO reaction. 13,14 In this context, the study of the vacuum ultraviolet (VUV) photoionization spectroscopy of the CH 2 NC radical is important to obtain thermochemical properties (such as ionization energies or dissociative ionization thresholds) which are relevant for modeling its density and that of its cationic forms (CH 2 NC + and its dissociative ionization fragments) in astrophysical media and VUV-irradiated complex media. In addition to the above-mentioned astrophysical context, these data can also provide a means of identification in gas-phase reaction experiments by their photoion efficiency curves or by their photoelectron spectroscopy. This is particularly true for nitriles and isonitriles as recently shown for CN, HNC and CNC. [15][16][17] The VUV photoionization spectroscopy of the isocyanomethyl radical, CH 2 NC, has never been reported to our
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A c c e p t e d m a n u s c r i p t knowledge, except for the calculated photoelectron spectrum of Horn et al. 18 In the present work, we present a first-time measurement of the mass-selected threshold photoelectron spectrum (TPES) of this radical and its vibrational assignment obtained by comparison with ab initio calculations.

Methodologies

Experimental

To generate the CH 2 NC radical, we used a flow-tube reactor inducing H-abstraction from the methyl isocyanide (CH 3 NC) precursor by reaction with F atoms. This reactor is located inside the permanent molecular beam end-station SAPHIRS of the DESIRS beamline at the SOLEIL synchrotron. This radical source and the DELICIOUS 3 spectrometer of SAPHIRS have been described in detail elsewhere. 19,20 CH 3 NC was synthesized following a slightly different procedure than the one described by Schuster et al. 21 p-Toluenesulfonyl chloride (38.1 g, 200 mmol, m/z = 190.6 a.m.u.), trioctylamine (70.7 g, 200 mmol, m/z = 353.7 a.m.u.), and then Nmethylformamide (5.9 g, 100 mmol, m/z = 59 a.m.u.) were introduced into a 250 mL single-necked round-bottomed flask equipped with a stirring bar. The flask was fitted to a vacuum line equipped with two U-tubes with stopcocks. The pressure was stabilized at 2 mbar and the first U-tube was immersed in a liquid nitrogen bath. The mixture was allowed to warm up to 80 • C over about 1 h. Methyl isocyanide was thus evacuated from the reaction mixture as it was formed and condensed in the trap. At the end of the reaction, the trap was allowed to warm up to room temperature, and the pure compound was condensed in the second trap cooled down to -100 • C. This procedure led to 3.3 g of CH 3 NC, (i.e. a yield of 80%). The methyl cyanide singlet (δ 2.01 ppm) was not detected in the 1 H NMR spectrum (CDCl 3 , 400 MHz) of methyl isocyanide, which gives a maximum CH 3 CN / CH 3 NC ratio of 0.5%. The methyl isocyanide, a colorless bad-smelling liquid, can be kept under liquid nitrogen or under vacuum in the freezer for months.

The fluorine atoms were produced from a mixture of diluted F 2 (5% in He) dissociated in a microwave discharge and fed into the main reactor, while the CH 3 NC precursor was introduced into a bubbler and carried into the quartz reactor injector using a flow of 100 sccm (standard cubic centimeters per minute) of He. The total pressure in the reactor was around 1 mbar for a total flow of 1200 sccm and the concentrations of F and CH 3 NC were estimated to be around 1.0 × 10 13 atoms•cm -3 and 2.0 × 10 14 molecules•cm -3 , respectively. The CH 2 NC radicals were then produced (≈ 10 13 molecules•cm -3 ) releasing HF as a side product through the CH 3 NC + F → CH 2 NC + HF reaction. The mixing time between F and CH 3 NC could be adjusted via the distance between the injector and a first skimmer, which is computer-controlled and was set in this study to approximately 1 ms. The resulting gas mixture was skimmed twice and reached the center of the ionization chamber, where the species were ionized by the tunable VUV synchrotron radiation from the undulator-based DESIRS beamline 22 at the French national synchrotron facility SOLEIL. The beamline was set to provide monochromatized and linearly polarized light with an estimated photon flux of 10 13 ph•s -1 and a spectral resolution of 6 meV at 10 eV. A gas filter upstream of the monochromator was filled with krypton to effectively cut off the harmonics from the undulator spectrum and ensure a high spectral purity. A photodiode (AXUV, IRD) was used to measure the photon flux and to correct its energy-dependent fluctuations. The photon energy has been calibrated in the explored range with the ionization energies of methyl 23 and methylene 24 radicals to a precision of 3 meV. The electrons and ions formed at the center of the DELICIOUS 3 spectrometer were accelerated in opposite directions by a DC electric field of 88 V.cm -1 , and detected in coincidence by a velocity map imaging (VMI) and imaging linear time-of-flight (TOF) analyzers, respectively. Note that this electric field lowers the ionization energy by 7 meV, 25 and that all the final values given below have been shifted up accordingly. The double imaging photoelectron-photoion coincidence, i 2 PEPICO, allows the spectroscopy study of the cation by scanning the photon energy in the 9.3 -11.2 eV range with 5 meV steps, and detecting the threshold photoelectron signal using a method described in section 3.3. The total (electron + photon) energy resolution was in this case 17 meV. In this work, the photon energy range was chosen to observe the origin band of the lowest photoionizing transition of CH 2 NC while keeping the photon energy below the ionization energy (IE) of the precursor (IE(CH 3 NC) = 11.24 eV). 26 The ionkinetic-energy imaging was used to select only ions that possess a velocity component along the molecular beam direction, and provided an estimate of the translational temperature of the radicals (T trans ≈ 150 K).

Computational

The identification of the geometries of the ground and excited states of neutral and ionic species has been performed with the complete active space self-consistent field (CASSCF) method. The calculations were carried out using the MOLPRO 2012 package 27 and the Dunning augmented triple zeta cc-pVTZ basis. 28 The Franck-Condon (FC) factors for the photoionization of CH 2 NC and CH 2 CN were calculated using the harmonic approximation for the vibrational normal modes of the neutral and cationic ground states and the Condon approximation for the dipole moment. The Duschinsky effect was considered using recursive formulae already implemented in the Gaussian16 software package. [START_REF] Frisch | Gaussian 16 Revision C.01[END_REF] For FC calculations, the electronic structure calculations for geometry optimization and harmonic frequencies calculations were carried out at DFT level (M06-2X) using AVTZ basis set with Gaussian16. The vertical ionization of CH 2 NC was also calculated using Gaussian software and Electron Propagator Theory with OVGF calculations and AVTZ basis set on optimized geometries calculated at the M06-2X/AVTZ level.

Results and discussions

Composition of the gas phase in the reactor

The gas phase composition of the reactor can be described using the mass spectra recorded at each photon energy of the 9.3 to 11.2 eV explored range. Fig. 1 shows the integrated result, i.e., The reaction used in this experiment to produce the CH 2 NC radical can lead to two reactive channels:

CH 3 NC + F → CH 2 NC + HF (∆ r H 298 = -169 kJ/mol) (1) CH 3 NC + F → CH 3 + FCN (∆ r H 298 = -94 kJ/mol) (2) 
These two reactions occur in our reactor as confirmed by the two most intense peaks of Although not important for the following discussion, we are able to assign all of them using their photoelectron spectra and their ion yields (see Fig. 2 of ESI). Below the mass of the precursor (m/q = 41 a.m.u.), we also observed (see Fig. 1) CH 2 (m/q = 14 a.m.u.), 13 CH 3 (m/q = 16 a.m.u.), C 2 H 3 (m/q = 27 a.m.u.), C 2 H 4 (m/q = 28 a.m.u.), C 2 H 5 (m/q = 29 a.m.u.), H 2 CO (m/q = 30 a.m.u.), CH 2 F (m/q = 33 a.m.u.). The signal observed at the mass of the CH 3 NC precursor (m/q = 41 a.m.u.) includes a weak contribution from the 13 CH 2 NC + ( 13 C natural isotope of CH 2 NC + ) but mainly comes from the ionization of the precursor (CH 3 NC + signal). Note that the explored energy range is below the IE of the precursor (IE(CH 3 NC) = 11.263(5) eV) 29 and thus the relatively weak signal which appears above 11 eV is likely due to excited vibrational levels of CH 3 NC which are populated in the reactor and thus generate hot bands (see the correspond-ing ion yield in Fig. 2 of ESI). Above that mass, m/q = 58 a.m.u. and m/q = 43 a.m.u. are clear signatures of the acetone molecule (ionization (CH 3 COCH + 3 ) and dissociative ionization (CH 3 CO + ), respectively).

The species responsible for the signal at m/q = 59 a.m.u. has an IE below the lower limit of the scan (9.3 eV). We can thus exclude CH 2 FNC and CH 2 FCN for which the IEs are above the explored range (IE adia (CH 2 FNC) = 11.71 eV (calculated at M06-2X/AVTZ level) and IE vert. (CH 2 FCN) = 12.67 eV 30 ). Part of this signal is probably a signature of CH 3 NHCHO (one of the precursors used in the CH 3 NC synthesis, see section 2.1) which has an IE of 9.79 eV. 31 The TPES exhibits indeed three structures at 9.80, 9.88, and 10.08 eV in agreement with the results of Brundle et al.. 31 Finally, the signal at m/q = 53 a.m.u. is most likely due to C 2 H 3 CN isomers. Indeed, C 2 H 3 CN has an IE of 10.91 eV 32 which is consistent with the position of the strongest band in our spectrum (10.909 eV, IE = 10.916 ± 0.010 eV after field-induced shift correction), the bands located around 11.077 eV corresponding to transitions towards excited vibrational states of C 2 H 3 CN + . The identifications of the bands located at 10.183 eV and 10.438 eV, which seem to correspond to an origin band and its vibrational component, respectively, are more challenging. C 2 H 3 NC is expected to be a good candidate considering the abundant species present in the reactor (CH 2 NC and CH 3 ) but recent experimental work by Chrostowska et al. leads to an IE of 10.75 eV. 33 It should be noted that Chrostowska et al. have calculated the IE around 10.55 eV and we have calculated the IE of C 2 H 3 NC at 10.32 eV at M06-2X/AVTZ level, both being relatively different from the experimental determination. Further experimental and theoretical works are needed to clarify this point.

Interestingly, although we used very similar experimental conditions than in our previous paper in which we employed the CH 3 CN precursor, 34,35 the CH 3 NC + F and CH 3 CN + F reactions are notably different. Indeed, in addition to the obvious large difference in CH 3 production, double and triple H atom abstractions (production of HCNC and CNC) and the production of CF are not observed in the case of CH 3 NC + F. These behaviours clearly highlight the difference of the nitrile and isonitrile chemistries. These differences are suspected to be the origins of the HCN/HNC ratio variation over the interstellar media, 36 and should be studied in further detail in the future.

Ionization matrices and TIY

The mass-selected photoelectron signal as a function of electron kinetic energy and photon energy for isocyanomethyl CH 2 NC (m/q = 40) is displayed as a two-dimensional color map in Fig. 2. The data in this 2D matrix can be reduced in different ways. The sum of all lines (integration over all electron kinetic energies) as a function of the photon energy leads to the total ionization yield (TIY), depicted in white in Fig. 2. Rich structures, signature of autoionizing neutral Rydberg states of CH 2 NC, are observed in this TIY. Their assignment falls outside the scope of this article and is thus not discussed here. Similar resonances were reported in the case of CH 2 CN. 34,37 J o u r n a l N a me , [ y e a r ] , [ v o l . ] ,
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A c c e p t e d m a n u s c r i p t Fig. 2 Mass-selected photoelectron signal as a function of the photon energy (horizontal axis) and electron kinetic energy (vertical axis), for m/q = 40 a.m.u.. The corresponding total ion yield obtained by integrating over all electron kinetic energies is superimposed on the map as a white line.

Threshold photoelectron spectra

From the 2D matrix displayed in Fig. 2, the threshold photoelectron spectrum can be obtained by integrating the photoelectron signal along diagonal lines of constant slope KE = IE ihν corresponding to the i-th ionization energy: 38 T PES(hν) =

KE max 0 A(hν + KE, KE)dE, (3) 
where A(hν, KE) is the 2D matrix in Fig. 2, and KE max is the maximum kinetic energy used to generate the TPES, here 50 meV.

The obtained spectrum with this method is often called a slow photoelectron spectrum (SPES). The result is similar to the better known threshold PES (TPES: sum of the matrix lines for only low kinetic energies of electrons), 39 but offers a better compromise between resolution and signal-to-noise ratio. For instance, in this case, an electron bandwidth of 50 meV leads to a 17 meV resolution. The TPES recorded for m/q = 40 a.m.u. is shown in Fig. 3 and corresponds to the X + 1 A 1 ← X 2 B 1 ionizing transition of CH 2 NC. It presents a strong adiabatic transition at 9.432 eV, followed by some vibrational structures. After the field-inducedshift correction, we deduce an adiabatic ionization energy of 9.439 ± 0.006 eV for the CH 2 NC radical. This value is in very good agreement with our calculated value of 9.44 eV at M06-2X/AVTZ level. Nevertheless, this agreement should be nuanced considering the precision of our calculation method which is usually about 0.1 eV. Our FC simulation is displayed in red in Fig. 3 and agrees well with our experimental spectrum and with the calculated spectrum of Horn et al. 18 The comparison between our calculated and experimental fundamental vibrational wavenumbers is reported in Table 1. Only the band located around 10.272 eV is not reproduced (see discussion below). From this simulation, we deduce that various vibrational modes are active upon ionization: the ν + (CNC out-of-plane bend), ν + 4 (H 2 C-NC stretch) , ν + 2 (N-C stretch), ν + 8 (CH 2 rock), and ν + 1 (CH 2 symmetric stretch). The remaining band at 10.272 eV might be assigned to a photoionizing transition involving an excited electronic state of the cation. Nevertheless, our calculations predict that the transition involving the lowest excited electronic state of the cation should occur around 11.36 eV (calculated with the Electron Propagator Theory with Gaussian). Accordingly, no photoionizing transition involving a metastable state of the neutral species is predicted in this region. The first quadruplet state of CH 2 NC (a 4 A 2 ) is calculated 4.3 eV above the electronic ground state of CH 2 NC and could ionize towards the first triplet state of CH 2 NC + (a + 3 B 1 ). The corresponding adiabatic ionization energy is predicted at 6.9 eV. Although we started the measurement at 9.3 eV, this photoionizing transition should appear in the PES matrix (see Fig 2) as diagonal line above the diagonal of the X + 1 A 1 ← X 2 B 1 transition (upper diagonal in the picture). The absence of such a signal indicates that the quadruplet state is not produced in the reactor. Moreover, the a 4 A 2 metastable state of CH 2 NC is not energetically accessible by the F + CH 3 NC reaction (∆ r H • = 1.76 eV). Nevertheless, although there is a noticeable cooling of the translational (and probably rotational) temperature due to the successive expansions through the two skimmers, the H abstraction reaction exothermicity (-169 kJ/mol) vibrationally excites the resulting CH 2 NC radical (and, similarly, the HF molecule). Moreover, the transition state of the CH 2 NC → CH 2 CN isomerization reaction is located +121 kJ/mol above the CH 2 NC ground state (at M06- 

Conclusions

We succeeded in efficiently producing the isocyanomethyl CH 2 NC radical through the CH 3 NC + F → CH 2 NC + HF reaction in a flow-tube reactor. Ion yield and TPE spectra of this radical have been recorded for the first time employing the DELICIOUS 3 spectrometer of the DESIRS beamline of the SOLEIL synchrotron facility. We were able to assign the TPES using theoretical calculations (CASSCF and DFT methods) and thus to extract the adiabatic ionization energy of CH 2 NC (IE adia. = 9.439(6) eV) and several fundamental vibrational wavenumbers of its cation. We have demonstrated the possibility of isonitrile radical production in large amounts (around 10 13 molecules•cm -3 ), which opens up new perspectives for the study of this radical, in connection to its importance in astrochemistry.

  and a Institut des Sciences Moléculaires d'Orsay, CNRS, Université Paris-Saclay, F-91405 Orsay (France). b Synchrotron SOLEIL, L'Orme des Merisiers, Saint Aubin BP 48, F-91192 Gif sur Yvette Cedex, France c Univ Rennes, Ecole Nationale Supérieure de Chimie de Rennes, CNRS, ISCR -UMR6226, F-35000 Rennes, France d Institut des Sciences Moléculaires (ISM), CNRS, Univ. Bordeaux, 351 cours de la Libération, 33400, Talence, France

6 JFig. 1

 61 Fig.1TOF mass spectrum integrated between 9.3 and 11.2 eV photon energy showing the gas-phase composition of the reactor.

Fig. 1 corresponding to the CH + 3 (

 3 m/q = 15 a.m.u.) and CH 2 NC + (m/q = 40 a.m.u.) radical cations. A Time-Of-Flight (TOF) mass spectrum recorded at 13.6 eV (see Fig.1of ESI) confirms the production of FCN strenghtening that the CH 3 radical is produced through the channel 2 of the CH 3 NC + F reaction. Many other species are detected. Their number and diverse natures highlight the occurrence of a complex chemistry and the presence of impurities in our reactor which is overcome by the use of the PEPICO technique (i.e. the mass selectivity).
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Fig. 3

 3 Fig.3Experimental TPES of m/q = 40 a.m.u. between 9.3 and 11.2 eV in black. The red and blue spectra correspond to our calculated photoelectron spectra of CH 2 NC and CH 2 CN, respectively, both shifted in energy to match the origin bands. Each calculation is displayed as a stick spectrum and as a convoluted stick spectrum (gaussian lineshape with FW HM = 30 meV) to account for the spectral resolution and the rotational contour of the bands. The grey dashed lines link the corresponding vibronic bands in the experimental and calculated spectra.
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Table 1

 1 Calculated and experimental fundamental vibrational-mode wavenumbers ( ν+ i ) of the CH 2 NC + cation. The vibrational mode labels correspond to the standard notation (sorted by lowering symmetries and decreasing wavenumbers). deduced from the 8 2 0 transition. 2X/AVTZ level) in very good agreement with the value calculated by Moran et al. (+122 kJ/mol calculated at the MP4/6-311++G level). 12 Thus, one can suspect that some CH 2 CN can be produced which can explain the band located at 10.272 eV in the TPES spectrum. The blue curve depicted in Fig. 3 corresponds to the FC simulation of the CH 2 CN TPES 34,35 and matches perfectly the band at 10.272 eV. The corresponding IE is 10.279(6) eV after the correction of the field-induced shift, in good agreement with our previous work (IE(CH 2 CN = 10.275(3) eV) 34,35 and that of Steinbauer et al. (IE(CH 2 CN) = 10.28(2) eV). 40 Note that, the CH 2 CN can also come from CH 3 CN + F reaction if CH 3 CN is somehow produced either in the reactor or during the CH 3 NC synthesis.

	Vibrational mode	Mode description	Symmetry	Calc. wavenumber Exp. wavenumber (/ cm -1 ) (/ cm -1 )
	ν + 1 ν + 2 ν + 3 ν + 4 ν + 5 ν + 6 ν + 7 ν + 8 ν + 9	CH 2 sym. stretch N-C stretch CH 2 scissor H 2 C-N stretch CH 2 wag CNC out-of-plane bend CH 2 asym. stretch CH 2 rock CNC in-plane bend	a 1 a 1 a 1 a 1 b 1 b 1 b 2 b 2 b 2	3094.5 2071.4 1522.5 1238.6 1155.0 218.9 3217.9 1214.4 252.8	2999(80) 1925(40) -1193(40) -237(50) a -1185(60) b -
		a deduced from the 6 2 0 transition.	

b 

Acknowledgements

This work was performed on the DESIRS beamline under proposal number 20181133. We acknowledge SOLEIL for provision of synchrotron radiation facilities and the DESIRS beamline staff for their assistance. This work received financial support from the French Agence Nationale de la Recherche (ANR) under grant

Conflicts of interest

There are no conflicts to declare.