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The reactivity of methanimine radical cation (H2CNH+) and its isomer aminomethylene (HCNH2+) with methane 

Introduction

The reactivity of methane with a range of ions has been the focus of several experimental and theoretical studies [Schroder1995;Ryan1995;Bohme2009] due to its relevance to a variety of environments and to the interest in the activation of C-H bonds in saturated species. The activation of methane has been studied via reaction with cations and radicals [dePretis2009, Dietl2013, Schwarz2015, Schwarz2017, Viggiano2020] with two mechanisms being proposed: direct hydrogen transfer and reaction via intermediate complexes.

Here, we focus on the reaction of CH4 with the two lowest energy isomers of [CH3N] •+ : H2CNH •+ and HCNH2 •+ . Though they both contain a radical moiety and a cationic nitrogen, H2CNH •+ has a radical cation character while the HCNH2 •+ isomer is distonic, thus allowing for a comparison of the chemistry of the two functionalities independently, as well as in combination. Additionally, these are the two simplest imine cations, and so their reactions should provide insight into the reactivity of this functional group, which has been identified as a potential core building block in the formation of amino acids [Aponte and Elsila 2017].

From an astrochemical perspective the title reaction is relevant to the chemistry of methanimine H2C=NH and its related ions in Titan's atmosphere. Here, the presence of considerable amounts of neutral methanimine has been proposed by models [Vuitton2019, Lavvas2008] on the basis of an intense peak at m/z 30 present in the mass spectrum from the Ion Neutral Mass Spectrometer of Cassini and attributed to protonated methanimine CH2NH2 + [Vuitton2006, Vuitton2007, Balucani19].

Such models have predicted only a minor presence of H2CNH •+ /HCNH2 •+ in Titan's athmosphere (1.1x10 -2 cm -3 [Vuitton2007]) though this could be due to their high reactivity and, consequently, fast destruction. A theoretical study [Skouteris2015] has indicated that the barriers for bondforming reactions starting from neutral methanime are unfeasibly high for the low temperature environments of Titan, but the formation of covalently bound adducts from the ionic form is in many cases barrierless.

The idea has therefore been put forward that methanimine radical cations might be the basis for methanimine polymerization [Skouteris2015], eventually leading to the build up to detected complex ions [Westlake2014, Vuitton2019]. These, in turn, may account for the formation of the Titan nitrogen-rich aerosols. Since H2CNH •+ and HCNH2 •+ are stable species separated by a high isomerization barrier [Nguyen1994], the reactivity of both isomers should be addressed, as well as the possibility for their isomerization. As CH4 is the most abundant hydrocarbon in Titan's atmosphere, it is a logical starting point for reactivity studies.

In this paper we describe an experimental method to selectively produce the title ions by dissociative photoionization of cyclopropylamine and azetidine using tuneable VUV synchrotron radiation. In Sec. 3 experimental and theoretical results on the dissociative photoionization of the precursors are presented and potential contaminations by isobaric ions are discussed. In Sec. 4 results from the reactions of H2CNH •+ and HCNH2 •+ cation isomers with CH4 are presented, together with computational data to help rationalise the observations. In the accompanying paper [Sundelin21] the reactivity with C2H4 is presented.

Experimental and computational Sections

Experimental set-up

Experiments were performed using the CERISES apparatus [Alcaraz 2004;Cunha 2015] at the DESIRS beamline [Nahon2012] of the SOLEIL synchrotron radiation facility. CERISES is a guided ion beam tandem mass spectrometer composed of two octopoles located between two quadrupole mass filters that permits investigation of bi-molecular reactions of mass-selected ions. By measuring the yields of parent-and product-ions, absolute cross sections (CS) are derived as a function of both photon and collision energy.

[CH3N] •+ isomers were produced by dissociative photoionization of suitable gaseous precursors (see Section 3) introduced at roughly 10 -6 mbar in the ion source. CH4 was introduced in the reaction cell at a dynamic pressure of 2 10 -7 bar, which guarantees operation close to a single collision regime, reduces secondary reactions and limits the parent ion attenuation to less than 10%. The absolute pressure was measured using the MKS 398H differential manometer.

The photon energies (Ephot) used to generate [CH3N] •+ ions are in the range of 9.5-14 eV. Monochromator slits were set to define photon energy resolution of 20 to 40 meV. The gas filter [Mercier 2000] of the beamline used Argon to remove photons above 15.7 eV. The absolute scale of the photon energy was based on absorption lines of Argon around 11.828 and 14.304 eV [Minnhagen 1973, NIST ASD], with systematic shifts of about 10-20 meV above their tabulated values.

The mass filter resolution was adjusted in order to maximize signal and provide sufficient removal of ions at adjacent mass units. A pollution of 0.01% of neighbouring ions for Q1 and 0.1% for Q2 is estimated at the lowest collision energy, which for the later increases to 1.2% at an acceleration potential of 20 V. Collision energy was set by the difference between the ion source and the reaction cell potentials. This was determined by the retarding potential method [Teloy 1974], giving a parent beam FWHM of 0.4 eV in the LAB frame. By changing the potentials of the reaction cell and all subsequent elements up to 20V, the collision energy can be spanned from 0.06 eV up to 10 eV in the centre-of-mass frame (ECM).

Acquisitions, both for photon and collision energy scans, were performed by counting signal for all ionic species at a single point before moving to the next one. This drastically reduces effects of pressure drifts in source and reaction cell.

Theoretical Methodology

Relevant structures in the PES describing the dissociative ionisation of the cyclopropylamine and azetidine precursors were performed using Wavefunction's Spartan '18 suite [Spartan]. For stable structures, corresponding to energy minima, calculations were conducted at the G3 level, which is a combination of Hartree-Fock and wave function-based electron correlation methods, with the output being the enthalpy of formation at 298 K. For transition states, calculations were conducted at the ωB97X-D/cc-pVTZ level. ωB97X-D is a Range Separated Hybrid Generalized Gradient Approximation functional, which uses Grimme corrections (-D) in order to account for dispersive interactions. Cc-pVTZ refers to the Correlation consistent polarized Valence Triple Zeta basis set, which is a triple-zeta basis set intended specifically for use in correlated calculations.

Calculations of the reaction mechanisms of HCNH2 •+ /H2CNH •+ plus CH4 were performed using GAUSSIAN [GAUSSIAN]. Intermediate structures, i.e. minima and transition states, were calculated at the MP2/6-31G*, MP2/6-311++G** and MP2/cc-pVTZ levels. The identity of transition states and minima were checked by frequency calculations and zero-point energy corrections were employed to the obtained energies. IRC calculations were performed at the MP2/6-31G* level to ensure that the transition states connect the correct minima. Energy calculations were carried out for all stationary points at the CCSD(T)/6-311++G** and CCSD(T)/cc-pVTZ levels with zero-point energy corrections taken from the MP2/6-311++G** and MP2/cc-pVTZ levels respectively. Reactants and product geometries and energies were also calculated at the same level (including zero-point energy corrections) and their energies subtracted from the optimizations of the transition states and minima, resulting in the relative energies Erel. Full results are given in the Supplementary Information 1 (Tables 1-4 and Figs.

1-3).

Results and discussion: generation of different [CH3N] •+ isomers

The HCNH2 •+ and H2CNH •+ isomers have been generated via dissociative photoionization of cyclopropylamine (c-C3H5NH2) and azetidine (c-CH2CH2CH2NH), respectively, as proposed in [Audier03, Polce97, Burgers84]:

(cyclopropylamine) + h HCNH2 •+ + C2H4 (1a) (azetidine) + h H2CNH •+ + C2H4 (1b)

Dissociative photoionization of cyclopropylamine

The photoionization and subsequent H ejection from cyclopropylamine has been studied both experimentally and theoretically [Bouchoux1998, Bouchoux2000] where an ionization energy IE for c-C3H5NH2 was given as 8.78 ±0.03 eV. These authors demonstrated that the cyclic structure ring-opens upon ionization at threshold to give CH2CH2CHNH2 •+ . In Fig. 1 calculations are presented on the energetics of the fragmentation pathways of this ion over the studied photon energy range. A comparison with literature data is given in Table S1 of the Supplementary Information 2.

The photoionization efficiency (PIE) curves (i.e. ion yields as a function of photon energy) for the dissociative ionization products of cyclopropylamine at m/z 29 (sum of HCNH2 •+ and C2H5 + ), m/z 28 (sum of HCNH + and C2H4 •+ ) and m/z 30 (H2CNH2 + ) are shown in Fig. 2, where the observed appearance energies (AEs) are reported. To evaluate the AEs the method of linear threshold extrapolations of the PIE curves is used [Chupka71, Traeger1981, Castrovilli2014].

However, the PIE curve at m/z 29 does not show any well-defined onset but rather a curved threshold region that could not be fitted with a linear regression. In this case the experimental AE is obtained from the actual onset of the PIE curve, taking the first point above noise level as a rough estimate. We refrain from transforming experimental AEs into reaction enthalpies/energies since it will require accounting for Franck Condon factors, the presence of excited states of the parent ion and the thermal enthalpy correction term. This is beyond the scope of the paper, which doesn-t aims to measure the heat of formation of H2CNH •+ and HCNH2 •+ ions but rather their rectivity. We also note that the AE of the parent ion (m/z 57) and the H loss channel (m/z 56) are at 8.7 0.1 eV and 9.2 0.1 eV respectively (data not shown), in agreement with previous studies [Bouchoux et al. 1998 ;Bouchoux et al. 2000].

Dissociative ionization to give HCNH2 eV, in agreement with the 10.30 0.18 eV that can be estimated from values reported in [Holmes2006]. The experimental AE of 10.40±0.26 eV for m/z 28 (see inset b) in Fig. 2) is consistent with the opening of this fragmentation channel, which has an AE close to the HCNH2 •+ isomer. Given that the yield of m/z 28 fragment from cyclopropylamine is more intense than that for m/z 29 (see Fig. 2) we considered the effect of isobaric impurities due to H 13 CNH + when mass selecting ions at m/z 29 to carry out reactivity experiments (see the following). The formation of the isobaric cation C2H5 + in combination with the iminomethyl radical HCNH • is shown to be a higher energy channel from the same intermediate structure, with our computational value of 11.39 eV being in good agreement with the literature value of 11.35 0.03 eV [Baer2000, ATcT]. The alternative dissociation channel producing C2H5 + plus H2CN • (methyleneamidogen radical) is less endothermic ( H =11.02 eV) but it is hampered by an energy barrier (TS state located at 11.68 eV). Hence we can not exclude the production of C2H5 + as a contaminant of the HCNH2 •+ isomer at photon energies larger than 11.4 eV. Indirect evidence for the formation of C2H5 + at high photon energies is discussed in the accompanying paper [Sundelin21], where the reactivity of m/z 29 from dissociative photoionization of cyclopropylamine against C2H4 is reported. There, the appearance of an intense product at m/z 41 at photon energy 12.4 eV, is attributed to the precence of C2H5 + , which is known to react readily with ethylene to give C3H5 + plus CH4 [Anicich93].

Direct dissociation of CH2CH2CHNH2 •+ to give C2H4 •+ plus HCNH2 is calculated as being a more endothermic channel with an enthalpy of 12.75 eV, in good agreement with the literature value of 12.73 0.03 eV [NIST Chem, Nguyen1994]. Formation of C2H4 •+ is therefore expected to occurr only at high photon energies.

Production of aminomethylium CH2NH2 + in combination with C2H3 • requires a rearrangement (a [1, 2] H shift) into CH2CHCH2NH2 •+ , from which dissociation proceeds barrierlessly. The calculated enthalpy of 10.02 eV matches the literature value of 10.02 0.14 [Holmes2006, NIST Chem] as does our experimental AE of 10.20±0.05 eV.

In summary, dissociative photoionization of cyclopropylamine allows for the production of the HCNH2 •+ isomer with AE=10.2 0.1 eV and potential contamination from C2H5 + limited to high photon energies (Ephot > 11.4 eV). 

Dissociative photoionization of azetidine

The production of H2CNH •+ via a [2 + 2] cycloreversion reaction of azetidine has been proposed previously [Burgers1984] where the AE for m/z 29 ions was measured via energy selected electrons to be 10.46±0.05 eV. The identification of the charged fragment as H2CNH •+ has been proposed on the basis of collisionally activated dissociation, metastable ion mass spectra and charge reversal experiments [Burgers1984, Polce1997]. A photoionization-mass spectrometry investigation of azetidine measured the AE for this channel as 10.32±0.08 eV [Tarasenko 1986;Holmes1992] and for the formation of HCNH + as 9.98±0.02 eV.

To the best of our knowledge the full dissociative ionization of azetidine has not been investigated experimentally or theoretically. A scheme of the most relevant dissociation pathways from calculations is presented in Fig. 3 and a comparison with literature data is given in Table S2 of the Supplementary Information 2. The PIE curves for the dissociative ionization products of azetidine at m/z 29 (sum of HCNH2 •+ and C2H5 + ) and m/z 28 (sum of HCNH + and C2H4 •+ ) are presented in Fig. 4, where AEs are derived as discussed in the previous section. We note that the AE of the m/z 57 parent ion (8.7 0.1 eV) and the m/z 56 H loss channel (9.2 0.1 eV), data not shown, are in agreement with previous work [Tarasenko 1986]. 4) is consistent both with these calculations and with previous experimental values [Tarasenko 1986;Holmes1992].

Production of HCNH + in combination with C2H5 • proceeds by a [1,4] H shift from CH2NHCH2CH2 •+ to yield CH3CH2NHCH •+ . The latter fragments into products with a barrier of 10.14 eV. Our experimental AE for m/z 28 of 10.22 0.06 eV is in fair agreement both with the computational value and the literature reaction enthalpy of 10.08 0.22 eV [Holmes2006]. Similarly to the cyclopropylamine case, this fragmentation channel opens at similar Ephot as the H2CNH •+ isomer.

The formation of C2H5 + in combination with HCNH • is a more endothermic channel which proceeds via CH3CH2NHCH •+ with a calculated reaction enthalpy of 11.17 eV (in good agreement with the literature estimate of 11.13 0.08 eV [Baer2000, ATcT]). The formation of C2H5 + in combination with H2CN • has a smaller reaction enthalpy (10.80 eV) but it is inhibited by a reaction barrier (TS located at 11.30 eV). Hence the production of C2H5 + as a contaminant of the H2CNH •+ isomer should be considered when working at photon energies above 11 eV. CH2NHCH2CH2 •+ can also fragment to give C2H4 •+ plus H2CNH with a reaction enthalpy of 10.97 eV, in good agreement with the literature value of 10.95 0.23 eV [NIST ChemWeb, Holmes1992, ATcT]. The formation of C2H4 •+ from azetidine is therefore expected to have a lower AE than from cyclopropylamine. In the azetidine case, one should therefore consider the effect of isobaric impurities due to 13 CCH4 •+ as well as H 13 CNH + when mass selecting ions at m/z 29. However, since the yield of m/z 29 fragment from azetidine is more intense than that for m/z 28 with the exception of the threshold region (see Fig. 4), any contamination is expected to be minor. 

Results and discussion: reactivity experiment

To exclude any interference from isobaric contaminants arising from 13 C (H 13 CNH + and 13 CCH4 •+ ) at m/z 29, we have performed preliminary experiments with CH4 selecting the m/z 28 ions (a combination of HCNH + and C2H4 •+ ) from dissociative photo-ionization of cyclopropylamine and azetidine . We observe no reactivity (i.e. CS smaller than 0.02 Å 2 ), in agreement with literature: both HCNH + and C2H4 •+ are unreactive towards methane (k < 1.00•10 -13 [Anicich 2003]). C2H5 + is known to have a small reactivity with CH4 (k=9 10 -14 [Anicich 2003] leading to C3H7 + (m/z 43) plus H2). However, no ion counts at m/z 43 are detected upon reaction of m/z 29 from both precursors, even at the photon energies at which C2H5 + production is energetically possible.

Upon reaction with CH4 both isomers show a unique product at m/z 30, which corresponds to H abstraction from methane to give CH2NH2 + plus CH3 • :

HCNH2 •+ + CH4 CH2NH2 + + CH3 • 2a H2CNH •+ + CH4 CH2NH2 + + CH3 • 2b
Only 2a has been studied in the literature [Audier2003] (where no values of absolute rate constants or CS are given) and the main channel is H atom abstraction, in agreement with our results. Calculations as part of this study indicate that reactions (2a) and (2b) are exothermic by 0.64 and 0.83 eV respectively, in good agreement with literature values (see Table S3 in the Supplementary Information 2).

The CS dependences on photon energy (see Fig. 5) are similar for both isomers. Data is noisy just above threshold due to low parent ion signals but it shows that CSs are approximately constant as a function of photon energy at both collision energies and for both isomers. Given the exothermicities of 2a and 2b, it should be expected that they show little dependence on the (here unknown) internal energy of the reactant ion, supporting this observation. ). For the HCNH2 •+ isomer, apart from a contribution at ECM <0.1 eV, the CS increases with increasing ECM (up to about 2 eV), with a plateau at higher ECM. For H2CNH •+ the CS is larger than for HCNH2 •+ at low ECM with a more gentle rise in the 0.2-2 eV range. Calculations have identified van der Waals adducts for the two reacting isomers through which reaction can proceed (see Fig. 7 for a sketch of the pathways). The reactant radical cations are both planar molecules with a doublet ground state. Previous calculations [Nguyen1994] at the RCCSD(T) level of theory give the electronic energy of H2CNH •+ as 23-24 kJ•mol -1 higher than HCNH2 •+ . This value reduces to 16 kJmol•mol -1 when taking the vibrational zero-point energies and thermal corrections into account, at both 0 and 298 K. Our calculations give a difference of 18 kJ•mol -1 for the energies of the two isomers, in good agreement with previous results. In the following discussion energies are given (in kJ•mol -1 ).

For both isomers, the lowest energy complex is formed barrierlessly and corresponds to Nterminal approach of the ion to the neutral. For H2CNH •+ this structure, A1, is 24.8 kJ•mol -1 below the energy of the reactants, while for HCNH2 •+ the corresponding structure A2 lies 18.2 kJ•mol -1 below the reactants. A1 is able to transfer an H from the methane to the ion to give A4 (which is common to both isomers and lies 107.2 kJ•mol -1 below H2CNH The relative energies of adducts and transitions states with respect to the reagents can be rationalised by the fact that complex formation is driven by the charge-induced dipole interaction whereas the H atom transfer is driven by the radical moiety on the ion, as shown by the structure of products. This means that the structures A1 and TS1 are far more similar than A2 and TS3, as in the latter case the ion needs to rotate relative to the CH4 for the reaction to proceed. One can therefore expect a reduced efficiency for the HCNH2 •+ isomer. Due to the small energy difference between the HCNH2 •+ reagent and TS3, at low collision energies the reagent flux that overcomes the transition state to evolve into products is larger for H2CNH •+ (going via TS1) than for HCNH2 •+ (going via TS3) and this could explain the higher CS for the H2CNH •+ isomer at the low collision energies.

However, a question remains: all intermediates lie below the energy of the reactants, so how can we explain the increase in CS seen when increasing collision energy? (see Fig. 6). A possible explanation deals with the competition between the complex mediated mechanism (and associated reverse reactions towards reactants) and a direct H-stripping mechanism [Zabka00,Anderson95]. The complex-mediated mechanism proceeds via the van der Waals adducts and decreases with increasing collision energy, hence mostly contributing at low collision energies while the direct H stripping should be mostly flat with collision energy. At intermediate energies (ECM 0.2-2 eV) one would therefore have a competition between complex formation and direct H stripping. In the HCNH2 •+ case the complex-mediated mechanism has a smaller contribution than for the other isomer due to the larger proportion of complexes returning to reagents (equivalent to missed collision, or apparently decreased cross section) rather than proceeding to products (reactive collision).

H atom transfer channel: comparisons with results from other reaction partners

H-atom transfer reactions to HCNH2 •+ and H2CNH •+ ions have been observed for other hydrocarbons, as well as CH3OH, according to the following scheme (see the estimated reaction enthalpies from literature values in Table 1): The CS for reaction (3) as a function of the collision energy are given in Fig. 8. The three unsaturated species (C2H4, C3H4 and C3H6) show a gradual decrease with increasing collision energy, whereas the saturated species (CH4 and CH3OH) both show a rise in CS at intermediate collision energies before plateauing at higher collision energies, with this feature being amplified for the HCNH2 •+ isomer in both cases. The difference between the saturated and unsaturated species can be explained by the ability of the unsaturated species to form covalently-bound adducts, through which the reaction can proceed rapidly and often with little or no barrier. Whereas, for the saturated species, the chemistry at low collision energies is dominated by the formation of van der Waals complexes where there is a competition between dissociation into products and back-dissociations towards the reagents. At higher energies the reaction with saturated hydrocarbons will probably mainly proceed by a stripping mechanism.

HCNH2 •+ /H2CNH •+ + R-H CH2NH2 + + R • (3)
The similarities in the CS trends with collision energy for CH4 and CH3OH support the hypothesis that they result from the competition between the two different mechanisms: direct H atom transfer and reaction proceeding via formation of an intermediate complex. Since the C-H and O-H bond dissociation enthalpies in CH4 and CH3OH are essentially identical (4.555 0.001 and 4.54 0.03 eV respectively [Blanksby03]), reaction enthalpies are not sufficient to explain the larger cross section observed for CH3OH in the entire collision energy range, which is instead due to the presence of a dipole moment in methanol, thus leading to a more strongly bound adduct with CH3OH than with CH4.

Conclusions

Dissociative photoionization experiments of suitable neutral precursors (cyclopropylamine and azetidine) using tuneable VUV photons in the range 10-14 eV and associated calculations confirm the possibility to produce the H2CNH •+ and HCNH2 •+ radical cations independently and selectively. Both isomers react with CH4 to exclusively give H2CNH2 + plus CH3•. Differences in the reactive cross sections as a function of the collision energy are interpreted, with the aid of theoretical calculations, in terms of competition between direct stripping and complexmediated H atom transfer. Our study provides the first experimental measure of the absolute cross sections for the reactions of H2CNH •+ / HCNH2 •+ with CH4.

Introduction

The reactivity of methane with a range of ions has been the focus of several experimental and theoretical studies [Schroder1995; Ryan1995; Bohme2009] due to its relevance to a variety of environments and to the interest in the activation of C-H bonds in saturated species. The activation of methane has been studied via reaction with cations and radicals [dePretis2009, Dietl2013, Schwarz2015, Schwarz2017, Viggiano2020] with two mechanisms being proposed: direct hydrogen transfer and reaction via intermediate complexes.

Here, we focus on the reaction of CH4 with the two lowest energy isomers of [CH3N] •+ : H2CNH •+ and HCNH2 •+ . Though they both contain a radical moiety and a cationic nitrogen, H2CNH •+ has a radical cation character while the HCNH2 •+ isomer is distonic, thus allowing for a comparison of the chemistry of the two functionalities independently, as well as in combination. Additionally, these are the two simplest imine cations, and so their reactions should provide insight into the reactivity of this functional group, which has been identified as a potential core building block in the formation of amino acids [Aponte and Elsila 2017].

From an astrochemical perspective the title reaction is relevant to the chemistry of methanimine H2C=NH and its related ions in Titan's atmosphere. Here, the presence of considerable amounts of neutral methanimine has been proposed by models [Vuitton2019, Lavvas2008] on the basis of an intense peak at m/z 30 present in the mass spectrum from the Ion Neutral Mass Spectrometer of Cassini and attributed to protonated methanimine CH2NH2 + [Vuitton2006, Vuitton2007, Balucani19].

Such models have predicted only a minor presence of H2CNH •+ /HCNH2 •+ in Titan's athmosphere (1.1x10 -2 cm -3 [Vuitton2007]) though this could be due to their high reactivity and, consequently, fast destruction. A theoretical study [Skouteris2015] has indicated that the barriers for bondforming reactions starting from neutral methanime are unfeasibly high for the low temperature environments of Titan, but the formation of covalently bound adducts from the ionic form is in many cases barrierless.

The idea has therefore been put forward that methanimine radical cations might be the basis for methanimine polymerization [Skouteris2015], eventually leading to the build up to detected complex ions [Westlake2014, Vuitton2019]. These, in turn, may account for the formation of the Titan nitrogen-rich aerosols. Since H2CNH •+ and HCNH2 •+ are stable species separated by a high isomerization barrier [Nguyen1994], the reactivity of both isomers should be addressed, as well as the possibility for their isomerization. As CH4 is the most abundant hydrocarbon in Titan's atmosphere, it is a logical starting point for reactivity studies.

In this paper we describe an experimental method to selectively produce the title ions by dissociative photoionization of cyclopropylamine and azetidine using tuneable VUV synchrotron radiation. In Sec. 3 experimental and theoretical results on the dissociative photoionization of the precursors are presented and potential contaminations by isobaric ions are discussed. In Sec. 4 results from the reactions of H2CNH •+ and HCNH2 •+ cation isomers with CH4 are presented, together with computational data to help rationalise the observations. In the accompanying paper [Sundelin21] the reactivity with C2H4 is presented.

Experimental and computational Sections

Experimental set-up

Experiments were performed using the CERISES apparatus [Alcaraz 2004;Cunha 2015] at the DESIRS beamline [Nahon2012] of the SOLEIL synchrotron radiation facility. CERISES is a guided ion beam tandem mass spectrometer composed of two octopoles located between two quadrupole mass filters that permits investigation of bi-molecular reactions of mass-selected ions. By measuring the yields of parent-and product-ions, absolute cross sections (CS) are derived as a function of both photon and collision energy.

[CH3N] •+ isomers were produced by dissociative photoionization of suitable gaseous precursors (see Section 3) introduced at roughly 10 -6 mbar in the ion source. CH4 was introduced in the reaction cell at a dynamic pressure of 2 10 -7 bar, which guarantees operation close to a single collision regime, reduces secondary reactions and limits the parent ion attenuation to less than 10%. The absolute pressure was measured using the MKS 398H differential manometer.

The photon energies (Ephot) used to generate [CH3N]

•+ ions are in the range of 9.5-14 eV. Monochromator slits were set to define photon energy resolution of 20 to 40 meV. The gas filter [Mercier 2000] of the beamline used Argon to remove photons above 15.7 eV. The absolute scale of the photon energy was based on absorption lines of Argon around 11.828 and 14.304 eV [Minnhagen 1973, NIST ASD], with systematic shifts of about 10-20 meV above their tabulated values.

The mass filter resolution was adjusted in order to maximize signal and provide sufficient removal of ions at adjacent mass units. A pollution of 0.01% of neighbouring ions for Q1 and 0.1% for Q2 is estimated at the lowest collision energy, which for the later increases to 1.2% at an acceleration potential of 20 V. Collision energy was set by the difference between the ion source and the reaction cell potentials. This was determined by the retarding potential method [Teloy 1974], giving a parent beam FWHM of 0.4 eV in the LAB frame. By changing the potentials of the reaction cell and all subsequent elements up to 20V, the collision energy can be spanned from 0.06 eV up to 10 eV in the centre-of-mass frame (ECM).

Acquisitions, both for photon and collision energy scans, were performed by counting signal for all ionic species at a single point before moving to the next one. This drastically reduces effects of pressure drifts in source and reaction cell.

Theoretical Methodology

Relevant structures in the PES describing the dissociative ionisation of the cyclopropylamine and azetidine precursors were performed using Wavefunction's Spartan '18 suite [Spartan]. For stable structures, corresponding to energy minima, calculations were conducted at the G3 level, which is a combination of Hartree-Fock and wave function-based electron correlation methods, with the output being the enthalpy of formation at 298 K. For transition states, calculations were conducted at the ωB97X-D/cc-pVTZ level. ωB97X-D is a Range Separated Hybrid Generalized Gradient Approximation functional, which uses Grimme corrections (-D) in order to account for dispersive interactions. Cc-pVTZ refers to the Correlation consistent polarized Valence Triple Zeta basis set, which is a triple-zeta basis set intended specifically for use in correlated calculations.

Calculations of the reaction mechanisms of HCNH2 •+ /H2CNH •+ plus CH4 were performed using GAUSSIAN [GAUSSIAN]. Intermediate structures, i.e. minima and transition states, were calculated at the MP2/6-31G*, MP2/6-311++G** and MP2/cc-pVTZ levels. The identity of transition states and minima were checked by frequency calculations and zero-point energy corrections were employed to the obtained energies. IRC calculations were performed at the MP2/6-31G* level to ensure that the transition states connect the correct minima. Energy calculations were carried out for all stationary points at the CCSD(T)/6-311++G** and CCSD(T)/cc-pVTZ levels with zero-point energy corrections taken from the MP2/6-311++G** and MP2/cc-pVTZ levels respectively. Reactants and product geometries and energies were also calculated at the same level (including zero-point energy corrections) and their energies subtracted from the optimizations of the transition states and minima, resulting in the relative energies Erel. Full results are given in the Supplementary Information 1 (Tables 1-4 and Figs. 123).

Results and discussion: generation of different [CH3N] •+ isomers

The HCNH2 •+ and H2CNH •+ isomers have been generated via dissociative photoionization of cyclopropylamine (c-C3H5NH2) and azetidine (c-CH2CH2CH2NH), respectively, as proposed in [Audier03, Polce97, Burgers84]:

(cyclopropylamine) + h HCNH2 •+ + C2H4 (1a) (azetidine) + h H2CNH •+ + C2H4 (1b)

Dissociative photoionization of cyclopropylamine

The photoionization and subsequent H ejection from cyclopropylamine has been studied both experimentally and theoretically [Bouchoux1998, Bouchoux2000] where an ionization energy IE for c-C3H5NH2 was given as 8.78 ±0.03 eV. These authors demonstrated that the cyclic structure ring-opens upon ionization at threshold to give CH2CH2CHNH2 •+ . In Fig. 1 calculations are presented on the energetics of the fragmentation pathways of this ion over the studied photon energy range. A comparison with literature data is given in Table S1 of the Supplementary Information 2.

The photoionization efficiency (PIE) curves (i.e. ion yields as a function of photon energy) for the dissociative ionization products of cyclopropylamine at m/z 29 (sum of HCNH2 •+ and C2H5 + ), m/z 28 (sum of HCNH + and C2H4 •+ ) and m/z 30 (H2CNH2 + ) are shown in Fig. 2, where the observed appearance energies (AEs) are reported. To evaluate the AEs the method of linear threshold extrapolations of the PIE curves is used [Chupka71, Traeger1981, Castrovilli2014].

However, the PIE curve at m/z 29 does not show any well-defined onset but rather a curved threshold region that could not be fitted with a linear regression. In this case the experimental AE is obtained from the actual onset of the PIE curve, taking the first point above noise level as a rough estimate. We refrain from transforming experimental AEs into reaction enthalpies/energies since it will require accounting for Franck Condon factors, the presence of excited states of the parent ion and the thermal enthalpy correction term. This is beyond the scope of the paper, which doesn-t aims to measure the heat of formation of H2CNH •+ and HCNH2 •+ ions but rather their rectivity. We also note that the AE of the parent ion (m/z 57) and the H loss channel (m/z 56) are at 8.7 0.1 eV and 9.2 0.1 eV respectively (data not shown), in agreement with previous studies [Bouchoux et al. 1998 ;Bouchoux et al. 2000].

Dissociative ionization to give HCNH2 eV, in agreement with the 10.30 0.18 eV that can be estimated from values reported in [Holmes2006]. The experimental AE of 10.40±0.26 eV for m/z 28 (see inset b) in Fig. 2) is consistent with the opening of this fragmentation channel, which has an AE close to the HCNH2 •+ isomer. Given that the yield of m/z 28 fragment from cyclopropylamine is more intense than that for m/z 29 (see Fig. 2) we considered the effect of isobaric impurities due to H 13 CNH + when mass selecting ions at m/z 29 to carry out reactivity experiments (see the following). (methyleneamidogen radical) is less endothermic ( H =11.02 eV) but it is hampered by an energy barrier (TS state located at 11.68 eV). Hence we can not exclude the production of C2H5 + as a contaminant of the HCNH2 •+ isomer at photon energies larger than 11.4 eV. Indirect evidence for the formation of C2H5 + at high photon energies is discussed in the accompanying paper [Sundelin21], where the reactivity of m/z 29 from dissociative photoionization of cyclopropylamine against C2H4 is reported. There, the appearance of an intense product at m/z 41 at photon energy 12.4 eV, is attributed to the precence of C2H5 + , which is known to react readily with ethylene to give C3H5 + plus CH4 [Anicich93].

Direct dissociation of CH2CH2CHNH2 •+ to give C2H4 •+ plus HCNH2 is calculated as being a more endothermic channel with an enthalpy of 12.75 eV, in good agreement with the literature value of 12.73 0.03 eV [NIST Chem, Nguyen1994]. Formation of C2H4 •+ is therefore expected to occurr only at high photon energies. 

Dissociative photoionization of azetidine

The production of H2CNH •+ via a [2 + 2] cycloreversion reaction of azetidine has been proposed previously [Burgers1984] where the AE for m/z 29 ions was measured via energy selected electrons to be 10.46±0.05 eV. The identification of the charged fragment as H2CNH •+ has been proposed on the basis of collisionally activated dissociation, metastable ion mass spectra and charge reversal experiments [Burgers1984, Polce1997]. A photoionization-mass spectrometry investigation of azetidine measured the AE for this channel as 10.32±0.08 eV [Tarasenko 1986;Holmes1992] and for the formation of HCNH + as 9.98±0.02 eV.

To the best of our knowledge the full dissociative ionization of azetidine has not been investigated experimentally or theoretically. A scheme of the most relevant dissociation pathways from calculations is presented in Fig. 3 and a comparison with literature data is given in Table S2 of the Supplementary Information 2. The PIE curves for the dissociative ionization products of azetidine at m/z 29 (sum of HCNH2 •+ and C2H5 + ) and m/z 28 (sum of HCNH + and C2H4 •+ ) are presented in Fig. 4, where AEs are derived as discussed in the previous section. We note that the AE of the m/z 57 parent ion (8.7 0.1 eV) and the m/z 56 H loss channel (9.2 0.1 eV), data not shown, are in agreement with previous work [Tarasenko 1986]. 4) is consistent both with these calculations and with previous experimental values [Tarasenko 1986;Holmes1992].

Production of HCNH + in combination with C2H5 • proceeds by a [1,4] H shift from CH2NHCH2CH2 •+ to yield CH3CH2NHCH •+ . The latter fragments into products with a barrier of 10.14 eV. Our experimental AE for m/z 28 of 10.22 0.06 eV is in fair agreement both with the computational value and the literature reaction enthalpy of 10.08 0.22 eV [Holmes2006]. Similarly to the cyclopropylamine case, this fragmentation channel opens at similar Ephot as the H2CNH •+ isomer.

The formation of C2H5 + in combination with HCNH • is a more endothermic channel which proceeds via CH3CH2NHCH •+ with a calculated reaction enthalpy of 11.17 eV (in good agreement with the literature estimate of 11.13 0.08 eV [Baer2000, ATcT]). The formation of C2H5 + in combination with H2CN • has a smaller reaction enthalpy (10.80 eV) but it is inhibited by a reaction barrier (TS located at 11.30 eV). Hence the production of C2H5 + as a contaminant of the H2CNH •+ isomer should be considered when working at photon energies above 11 eV. CH2NHCH2CH2 •+ can also fragment to give C2H4 •+ plus H2CNH with a reaction enthalpy of 10.97 eV, in good agreement with the literature value of 10.95 0.23 eV [NIST ChemWeb, Holmes1992, ATcT]. The formation of C2H4 •+ from azetidine is therefore expected to have a lower AE than from cyclopropylamine. In the azetidine case, one should therefore consider the effect of isobaric impurities due to 13 CCH4 •+ as well as H 13 CNH + when mass selecting ions at m/z 29. However, since the yield of m/z 29 fragment from azetidine is more intense than that for m/z 28 with the exception of the threshold region (see Fig. 4), any contamination is expected to be minor. 

Results and discussion: reactivity experiment

To exclude any interference from isobaric contaminants arising from 13 C (H 13 CNH + and 13 CCH4 •+ ) at m/z 29, we have performed preliminary experiments with CH4 selecting the m/z 28 ions (a combination of HCNH + and C2H4 •+ ) from dissociative photo-ionization of cyclopropylamine and azetidine . We observe no reactivity (i.e. CS smaller than 0.02 Å 2 ), in agreement with literature: both HCNH + and C2H4 •+ are unreactive towards methane (k < 1.00•10 -13 [Anicich 2003]). C2H5 + is known to have a small reactivity with CH4 (k=9 10 -14 [Anicich 2003] leading to C3H7 + (m/z 43) plus H2). However, no ion counts at m/z 43 are detected upon reaction of m/z 29 from both precursors, even at the photon energies at which C2H5 + production is energetically possible.

Upon reaction with CH4 both isomers show a unique product at m/z 30, which corresponds to H abstraction from methane to give CH2NH2 + plus CH3 • :

HCNH2 •+ + CH4 CH2NH2 + + CH3 • 2a H2CNH •+ + CH4 CH2NH2 + + CH3 • 2b 
Only 2a has been studied in the literature [Audier2003] (where no values of absolute rate constants or CS are given) and the main channel is H atom abstraction, in agreement with our results. Calculations as part of this study indicate that reactions (2a) and (2b) are exothermic by 0.64 and 0.83 eV respectively, in good agreement with literature values (see Table S3 in the Supplementary Information 2).

The CS dependences on photon energy (see Fig. 5) are similar for both isomers. Data is noisy just above threshold due to low parent ion signals but it shows that CSs are approximately constant as a function of photon energy at both collision energies and for both isomers. Given the exothermicities of 2a and 2b, it should be expected that they show little dependence on the (here unknown) internal energy of the reactant ion, supporting this observation. ). For the HCNH2 •+ isomer, apart from a contribution at ECM <0.1 eV, the CS increases with increasing ECM (up to about 2 eV), with a plateau at higher ECM. For H2CNH •+ the CS is larger than for HCNH2 •+ at low ECM with a more gentle rise in the 0.2-2 eV range. Calculations have identified van der Waals adducts for the two reacting isomers through which reaction can proceed (see Fig. 7 for a sketch of the pathways). The reactant radical cations are both planar molecules with a doublet ground state. Previous calculations [Nguyen1994] at the RCCSD(T) level of theory give the electronic energy of H2CNH •+ as 23-24 kJ•mol -1 higher than HCNH2 •+ . This value reduces to 16 kJmol•mol -1 when taking the vibrational zero-point energies and thermal corrections into account, at both 0 and 298 K. Our calculations give a difference of 18 kJ•mol -1 for the energies of the two isomers, in good agreement with previous results. In the following discussion energies are given (in kJ•mol -1 ).

For both isomers, the lowest energy complex is formed barrierlessly and corresponds to Nterminal approach of the ion to the neutral. For H2CNH •+ this structure, A1, is 24.8 kJ•mol -1 below the energy of the reactants, while for HCNH2 •+ the corresponding structure A2 lies 18.2 kJ•mol -1 below the reactants. A1 is able to transfer an H from the methane to the ion to give A4 (which is common to both isomers and lies 107.2 kJ•mol -1 below H2CNH •+ plus CH4) via TS1 (at 9.3 kJ•mol -1 below H2CNH •+ plus CH4). For the HCNH2 •+ isomer, A2 proceeds to A4 via TS3 (only 2.2 kJ•mol -1 below the reactants). However, for this isomer the pathway to A4 requires first a reorientation to form the higher-energy adduct A3 (8.8 kJ•mol -1 below the reactants) via TS2 (at -8.6 kJ•mol -1 with respect to reactants). In both cases, A4 can break apart to form CH2NH2 + plus CH3 • , with products lying below the respective reagents by 62 (for HCNH2 •+ ) and 80 kJ•mol -1 (for H2CNH •+ ). The relative energies of adducts and transitions states with respect to the reagents can be rationalised by the fact that complex formation is driven by the charge-induced dipole interaction whereas the H atom transfer is driven by the radical moiety on the ion, as shown by the structure of products. This means that the structures A1 and TS1 are far more similar than A2 and TS3, as in the latter case the ion needs to rotate relative to the CH4 for the reaction to proceed. One can therefore expect a reduced efficiency for the HCNH2 •+ isomer. Due to the small energy difference between the HCNH2 •+ reagent and TS3, at low collision energies the reagent flux that overcomes the transition state to evolve into products is larger for H2CNH •+ (going via TS1) than for HCNH2 •+ (going via TS3) and this could explain the higher CS for the H2CNH •+ isomer at the low collision energies.

However, a question remains: all intermediates lie below the energy of the reactants, so how can we explain the increase in CS seen when increasing collision energy? (see Fig. 6). A possible explanation deals with the competition between the complex mediated mechanism (and associated reverse reactions towards reactants) and a direct H-stripping mechanism [Zabka00,Anderson95]. The complex-mediated mechanism proceeds via the van der Waals adducts and decreases with increasing collision energy, hence mostly contributing at low collision energies while the direct H stripping should be mostly flat with collision energy. At intermediate energies (ECM 0.2-2 eV) one would therefore have a competition between complex formation and direct H stripping. In the HCNH2 •+ case the complex-mediated mechanism has a smaller contribution than for the other isomer due to the larger proportion of complexes returning to reagents (equivalent to missed collision, or apparently decreased cross section) rather than proceeding to products (reactive collision). The difference between the saturated and unsaturated species can be explained by the ability of the unsaturated species to form covalently-bound adducts, through which the reaction proceed rapidly and often with little or no barrier. Whereas, for the saturated species, the chemistry at low collision energies is dominated by the formation of van der Waals complexes where there is a competition between dissociation into products and back-dissociations towards the reagents. At higher energies the reaction with saturated hydrocarbons will probably mainly proceed by a stripping mechanism.

The similarities in the CS trends with collision energy for CH4 and CH3OH support the hypothesis that they result from the competition between the two different mechanisms: direct H atom transfer and reaction proceeding via formation of an intermediate complex. Since the C-H and O-H bond dissociation enthalpies in CH4 and CH3OH are essentially identical (4.555 0.001 and 4.54 0.03 eV respectively [Blanksby03]), reaction enthalpies are not sufficient to explain the larger cross section observed for CH3OH in the entire collision energy range, which is instead due to the presence of a dipole moment in methanol, thus leading to a more strongly bound adduct with CH3OH than with CH4.

Conclusions
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Fig. 1 :

 1 Fig. 1: Scheme of the most relevant dissociations pathways upon ionization of cyclopropylamine. Enthalpy differences (in eV, relative to the cyclopropylamine neutral) are calculated at the G3 level for the PES minima and at DFT level ( B97X-D with cc-pVTZ basis set) for the transition states.

Fig. 2 :

 2 Fig. 2: PIE curves for the dissociative photoionization of cyclopropylamine to give ions at m/z 29 (red data), m/z 28 (blue data) and m/z 30 (black data). Insets a) b) and c) show zooms in the threshold region for the corresponding m/z values. Dashed lines are the linear extrapolations used to extract the experimental AEs, when possible.

Fig. 3 :

 3 Fig. 3: Scheme of the most relevant dissociations pathways upon ionization of azetidine. Enthalpy differences (in eV, relative to the azetidine neutral) are calculated at the G3 level for the PES minima and at DFT level ( B97X-D with cc-pVTZ basis set) for the transition states Production of the target ion H2CNH •+ in combination with C2H4 requires a rearrangement to the open structure CH2NHCH2CH2 •+ from which dissociation proceeds barrierlessly with an overall calculated reaction enthalpy of 10.35 eV, in excellent agreement with the value 10.36 0.16 eV [Nguyen1994]. Our experimental AE of 10.2 0.1 eV (corresponding to the first point above noise level, see inset a) in Fig.4) is consistent both with these calculations and with previous experimental values[Tarasenko 1986; Holmes1992].

Fig. 4

 4 Fig. 4 PIE curves for the dissociative photoionization of azetidine to give ions at m/z 29 (red data) and 28 (blue data). Insets a) and b) show zooms in the threshold region for the corresponding m/z values. Dashed line is the linear extrapolation used to extract the experimental AEs, when possible.

Fig. 5 :

 5 Fig. 5: Reactive CSs as a function of Ephot for the reaction of HCNH2 •+ (top) and H2CNH •+ (bottom) with CH4 at fixed collision energies (ECM) indicated in the figure. The vertical dashed lines show the photon energies at which spectra as a function of ECM have been collected (see Fig.6) Fig.6shows the collision energy trends of the CSs probed at fixed Ephot =11.48 eV (plus Ephot =11.98 eV only for HCNH2 •+ ). For the HCNH2 •+ isomer, apart from a contribution at ECM <0.1 eV, the CS increases with increasing ECM (up to about 2 eV), with a plateau at higher ECM. For H2CNH •+ the CS is larger than for HCNH2 •+ at low ECM with a more gentle rise in the 0.2-2 eV range.

Fig. 6 :

 6 Fig. 6: Reactive CSs as a function of collision energy ECM for the reaction of HCNH2 •+ (top) and H2CNH •+ (bottom) with CH4 measured at fixed photon energies (Ephot). The dotted lines indicate the collision energies at which spectra have been taken as a function of Ephot (see Fig. 5).

Fig. 7 :

 7 Fig. 7: Enthalpies and reaction pathways for the H2CNH •+ plus CH4 (red) and HCNH2 •+ (black) plus CH4 systems, both leading to CH2NH2 + plus CH3 • products. Enthalpies (in kJ•mol -1 ) are defined with respect to the separated HCNH2 •+ plus CH4 reactants. Calculations are at the MP2/cc-pVTZ//CCSD(T)/cc-pvTZ level of theory.

Fig. 8 :

 8 Fig. 8: Reactive cross sections (CSs) as a function of ECM for the reaction of HCNH2 •+ (top) and H2CNH •+ (bottom) with different R-H neutrals to give CH2NH2 + products (m/z 30). The photon energy used is Ephot =11.48 eV in all cases with the exception of HCNH2 •+ plus CH3OH (Ephot=12.98 eV) and HCNH2 •+ plus C2H4 (Ephot= 1.98 eV). Since in these cases the dependence of CS with Ephot is flat, such differences have no influence on the CS values as a function of ECM.
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 1 Fig. 1: Scheme of the most relevant dissociations pathways upon ionization of cyclopropylamine. Enthalpy differences (in eV, relative to the cyclopropylamine neutral) are calculated at the G3 level for the PES minima and at DFT level ( B97X-D with cc-pVTZ basis set) for the transition states.

  Production of aminomethylium CH2NH2 + in combination with C2H3 • requires a rearrangement (a [1, 2] H shift) into CH2CHCH2NH2 •+ , from which dissociation proceeds barrierlessly. The calculated enthalpy of 10.02 eV matches the literature value of 10.02 0.14 [Holmes2006, NIST Chem] as does our experimental AE of 10.20±0.05 eV.In summary, dissociative photoionization of cyclopropylamine allows for the production of the HCNH2 •+ isomer with AE=10.2 0.1 eV and potential contamination from C2H5 + limited to high photon energies (Ephot > 11.4 eV).
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 2 Fig. 2: PIE curves for the dissociative photoionization of cyclopropylamine to give ions at m/z 29 (red data), m/z 28 (blue data) and m/z 30 (black data). Insets a) b) and c) show zooms in the threshold region for the corresponding m/z values. Dashed lines are the linear extrapolations used to extract the experimental AEs, when possible.
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 3 Fig. 3: Scheme of the most relevant dissociations pathways upon ionization of azetidine. Enthalpy differences (in eV, relative to the azetidine neutral) are calculated at the G3 level for the PES minima and at DFT level ( B97X-D with cc-pVTZ basis set) for the transition states Production of the target ion H2CNH •+ in combination with C2H4 requires a rearrangement to the open structure CH2NHCH2CH2 •+ from which dissociation proceeds barrierlessly with an overall calculated reaction enthalpy of 10.35 eV, in excellent agreement with the value 10.36 0.16 eV [Nguyen1994]. Our experimental AE of 10.2 0.1 eV (corresponding to the first point above noise level, see inset a) in Fig.4) is consistent both with these calculations and with previous experimental values[Tarasenko 1986; Holmes1992].
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 56 Fig. 5: Reactive CSs as a function of Ephot for the reaction of HCNH2 •+ (top) and H2CNH •+ (bottom) with CH4 at fixed collision energies (ECM) indicated in the figure. The vertical dashed lines show the photon energies at which spectra as a function of ECM have been collected (see Fig.6) Fig.6shows the collision energy trends of the CSs probed at fixed Ephot =11.48 eV (plus Ephot =11.98 eV only for HCNH2 •+ ). For the HCNH2 •+ isomer, apart from a contribution at ECM <0.1 eV, the CS increases with increasing ECM (up to about 2 eV), with a plateau at higher ECM. For H2CNH •+ the CS is larger than for HCNH2 •+ at low ECM with a more gentle rise in the 0.2-2 eV range.
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Fig. 8 :

 8 Fig. 8: Reactive cross sections (CSs) as a function of ECM for the reaction of HCNH2 •+ (top) and H2CNH •+ (bottom) with different R-H neutrals to give CH2NH2 + products (m/z 30). The photon energy used is Ephot =11.48 eV in all cases with the exception of HCNH2 •+ plus CH3OH (Ephot=12.98 eV) and HCNH2 •+ plus C2H4 (Ephot= 1.98 eV). Since in these cases the dependence of CS with Ephot is flat, such differences have no influence on the CS values as a function of ECM.

Figure 4

 4 Figure 4

Figure 5

 5 Figure 5

Figure 6

 6 Figure 6

Figure 8

 8 Figure 8

Table 1 .

 1 Reaction enthalpies for reaction (3) All values in the Table have been estimated using ΔfH298°(HCNH2 •+ )=10.67 0.10 eV,

	R-H	H with HCNH2 •+ (eV) a	H with H2CNH •+ (eV) a
	CH4	-0.67 0.19 b	-0.83 0.19 b
	C2H4	-0.40 0.24 c	-0.56 0.24 c
	C3H4 (allene)	-1.41 0.22 d	-1.58 0.22 d
	C3H6 (propene)	-1.39 0.21 e	-1.56 0.21 e
	CH3OH	-0.65 0.33 f	-0.82 0.33 f
	ΔfH298°(H2CNH •+ )=10.84 0.10 eV [Nguyen94] and ΔfH298°(CH2NH2 + )=+7.72 0.08 eV [Holmes2006]
	b Using ΔfH298°(CH4)=-0.776 0.004 eV [NIST ChemWeb] and ΔfH298°(CH3)=+1.510 0.008 eV [NIST
	ChemWeb]		
	c Using ΔfH298°(C2H3)= 3.10 0.05 eV and ΔfH298°(C2H4)= 0.543 0.005 eV [NIST ChemWeb]

a d Using ΔfH298°(C3H4)=1.970 0.003 eV [Argonne Active Thermochemical Table] and ΔfH298°(C3H3 propargyl) = 3.513 0.041 eV [NIST ChemWeb] e Using ΔfH298°(C3H6)=0.210 0.003 eV [Argonne Active Thermochemical Table] and assuming that the C3H5 allyl radical (CH2CHCH2) is produced, for which ΔfH298°= 1.77 0.03 eV [NIST ChemWeb]

f Using ΔfH298°(CH3OH)= -2.12 0.10 eV

[NIST ChemWeb

] and assuming that the CH3O methoxy radical is produced, for which ΔfH298° = +0.176 0.041 eV

[NIST ChemWeb] 

  •+ plus C2H4 via the open structure CH2CH2CHNH2 •+ has a calculated reaction enthalpy of 10.41 eV, in agreement with the 10.42 0.11 eV literature value[Nguyen1994]. Our experimental AE (corresponding to the first point above noise level, see inset a) in Fig.2) of 10.2±0.1 eV is lower than previous value of 11.00 ± 0.05 eV[Burgers1984] obtained via dissociative electron ionization with energy selected electrons. The identification of the fragment ion as the aminomethylene isomer has been previously proposed on the basis of collisionally activated dissociation, metastable ion mass spectra and charge reversal experiments [Polce97, Burgers84].Production of HCNH + in combination with C2H5 • may proceed via a[1, 4] H shift to the CH3CH2CHNH + intermediate structure. Our calculations give an overall reaction enthalpy of 10.22

Formatted: Font: (Default) Arial, 11 pt, English (United Kingdom), Check spelling and grammar

Acknowledgements

We are grateful to the DESIRS beamline team for assistance during the synchrotron measurements and the technical staff of SOLEIL for the smooth running of the facility under projects n• 20180118 and 20190249. We thank prof. Marzio Rosi (University of Perugia, IT) for useful discussions on the theoretical calculations. This work was supported by the European Union's Horizon 2020 research and innovation programme "Astro-Chemistry Origins" (ACO), Grant No 811312. W.G. thanks the Swedish Research Council for a project grant (grant number 2019-04332). M.P. and J.Ž. acknowledge support from the Ministry of Education Youth and Sports of the Czech Republic (grant No. LTC20062). V.R. acknowledges funding for a PhD fellowship from the Dept. Physics, University of Trento.

Acknowledgements

We are grateful to the DESIRS beamline team for assistance during the synchrotron measurements and the technical staff of SOLEIL for the smooth running of the facility under projects n• 20180118 and 20190249. We thank prof. Marzio Rosi (University of Perugia, IT) for useful discussions on the theoretical calculations. This work was supported by the European Union's Horizon 2020 research and innovation programme "Astro-Chemistry Origins" (ACO), Grant No 811312. W.G. thanks the Swedish Research Council for a project grant (grant number 2019-04332). M.P. and J.Ž. acknowledge support from the Ministry of Education Youth and Sports of the Czech Republic (grant No. LTC20062). V.R. acknowledges funding for a PhD fellowship from the Dept. Physics, University of Trento.

H atom transfer channel: comparisons with results from other reaction partners

H-atom transfer reactions to HCNH2 •+ and H2CNH •+ ions have been observed for other hydrocarbons, as well as CH3OH, according to the following scheme (see the estimated reaction enthalpies from literature values in Table 1): The CS for reaction (3) as a function of the collision energy are given in Fig. 8. The three unsaturated species (C2H4, C3H4 and C3H6) show a gradual decrease with increasing collision energy, whereas the saturated species (CH4 and CH3OH) both show a rise in CS at intermediate collision energies before plateauing at higher collision energies, with this feature being amplified for the HCNH2 •+ isomer in both cases.

Dissociative photoionization experiments of suitable neutral precursors (cyclopropylamine and azetidine) using tuneable VUV photons in the range 10-14 eV and associated calculations confirm the possibility to produce the H2CNH •+ and HCNH2 •+ radical cations independently and selectively. Both isomers react with CH4 to exclusively give H2CNH2 + plus CH3•. Differences in the reactive cross sections as a function of the collision energy are interpreted, with the aid of theoretical calculations, in terms of competition between direct stripping and complexmediated H atom transfer. Our study provides the first experimental measure of the absolute cross sections for the reactions of H2CNH •+ / HCNH2 •+ with CH4.