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Threshold photoelectron spectrum of the anilino radical

We report on the photoionization of the anilino radical (C 6 H 5 NH) formed by H atom abstraction from aniline by F atoms in a flow-tube. The spectra were recorded from 7.8 to 9.7 eV by using a doubleimaging photoelectron-photoion coincidence spectrometer with VUV radiation provided by the DESIRS beamline at the SOLEIL synchrotron. The vibrationally-resolved recorded threshold photoelectron spectrum (TPES) of the anilino radical, exhibiting an adiabatic ionization energy of 8.02 ± 0.02 eV, is accompanied by theoretically simulated spectra and geometry optimizations. The TPES of the aniline radical displays remarkable similarity with the threshold photoelectron spectrum of its structural isomer, 4-picolyl. This raises questions about the limitations to separating isomeric products in e.g. flame and combustion studies, with threshold photoelectron-photoion spectroscopy.

Illustration of the in-plane deformation mode, ν_29^+. Vibrational frequencies are computed by computed at DFT level (M06-2X) using the AVTZ basis set with Guassian09.

INTRODUCTION

Aniline (or aminobenzene) is the epitome of a prototypical aromatic amine and is of fundamental interest in terms of understanding photodissociation dynamics via 1πσ* states localized at amino moieties in complex heteroaromatic species. [START_REF] Roberts | The role of pi sigma* states in the photochemistry of heteroaromatic biomolecules and their subunits: insights from gas-phase femtosecond spectroscopy[END_REF] It has been shown that N-H bond fission in heteroatom molecules is not only prompt [START_REF] Ashfold | The role of pi sigma* excited states in the photodissociation of heteroaromatic molecules[END_REF] but also an important contributor to nonradiative decay of heteroaromatics. [START_REF] Sobolewski | Excited-state hydrogen detachment and hydrogen transfer driven by repulsive (1)pi sigma* states: A new paradigm for nonradiative decay in aromatic biomolecules[END_REF] The study of such nitrogen-containing aromatics in terms of their photostability and characteristics is thus axiomatically of importance not only to biophysics [START_REF] Ray | Conical intersections involving the lowest (1)pi sigma* state in aniline: Role of the NH2 group[END_REF] but they have been attracting interest recently due to their role as reactive intermediates in biofuel combustion, [START_REF] Kohse-Hoinghaus | Biofuel Combustion Chemistry: From Ethanol to Biodiesel[END_REF] coal pyrolysis, [START_REF] Glarborg | Fuel nitrogen conversion in solid fuel fired systems[END_REF] and astrochemistry. [START_REF] Parker | On the formation of nitrogen-substituted polycyclic aromatic hydrocarbons (NPAHs) in circumstellar and interstellar environments[END_REF] Aniline photodissociates to produce the anilino radical (C 6 H 5 NH) and a H photofragment via the 1πσ* state [START_REF] King | Dynamical insights into (1)pi sigma* state mediated photodissociation of aniline[END_REF] which is energetically accessible at 269.513 nm (4.600 eV).

The most recent experimental and theoretical efforts into studying these photodissociation dynamics of aniline have recently been succinctly summarized. [START_REF] Ray | Conical intersections involving the lowest (1)pi sigma* state in aniline: Role of the NH2 group[END_REF] The anilino radical (see Fig. 1) also appears as a reaction intermediate in the reaction between N( 2 D) atoms and benzene which is of interest to chemistry in Titan's atmosphere. [START_REF] Balucani | A Computational Study of the Reaction N(2D) + C6H6 Leading to Pyridine and Phenylnitrene[END_REF] Despite the anilino radical itself appearing as a photoproduct in multiple studies of the dissociation of its parent molecule, aniline, it has been very modestly studied [START_REF] King | Dynamical insights into (1)pi sigma* state mediated photodissociation of aniline[END_REF][START_REF] Porter | Primary Photochemical Processes in Aromatic Molecules 3. Absorption Spectra of Benzyl, Anilino, Phenoxy and Related Free Radicals[END_REF] and in particular to our knowledge no Photoelectron Spectrum (PES) of the neutral anilino radical has ever been reported. Apart from the neutral and cationic structural information that can be extracted by comparing experimental and theoretical photoelectron spectra, in recent years there have been successful applications of advanced mass spectrometric methods based on imaging photoelectron/photoion coincidence (i 2 PEPICO) techniques, [START_REF] Baer | Advances in threshold photoelectron spectroscopy (TPES) and threshold photoelectron photoion coincidence (TPEPICO)[END_REF] coupled to synchrotron radiation, for the study of complex chemical reactions in the gas phase. Through these coincidence schemes, the photoelectron spectrum-recorded by dispersing the energies of either the photons or the electrons [START_REF] Kruger | Photoelectron-photoion coincidence spectroscopy for multiplexed detection of intermediate species in a flame[END_REF] -correlated to any peak in the time-of-flight mass spectrum can be extracted in a highly multiplex manner. Because isomers are expected to possess different vibronic structures, the photoelectron spectrum can in principle be used as a molecular fingerprint, and this has been applied to real-time, in situ species identification especially in the combustion community, [START_REF] Kruger | Photoelectron-photoion coincidence spectroscopy for multiplexed detection of intermediate species in a flame[END_REF][START_REF] Felsmann | Progress in Fixed-Photon-Energy Time-Efficient Double Imaging Photoelectron/Photoion Coincidence Measurements in Quantitative Flame Analysis[END_REF] but also in other types of complex chemical analyses. [START_REF] Cunha De Miranda | Molecular Isomer Identification of Titan's Tholins Organic Aerosols by Photoelectron/Photoion Coincidence Spectroscopy Coupled to VUV Synchrotron Radiation[END_REF] In this context, obtaining the anilino radical photoelectron fingerprint is of interest because resonantly stabilized radicals containing nitrogen can be found in both combustion chemistry and Titan's atmosphere.

Even more interesting is the fact that three additional structural isomers (C 6 H 6 N), namely 2-picolyl, 3-picolyl and 4-picolyl, were recently studied in this context and their coincidence threshold photoelectron spectrum (TPES) recorded. [START_REF] Reusch | Isomer-Selective Generation and Spectroscopic Characterization of Picolyl Radicals[END_REF] All of these picolyl radicals have very similar spectral appearances but each has a distinct ionization onset thus making them easily identifiable.

Here we present the first threshold photoelectron spectrum (TPES) of the ground state and first excited state of the cation of the anilino radical as well as the first measurement of the radical's adiabatic ionization potential. We also compare the anilino TPES spectrum to those of its picolyl isomers and discuss potential issues related to disentangling the spectra of these structural isomers.

METHODS

Experimental

Experiments were performed on the DESIRS VUV undulator beamline [START_REF] Nahon | DESIRS: a state-of-the-art VUV beamline featuring high resolution and variable polarization for spectroscopy and dichroism at SOLEIL[END_REF] located at the third generation French national synchrotron facility SOLEIL (Gif-sur-Yvette, France). Aniline was obtained commercially (Sigma-Aldritch, ≥98% purity) and the anilino radical was obtained via the reaction:

C 6 H 5 NH 2 + F→C 6 H 5 NH + HF
where F atoms were produced from a 5% F 2 /He mixture in a MW discharge and injected into a flow-tube reactor [START_REF] Garcia | Synchrotron-based double imaging photoelectron/photoion coincidence spectroscopy of radicals produced in a flow tube: OH and OD[END_REF] placed inside the permanent molecular beam end-station SAPHIRS, [START_REF] Tang | Vacuum upgrade and enhanced performances of the double imaging electron/ion coincidence end-station at the vacuum ultraviolet beamline DESIRS[END_REF] while the aniline was highly diluted in He and added through a movable injector. The distance between injector and skimmer determines the reaction time, typically around 1 msec. The total pressure in the reactor was regulated at 1 torr, and the concentrations of F and C 6 H 5 NH 2 estimated at 5.0x10 [START_REF] Felsmann | Progress in Fixed-Photon-Energy Time-Efficient Double Imaging Photoelectron/Photoion Coincidence Measurements in Quantitative Flame Analysis[END_REF] atoms/cm 3 and 1.0x10 15 molecules/cm 3 respectively.

The monochromator was set to deliver a photon energy resolution of 3 meV at 8 eV. A gas filter upstream of the beamline monochromator was filled with Krypton to filter out the higher harmonics from the undulator which might be transmitted by the high orders of the monochromator's grating. We used very weak residual harmonics to our advantage by calibrating the energy scale with the ionization of Helium which is achieved by the third harmonic of the undulator at 8.1957 eV. It should be noted that the higher harmonics from the undulator are almost completely quenched (by 4 to 5 orders of magnitude) and do not impact our results. The appearance of He ionization via the third harmonic coming from the undulator is a testament to the abundance of He in the beam as it was the designated carrier gas for aniline and F 2 and was thus by far the largest component in the molecular beam, but its observed weak signal is not problematic for the data analysis owing to the PEPICO mass-tagging scheme.

The i 2 PEPICO spectrometer DELICIOUS3 [START_REF] Garcia | DELICIOUS III: A multipurpose double imaging particle coincidence spectrometer for gas phase vacuum ultraviolet photodynamics studies[END_REF] was used to detect electrons and ions in coincidence with a velocity map imaging (VMI) setup and an imaging linear time-of-flight analyzer, respectively. Particle acceleration was achieved with a DC field of 53 V cm -1 which leads to a lowering of the ionization threshold by approximately 5 meV. This shift is accounted for in the energy scale calibration. Through the coincidence scheme, mass-selected photoelectron images correlated to the anilino radical (m/z 92) having a net velocity along the molecular beam direction, as selected by defining a region of interest in the coincident ion images, were recorded in the 7.8 -9.7 eV range with 5 meV steps. Following inversion of these images [START_REF] Garcia | Two-dimensional charged particle image inversion using a polar basis function expansion[END_REF] the electron signal detected in coincidence with anilino ions is obtained as a function of electron kinetic energy and photon energy. In such a 2D matrix, oblique diagonal lines correspond to direct ionization to a cationic state where the kinetic energy of the produced photoelectrons increases linearly with the excess energy, , being the ionization ℎ𝜈 -𝐼𝐸 𝑖 𝐼𝐸 𝑖 energy of the i th state. The threshold photoelectron spectrum, or TPES, is obtained by integrating the pixel intensities along these diagonal lines up to a relatively small value of kinetic energy according to:

𝑇𝑃𝐸𝑆(ℎ𝜐) = 𝐾𝐸 max ∫ 0 𝐴(ℎ𝜈 + 𝐾𝐸,𝐾𝐸)d𝐾𝐸
Where A is the two-dimensional intensity matrix representing the number of coincident events as a function of photon and electron kinetic energy, and KE max is the maximum kinetic energy, here 75 meV, which resulted in a full TPES resolution of 20 meV, as derived from the 3 rd order ionization of He. This method offers a better compromise between the resolution and signal intensity when compared with how TPES are traditionally obtained, [START_REF] Baer | Advances in threshold photoelectron spectroscopy (TPES) and threshold photoelectron photoion coincidence (TPEPICO)[END_REF] since more energetic electrons can be taken into account without degrading the resolution. An additional and sometimes valuable effect is the enhanced sensitivity to autoionizations. [START_REF] Briant | Ar-2 Photoelectron Spectroscopy Mediated by Autoionizing States[END_REF] This also implies that the method described above can show a very poor agreement with theoretical FC-factors if on-resonance autoionizations are encountered when KE max is increased. To this end, traditionally obtained TPES would be better suitable to provide better (although not perfect) fits to simulated FCfactors, but ultimately with a poorer signal-to-noise ratio.

Theoretical

The electronic structure calculations for the geometry optimization and harmonic frequencies calculations of both the neutral and the cation were carried out at DFT level (M06-2X) using the AVTZ basis set with Gaussian09. 22 The adiabatic energy was obtained as the difference between their energies after correction by their zero point energy. The Franck-Condon (FC) factors for the photoionization of C 6 H 5 NH were calculated using the harmonic approximation for harmonic frequencies and normal modes in the neutral and cationic ground states, as well as the first triplet ionic state, and the Condon approximation for the dipole moment. The Duschinsky effect was considered using recursive formulae already implemented in the Gaussian09 software package. For FC calculations the rotational and vibrational temperatures were set equal to 300 K.

RESULTS AND DISCUSSION

The 2D coincident signal as a function of electron and photon energy for the anilino radical, i.e. filtered on m/z 92, is shown in Figure 2 along with the mass-selected total ion yield (TIY). Most produced photoelectrons come from direct ionization with no visible sign of autoionization process which would manifest itself by a brighter vertical line. The ground state of the cation appears to have an onset located at 8.02 ± 0.02 eV. The TIY is reaching a plateau around 8.3 eV, marking the upper limit of the ground state, while upwards from approx. 9.0 eV the signal becomes noisier and at slightly higher energies, namely 9.52 ± 0.10 eV, the first excited state of the cation is observed which slightly contributes to the TIY signal increase above 9.4 eV. The TPES recorded for m/z 92 is shown in Figure 3. There are two spectral signatures observed, assigned to the X + 1 A' X 2 A'' ionizing transition to the ground state of the molecular ion, and to the a + 3 A'' X 2 A'' transition to the first excited state. The adiabatic ionization energy is measured as 8.02 ± 0.02 eV. The only prior measurement of the vertical ionization energy of the anilino radical was 8.23 ± 0.1 eV and was made by Palmer and Lossing. 10c It should be mentioned that Palmer and Lossing employed thermal decomposition of N-allyl aniline at 870°C to obtain anilino radicals so the higher value they obtained could be due to the presence of other isomers.

The TPES displays one hot band prior to the ionization onset, namely at 7.96 eV. The presence of hot bands is commonly observed in radicals formed by H-abstraction by fluorine atoms since they are always very exothermic in nature due to the formation of a strong H-F bond. [START_REF] Williams | Hydrogen-Atom Abstraction by Fluorine Atomas[END_REF] Note that this band cannot be explained by the presence of other isomers, which would appear at higher photon energies.

The onset of the transition to the first excited state a + 3 A'' X 2 A'' is recorded at 9.52 ± 0.10 eV, with a higher incertitude due to the poor signal-to-noise ratio. Note that in this particular case, increasing the signal-to-noise is challenging because the energy range of interest lies above the ionization of the parent precursor, aniline (C 6 H 5 NH 2 ), at 7.720 eV, [START_REF] Hager | Auto-Ionizing Rydberg Structure Observed in the Vibrationally Selective, 2-Color, Threshold Photoionization Spectrum of Jet-Cooled Aniline[END_REF] which by far dominates the mass spectrum (See Fig. S1). TPES. The theoretical spectrum of the a + 3 A'' state has been shifted to higher energies by 0.17 eV to match the energy of the experiment while the theoretical spectrum of the X + 1 A' state has been shifted to lower energies by 0.02 eV.

Along with the measured TPES of anilino, Figure 3 presents its theoretical modeling.

The positions of the vibrational bands match well with the calculated spectrum and we can make out the first five vibrational bands of the cation. The agreement is less satisfactory when comparing relative band ratios. As previously stated, this is a well-known feature of threshold photoelectron spectroscopy, where the presence of autoionization resonances affects the vibrational branching ratios, [START_REF] Baer | An Historical Introduction to Threshold Photoionization[END_REF] and can actually be used to reveal vibronic transitions that would have been otherwise hidden by their weak FC factors. [START_REF] Briant | Ar-2 Photoelectron Spectroscopy Mediated by Autoionizing States[END_REF] Despite a weak intensity signal, the a + 3 A'' excited state is also observed in the TPES.

Unfortunately, the signal is nonetheless too weak for any spectroscopic parameters to be extracted from the TPES, apart from the ionization energy.

Recently, Reusch et al. [START_REF] Reusch | Isomer-Selective Generation and Spectroscopic Characterization of Picolyl Radicals[END_REF] published the TPES of three structural isomers of the anilino radical, namely the picolyl radicals. Out of the three picolyl radicals, the 4-picolyl radical was found to exhibit a TPES almost exactly resembling that of the TPES of the anilino radical in terms of peak positions, and ionization energy. In their SI, Reusch et al. [START_REF] Reusch | Isomer-Selective Generation and Spectroscopic Characterization of Picolyl Radicals[END_REF] included an experimental spectrum up to 10.0 eV which showed a broad and unstructured band with a maximum around 9.5 eV. They commented that this band contained transitions into excited electronic states of the cation, particularly the lowest triplet state which they computed at 9.08 eV. Meanwhile, our TPES finds the a + 3 A'' excited state at 9.52 eV whilst computations placed it at 9.35 eV. It is thus unclear at present whether the excited states could be utilized to disentangle the anilino and 4-picolyls in a TPES of a complex mixture.

Palmer and Lossing 10c already performed a comparison of ionization energies between the four isomers and found that substitution of CH for N had the largest effect on the para position, i.e. for the 4-picolyl radical, which is exactly the opposite of what we observe here.

Indeed, the adiabatic ionization energies of anilino and 4-picolyl radicals are the same within the error bars, whereas the 2-and 3-picolyl radicals have noticeably lower IEs. This was rationalized by Reusch et al. in terms of charge delocalization. In the case of 4-and 2-picolyl radicals, there is always a resonant structure that places the positive charge in the electrophilic N atom, while there is no such a structure for the meta 3-picolyl radical, which confers it more stability in the cation, lowering the ionization energy. The largest positive charge on the N atom was found for the 4-picolyl, and was given as the reason for the ~300 meV shift to a higher ionization energy. As shown in Schema 1, the anilino radical also has a resonant structure where the charge is placed in the N atom, lowering the cation stability and increasing its ionization energy so that it matches that of 4-picolyl. Additionally, the four isomers have similar vibrational progressions (see Table 1), arising solely from the in-plane deformation mode of the ring, , in line with the geometry 𝜈 + 29 changes upon ionization. Indeed, upon ionization of both anilino and picolyl radicals, the most significant bond contraction takes place between the external moieties (-NH and -CH 2 , respectively) and the aromatic ring (see Table S1 of the SI for the calculated anilino neutral and cationic geometries). In addition, in all four isomers the ring atoms undergo a rearrangement that leads to the excitation of the same in-plane deformation mode, , shown in Figure S2 of 𝜈 + 29 the SI for the anilino cation. As for the ionization energies, the mode frequencies are equal within the experimental error bars in the case of anilino and 4-picolyl radicals. 

CONCLUSION

We have presented and discussed the threshold photoelectron spectrum of the anilino radical.

The anilino radical was produced via hydrogen abstraction of an aniline precursor with fluorine atoms obtained from flowing molecular fluorine through a microwave discharge. The spectrum shows a clear adiabatic transition, with a prominent (0-0) origin band, followed by a progression on the in-plane deformation mode, as in the case of the benzyl [START_REF] Savee | Threshold photoelectron spectrum of the benzyl radical[END_REF] or picolyl [START_REF] Reusch | Isomer-Selective Generation and Spectroscopic Characterization of Picolyl Radicals[END_REF] radicals, assigned by comparison to a simulated photoelectron spectrum.

Interestingly, the TPES of anilino and one of its structural isomers, 4-picolyl, are effectively identical within the experimental error. In recent years, the TPES technique has been implemented in isomer separation of the products of mixed flames. [START_REF] Kruger | Photoelectron-photoion coincidence spectroscopy for multiplexed detection of intermediate species in a flame[END_REF][START_REF] Felsmann | Progress in Fixed-Photon-Energy Time-Efficient Double Imaging Photoelectron/Photoion Coincidence Measurements in Quantitative Flame Analysis[END_REF] The crux of that technique working is that each individual molecule has a unique electronic fingerprint in the form of a (threshold) photoelectron spectrum. Our recorded spectrum of the anilino radical represents the first recorded instance of two isomers having the exact same spectral fingerprint and hence other considerations would have to be taken into account to disentangle these two radical species, such as vibronic structures of the cationic excited states, state-selected fragmentation patterns or an a-priori chemical knowledge of the expected species. 

Figure 1 .

 1 Figure 1. Molecular structure of the anilino radical, C 6 H 5 NH. Carbon atoms are gray, hydrogen atoms white and nitrogen blue.

Figure 2 .

 2 Figure 2. Intensity matrix of the anilino radical (92 amu). The matrix reflects the relative number of counts of electron-ion coincidences recorded as a function of the photon energy (xaxis) and the kinetic energy of the photoelectrons (y-axis -left). Superimposed in white is the total ion yield which consists of the accumulated ion signals detected in coincidence as a function of photon energy. Its intensity is displayed on the right y-axis in arbitrary units.

Figure 3 .

 3 Figure 3. (Blue -bottom) TPES of the anilino radical obtained from the matrix in Figure 2. To guide the eye, superimposed on the TPES are fitted Gaussian peaks. (Black -top) Calculated

Schema 1 :

 1 Charge resonant structures of anilino (top) and 4-picolyl (bottom) radicals.
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 19 Paragon Plus Environment The Journal of Physical Chemistry Molecular structure of the anilino radical, C6H5NH. Carbon atoms are gray, hydrogen atoms white and nitrogen blue. 72x79mm (300 x 300 DPI) Page 14 of 19 ACS Paragon Plus Environment The Journal of Physical Chemistry Intensity matrix of the anilino radical (92 amu). The matrix reflects the relative number of counts of electron-ion coincidences recorded as a function of the photon energy (x-axis) and the kinetic energy of the photoelectrons (y-axis -left). Superimposed in white is the total ion yield which consists of the accumulated ion signals detected in coincidence as a function of photon energy. Its intensity is displayed on the right yaxis in arbitrary units. Page 15 of 19 ACS Paragon Plus Environment The Journal of Physical Chemistry (Blue -bottom) TPES of the anilino radical obtained from the matrix in Figure 2. To guide the eye, superimposed on the TPES are fitted Gaussian peaks. (Black -top) Calculated TPES. The theoretical spectrum of the a+ 3A'' state has been shifted to higher energies by 0.17 eV to match the energy of the experiment while the theoretical spectrum of the X+ 1A' state has been shifted to lower energies by 0.02 eV. Page 16 of 19 ACS Paragon Plus Environment The Journal of Physical Chemistry Charge resonant structures of anilino (top) and 4-picolyl (bottom) radicals. 140x82mm (300 x 300 DPI) Page 17 of 19 ACS Paragon Plus Environment The Journal of Physical Chemistry TOF mass spectrum for the C6H5NH2 + F flow-tube reaction. The strongest signal corresponds to the anilino parent ion (m/z 93) with the signal of the anilino radical (m/z 92) being approx. 10x weaker. Peaks are also observed at m/z 111 and m/z 112 which correspond to the addition of a F atom to anilino and aniline, respectively. The peak at m/z 94 corresponds to the 13C contribution from the precursor main peak (m/z 93

  

  

  

  

  

  

  

Table 1 .

 1 Ionization energy, computed ionization energy and the vibrational progression of the anilino radical in comparison with those of the picolyl radicals obtained by Reusch et al.[START_REF] Reusch | Isomer-Selective Generation and Spectroscopic Characterization of Picolyl Radicals[END_REF] 

		Ionization energy (eV) Computed values	𝜈 + exp	(cm -1 )
	Anilino	8.02 ± 0.02	8.03	530
	4-Picolyl	8.01 ± 0.01	8.06	530
	3-Picolyl	7.59 ± 0.01	7.65	560
	2-Picolyl	7.70 ± 0.02	7.73	520

ACKNOWLEDGMENTS

We are grateful to the whole SOLEIL for provision of synchrotron radiation under proposal number 99180002, as well as to J.-F. Gil for his technical assistance on the SAPHIRS endstation. This work received financial support from the French Agence Nationale de la Recherche (ANR) under grant ANR-12-BS08-0020-02 (project SYNCHROKIN).