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1) Introduction

Since the boarding of the first space mass spectrometers (MS) on a planetary exploration mission in the 1970s, these instruments have been used to decipher the chemical composition of extraterrestrial bodies such as our closest neighbors Venus and Mars, the outer planets and their moons but also more Solar System primitive objects, as comets and asteroids. In some environments, such as the atmosphere of Titan, the organic matter detected was found to be extremely complex. The Cassini-Huygens mission explored the Saturnian environment from 2004 to 2017 using amongst other instruments two quadrupole MS: the Ion and Neutral Mass Spectrometer, INMS, aboard Cassini; and the Gas-Chromatograph Mass Spectrometer, GCMS, aboard the Huygens descent module. The interpretation of chemical analysis performed by these instruments was widely reduced due to their poor resolution and the high molecular complexity of the analyzed material resulting in extremely congested mass spectra with a low resolution. For instance, for INMS (Ion Neutral Mass Spectrometer), the identification of a part of the complex organic matter was not direct due to the mass resolution achieved by the instrument (~100 at m/z 100). Using modelling inversion, the team was able to propose possible attributions for a number of peaks in INMS data, up to m/z < 100.

However, the mass resolution of the Cassini-Huygens instruments (INMS, Gas-Chromatograph-MS GCMS and CAssini Plasma Spectrometer CAPS) did not enable to directly decipher the composition of the complex organic matter. For the GCMS instrument, while tens of peaks are visible in the acquired mass spectra [START_REF] Niemann | Composition of Titan's lower atmosphere and simple surface volatiles as measured by the Cassini-Huygens probe gas chromatograph mass spectrometer experiment[END_REF], only a handful of molecule have been identified so far in it. Deep analytical improvements of new space mass spectrometers are thus needed, in terms of mass resolving power and mass accuracy. Low mass resolving powers (<1,000) from previous space missions have been increased up to 9,000 in more recent space mission (here the value is given for the Double Focusing Magnetic Mass Spectrometer-Rosetta Orbiter Spectrometer for Ion and Neutral Analysis instrument from the Rosetta mission, at m/z 28, as referenced in [START_REF] Balsiger | Rosina -Rosetta Orbiter Spectrometer for Ion and Neutral Analysis[END_REF]. In the laboratory, they have been increased to ultra-high ones, higher than 100,000 [START_REF] Denisov | Orbitrap mass spectrometry with resolving powers above 1,000,000. Eugene N Nikolaev 65th Birthd[END_REF][START_REF] Nikolaev | Initial Experimental Characterization of a New Ultra-High Resolution FTICR Cell with Dynamic Harmonization[END_REF]Smith et al., 2018). These enhancements, adapted to space MS, will allow a deeper understanding of the extraterrestrial material detected.

The Orbitrap TM technology [START_REF] Makarov | Electrostatic Axially Harmonic Orbital Trapping: A High-Performance Technique of Mass Analysis[END_REF][START_REF] Perry | Orbitrap mass spectrometry: Instrumentation, ion motion and applications[END_REF] has been identified as a promising technique in the development of the new generation of space MS. A space-qualified version of the Orbitrap mass analyzer and its peripheral elements, called CosmOrbitrap, is currently under TRL (Technology Readiness Level, i.e. the advancement of the instrument development toward a flight able one) development [START_REF] Briois | Orbitrap mass analyser for in situ characterisation of planetary environments: Performance evaluation of a laboratory prototype[END_REF]. The goal is to reach a mass resolution of a minima 50,000 (Full Width at Half Maximum) at m/z 56 under ultra-high vacuum conditions up to 10 -9 mbar in the analyzer chamber. A simplified test-bench in the laboratory directly couples the CosmOrbitrap with a This article is protected by copyright. All rights reserved.

Nd-YAG laser at 266 nm (the LAb-CosmOrbitrap, standing for Laser Ablation CosmOrbitrap). As the instrumental configuration "laser-CosmOrbitrap" is highly considered for a space application [START_REF] Arevalo | An Orbitrap-based laser desorption/ablation mass spectrometer designed for spaceflight[END_REF], the laboratory prototype has been designed as proof-of-concept, to challenge the performances of a future simple and compact spaceflight HRMS (High Resolution Mass Spectrometry)-CosmOrbitrap based instrument.

In the laboratory, highly complex organic matter, mimicking those of Titan's atmosphere, has been synthesized by diverse experiments [START_REF] Berry | Chemical Composition of Gas-Phase Positive Ions during Laboratory Simulations of Titan's Haze Formation[END_REF][START_REF] Coll | Experimental laboratory simulation of Titan's atmosphere: aerosols and gas phase[END_REF][START_REF] Gautier | Influence of trace aromatics on the chemical growth mechanisms of Titan aerosol analogues[END_REF][START_REF] Hörst | Laboratory investigations of Titan haze formation: In situ measurement of gas and particle composition[END_REF][START_REF] Sciamma-O'brien | The Titan Haze Simulation (THS) experiment on COSmIC. Part II. Ex-situ analysis of aerosols produced at low temperature[END_REF], 2014;[START_REF] Szopa | PAMPRE: A dusty plasma experiment for Titan's tholins production and study[END_REF]. This material, named Titan's tholins, is an analogue of the photochemical smog surrounding Titan, well-known for its chemical complexity.

A wide variety of organic compounds is thus produced and the whole forms a complex organic mixture. They are considered as primary interest in planetary sciences and exobiology. They have been extensively studied using UHRMS laboratory techniques such as the ESI (Electrospray Ionization)-Orbitrap TM and ESI/LDI-FTICR (Laser Desorption Ionization -Fourier Transform Ion Cyclotron Resonance) commercial instruments. Results published in the [START_REF] Gautier | Nitrogen incorporation in Titan's tholins inferred by High Resolution Orbitrap Mass Spectrometry and Gas-Chromatography-Mass Spectrometry[END_REF][START_REF] Pernot | Tholinomics-Chemical Analysis of Nitrogen-Rich Polymers[END_REF][START_REF] Somogyi | Organic Environments on Saturn's Moon, Titan: Simulating Chemical Reactions and Analyzing Products by FT-ICR and Ion-Trap Mass Spectrometry[END_REF] showed a polymeric material, with a highly complex chemical composition and a large number of chemical functionalities specific to nitrogen-rich species such as amino and nitrile compounds. As high analytical performances are now required for mass spectrometers selected on new space missions, Titan's tholins are complex-enough organic standards for testing the capabilities, and thus demonstrating the relevance, of future space UHRMS instruments. Studying Titan's tholins with the LAb-CosmOrbitrap enables to estimate (i) its capabilities to analyze a highly complex organic material, (ii) the chemical analysis allowed by these analytical performances and (iii) its relevance as a future space mass spectrometer dedicated to the study of Titan and other organicrich environments in the Solar System.

In terms of analytical performances, one benchmark MS technique in laboratory is based on FTICR. Indeed, mass resolving powers higher than 20,000,000 obtained at nominal m/z of 608, i.e. on reserpine [START_REF] Nikolaev | Initial Experimental Characterization of a New Ultra-High Resolution FTICR Cell with Dynamic Harmonization[END_REF]Smith et al., 2018) 2) Material and methods 2.1. Synthesis of the complex organic compound studied

The samples chosen are solid spherical grains with a mean diameter of about 300 nm and made of nitrogen-rich organic molecules [START_REF] Hadamcik | Laboratory light-scattering measurements with Titan's aerosols analogues produced by a dusty plasma[END_REF][START_REF] Sciamma-O'brien | Titan's atmosphere: An optimal gas mixture for aerosol production?[END_REF].

Tholins were synthesized in the radio-frequency plasma reactor called PAMPRE at LATMOS [START_REF] Szopa | PAMPRE: A dusty plasma experiment for Titan's tholins production and study[END_REF] at room temperature. A gas mixture containing 5% of methane and 95% of nitrogen flowed into the reactor with a 55 sccm (standard cubic centimeter per minute) total gas influx, leading to a total pressure of 0.9 mbar. A 30 W radio-frequency plasma discharge produced the reactive molecules leading to the formation of solid grains in the volume of the plasma box with limited wall effects. A few hundred mg of sample were collected in vials after several days of running experiment. We note that some oxidative processes occur on the surface of tholins and probably during ionization. This process is minor and occurs only at the surface of the sample, affecting ~3% of the material (Carrasco et al., 2016a;[START_REF] Fleury | Influence of CO on Titan atmospheric reactivity[END_REF]. We were nonetheless careful not to over interpret this contamination, and as such we limited our study to molecules without oxygen atoms. These correspond to molecules which have not been altered by the oxidation and a representative of the pristine sample. This was possible thanks to the very good accuracy of measurements of each instrument, allowing the separation of oxygenated species that have lower mass defects than nonoxidized ones.

Simple sample preparation

Tholins were analyzed with LAb-CosmOrbitrap and LDI-FTICR. Both techniques allow a basic sample preparation and introduction in the ionization chamber. No chemical preparation of tholins was done prior to the analysis. This simple deposit of the sample aims at mimicking an in situ study, as it would be done during a space mission. Collecting and bringing samples in front of the ionization system, with a space mass spectrometer, are key parameters for space exploration. In our study case, we assume the sample to be collected and a thin layer to be deposited onto one metallic sample-holder. Specifications of the two set-ups are classified in the Table 1. The first part of this table is related to the sample.

In the case of the LDI-FTICR set-up, the sample holder is a commercial stainless steel MALDI plate. The sample is deposited using a solvent-free method, following a previously published procedure [START_REF] Barrère | Solvent-based and solvent-free characterization of low solubility and low molecular weight polyamides by mass spectrometry: a complementary approach[END_REF]. For the LAb-CosmOrbitrap laboratory prototype, the holder is a homemade circular indium sample-holder (7 mm diameter) on which tholins are pressed and embedded onto the surface (Figure 1). For both techniques, the sample thickness is not tightly controlled but is estimated to be less than 100 µm.

2.3. Ultra-High Resolution Mass Spectrometry (UHRMS) techniques used for the study

The LAb-CosmOrbitrap laboratory prototype

The LAb-CosmOrbitrap is a simpler instrumental configuration than the one commercialized by Thermo Fisher Scientific (Bremen, Germany). No quadrupole, no linear trap nor C-trap are used in front of the Orbitrap cell. The Orbitrap cell is directly coupled with a laser ablation ionization source, with an Einzel lens to focalize the ions packet inside the analytical cell, as the C-trap would do in the commercial instrument. Specifications of the ionization source are summarized in the second part of the Table 1. The Nd-YAGx4 laser emitting at 266 nm (Brilliant model, Quantel corporation) generates a 4 ns pulse. The energy reaching the sample can vary from 30 to 750 µJ, thanks to optics located between the laser output and the sample. Calculations give a fluence ranging from 2.9 to 12 J/cm 2 , indicating an ablation/desorption transition and pure ablation laser regimes. The CosmOrbitrap, as it has been used for these experiments, is currently at TRL 3, which means this is a laboratory prototype used as proof-of-concept, demonstrated analytically and experimentally. We note that the ionization source is not included in the TRL development. One mass spectrum was obtained at each laser shot.

The signal transient was composed of 4,194,304 points recorded with a sampling frequency of 5 MHz (Alyxan software). Voltages were set to detect positive ions. A Hann window then a Fast Fourier Transform (FFT) were applied on the full 838 ms signal transient. Ultra-vacuum is needed with about 10 -9 mbar and 10 -8 mbar respectively measured in the mass analyzer and the ionization chambers. For the molecular formula attribution, the two most intense peaks of each nominal mass of the mass spectrum with a signal-to-noise ratio greater than 5 were selected. The molecular formula attributed to each peak selected was the CxNyHz formula with the closest mass. The formula was considered acceptable if the resulting mass accuracy is lower than 2 ppm. Constraints applied for the molecular formula attribution were at most 30 hydrogen atoms, 20 carbon atoms and 20 nitrogen atoms. Even and odd electron configurations were considered.
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With the same prototype configuration (TRL 3), analyses on pure organics and prebiotic compounds have demonstrated mass resolving power (FWHM) up to 70,000 at m/z 430 and mass accuracy better than 3 ppm [START_REF] Arevalo | An Orbitrap-based laser desorption/ablation mass spectrometer designed for spaceflight[END_REF][START_REF] Selliez | Identification of organic molecules with a laboratory prototype based on the Laser Ablation-CosmOrbitrap[END_REF]. A full description of the set-up used in this work can also be found in these papers.

LDI-FTICR instrumental set-up

A FTICR (Solarix XR, Bruker Daltonics, Bremen, Germany) equipped with a 12 Tesla superconducting magnet and a laser desorption ionization source was used in this comparative study. The laser is a Nd-YAGx3 emitting at 355 nm with a shot frequency of 1,000 Hz. Experimental conditions were similar to those described in [START_REF] Maillard | Comparison of soluble and insoluble organic matter in analogues of Titan's aerosols[END_REF] Mass spectra were obtained using the broadband mode from m/z 98 to m/z 1,200 with the sum of 500 scans in positive ion mode. The analogue signal was amplified and digitalized with 8 million points resulting in the recording of transient of about 2.2 s which was transformed into the corresponding frequency domain by Fourier transform (one zero fill and halfsine apodization). Under these conditions a mass resolution of 600,000 at m/z 430 was obtained.

Ionization parameters were set as follows: deflector plate at 210 V, plate offset at 100 V, laser power at 19% leading to an output energy of 0.43 µJ and a "small" laser focus . One scan represents 40 laser shots. Funnel 1 was set at 150 V and skimmer 1 at 25 V. Pressures of 10 -3 mbar in the ionization chamber, 10 -6 mbar through ions optics then 3.10 -10 mbar inside the ICR cell were measured.

Molecular formulae were attributed after a peak picking with a signal to noise of 5 using Data Analysis 4.4. Following parameters were set to assign formula: C0-xH0-YN0-Z, with a maximum number of nitrogen atoms sets to 30, and even and odd electron configurations with a tolerance of 0.5 ppm.

Both instrumental configurations, LAb-CosmOrbitrap and LDI-FTICR, allow the analysis of solid Titan's tholins, leading to the study of the total fraction of the sample. Major differences are still observed in the two set-ups. On one hand, the LAb-CosmOrbitrap is a non-commercial instrumental configuration developed to be a space HRMS, with only one single laser shot, at 266 nm. Ionization is performed in a transitional regime between ablation and desorption, with a fluence about 2 J/cm 2 . In addition the source pressure is of 10 -6 mbar in LAb-CosmOrbitrap and 10 -3 mbar in the FTICR [START_REF] O'connor | High pressure matrix-assisted laser desorption/ionization Fourier transform mass spectrometry for minimization of ganglioside fragmentation[END_REF].

Higher pressure yields to collisional cooling. A higher extent of fragmentation is thus expected as well Zone A is only constituted by the contribution of the LAb-CosmOrbitrap data. The absence of peak detection in the m/z range 0 to 100, with LDI-FTICR technique, is due to an instrumental constraint of the set-up. Most of the commercial MS techniques used for the Titan's tholins analyses allows data acquisition starting at a m/z rather high (e.g. m/z > 50). In the case of FTICR, starting detection at lower m/z requires a higher sampling frequency (due to the Nyquist Shannon criteria), a shorter transient and so, a lower resolution at higher mass. In this case, the choice of resolving higher masses was done.

In addition, RF ion optics of the FTICR that transport ion from the high-pressure source region to the FTICR analyzer are not optimized for transmission of low m/z ions (Le [START_REF] Vot | Implementation of a Penning ionization source on a FTICR instrument with ion funnel optics[END_REF][START_REF] Page | Theoretical and Experimental Evaluation of the Low m/z Transmission of an Electrodynamic Ion Funnel[END_REF]. The contrary is observed with the LAb-CosmOrbitrap, with low mass detections starting at m/z 8, with high mass resolution. These uncommon detections at low masses allow the study of a mass range unexplored so far using other commercial MS instruments but induce also some restrictions at higher masses. The observation of positive ions at m/z < 100 is also confirmed by the detection of cluster ions and will be detailed in the section 3.3.

In zone B, both mass spectra show peaks organized in a polymeric pattern, specific to the complex organics studied (i.e. Titan's tholins). We observe (i) the end of the polymeric pattern detected with Waves composing the polymeric pattern are observed, in both cases (LAb-CosmOrbitrap and LDI-FTICR), at the same location on the x-axis. This is particularly well-observed in the top mass window.

The two other mass windows confirm, in addition to the same location of the waves, the same location of each peak inside of these waves. Visually, the LAb-CosmOrbitrap and LDI-FTICR mass spectra are consistent and seem to show the detection of the same species.

Looking at a specific m/z value, the peak at m/z 138.077433 is detected with a mass resolving power of 1,551,160 in the LDI-FTICR mass spectrum. In the LAb-CosmOrbitrap mass spectrum, the same peak is detected at m/z 138.0771 with a mass resolving power of 118,778. We remind here that this study aims at showing results obtained with the LAb-CosmOrbitrap, a simple and compact instrumental configuration (with a D30 cell) developed for space. This is not a commercial Orbitrap, as no C-trap helps to the focalization and accumulation of ions and the transient duration is shorter than the LDI-FTICR instrumental configuration used for the comparison. It is thus expected to get mass resolving power lower with the LAb-CosmOrbitrap than with the LDI-FTICR, but the question is to know if the analytical performances of this homemade space-designed Orbitrap are high-enough to allow the peak attribution and species identification unambiguously.

To answer this question, the Table 2 sets 2).

The global table, including similar detections and discrepancies within the m/z range 132-152 is available in Supplementary Material. These differences are based on (i) the non-detection of one given species by one of the two MS technique or (ii) the detection of two different species, at a same nominal m/z. In this case, the detection of two distinct species leads to two different attributions. To illustrate this, we can focus on the nominal m/z 132 where two different species are detected: an ion at m/z 132.0679 is detected in the LAb-CosmOrbitrap mass spectrum, when the LDI-FTICR mass spectrum presents an ion at m/z 132.080789. These two m/z ratios are distinguishable thanks to the mass resolution of the two MS techniques considered. They lead to the attribution of two molecular formulae, respectively C8H8N2 + and C9H10N + . The first case (non-detection of a species by one of the two techniques) is more complex as it reveals that some information are sometimes missed by one technique. In the LAb-CosmOrbitrap mass spectrum, this is mostly caused by the low signal to noise ratio, having some peaks under the limit of detection. This is observable in the shorter m/z range 139 to 142, where peaks are too close to the noise level to be considered as peaks and are consequently not attributed. In the LDI-FTICR mass spectrum, the signal to noise ratio induced by the sum of 500 consecutives FID is very high, allowing the detection of low abundance ions. In addition, there is a strong difference about the energy applied on the sample, inducing two laser regimes different between both MS techniques: ablation for LAb-CosmOrbitrap and desorption for LDI-FTICR.

Fragmentation is thus stronger in the LAb-CosmOrbitrap mass spectrum. Some fragment ions, detected in the LAb-CosmOrbitrap mass spectrum are possibly not formed with the LDI-FTICR technique and thus not observable in the mass spectrum.
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Revealing low masses with the LAb-CosmOrbitrap

One of the most useful tool in order to visualize ions distribution in a complex organic mixture mass spectrum is the mass defect versus exact mass diagram (MDvEM). This diagram represents the mass defect (experimental mass -nominal mass) of the detected compounds as a function of their experimental m/z [START_REF] Kendrick | A Mass Scale Based on CH2 = 14.0000 for High Resolution Mass Spectrometry of Organic Compounds[END_REF][START_REF] Kermit | Definitions of terms relating to mass spectrometry (IUPAC Recommendations 2013)[END_REF][START_REF] Sleno | The use of mass defect in modern mass spectrometry[END_REF]. Each dot in the diagram represents the most intense m/z value observed in the mass spectrum, at a given nominal mass.

A first visual distinction is made between compounds presenting a positive mass defect against those presenting a negative mass defect. Dots with a positive mass defect are highly dominated by organic compounds. Indeed, elements mainly composing organic compounds such as hydrogen and nitrogen have positive mass defects (respectively +0.0078 and +0.0031 u, for H and N). As tholins are synthesized using a gas mixture of N2 and CH4, their constituting molecules are composed of carbon, Thanks to the LAb-CosmOrbitrap instrumental configuration, including the sample-holder technique used, cluster ions between positive ions of the metallic sample-holder (here, 115 In + ) and the neutral organic sample are observed in the mass spectra [START_REF] Selliez | Identification of organic molecules with a laboratory prototype based on the Laser Ablation-CosmOrbitrap[END_REF]. Formation mechanisms of these cluster ions are similar to those of non-covalent bonds, as referenced in [START_REF] Bhardwaj | Ion sources for mass spectrometric identification and imaging of molecular species[END_REF]Carrasco et al., 2016 and[START_REF] Roy | Inventory of the volatiles on comet 67P/Churyumov-Gerasimenko from Rosetta/ROSINA[END_REF]. MDvEM diagrams derived from the LAb-CosmOrbitrap mass spectra show thus a contribution with a negative mass defect coming from the detection of the indium positive ion. This element is indeed characterized by a large negative mass defect of -0.0962 u. As a reminder, the indium peak is observed in the LAb-CosmOrbitrap mass spectrum because it composes the metallic surface of the sample-holder. As the indium peak in the mass spectrum allows a useful calibration point for the whole mass spectrum, the indium dot in the MDvEM diagram marks the location where cluster ions [Organics + In] + should be observed. Indeed, the main asset of this MDvEM diagram is to reveal some specific trend lines, dots alignments or dots grouping, giving information about the possible polymers constituting a polymeric pattern but also clusters formed with a common element such as indium.

In the Figure 4, we observe this specific contribution with a negative mass defect, only for the CosmOrbitrap data (black circles). Indeed, due to the ablation ionization source employed, elements coming from the sample and the sample-holder are produced and detected. Dots composing this contribution are related to cluster ions including one positive ion of the main isotope of indium ( 115 In + ).

In addition to the indium positive ion, neutral organic compounds are identified such as HCN. Indeed, we observe at m/z 141.9139 the cluster assumed to be [In+HCN] + . As we know the positive ion of indium to be present, we can remove its m/z contribution: 141.9139 -114.9033 = 27.0106 leading to the neutral HCN value (i.e. 27.0109). Using this method, the following compounds have been identified: HCN, CH2N2, CH5N3, C2HN3, C2H4N4, C3H6N4 and C4H6N4. We note that such compounds are indirectly identified in their neutral form with indium clusters and also observed in their protonated and positive ion form, at lower masses. Cluster ions are thus indirectly indicative of organic compounds composing tholins. They allow the preservation of neutral organics. All these seven molecules provide a strong contribution of nitrogen elements in tholins and draw a consistent picture of the molecular growth from the light HCN molecule to the first N-PAH structures. The detection of HCN is important: it confirms the polymeric pattern suspected in tholins by [START_REF] Gautier | Nitrogen incorporation in Titan's tholins inferred by High Resolution Orbitrap Mass Spectrometry and Gas-Chromatography-Mass Spectrometry[END_REF][START_REF] Pernot | Tholinomics-Chemical Analysis of Nitrogen-Rich Polymers[END_REF] from a statistical analysis of the molecules formulae inferred from the high resolution mass spectra at higher m/z. CH2N2 has previously been observed in tholins and identified as diazirine (cyclic isomer) after soft thermal desorption followed by VUV photoionization (Cunha de [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]. The CH5N3 species is identified as guanidine, already referenced in the study of [START_REF] Pernot | Tholinomics-Chemical Analysis of Nitrogen-Rich Polymers[END_REF]. C2HN3 is consistent with dicyanamide (NC-NH-CN). This molecule has been previously observed as deprotonated (C2N3 -at m/z 66) in the context of Titan's laboratory experiments: it appeared as a main fragment ion after MS/MS analysis of tholins ions in [START_REF] Carrasco | Chemical Characterization of Titan's Tholins: Solubility, Morphology and Molecular Structure Revisited[END_REF] and as a major negative ion in the plasma discharge producing the tholins [START_REF] Dubois | Nitrogen-containing Anions and Tholin Growth in Titan's Ionosphere: Implications for Cassini CAPS-ELS Observations[END_REF]. C2H4N4 has two major isomers: the linear cyanoguanidine HN=C(NH2)-NH-CN, or the cyclic aminotriazole NH2-C2N3H2. The triazole cycle is aromatic and might be thermodynamically favored in the plasma discharge producing tholins. It might be a first clue towards larger N-heterocyclic polyaromatic hydrocarbons (N-PAH). C3H6N4 has also several isomers, among them the possible methyl-aminotriazole, corresponding to the aminotriazole with an addition of a methyl group CH3. The C4H6N4 presence could be explained by the addition of C2H2 on C2H4N4, possibly leading to the formation of a second adjacent cycle. Others species detected are informative on the chemical composition of tholins material and still consistent with the presence of nitrogen-rich compounds.

Looking for the protonated positive ions related to these compounds at low masses, we note that three of them are among the most intense peaks observed: 

Conclusion and perspectives

Mass spectra of a complex mixture (e.g. Titan's tholins) have been obtained for the first time with a homemade space-designed Orbitrap instrument (LAb-CosmOrbitrap). A comparison of results has been made with those obtained with a LDI-FTICR instrument, on the same sample. The two instrumental set-ups allow the study of the bulk tholins sample, giving a relevant comparative study.

First of all, both set-ups were able to reveal the complexity of the sample. As expected, higher dynamic range and resolution were observed in the FTICR mass spectrum due to the use of a commercial instrument allowing ions accumulation and long transient duration. Nevertheless, the m/z range 100-200 allows, in both techniques, to recover the shape of a polymeric pattern. Looking at a same nominal mass, the main ions were detected and similarly attributed thanks to the high-enough mass resolving power. A few differences were observed, coming from the non-detection of a specific ion by one of the two techniques. This is well-explained by significant differences between the two set-ups, mostly about the transient accumulation and the laser regime.

In the LAb-CosmOrbitrap mass spectrum, cluster ions were also observed. They are composed by positive ion(s) coming from the metallic sample-holder and neutral organic compounds. Not detected in commercial MS techniques using softer ionization processes such as LDI-FTICR, cluster ions are indirect detections leading to the study of neutral organics composing the Titan's tholins. Chemical compounds identified point out the presence of nitrogen-rich species. They confirm hypotheses suggested by previous studies, for instance the role played by the HCN polymer in the construction of the polymeric pattern specific to the Titan's tholins.

With only one single laser shot and a short transient duration of less than one second, these results validate the capabilities of CosmOrbitrap to push forward the understanding of organic species in complex mixture encountered in space. The speed acquisition of a whole high resolution mass spectrum is a main asset of this instrumental configuration considering space missions with these specific limits. Other scenarios can be thought to improve the sensitivity of the data, such as using a higher number of laser shots and ions accumulation. A lower laser energy applied would allow a reduction of the tholins fragmentation and thus a possible detection of higher m/z species. These assumptions have to be checked in the laboratory in order to determine how the best results can be obtained before being implemented on a space configuration.

In addition to the validation of our results by a benchtop laboratory technique, we can compare them with those obtained using space mass spectrometers and more specifically with the quadrupole mass spectrometers INMS and Huygens GC-MS, from the Cassini-Huygens mission, which studied in situ Titan's atmospheric composition. These instruments were only able to study a reduced m/z range, This article is protected by copyright. All rights reserved.

respectively from m/z 1 to 99 (INMS) and m/z 2 to 141 (GC-MS) and at low resolution (m/Δm of 100 at m/z 100 for both instruments). In our study, we were able to analyze tholins over the m/z range 20 to about 200. Our m/z range is thus more informative than these two instruments. Moreover, the LAb-CosmOrbitrap mass range is initially more extended. The laboratory prototype is able to cover a m/z range from 8 to few thousands. The space configuration in development and based on the LAb-CosmOrbitrap aims at covering a m/z range from 1 to 2,000 never reached neither by INMS nor the GC-MS. And this would be done with a mass resolving power higher of several magnitude order than the INMS and GCMS, as it can reach few hundreds of thousands until m/z 136 and few tens of thousands at m/z 431 for the Lab-CosmOrbitrap [START_REF] Selliez | Identification of organic molecules with a laboratory prototype based on the Laser Ablation-CosmOrbitrap[END_REF].

To resume our study, we show in this work the relevance of a laser CosmOrbitrap instrument to provide a deep chemical analysis of a complex organic material. A laser CosmOrbitrap is the simplest instrumental configuration though for space. It provides an unprecedented mass-resolution allowing elemental identification of complex organic matter. A further issue to go deeper in the analysis will be to solve isomers and provide structural identification, as preliminary work by [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] demonstrated the need for with such complex samples using laboratory LC-Orbitrap. More complex configurations of the CosmOrbitrap could be proposed in that context, and the one that seems most suitable for this new challenge is the trapped ion mobility spectrometry (TIMS) [START_REF] Castellanos | Fast Screening of Polycyclic Aromatic Hydrocarbons using Trapped Ion Mobility Spectrometry -Mass Spectrometry[END_REF][START_REF] Tose | Coupling trapped ion mobility spectrometry to mass spectrometry: trapped ion mobility spectrometry-time-offlight mass spectrometry versus trapped ion mobility spectrometry-Fourier transform ion cyclotron resonance mass spectrometry[END_REF]. This technique, located before the mass spectrometer, allows to estimate the number of isomers present in a mixture. It allows, thanks to the retention of ions in a small electric field and their diffusion according to their collision with the gas flowing through pumping, to separate the isomers according to their size and charge. Its utility has recently been proven for the analysis of laboratory tholins and has allowed to show the isomeric diversity present in this complex environment [START_REF] Rüger | Structural Study of Analogues of Titan's Haze by Trapped Ion Mobility Coupled with a Fourier Transform Ion Cyclotron Mass Spectrometer[END_REF]. This article is protected by copyright. All rights reserved. 

  are, to this day, unmatched performances. A comparative study is presented here, between the LAb-CosmOrbitrap and a 12 Tesla FTICR. The FTICR is equipped with a LDI source. A laser ionization is thus performed, in both cases, on the same solid sample. Without any specific sample preparation, both techniques provide the analysis of the global material, and not only the soluble fraction as it is usual with the electrospray ionization technique. Using LDI-FTICR, Maillard et al., 2018 have demonstrated major differences in results obtained on the bulk tholins sample and the soluble fraction, in terms of chemical composition. It is thus consistent to compare results between LAb-CosmOrbitrap and LDI-FTICR, both studying the global material of Titan's tholins. Mass spectra obtained using these two MS techniques and molecular attributions inferred have been compared. This comparison aims at supporting the potential of the LAb-CosmOrbitrap as a potential future simple and compact space UHRMS instrument.

  as clustering and ion recombination with the LAb-CosmOrbitrap. A short transient duration of 838 ms leads to one mass spectrum of 4 million points. On the other hand, the LDI-FTICR is a commercial instrument accumulating 500 consecutives FID (Free Induction Decay), each one obtained with 40 laser shots. A pure laser desorption regime is observed. Heavy ions are suspected to be formed and detected, due to this softer ionization (in comparison to the LAb-CosmOrbitrap one). The transient duration is about 2.2 s. 3) Results 3.1. Global comparison between LAb-CosmOrbitrap and LDI-FTICR mass spectra We compare mass spectra obtained with both techniques in the m/z range 8 to 600 (Figure 2). At the top, blue mass spectrum corresponds to LAb-CosmOrbitrap data while at the bottom red mass spectrum (in reverse scale) corresponds to LDI-FTICR data. This global comparison is separated in three distinct zones named A, B and C. Zone A corresponds to the lowest masses, with m/z < 100. Zone B involves intermediate masses, 100 < m/z < 200. Zone C corresponds to the highest masses, with m/z > 200.

  LAb-CosmOrbitrap and (ii) the beginning of the signal recorded by LDI-FTICR. It is the best zone for the comparison of results obtained in both techniques. Unlike zone A, the contribution of LDI-FTCIR data is dominant in zone C. The maximum of the polymeric pattern is observed around m/z 250, then it decreases down to m/z 600. As flat signal (noise level) is This article is protected by copyright. All rights reserved.recorded in the LAb-CosmOrbitrap mass spectrum at m/z > 200, this range will not be further analyzed in this study but will be discussed in the perspectives.Focusing on LAb-CosmOrbitrap data obtained with the instrumental parameters referenced in Table1, peaks are mainly located on the m/z range 20 to 200. In this m/z range, three peaks are detected at higher intensities and outside of the window studied (their intensities are reported on the figure). One of them is identified as the indium positive ion (115In + ) at m/z 114.903 (used as mass calibrant). Others are located at m/z 43.0290 and 60.0556 and will be studied in the following sections.3.2 Comparison of LAb-CosmOrbitrap and LDI-FTICR spectra in zone BThis section will exclusively focus on the zone B identified on Figure2. Three zoom on this mass window have been extracted (Figure3). A first window (top) allows to visualize the whole zone B, on the m/z range 100 to 200, including detail of each polymeric pattern. Two other mass windows present m/z ranges more and more focused on one exclusive nominal mass: m/z 130 to 155 (middle) and m/z 138.0 to 138.2 (bottom).

  out molecular formulae attributed to peaks similarly detected, for both techniques, in the m/z range 133 to 152. The first and second columns of the table report the theoretical m/z of positive ions detected in the mass range and the corresponding molecular formula. Then the table is separated in two main columns: the first one dedicated to the LAb-CosmOrbitrap results and the second one to LDI-FTICR. Each of them is composed of two columns: the experimental m/z value of positive ions detected within the precision of the technique considered (4 digits for the LAb-CosmOrbitrap values and 6 digits for the LDI-FTICR ones) and the mass accuracy (in ppm). In the 132-152 m/z range, 26 molecular formulae have been attributed based on the LAb-CosmOrbitrap mass spectrum and 38 based on the LDI-FTICR mass spectrum. The mass resolving power of each technique allows the detection of more than one ion for each nominal mass. For each ion, an attribution was done. For the m/z range studied in this section, 21 ions were detected in common in LAb-CosmOrbitrap and LDI-FTICR mass spectra (in bold in the Table

  hydrogen and nitrogen, leading to positive defects regarding the formed compounds. They are observed on the Figure 4. On this diagram, red dots correspond to the LDI-FTICR ions and black circles to the LAb-CosmOrbitrap ones.

  [CH2N2+H] + at m/z 43.0290; [CH5N3+H] + at m/z 60.0556 and [C2H4N4+H] + at m/z 85.0507. These direct and indirect observations of such organic compounds demonstrate analysis possibilities with the LAb-CosmOrbitrap instrumental configuration. Organic species detected at m/z < 100 are consistent with cluster ions observed at m/z > 150.

Table 2 :

 2 Similar detections in the m/z range 133 to 152, between LAb-CosmOrbitrap and LDI-FTICR mass spectra. Theoretical m/z and molecular formula are given in the two first columns. Each molecular formula is correlated to the measured m/z of the corresponding peak, within the precision of the technique, and its mass accuracy (in ppm) for both techniques. The m/z value is given within the precision of the instrumental configuration: respectively 4 and 6 digits for the LAb-CosmOrbitrap and the LDI-FTICR set-ups. In this m/z range, 26 molecular formulae have been attributed from the LAb-CosmOrbitrap mass spectrum, 38 from the LDI-FTICR mass spectrum. Between both mass spectra, 21 ions are in common and referenced in the

Figure 1 :

 1 Figure 1 : Pictures of the Titan's tholins powder pressed onto the indium sample-holder of the LAb-CosmOrbitrap before laser shot (left) and after laser shots (middle). On the middle picture, laser shots are visible on the brown tholins powder, demonstrating the ablation of the sample. The scheme (right) illustrates dimensions of the sample-holder (8 mm height and 7 mm diameter).

Figure 2 :

 2 Figure 2 : Comparison of positive ions mass spectra (1) LAb-CosmOrbitrap, in blue, top panel and (2) LDI-FTICR, in red, lower panel in reverse scale. Intensities of three peaks (m/z 43.0290; 60.0556 and 114.9033) in the LAb-CosmOrbitrap mass spectrum are out of the window and thus reported at the top the window. Mass spectra are separated in three distinct zones named A, B and C. Each zone is detailed in a specific result section.

Figure 3 :

 3 Figure 3 : Focus on three distinct zones in the LAb-CosmOrbitrap and LDI-FTICR mass spectra, as presented in Figure 1. The first window (top) shows m/z from 100 to 200. A black box indicates the next window (middle) from m/z 130 to 155. Again, another black box indicates the last window (bottom) from m/z 138 to 138.2. As a reminder from the Figure 1, the LAb-CosmOrbitrap mass spectrum is the blue top panel and the LDI-FTICR mass spectrum the red low panel in reverse scale.

Figure 4 :

 4 Figure 4 : Mass Defect versus Exact Mass diagram (MDvEM) derived from mass spectra presented in Figure 1. Red dots represent ions from the LDI-FTICR mass spectrum. Black open circles represent ions from LAb-CosmOrbitrap mass spectrum.

  

  

  

  

  

  

  

  

  

  

  

  

  

Table .

 . Only common ions are indicated in this table. The global table starting at m/z 132, including similarities and discrepancies, is given in Supplementary Material.

	Theoretical values						LAb-CosmOrbitrap	LDI-FTICR
	m/z (7 digits)	Molecular formulae	Measured m/z (4 digits)	Mass accuracy (ppm)	Measured m/z (6 digits)	Mass accuracy (ppm)
	133.0760247	C 8 H 9 N 2	+	133.076	-0.19	133.076039	0.11
	134.0712737	C 7 H 8 N 3	+	134.0713	0.20	134.071284	0.08
	135.0665227	C 6 H 7 N 4	+	135.0665	-0.17	135.066535	0.09
	135.0916748	C 8 H 11 N 2	+	135.0916	-0.55	135.091692	0.13
	136.0617716	C 5 H 6 N 5	+	136.0617	-0.53	136.061784	0.09
	136.0869237	C 7 H 10 N 3	+	136.0868	-0.91	136.086939	0.11
	137.0821727	C 6 H 9 N 4	+	137.0821	-0.53	137.082189	0.12
	138.0774217	C 5 H 8 N 5	+	138.0771	-2.33	138.077433	0.08
	138.1025738	C 7 H 12 N 3	+	138.1024	-1.26	138.102588	0.10
	145.0760247	C 9 H 9 N 2	+	145.076	-0.17	145.076038	0.09
	146.0712737	C 8 H 8 N 3	+	146.0711	-1.19	146.071289	0.10
	147.0665227	C 7 H 7 N 4	+	147.0663	-1.51	147.066536	0.09
	147.0916748	C 9 H 11 N 2	+	147.0916	-0.51	147.091692	0.12
	148.0869237	C 8 H 10 N 3	+	148.0868	-0.84	148.086939	0.10
	149.0821727	C 7 H 9 N 4	+	149.082	-1.16	149.082187	0.10
	150.0774217	C 6 H 8 N 5	+	150.0773	-0.81	150.077432	0.07
	150.1025738	C 8 H 12 N 3	+	150.1023	-1.82	150.102583	0.06
	151.0726707	C 5 H 7 N 6	+	151.0725	-1.13	151.072683	0.08
	151.0978228	C 7 H 11 N 4	+	151.0976	-1.47	151.097833	0.07
	152.0679196	C 4 H 6 N 7	+	152.0678	-0.79	152.067936	0.11
	152.0930718	C 6 H 10 N 5	+	152.0928	-1.79	152.093087	0.10
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