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Introduction

Coals are complex carbonaceous rocks that have been primarily used as a fossil fuel. Their scientific interest is however broader, as they play a key role in the carbon cycle and shed light on the fate of organic species in geological materials, with numerous implications in palaeontology and organic geochemistry. Indeed, their composition and structure provide insights into the microbial and thermal mechanism that transform biopolymer of vascular plant into complex geopolymers such as kerogens, bitumens or shales [START_REF] Van Krevelen | A) Backscattered electron (BSE) image displaying the region interest (ROI) with AFM-IR analysis (20 × 20 μm 2 ); (B) Composite maps of carbon (C in red) and oxygen (O in blue); (C)[END_REF]. Coals also share similarities with extraterrestrial macromolecular organic matter present in small bodies of the Solar System (asteroids and comets), and the meteorites and dust they deliver to Earth (Berthelot, 1868;[START_REF] Quirico | Metamorphic grade of organic matter in six unequilibrated ordinary chondrites[END_REF]. In this respect, they have been used as proxies for inferring metamorphic and maturation conditions in asteroids, and to interpret remote sensing data from comets and asteroids [START_REF] Quirico | Refractory and semivolatile organics at the surface of Comet 67P/Churyumov-Gerasimenko: insights from the VIRTIS/ROSETTA imaging spectrometer[END_REF][START_REF] Quirico | Precursor and metamorphic condition effects on Raman spectra of poorly ordered carbonaceous matter in chondrites and coals[END_REF] Coals have a very complex molecular structure and require a variety of methodological and analytical approaches. As a carbonaceous rock, they are described as a macerals assemblage and are characterized by optical petrography [START_REF] Van Krevelen | A) Backscattered electron (BSE) image displaying the region interest (ROI) with AFM-IR analysis (20 × 20 μm 2 ); (B) Composite maps of carbon (C in red) and oxygen (O in blue); (C)[END_REF]. Their complex tridimensional macromolecular structure combining insoluble and soluble compounds, makes them similar to gels and raised numerous modeling works (e.g., [START_REF] Macdonald | A " Gel " Model for Coal[END_REF][START_REF] Bousige | Realistic molecular model of kerogen's nanostructure[END_REF]. A large panel of analytical techniques has been essential to characterize their organic composition (e.g., [START_REF] Gupta | Advanced coal characterization: A review[END_REF]). In this framework, infrared spectroscopy (IR) is a valuable non-destructive technique that probes organic functional groups (e.g., C=O, C=C, CH x ). It provides a first semi-quantitative assessment of their functional composition, and has been successfully used to trace maturity of coals and kerogens [START_REF] Chen | Characterization of chemical functional groups in macerals across different coal ranks via micro-FTIR spectroscopy[END_REF][START_REF] Ganz | Application of infrared spectroscopy to the classification of kerogentypes and the evaluation of source rock and oil shale potentials[END_REF][START_REF] Iglesias | FTIR Study of Pure Vitrains and Associated Coals[END_REF][START_REF] Lis | FTIR absorption indices for thermal maturity in comparison with vitrinite reflectance R0in type-II kerogens from Devonian black shales[END_REF][START_REF] Painter | Concerning the application of FT-IR to the study of coal: A critical assessment of band assignements and the application of spectral analysis programs[END_REF][START_REF] Petersen | Oxygen groups in coals and alginiterich kerogen revisited[END_REF][START_REF] Phan | Infrared spectroscopy quantification of functional carbon groups in kerogens and coals: A calibration procedure[END_REF]. In addition, IR spectroscopy provides clues on minerals trapped in the coal structure, as well as on water abundance and speciation [START_REF] Beck | Transmission infrared spectra (2-25 lm) of carbonaceous chondrites (CI, CM, CV-CK, CR, C2 ungrouped): Mineralogy, water, and asteroidal processes[END_REF][START_REF] Beck | Hydrous mineralogy of CM and CI chondrites from infrared spectroscopy and their relationship with low albedo asteroids[END_REF].

IR microscopy (hereafter μ-FTIR) provides chemical information at the micrometric scale, but cannot access the submicrometric scale, due to the diffraction limit [START_REF] Lasch | Spatial resolution in infrared microspectroscopic imaging of tissues[END_REF]. AFM-IR is a new technique that breaks the diffraction limit and probes IR absorption properties at the 10-100 nm scale [START_REF] Dazzi | Theory of infrared nanospectroscopy by photothermal induced resonance[END_REF][START_REF] Dazzi | AFM-IR: Technology and Applications in Nanoscale Infrared Spectroscopy and Chemical Imaging[END_REF]. It consists in an atomic force microscope that measure the volumetric expansion of a material heated by a tunable laser operating in the infrared range. [START_REF] Hassenkam | Elements of Eoarchean life trapped in mineral inclusions[END_REF]; [START_REF] Yang | Nanoscale geochemical and geomechanical characterization of organic matter in shale[END_REF] reported the first applications of AFM-IR to carbon-rich sedimentary beds and collected spectra of organic inclusions in their host rock at a nanometric scale. [START_REF] Yang | Nanoscale geochemical and geomechanical characterization of organic matter in shale[END_REF] showed that AFM-IR spectra collected on the New Albany Shale were comparable to conventional µ-FTIR spectra. Subsequently, other AFM-IR based studies have focused on shale samples and kerogens to better understand the impact of thermal stress and petroleum migration effects [START_REF] Jubb | Nanoscale Molecular Fractionation of Organic Matter within Unconventional Petroleum Source Beds[END_REF]2020;[START_REF] Abarghani | Chemical heterogeneity of organic matter at nanoscale by AFM-based IR spectroscopy[END_REF][START_REF] Simon | Correlative nano-spectroscopic imaging of heterogeneity in migrated petroleum in unconventional reservoir pores[END_REF]. Other studies have also focused on extraterrestrial macromolecular organic matter, on chondrites [START_REF] Kebukawa | Nanoscale infrared imaging analysis of carbonaceous chondrites to understand organic-mineral interactions during aqueous alteration[END_REF][START_REF] Phan | Nanoscale mineralogy and organic structure in Orgueil (CI) and EET 92042 (CR) carbonaceous chondrites studied with AFM-IR spectroscopy[END_REF] and Ultra Carbonaceous Antarctic Micro-Meteorites [START_REF] Mathurin | Nanometre-scale infrared chemical imaging of organic matter in ultracarbonaceous Antarctic micrometeorites (UCAMMs)[END_REF].

We report here an AFM-IR study of three coals from the Pennsylvania State Coal Sample Bank with different maturities, vitrinite reflectance (R 0 , %) (e.g., R 0 = 0.33, 1.16 and 2.8%). Assessing molecular heterogeneity at the nanometer scale of coals should help characterize the composition of maceral subgroups, and provide new clues about thermal decomposition mechanisms. Maturation is indeed controlled by the molecular composition and structure, which are expected to be heterogeneous at the nm-scale. However, though AFM-IR sounds very promising, its implementation is more difficult than conventional µ-FTIR. Measurement reproducibility in the case of natural samples, which are usually porous and composed of materials with different mechanical properties, is a major issue. In this respect, we have investigated the effect of two sample preparations, as pressed samples on diamond windows and sulfur embedded ultrathin sections. Measurements conditions are also a major issue, and we collected data with both contact and tapping modes (CM and TM, respectively), and discuss their consistency and respective advantages [START_REF] Benedis | Surface Heterogeneity in Amorphous Silica Nanoparticles Evidenced from Tapping AFM-IR Nanospectroscopy[END_REF]. Last, and, not least, it is unclear whether AFM-IR spectra are strictly similar to µ-FTIR spectra due to the limited number of studies so far. We provide here a comparison of AFM-IR with conventional µ-FTIR spectra, and discuss sampling and measurement artefacts. These methodological aspects will help define the elaboration of robust protocols for collecting spectral data of high quality.

Materials and methods

Coal samples

We have selected three coals from the series of samples previously studied by [START_REF] Phan | Infrared spectroscopy quantification of functional carbon groups in kerogens and coals: A calibration procedure[END_REF]. These samples were provided by the Pennsylvania State University, along with mean-maximum vitrinite reflectance (R 0 %), elemental composition (C, H, O and N) and maceral modal abundances (Table S-1). PSOC 1532 is a subbituminous C coal, at the onset of the diagenetic sequence (R 0 = 0.33%; huminite/inertinite/liptinite = 78.5/13.1/9.2). It is very immature, and consequently hydrogen-and oxygen-rich. DECS 30 is an oxygen-poor medium volatile bituminous coal (R 0 = 1.16%; vitrinite/inertinite/liptinite = 76.8/19.6/3.6), situated at the beginning of the catagenetic sequence. The third sample, PSOC 379, is ranked as a semianthracite (R 0 = 2.8%; vitrinite/inertinite/liptinite = 82.7/17.3/0) and lies at the end of the catagenetic sequence. These three samples cover a broad range of maturity, which is reflected in their infrared spectra (Fig. S-1). Grains extracted from these coal samples for infrared analysis were picked manually, with no means to identify their corresponding maceral group (huminite/vitrinite, inertinite or liptinite). The maceral identification was then based on the measured micro-infrared spectra compared with standards spectra available in literature [START_REF] Chen | Applications of micro-fourier transform infrared spectroscopy (FTIR) in the geological sciences-A Review[END_REF][START_REF] Dyrkacz | Fourier transform infrared maceral types study of high-purity maceral types[END_REF], and by comparison with spectra collected on pellets, which are more representative of the bulk [START_REF] Chen | Characterization of chemical functional groups in macerals across different coal ranks via micro-FTIR spectroscopy[END_REF].

Samples preparation

Pressed samples

Coal fragments were tightly pressed between two diamond windows (type IIa diamond, 3 mm diameter and 500 µm thick), leading to thin and flat samples (1-5 μm thick, with a typical area of 50 µm x 50 µm). One of the two windows was removed to avoid interference and to minimize beam intensity loss during transmission mode measurements. This sample preparation significantly reduced scattering artifacts and was well suited for conventional micro-FTIR. These pressed samples were also used for AFM-IR measurements, particularly in the context of optimizing parameters (e.g., power, thickness) in order to improve the signalto-noise ratio and the spectral quality. All micro-FTIR measurements are described in the supporting information (Fig. S-1).

Sulfur embedding ultramicrotome samples

The three coal samples were prepared as ultrathin sections by ultramicrotomy after embedding in sulfur powder at Kyushu University (Fukuoka, Japan). The sulfur embedding method was performed according to the optimized procedure developed by [START_REF] Noguchi | An Another Protocol to Make Sulfur Embedded Ultrathin Sections of Extraterrestrial Small Samples[END_REF] and described in detail in [START_REF] Phan | Nanoscale mineralogy and organic structure in Orgueil (CI) and EET 92042 (CR) carbonaceous chondrites studied with AFM-IR spectroscopy[END_REF]. Finally, the ultramicrotome sections of coals were floated on deionized ultrapure water, and then transferred to a ZnS substrate. Prior to AFM-IR measurement, the sections were lightly heated to 70 ºC in an oven overnight to evaporate sulfur from the samples.

AFM-IR measurements

IR absorption spectra and maps were collected using a nanoIR3s TM (Bruker) at IPAG (Grenoble, France) including an atomic force microscope (AFM) probe, which can scan the sample and generate its topographical image. Detailed descriptions of the NanoIR3s TM (Bruker) were provided in previous publication (e.g., [START_REF] Phan | Nanoscale mineralogy and organic structure in Orgueil (CI) and EET 92042 (CR) carbonaceous chondrites studied with AFM-IR spectroscopy[END_REF]. Briefly, the excitation laser source is a Carmina laser (APE) from 700 to 2000 cm -1 with its OPO/DFG (Optical Parametric Oscillator and a Difference Frequency Generation) architecture (APE GmbH, Germany). Tapping mode (TM) and contact mode (CM) were used for spectroscopy and imaging measurements, which will be compared later in the discussion part. The reference signal (incoming laser intensity) is recorded before collecting images and/or spectra, and laser alignment optimization is performed before signal acquisition at different frequencies within the scanned frequency range. Each AFM-IR spectrum was obtained at selected points with a spectral sampling of 4 cm -1 , and 3 co-average were performed using CM and TM modes. For CM, the incident laser powers were set to 2.02 -5.03% of the maximum power in the range of 800 -2000 cm -1 , to avoid damage at the coal surface and collect good quality spectra. The IR spectra were optimized at a constant laser power level at each wavenumber, and the laser power was detected with an IR sensitive photodetector. For IR images, the laser power was set to 8.81 -24.45% in the range 800 -2000 cm -1 , and images were obtained in TM mode to avoid physical damage on the sample surface. AFM-IR images through each region of interest (ROI) were collected from each section at infrared frequencies of 1720 cm -1 , 1600 cm -1 , 1450 cm -1 and 1040 cm -1 corresponding to carbonyl (C=O) stretching, sp 2 aromatic (C=C), methylene (CH 2 ) bending and silicate (Si-O) stretching, respectively. The scan rate of all maps was 0.1 Hz and the scan sizes were 800 × 800, 850 × 850 and 900 × 900 points corresponding to a 20 µm × 30 μm ROI of PSOC 1532, a 20 µm × 20 μm ROI of DECS 30 and a 10 µm × 12 μm ROI of PSOC 379. All AFM scans were performed using a gold-coated semi-tapping cantilever, model PR-EX-TnIR-A-10 with a resonant frequency of 75 ± 15 kHz and a spring constant of 1 -7 N/m, which allow working in both CM and TM modes. The lateral resolution of an individual AFM-IR measurement has been estimated and is discussed in the next section.

SEM and EDS measurement

After AFM-IR analysis, the coal samples were coated with a thin gold (Au) film for observation with a scanning electron microscope in secondary and backscattered electron modes. A JEOL JSM-7000F scanning electron microscope (SEM) equipped with an energy dispersive spectroscopy (EDS) (USA, Inc, Peabody, MA) was used at the Consortium des Moyens Technologiques Communs (CMTC, University Grenoble Alpes, France). EDS maps of carbon (C), oxygen (O), silicate (Si), aluminum (Al) were collected at 10kV. EDS spectra were also collected to drive more details on the global composition of each coal section (Supporting Information).

Spectral analysis and IR structural indices evaluation

A series of semi-quantitative tracers derived from FTIR and AFM-IR spectra were calculated to assess the chemical characteristics of the coal. They were inspired from the previous studies [START_REF] Ganz | Application of infrared spectroscopy to the classification of kerogentypes and the evaluation of source rock and oil shale potentials[END_REF], [START_REF] Chen | Characterization of chemical functional groups in macerals across different coal ranks via micro-FTIR spectroscopy[END_REF], [START_REF] Craddock | Evolution of Kerogen and Bitumen during Thermal Maturation via Semi-Open Pyrolysis Investigated by Infrared Spectroscopy[END_REF]; Yang et al., 2017, among others). Details on calculations are presented in Table 1. They include:

(a) 'C 1 ' and 'C 2 ' -factors:

The C factors represent variations in the ratio of the C=O to C=C groups, and it is used to probe the level of coal maturation during the diagenesis sequence (decarbonylation and decarboxylation). The C 1 -factor was calculated the areas from the Gaussian fitting of the C=O and C=C groups, while the C 2 -factor was estimated based on the ratio of height intensity of the absorption band between ~ 1700 cm -1 and 1600 cm -1 .

(b) 'A 1 ' and 'A 2 ' -factors:

Usually, the A 1 factor is estimated from the C-H stretch in the range 3000 -2800 cm -1 and the C = C stretch at 1600 cm -1 according to the Craddock's method [START_REF] Craddock | Evolution of Kerogen and Bitumen during Thermal Maturation via Semi-Open Pyrolysis Investigated by Infrared Spectroscopy[END_REF]. The 'A 1 ' factor specifically assesses the hydrocarbongenerating potential of source rocks [START_REF] Iglesias | FTIR Study of Pure Vitrains and Associated Coals[END_REF]. For bituminous coals, high values of 'A' factor indicate high hydrocarbon-generating potential. Regarding AFM-IR measurements, we did not measure spectra in the CH-stretching range (3000 -2800 cm -1 ).

Thus, the integrated peak area under 1450 cm -1 of CH 2 bending modes are used instead of the area under 2800 -3000 cm -1 for aliphatic to estimate the A 2 -factor.

In order to compare the values obtained for the C 1 , C 2 , A 1 and A 2 factors, we used the 1-sigma and 2-sigma standard deviation as shown in Figure 8. This is preferred to the error on the mean (sigma/ √n) because part of the variability observed in the data maybe due to real variability in the sample rather that statistical error.

Results

PSOC 1532 coal (R 0 of 0.33%)

The region of interest (ROI) of PSOC 1532 measured by AFM-IR is shown in a BSE image (Fig. 1A). PSOC1532 has the lowest huminite (vitrinite) reflectance value in the series of coals studied. Initially, we performed scanning measurements in CM, as done in previous studies on coal and shale samples [START_REF] Abarghani | Chemical heterogeneity of organic matter at nanoscale by AFM-based IR spectroscopy[END_REF][START_REF] Jakob | Spectro-Mechanical Characterizations of Kerogen Heterogeneity and Mechanical Properties of Source Rocks at 6 nm Spatial Resolution[END_REF][START_REF] Jubb | Nanoscale Molecular Composition of Solid Bitumen from the Eagle Ford Group across a Natural Thermal Maturity Gradient[END_REF][START_REF] Jubb | Nanoscale Molecular Fractionation of Organic Matter within Unconventional Petroleum Source Beds[END_REF][START_REF] Yang | Nanoscale geochemical and geomechanical characterization of organic matter in shale[END_REF]. However, the first section of PSOC1532 was destroyed after several scans (Fig. S-2). Therefore, we decided to work with the less destructive TM for AFM and chemical imaging to avoid any damage, and few single-point spectra were collected in CM.

A 30 µm × 20 µm ROI was analyzed with a resolution of 800 × 800 points. AFM-IR images at different absorption bands show the distribution of different molecular components: 1720 cm -1 (Blue), 1600 cm -1 (Red) and 1450 cm -1 (Green) corresponding to C=O, C=C and CH 2 bending mode groups, respectively (Fig. 1C-F). Note that the local continuum of the broad band from 900 to 1500 cm -1 contributes to the intensity of the 1450 cm -1 component. Figure 2A shows a color composite map (1720, 1600 and 1450 cm -1 intensity), as well as the positions where the full spectra were collected in the 2000 -850 cm -1 range. A large variability in intensity is observed across the microtome section. Comparison with the AFM topography map (Fig. 1C) reveals that at first order these variations are related to the height of the sample. Thicker regions appear to provide a stronger AFM-IR signal. In addition, the C and O EDS maps and the EDS spectrum suggest that this ROI is homogenous and contains mainly C and O without exhibiting any minerals (Fig. 1A-B Figure 2 shows an array of AFM-IR spectra recorded in the 2000 -850 cm -1 range using the APE laser, and in comparison, several μ-FTIR spectra from different grains crushed on diamond windows. In each of the AFM-IR spectra shown in Fig. 2C (A1 -A20), the contributions of the C=O stretching, C=C stretching and CH 2 bending modes are labeled. Positions A3, A4, A5, A8 and A17 represent the blank spectra that corresponds to the ZnS substrate. Although the AFM-IR spectra are dependent on the height of the sample during AFM-IR imaging, good quality AFM-IR spectra were still obtained over most areas of the sample in the point analysis mode. IR ratios from the localized IR spectra are calculated to quantitatively evaluate chemical differences between organic matter (OM) types. The AFM-IR-derived I 1720 /I 1600 and I 1450 /I 1600 ratios range from 0.75 to 0.92 and 0.57 -0.8, respectively, and are slightly higher than those in conventional μ-FTIR-derived ratios (e.g., I 1720 /I 1600 = 0.61 -0.72 and I 1450 /I 1600 = 0.4 -0.8) in Fig. 2B-C and Fig. 7. Similarly, to the first ultra-thin section, AFM-IR of another section of PSOC1532 spectra reveals the main chemical contribution of C=O, C=C and CH 2 bend (Fig. S-3). Note that positions in the region with a thickness of less than 200 nm show a very weak signal (e.g., labeled B9 -B12), similar to spectra (B1) in the ZnS substrate (Fig. S-3).

The coals are not homogeneous and are composed of different macerals belonging to 3 main families: liptinite, inertinite and vitrinite (named huminite for low-rank coals) [START_REF] Dyrkacz | Fourier transform infrared maceral types study of high-purity maceral types[END_REF][START_REF] Chen | Characterization of chemical functional groups in macerals across different coal ranks via micro-FTIR spectroscopy[END_REF]. The data of [START_REF] Chen | Characterization of chemical functional groups in macerals across different coal ranks via micro-FTIR spectroscopy[END_REF] are not fully consistent with those of [START_REF] Dyrkacz | Fourier transform infrared maceral types study of high-purity maceral types[END_REF], as they were reconstructed from reflectance measurements by means of a Krammers-Krönig algorithm. The data of [START_REF] Dyrkacz | Fourier transform infrared maceral types study of high-purity maceral types[END_REF] were collected in transmission mode in separated macerals and their spectral quality, in particular the signal-tonoise ratio, is better, consistently with the comparative study of [START_REF] Mastalerz | Application of reflectance micro-Fourier transform infrared spectrometry in studying coal macerals: comparison with other Fourier transform infrared techniques[END_REF]. According to the spectrum of a subbituminous coal (PSOC240, from the Pennsylvania State Coal database), liptinite is easily distinguished from huminite and inertinite by its higher aliphatic band, and to a lesser extent to its higher C=O band. In this respect, the micro-FTIR spectra are more consistent with huminite, possibly inertinite for one of them. Note, however, that the C=O and C=C bands form a congested structure in our data in agreement with previous studies by [START_REF] Painter | Concerning the application of FT-IR to the study of coal: A critical assessment of band assignements and the application of spectral analysis programs[END_REF] and [START_REF] Petersen | Oxygen groups in coals and alginiterich kerogen revisited[END_REF], whereas PSOC240 displays two distinct peaks in the data of [START_REF] Dyrkacz | Fourier transform infrared maceral types study of high-purity maceral types[END_REF] but not in their spectra of high volatile bituminous. This difference may be due to the effects of chemical demineralization for extracting and separating the different macerals (see discussion in [START_REF] Petersen | Oxygen groups in coals and alginiterich kerogen revisited[END_REF]. For the AFM-IR spectra, only the C=O and C=C bands are available, and the intensity ratio of C=O versus C=C peaks is higher than in huminite and exinite macerals collected by conventional micro-FTIR in transmission mode. Based on the spectra of [START_REF] Dyrkacz | Fourier transform infrared maceral types study of high-purity maceral types[END_REF], the sample may appear more consistent with liptinite, but the identification is not firm due to the absence of the aliphatic band in the range 2800-3000 cm -1 and possible artifacts that may affect the intensity of the CH 2 bending mode at 1455 cm -1 (see discussion below).

DECS 30 coal (R 0 of 1.16%)

As with PSOC 1532, the BSE image and carbon (C) and oxygen (O) EDS maps show that the DECS 30 section is homogenous with the presence of mainly C (red) and O (blue), but the oxygen intensity in DECS 30 is less than in PSOC 1532. (Fig. 3A-B S-9). After AFM-IR scanning, this thin section was slightly damaged as shown in the BSE image (Fig. 3A), where some areas of the sample appear to have been disturbed.

IR absorption maps in a 20 µm × 20 μm area were recorded for the 1700 cm -1 (Blue), 1600 cm -1 (Red), and 1450 cm -1 (Green), revealing the spatial distribution of the C=O, C=C, and CH 2 bending vibration modes, respectively (Fig. 3C-F). These maps reveal a strong correlation of these 3 intensity maps with respect to the variation of the height and probably the thickness of the sample. The composite AFM-IR map reveals an overall chemical homogeneity of the samples, but we note a few green hotspots (e.g., between #12 and #14) that may correspond to very local CH enrichment.

Single-point AFM-IR spectra collected in CM were collected in the 2000 -800 cm -1 range at the locations indicated in Fig. 4A. All spectra (labeled C1-C21, Fig. 4C) reveal the characteristic bands of IR absorption in organic matter: carbonyl (C=O) absorption at ~ 1700 cm -1 , the polyaromatic (C=C) absorption band at 1600 cm -1 and aliphatic bending (CH 2 ) band at 1450 cm -1 , and the spectra are consistent with the μ-FTIR spectra of this coal (Fig. 4B). The μ-FTIR spectra look consistent with the vitrinite spectrum of a medium volatile bituminous collected by [START_REF] Mastalerz | Application of reflectance micro-Fourier transform infrared spectrometry in studying coal macerals: comparison with other Fourier transform infrared techniques[END_REF] although the AFM-IR single-point spectra display a slightly higher C=O band. Some spectra (e.g., C3, C10, C18) reveal an absorption around 1040 cm -1 which we attribute to Si-O stretching in a silicate phase mineral. This band was sometimes seen in μ-FTIR spectra of these samples. The estimation of I 1700 /I 1600 suggests that the carbonyl and aromatic ratio derived from the AFM-IR proxy is in fair agreement with that derived from the FTIR proxy, whereas the I 1450 /I 1600 ratio of the AFM-IR proxy is higher than the ratio of the FTIR (Fig. 7).

PSOC 379 coal (R 0 of 2.80%)

Fig. 5 shows 10 µm × 12 μm IR absorption maps with the IR source tuned to 1720, 1600, 1450 and 1040 cm -1 corresponding to carbonyl (C=O) in blue, polyaromatic (C=C) in red, aliphatic (CH 2 bending) in cyan and silicate groups (Si-O stretching) in green, respectively. A significant difference from the PSOC 1532 and DECS 30 coals is that PSOC 379 reveal a strong absorption intensity at 1040 cm -1 , suggesting that this coal contains silicates. A composite map was produced showing the intensities at 1720 in blue, 1600 in red and 1040 cm -1 in green, which visualizes the spatial distribution of the C=O, C=C and Si-O vibration modes (Fig. 6A). This map indicates the clearest distinction between the OM (in purple, the combination of blue and red) and mineral (in green). The size of the observed minerals is around ~ 1 -2 μm, within the surrounding OM matrix. IR maps of the OM (e.g., 1720 and 1600 cm -1 ) and Si-O material confirmed that the true spatial resolution was at least 18 nm (Fig. 5F, Fig. S-7). It should also be noted that an area of the sample appears in red (indicated by the arrow) in the composite maps, revealing a particularly C=C rich area of the coal.

EDS maps confirm the location of minerals with Si (green) and Al (yellow) distributions correspond to the Si-O region in the AFM-IR maps, and to darker areas in the BSE images (Fig. S-8). The composite C, O and Si obtained by EDS analysis correspond exactly to the RGB composition maps of the Si-O contribution obtained by AFM-IR measurement (Fig. 6A-B). The EDS spectra of two regions Z1 and Z2, indicated in the SEM image (Fig. S-8), show the presence of Al, Si in the Z2 region (Fig. S-9). The contribution of Al, Si and O in the Z2 region suggests that the silicate has a kaolinite-like composition (Al 2 Si 2 O 5 (OH) 4 ) (Fig. S-9).

Single-point AFM-IR spectra were collected in the 800 -2000 cm -1 frequency range at selected locations shown in Fig. 6A. The spectra are presented in two groups, organic-rich regions with μ-FTIR spectra in Fig. 6C and mineral-rich regions together with average AFM-IR spectra of kaolinite, μ-FTIR spectra and illite spectra in Fig. 6D. The spectra in the upper part of the section were labeled as A1 -A10 with A1 represents a spectral blank that corresponds to the ZnS substrate. Positions A2 -A4, A9 and B1 -B5 show the dominant OM with the contribution of CH 2 scissoring, and C=C and C=O stretching groups, which are in fair agreement with μ-FTIR spectra from the IR1 -IR3 grains. However, the band position of the C=O stretching is slightly different between AFM-IR and μ-FTIR, which are 1720 and 1700 cm -1 , respectively (Fig. 6C). We did not find infrared spectra of macerals collected from semi-anthracite coals. However, the macerals in PSOC 379 are only vitrinite and inertinite. Some single-point AFM-IR spectra (e.g., C1, B6, B5, A9, and A6) display more abundance of 1150 cm -1 , often attributed to sulfate (SO 4 ) signature. We also observed this SO 4 peak in the μ-FTIR spectra (e.g., IR3) but with a lower intensity than in AFM-IR spectra. This raises the question of the possible oxidation of sulfide minerals (e.g., pyrrhotite and pyrite) during the sulfur-embedded ultramicrotomy, because sections had contact with ultrapure water [START_REF] Noguchi | An Another Protocol to Make Sulfur Embedded Ultrathin Sections of Extraterrestrial Small Samples[END_REF]. The chemical analyses performed at Pennsylvania State University report a very weak abundance of sulfates compared to sulfides in PSOC 1532, no sulfates in DECS 30, but we have no data for PSOC879. In conclusion, oxidation may have occurred in some cases, but not systematically. In addition, we cannot state whether it happens during coal manipulation and storage in our laboratory, or during the production of ultrathin sections.

The remaining spectra reveal the high intensity of phyllosilicates at 1040 cm -1 (Fig. 6D). In order to constrain their nature, reference spectra of pure phyllosilicate (e.g., kaolinite and illite) were collected with μ-FTIR and AFM-IR spectra (Fig. 6D). While pure kaolinite was found to show absorptions at 3700, 3650, 1095, 1040 and 900 cm -1 and the pure illite was determined to have an intense band at 1030 cm -1 . Quartz display an intense peak at 1060 cm -1 in the range of 4000 -800 cm -1 , is broader and does not fit the band (Fig. 6D). Single-point AFM-IR spectra of kaolinite and illite were also collected by using a 2-layers pellet (700 mg of KBr + 100 mg of phyllosilicate powder). Of these minerals, kaolinite and illite appear to be consistent with our single-point AFM-IR spectra. The peak of Si-O on quartz is shifted to 1060 cm -1 and broader compared to the coal spectra. An interesting feature of the AFM-IR spectra shown in Fig. 6D, is the fact that kaolinite and illite seem to be distinguishable and that both phases may be present in our coal (e.g., A5, C2 corresponding to illite and A7, A8 and C5 corresponding to kaolinite). There is no evidence of the calcite (CaCO 3 ) or dolomite [(Ca, Mg)CO 3 ] feature that often appears at ~ 1450 cm -1 as well as Ca and Mg peaks in the EDS spectrum. These results appear consistent with data provided by the Pennsylvania State University, which report the presence of kaolinite but only minor quartz content in the case of PSOC 379.

Discussion

Spatial resolution and operating modes using AFM-IR measurement 4.1.1. Spatial resolution

The lateral resolution of conventional micro-FTIR is comparable to the wavelength ( ) due to the Abbe diffraction limit, and only goes down to ~ 10 μm for the "IR fingerprint region", and to a few µm in the 2000-5000 cm -1 range provided by using a Synchrotron source. This may limit the utility of IR analysis when mapping the chemical distribution of finely-mixed components [START_REF] Centrone | Infrared Imaging and Spectroscopy beyond the Diffraction Limit[END_REF]. Recently, several publications have suggested that the use of Nano IR can be applied to the study of coal, shale or meteorites [START_REF] Hassenkam | Elements of Eoarchean life trapped in mineral inclusions[END_REF][START_REF] Yang | Nanoscale geochemical and geomechanical characterization of organic matter in shale[END_REF][START_REF] Kebukawa | Nanoscale infrared imaging analysis of carbonaceous chondrites to understand organic-mineral interactions during aqueous alteration[END_REF][START_REF] Jakob | Spectro-Mechanical Characterizations of Kerogen Heterogeneity and Mechanical Properties of Source Rocks at 6 nm Spatial Resolution[END_REF][START_REF] Jubb | Nanoscale Molecular Composition of Solid Bitumen from the Eagle Ford Group across a Natural Thermal Maturity Gradient[END_REF][START_REF] Mathurin | Nanometre-scale infrared chemical imaging of organic matter in ultracarbonaceous Antarctic micrometeorites (UCAMMs)[END_REF][START_REF] Phan | Nanoscale mineralogy and organic structure in Orgueil (CI) and EET 92042 (CR) carbonaceous chondrites studied with AFM-IR spectroscopy[END_REF][START_REF] Wang | Nanoscale geochemical heterogeneity of organic matter in thermally-mature shales: An AFM-IR study[END_REF]. For example, [START_REF] Yang | Nanoscale geochemical and geomechanical characterization of organic matter in shale[END_REF] reported that the spatial resolution based on the chemical mapping at 2920 cm -1 was 100 nm for a shale sample. [START_REF] Jakob | Spectro-Mechanical Characterizations of Kerogen Heterogeneity and Mechanical Properties of Source Rocks at 6 nm Spatial Resolution[END_REF] were able to achieve correlative infrared imaging, mechanical mapping and broadband infrared spectroscopy capabilities with a spatial resolution of 6 nm based on the chemical mapping of 3032 cm -1 within the frequency region limited at 2400 -4000 cm -1 . However, the true spatial resolution of the AFM-IR technique is a complex function of the tip diameter, ranging from 10 -25 nm, the mechanical properties of the tip (Mathurin et al., 2022), the thermal expansion coefficient of samples [START_REF] Dazzi | AFM-IR: Technology and Applications in Nanoscale Infrared Spectroscopy and Chemical Imaging[END_REF] and possibly their thickness. Following the distribution of lipids in hair samples, a spatial resolution of approximately 20 -50 nm was estimated by [START_REF] Dazzi | AFM-IR: Technology and Applications in Nanoscale Infrared Spectroscopy and Chemical Imaging[END_REF]. For meteoritic samples, IR maps of the Murchison chondrite confirmed a spatial resolution of at least 30 nm based on a C=O "hot spot" mapping [START_REF] Kebukawa | Nanoscale infrared imaging analysis of carbonaceous chondrites to understand organic-mineral interactions during aqueous alteration[END_REF]. In our previous study, IR images taken in TM IR reached 20 nm in the focus ion beam section (FIB) of EET 92042 chondrites based on the contribution of C=O and phyllosilicate [START_REF] Phan | Nanoscale mineralogy and organic structure in Orgueil (CI) and EET 92042 (CR) carbonaceous chondrites studied with AFM-IR spectroscopy[END_REF]. Here, we determined the lateral spatial resolution on the microtome ultrathin section of a coal sample, based on single wavelength chemical mapping and on two different spectra in close proximity for infrared spectra collected with CM. The point spectra between the organic and kaolinite-rich regions of PSOC 379 coal samples (e.g., C1 and C2) clearly showed that the lateral resolution here was about 250 nm for CM spectroscopy (Fig. S-7). The absorption of 1040 cm -1 IR image derived from PSOC 379 coal also confirms that the actual spatial resolution was around 20 nm for imaging using TM (Fig. S-7).

Infrared structural proxies: FTIR vs contact spectra vs tapping imaging

AFM-IR has been used primarily in CM for shale and coal samples [START_REF] Abarghani | Chemical heterogeneity of organic matter at nanoscale by AFM-based IR spectroscopy[END_REF][START_REF] Jubb | Nanoscale Molecular Composition of Solid Bitumen from the Eagle Ford Group across a Natural Thermal Maturity Gradient[END_REF][START_REF] Yang | Nanoscale geochemical and geomechanical characterization of organic matter in shale[END_REF] or/and meteoritic samples [START_REF] Kebukawa | Nanoscale infrared imaging analysis of carbonaceous chondrites to understand organic-mineral interactions during aqueous alteration[END_REF]. However, CM can damage soft or loose samples, especially for CM mapping, which proved difficult for coal samples prepared by sulfur embedding ultramicrotomy. The first section of PSOC1532 was destroyed after contact scanning (Fig. S-1). For coal and shale samples, it is possible to prepare sample following ASTM standards that make the possibility to work in CM [START_REF] Yang | Nanoscale geochemical and geomechanical characterization of organic matter in shale[END_REF]. However, due to the presence of a mixture of soft (organic matter) and harder part (minerals) coal and meteorites are often damaged after contact scanning. Among several advanced sample preparation techniques, sulfur embedding ultramicrotomy and focus ion beam techniques seem to be suitable for these mixture samples but have been often limited to contact scanning.

To work on softer samples (e.g., coal, IOM, meteorites), IR measurement in TM seem to be more appropriate, where the tip is not in continuous contact with the sample but instead taps, making sporadic contact with the surface [START_REF] Mathurin | How to unravel the chemical structure and component localization of individual drug-loaded polymeric nanoparticles by using tapping AFM-IR[END_REF][START_REF] Mathurin | Nanometre-scale infrared chemical imaging of organic matter in ultracarbonaceous Antarctic micrometeorites (UCAMMs)[END_REF]. This mode allows for highly reproducible imaging measurements over a wider range of samples / surface types. The tip is subsequently scanned over the sample surface and the topography is recorded while maintaining a steady oscillation amplitude. However, to collect AFM-IR spectra, the TM is sometimes not sensitive enough to obtain good spectra. For example, in the case of our IR spectra in TM, the signal to noise was degraded between 1000 and 800 cm -1 due to lower laser power with the APE source (Fig. S-5). In the present work, we collected IR images in tapping IR mode but also with the single-point spectra in CM. It is of interest to evaluate the coherences of the A-and C-factor derived from the TM IR imaging, the single-point AFM-IR spectra in CM, and the μ-FTIR spectra. For this, we calculated an A 2 -factor (a proxy for H/C) and C 2 -factor (a proxy for O/C) in the areas of interest from the ratio maps of I 1450 / I 1600 and I 1720 / I 1600 (Fig. 7). Note that this requires a correction for thermal drift between measurements using the built-in function in the Anasys Studio software (Bruker).

For each I 1450 /I 1600 and I 1720 /I 1600 map, a subset of values associated with selected regions of interest was selected, where we were able to collect good spectra that reveal a different contrast. And so, we plotted on a pseudo van Krevelen plot [START_REF] Van Krevelen | A) Backscattered electron (BSE) image displaying the region interest (ROI) with AFM-IR analysis (20 × 20 μm 2 ); (B) Composite maps of carbon (C in red) and oxygen (O in blue); (C)[END_REF] with the A 2 -factor displayed against the C 2 -factor which provided a quantitative estimate of the evolution between AFM-IR TM imaging, AFM-IR CM spectra and μ-FTIR spectra proxies (Fig. 7 C, F, I). For these areas, the mean value and standard deviation were also calculated to compare with the A 2 and C 2 calculated from the single-point AFM-IR and μ-FTIR spectra. The A 2 and C 2 -factors extracted from the three coal samples show very significant variations, especially for the A 2 -factor. A significant portion of this variation is likely artificial and may be related to the statistical effect (low counts) and co-registration uncertainties of the maps obtained at different wavelengths.

This figure shows that, overall, the determined C 2 factor appears to agree between the μ-FTIR measurements and the AFM-IR point spectra, whereas the A 2 factor is higher when calculated from the AFM-IR than for the μ-FTIR spectra, by about 20% in CM spectra and up to 48% in TM imaging. In particular, the C 2 -factors calculated from single-point AFM-IR spectra in PSOC 1532 are 0.45 ± 0.03 and 0.36 ± 0.13 and in DECS 30 are 0.36 ± 0.03 and 0.34 ± 0.13 with CM spectra and TM imaging respectively. These C 2 -factor values are overestimated compared with µ-FTIR proxies (e.g., 0.41 ± 0.05 and 0.26 ± 0.06 for PSOC 1532 and DECS 30, respectively. In the case of PSOC 379, the estimation from AFM-IR is close to from FTIR proxies (e.g., 0.29 ± 0.03 and 0.38 ± 0.16 for AFM-IR CM spectra and TM imaging and 0.31 ± 0.04 for µ-FTIR) (Fig. 7C,F,I). A possible reason for this discrepancy may reside in the definition of the spectral baseline for the analysis of transmission μ-FTIR data. Indeed, scattering may play a role because due to the presence of several absorption features in the 1700-700 cm -1 range, there are no continuum points that can be defined. The definition of the continuum will have an important impact on the derived A 2 and C 2 ratio. In the case of AFM-IR data, we should in principle be less affected by scattering phenomena, but some biases may occur, for instance if the sample porosity is significant. Last, μ-FTIR spectra were collected on samples crushed on diamond windows, not on the ultra-thin sections analyzed by AFM-IR. We cannot exclude that different group macerals were eventually analyzed.

The average value of the A 2 and C 2 -factor derived from maps fits reasonably well with AFM-IR and μ-FTIR values, but this is also a consequence of the strong dispersion as discussed above. This dispersion is rather broad, regarding the range of variations of the A 2 and C 2 parameters (Fig. 7C,F,I). In the case of PSOC 379, the mean derived A 2 from the AFM-IR maps appears to be significantly lower than that derived from the point measurements. As PSOC 379 is devoid of liptinite, we believe that an artifact due to maceral groups is less likely than in the case of immature coals. Once again, an artifact due to the baseline continuum is a possible explanation.

Geochemical homogeneity

Coals are made of 3 maceral groups, themselves subdivided into subgroups. In the case of PSOC 1532, µ-FTIR measurements indicate the presence of vitrinite, and possibly exinite for one sample (Fig. 2). The single point AFM-IR spectra point to a higher intensity of the C=O band relative to the C=C band, and spectral variations are observed at a micrometer spatial scale. As mentioned above, these features may suggest the presence of liptinite, however it is not possible to fully exclude an instrumental artifact, regarding huge fluctuations at low wavenumbers. In any case, these variations are real and show that individual macerals are heterogeneous at a ~ 100 nm scale. Similar observations are reported for DECS 30 and PSOC 379, again with an increase of the intensity of C=O band compared to C=C for DECS 30, and in both cases significant spectral heterogeneity at the submicrometric scale.

The IR ratios of the average region of interest (ROI) from PSOC 1532, DECS 30 and PSOC 379 were calculated and compared to the data from μ-FTIR spectra. For this purpose, we plotted the mean (± one standard deviation) A 2 and C 2 -factor against the vitrinite reflectance (R 0 ) (Fig. 8). It should be noted that the uncertain values were estimated from all single-point spectra collected with CM at different locations on the sulfur-embbeding section and spectra collected in different grains by AFM-IR and μ-FTIR analysis, repectively. As with A 1 and C 1 , the A 2 and C 2 factors describe the hydrocarbon-generating potentials and oxygen-containing functional groups in coal, respectively. The A 2 -factor from μ-FTIR spectra increases with increasing coal maturation rank with R 0 < 2%. For higher rank coal (e.g., R 0 > 2%), a slight decrease in the A 2 is consistent with the onset of a second coalification jump. For the C 2 -factor, a decreasing trend with increasing vitrinite reflectance R 0 < 2% was observed, then a slow increase to a constant value at R 0 > 2%. The decrease in C=O groups suggests that the coals are evolving from COOR, ketone and ether group enhancement to intense decarboxylation and dihydroxylation. These observations are similar with previous estimates on type III kerogen [START_REF] Lis | FTIR absorption indices for thermal maturity in comparison with vitrinite reflectance R0in type-II kerogens from Devonian black shales[END_REF][START_REF] Chen | Characterization of chemical functional groups in macerals across different coal ranks via micro-FTIR spectroscopy[END_REF]Xueqiu et al., 2017) (Fig. 8).

However, the A 2 -factor trend derived from μ-FTIR spectra versus coal maturity seems counter intuitive and inconsistent with the literature (Fig. 8). In general, the A-factor derived from IR proxies should decrease with thermal advance due to the heat-driven reactions that remove labile carbon and heteroatoms [START_REF] Van Krevelen | A) Backscattered electron (BSE) image displaying the region interest (ROI) with AFM-IR analysis (20 × 20 μm 2 ); (B) Composite maps of carbon (C in red) and oxygen (O in blue); (C)[END_REF]. This is paradoxical because these maturity tracers were constructed from the integrated absorbance, and were not corrected from the band strength (e.g., A-factor value) to obtain the abundance of molecular groups [START_REF] Orthous-Daunay | Mid-infrared study of the molecular structure variability of insoluble organic matter from primitive chondrites[END_REF][START_REF] Phan | Infrared spectroscopy quantification of functional carbon groups in kerogens and coals: A calibration procedure[END_REF]. Nevertheless, our results are consistent with those presented in [START_REF] Chen | Characterization of chemical functional groups in macerals across different coal ranks via micro-FTIR spectroscopy[END_REF]. The non-monotonic evolution of this tracer, which does not correspond to the progressive drop of C=O (decarbonylation) during diagenesis, is likely due to the fact that the A-value of aromatic C=C is controlled by the polarities of branched species, in the case of coals, likely phenolic function groups -OH, possibly C=O [START_REF] Painter | Concerning the application of FT-IR to the study of coal: A critical assessment of band assignements and the application of spectral analysis programs[END_REF].

In addition, when we compared between AFM-IR CM spectra and μ-FTIR spectra, the C2-factor values are overestimated, except in the case od PSOC 379. The difference is even worse in the case of A 2 . However, the A 2 -factor proxies derived from a naked-eye observation of the individual single-point AFM-IR spectra clearly shows that the intensity of the band at 1450 cm -1 is much higher than in the µ-FTIR spectra. This may be due to either the contribution of mineral phases such as carbonates, or more likely to an intrinsic artifact in the AFM-IR data that enhances the intensities towards high wavenumbers.

At a spatial scale of 20 nm, obtained with the TM AFM-IR, the dispersion of A 2 and C 2 data points is very large, and there is a significant difference between A 2 averages calculated from single-point and TM spectra. There is currently no clear explanation for these, and systematic measurements on more homogeneous samples should be performed in the future to investigate possible instrumental artifacts.

Geochemistry of minerals in coal at the nanoscale

A limitation of μ-FTIR is the difficulty of obtaining pure mineral standards (Chen et al., 2014a). [START_REF] Chen | Heterogeneity of shale documented by micro-FTIR and image analysis[END_REF] were able to map clay minerals, quartz and weak carbonate with reflectance μ-FTIR mapping although they did not confirm with spectra following the images presented. AFM-IR has recently been studied in shale samples but only in the range 2000 -1000 cm -1 without the full range of phyllosilicate, Si-O stretching band (e.g. 1100 -700 cm -1 wavenumber) [START_REF] Abarghani | Chemical heterogeneity of organic matter at nanoscale by AFM-based IR spectroscopy[END_REF][START_REF] Jubb | Nanoscale Molecular Composition of Solid Bitumen from the Eagle Ford Group across a Natural Thermal Maturity Gradient[END_REF][START_REF] Yang | Nanoscale geochemical and geomechanical characterization of organic matter in shale[END_REF]. The surrounding carbonate minerals did not show up clearly in the single-point AFM-IR spectra on the shale sample in [START_REF] Jubb | Nanoscale Molecular Fractionation of Organic Matter within Unconventional Petroleum Source Beds[END_REF]. In our study, the good agreement between the minerals obtained by AFM-IR tapping imaging and contact spectroscopy proves AFM-IR as a powerful and reliable tool for mineralogical characterization of coal/shale at a high spatial resolution (e.g., ~20 nm based on the 1040 cm -1 imaging of PSOC 379 coal) (Fig. S-8) [START_REF] Benedis | Surface Heterogeneity in Amorphous Silica Nanoparticles Evidenced from Tapping AFM-IR Nanospectroscopy[END_REF]. It is possible to separate the phyllosilicate spectral signature from the organic matter phases (e.g., C1 and C2 spectra) in Fig. S-7. As evidenced in the single point AFM-IR spectra, for example, C5 and A4 revealed the presence of an absorption band centered around 1000 cm -1 and two smaller features around 1110 and 920 cm -1 that are attributed to kaolinite (Fig. S-8). While some single spectra (e.g., C5, C3 and A5), appear the main feature at 1040 cm -1 and the tiny peak around 920 cm -1 that correspond well to illite.

Understanding nanoscale heterogeneity in organic matter will support specific processes in petroleum generation. Advanced knowledge of the geochemical properties of coal and shale macerals can be characterized using μ-FTIR mapping and spectroscopy at a resolution of up to 50 μm [START_REF] Mastalerz | Application of reflectance micro-Fourier transform infrared spectrometry in studying coal macerals: comparison with other Fourier transform infrared techniques[END_REF][START_REF] Chen | Characterization of chemical functional groups in macerals across different coal ranks via micro-FTIR spectroscopy[END_REF]2013;[START_REF] Centrone | Infrared Imaging and Spectroscopy beyond the Diffraction Limit[END_REF]. However, some limitations also affect μ-FTIR for example: cannot reliably identify components smaller than 1000 cm -1 due to the relative aperture size of μ-FTIR with a conventional light source [START_REF] Chen | Characterization of chemical functional groups in macerals across different coal ranks via micro-FTIR spectroscopy[END_REF]. In addition, for the highly mature coal/shale, CH x groups in immobile OM are chemically depleted, it is difficult to determine the OM using μ-FTIR [START_REF] Chen | Heterogeneity of shale documented by micro-FTIR and image analysis[END_REF]. Here, we show that AFM-IR can be used directly on an individual component of an ultramicrotome or FIB section on natural terrestrial material, where organic matter and inorganic matter are mixed [START_REF] Phan | Nanoscale mineralogy and organic structure in Orgueil (CI) and EET 92042 (CR) carbonaceous chondrites studied with AFM-IR spectroscopy[END_REF].

Conclusion

In this work, we presented AFM-IR measurements on three coals of distinct maturities using sulfur-embedded microtome preparation. On each of these samples, we perform three type of infrared analysis that are i) conventional μ-FTIR, ii) AFM-IR point spectra in CM and iii) AFM-IR imaging in TM at selected wavelengths. From these analyses we conclude that:  The organic absorption bands observed in conventional FTIR spectra are all observed in the AFM-IR spectra, with an excellent signal to noise ratio. The spatial resolution of the CM spectra is estimated to be better than 100 nm for these samples. Embedded sulfur ultrathin sections appear as a valuable sample preparation.  Single-point spectra collected in CM reveals molecular heterogeneity within identical maceral groups, likely reflecting chemical differences in the submacerals.  AFM-IR imaging performed in TM provided a better spatial resolution than that achieved with the CM, i.e. ~20 nm against 100 nm.  Our study shows differences between A-and C-factor determined from spectra collected in Contact and Tapping modes. These differences are not yet fully understood, they could be related to uncertainty in the baseline definition and/or to instrumental artifacts.  We were able to clearly identify ~500 nm kaolinite grains in the coal samples.

Elemental analysis by SEM-EDS further corroborate this observation.
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  Figure 1. PSOC 1532 (R 0 = 0.33%): (A) Backscattered electron (BSE) image displaying the region interest (ROI) with AFM-IR analysis (30 × 20 μm 2 ); (B) Composite EDS map of Carbon (C in red) and Oxygen (O in blue); (C) AFM image; Chemical images of absorption band at (D) 1600 cm -1 (Red); and (E) 1720 cm -1 (Blue) and (F) 1450 cm -1 (Green).

  Figure 2. (A) PSOC 1532 (R 0 = 0.33%). A composite image (Blue, Red, Green) with an array of AFM-IR spectral positions surrounding the image. (B) μ-FTIR spectra of different grains acquired with a μ-FTIR analysis. (C) AFM-IR spectra in the 2000 -850 cm -1 range correspond to locations indicated in panel A (labelled A1 -A20).

  Figure 4. DECS 30 (R 0 = 1.16%). (A) The AFM-IR composition (RGB) image of the three maps 1700, 1600 and 1450 cm -1 with the AFM-IR spectral positions surrounding the image. (B) μ-FTIR spectra of different grains and (C) Single point AFM-IR spectra in the 2000 -850 cm -1 range (labelled 1 -21) correspond to locations indicated in panel A.
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