Jerome Canivet 
  
Vladimir Lysenko 
  
Jaakko Lehtinen 
  
Alexandre Legrand 
  
Florian M Wisser 
  
Elsje Alessandra Quadrelli 
  
David Farrusseng 
  
Sensitive Photoacoustic IR-Spectroscopy for the Characterization of Amino/Azido Mixed-Linker Metal-Organic Frameworks

Photoacoustic Fourier transform infrared spectroscopy makes it possible to determine the organic composition of mixedlinker metal-organic frameworks. The sound produced upon IR irradiation enables the discrimination of azido and amino linkers in three different MOF platforms with a sensitivity two orders of magnitude higher than using classic IR analysis.

 have provided insight into the local structure, environment and spatial distribution of functional groups in mixed-linker structures. Nevertheless, these powerful characterization tools often require the use of an external chemical agent (a solvated radical for DNP-NMR) and specific sample preparation.

Since the early 1980s, photoacoustic Fourier transform infrared spectroscopy (PA FT-IR) has been the subject of numerous technological evolutions, especially in sound collection. [13] Beyond its application in biomedical imaging, [14] this technique has already been used to analyze rough surfaces and gases [START_REF] Michaelian | Photoacoustic IR Spectroscopy: Instrumentation, Applications and Data Analysis, 2nd, Revised and Enlarged Edition[END_REF] and has allowed the quantification of the composition of organic polymers, [START_REF] Pandurangi | [END_REF] inorganic ceramics [17] and hybrid zeolite membrane. [18] PA FT-IR is based on the infrared illumination of a solid, liquid or gaseous sample. The absorption of an IR pulse induces local temperature fluctuations within the sample that result in thermal expansion, which in turn creates acoustic waves at the frequency of the IR radiation within the closed sample chamber. These acoustic waves produced are detected by a highly sensitive cantilever-type optical microphone whose vibration amplitudes are measured with a laser interferometer (Figure 1 and Scheme S1). [19] The known advantages of PA FT-IR spectroscopy are that (i) it circumvents the dependency on emitted light collection and the frequent issues with light scattering of classic FT-IR and (ii) it does not require specific sample preparation, few milligrams of the powder being simply spread on the sample holder. [20] Here we report for the first time the correlation between the sound produced by IR-illuminated MOFs and the organic composition of their mixed-linker frameworks. Furthermore, the sensitivity determined for the detection of amino content in an azido-MOF matrix is two orders of magnitude higher using PA FT-IR than using classic IR spectroscopy.

We recently reported the use of azido-to-amino turn-on luminescence of a MOF upon sulfide exposure for the sensing of H2S as biomarker in physiological media. [21] The amino content in the amino/azido-MOF, after exposure of the pure azido, was directly linked to the sulfide concentration of the analyzed sample solution. Similarly, we explore herein the different photoacoustic response of MOF-N3 and MOF-NH2, in order to ultimately determine the N3-to-NH2 molecular ratio in mixed-linker MOF powders. We applied PA FT-IR to three different MOF types (Figure 1, Inset). In-MIL-68-NH2, patented as IHM-2, [START_REF] Savonnet | Novel organic/inorganic hybrid material IHM-2, and methods for manufacturing same[END_REF] is isostructural to MIL-68 [23] and has a one-dimensional rod-shaped structure formed of indium octahedra and 2-aminoterephthalates as bridging linkers. It is composed of hexahedral and triangular 1-D channels with diameters of 16 and 6 Å, respectively. Al-MIL-101-NH2 is isostructural to its three-dimensional giant-pore parent Cr-MIL-101 [24] but made of octahedral trimeric aluminum (III) clusters and with pore diameters of 29 and 34 Å. [25] Zr-UiO-66-NH2 is based on Zr6O4(OH)4 clusters linked by 2-aminoterephthalates. [26] It is also three-dimensional but has smaller accessible cavities with pore diameters of 7.5 and 11 Å. The azido-MOFs (MOF-N3) are prepared following our previously-published method starting from the corresponding amino-functionalized structure which is allowed to react with tert-butyl nitrite and trimethylsilyl azide (see Supporting Information for detailed syntheses and characterizations). [27] For the PA FT-IR analysis purpose, ten milligrams of MOF sample powder are spread on the holder and inserted in the measurement chamber. The typical measurement duration is 90 seconds, for a spectral range of 400-4000 cm -1 .

The three platforms In-MIL-68, Zr-UiO-66 and Al-MIL-101 show similar photoacoustic behavior. In PA FT-IR spectra, two bands can be identified at 2110 cm -1 , corresponding to the stretching vibrations of the azido N=N=N group, and around 1280 to 1260 cm -1 , corresponding to the stretching vibrations of the C-N bond in aromatic amines (Figure 2 and Figures S11 -S13). The signal at 1280 cm -1 is related to aromatic azides, while a signal at 1260 cm -1 corresponds to aromatic primary amines. The deconvolution of the overall signal does not, however, allow a sufficiently accurate determination of the peak area at 1260 cm -1 .

As shown in the SEM micrographs provided in Figures S15-S17, the size and shapes of the MOF crystallites investigated vary substantially in this study. This variation does not seem to influence the PA FT-IR signal measured in any of the samples.

For comparison, azido-functionalized samples are studied by diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy (Figure 2 and Figure S9). Under the same acquisition conditions (20 scans, 8 cm -1 resolution), almost no signal can be detected using DRIFT. Similarly, under optimal acquisition conditions (256 scans, 2 cm -1 resolution), a much weaker signal is observed using DRIFT compared to the one obtained using PA FT-IR with only 20 scans and a resolution of 8 cm -1 .

The variation of the PA signal intensity of peaks at 1280 and 2110 cm -1 is studied for a series of Al-MIL-101-NH2/N3 with molecular contents of 0.3, 11.5, 67.11, 84.75 and 100 mol% of amino linker, respectively (Figure 3). The amino content in mixed azido/amino-Al-MIL-101 (in mol% of NH2) is determined on the basis of 1 H NMR spectra of digested samples in HF-H2O/dmso-d 6 solution (Figure S5). .3, 11.5, 67.11, 84.75 and 100% from top to bottom). Samples are illuminated using an FT-IR spectrometer with a spectral range of 400-4400 cm -1 and a resolution of 8 cm -1 . The PA signal is collected by an optical microphone comprising a microelectromechanical system cantilever coupled with a laser readout interferometer. Each spectrum reported corresponds to an average of 20 scans. The inset shows the linear correlation between the molecular content in amino groups and the area under the PA signal for two distinct peaks at 2110 cm -1 (top, black) and 1280 cm -1 (bottom, red).

The spectra collected clearly show a decrease in azidorelated signal intensity with decreasing azido content that occurs concomitantly with an increase in amino content.

A well-fitting linear correlation can be established between the PA signal intensity, defined as the area under the peak, and the amino content in MIL-101 (Figure 3, Inset. R 2 = 0.995 for peak at 2110 cm -1 and R 2 = 0.969 for peak at 1280 cm -1 , see Supporting Information for details).

Accordingly, the corresponding limit of detection (LOD) for amino groups in mixed-linker Al-MIL-101 using PA FT-IR is determined to be 0.006 mol% (see Supporting Information for mathematical definitions). Such a low LOD is in high demand, for instance in sensing applications, where even minor concentration changes have to be determined precisely. [21] For comparison, when similar data collection is carried out using DRIFT spectroscopy, a LOD of only 0.304 mol% of NH2-functionalized linkers is found under optimal conditions (Figure S9 andS10).

In conclusion, we report the first sound collection from IRilluminated mixed-linker MOFs to determine their organic composition (i) in the solid state, (ii) rapidly and (iii) without specific sample preparation, with a sensitivity two orders of magnitude higher than using classic IR analysis for similar measurement times. This opens up appealing new perspectives for the rapid characterization of libraries of multifunctional hybrid porous materials as well as for the use of MOFs in compact sensing devices.

Experimental Section

In a typical MOF-N3 synthesis, the freshly dried amino-functionalized MOF-NH2 (200 mg) was treated with t BuONO (1.5 mL) and TMSN3 (1.4 mL) added dropwise in tetrahydrofuran (THF) (3 mL) in ice bath and then stirred overnight at room temperature. The resulting suspension is centrifuged and the solid washed with THF (3 x 5 mL) and then with dichloromethane (DCM) (3 x 5mL) to give the desired product as a fine yellow powder after drying under vacuum at room temperature. The solid is finally characterized by powder X-ray diffraction, 1 H liquid NMR, Diffuse Reflectance Infrared spectroscopy and N2 sorption analysis. The FT-IR analysis was performed in diffuse reflectance mode in a DRIFT cell (Harrick) with the sample kept as powders, simply treated in situ under Ar flow at 100 • C. The spectrophotometer used was a Nicolet 380 FT-IR (ThermoFischer Scientific) with pyroelectric (DTGS) detector. The DRIFT spectra were recorded at a resolution of 2 cm -1 with 256 scans averaged and are reported in Kubelka Munk units. The PA FT-IR analysis was performed in a Brüker Tensor 37 FT-IR spectrometer equipped with a GASERA PA301 detector using following parameters: measurement time 90 seconds., mirror velocity 2.2 kHz, resolution 8 cm-1, spectral range 400-4000 cm -1 , aperture 6 mm. A typical measurement requires 10-20 mg of solid.

Figure 1 .

 1 Figure 1. Schematic representation of the PA FT-IR technique applied to MOF samples: The IR laser beam (red envelope) irradiates the MOF sample. Absorption by the sample results in local thermal expansion that generates an acoustic wave detected by the optical cantilever microphone. The inset depicts the crystal structures of the three MOF samples evaluated.

Figure 2 .

 2 Figure 2. Collected spectra of Al-MIL-101 containing 0.3 mol% NH2 using (a) PA FT-IR, 20 scans, 8 cm -1 resolution, (b) DRIFT, 256 scans, 2 cm -1 resolution and (c) DRIFT, 20 scans, 8 cm -1 resolution.

Figure 3 .

 3 Figure3. PA FT-IR spectra of Al-MIL-101-NH2/N3 with increasing molecular content of amino linker(0.3, 11.5, 67.11, 84.75 and 100% from top to bottom). Samples are illuminated using an FT-IR spectrometer with a spectral range of 400-4400 cm -1 and a resolution of 8 cm -1 . The PA signal is collected by an optical microphone comprising a microelectromechanical system cantilever coupled with a laser readout interferometer. Each spectrum reported corresponds to an average of 20 scans. The inset shows the linear correlation between the molecular content in amino groups and the area under the PA signal for two distinct peaks at 2110 cm -1 (top, black) and 1280 cm -1 (bottom, red).
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