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Emission spectroelectrochemistry: cell design and set-up

This chapter reviews the most recent developments in the fluorescence spectroelectrochemistry, coupled detection of fluorescence and electrochemical signals. It focuses on the instrumental development in fluorescence spectroelectrochemistry and recent coupling of electrochemical techniques with fluorescence microscopy. The first part is dedicated to conventional fluorescence spectroelectrochemistry cells and the second one to the electrochemistry and fluorescence microscopy coupling.

Introduction and chapter scope

Spectroelectrochemistry (SEC) combines both electrochemical and spectroscopic experiments and affords the investigation and identification of electroactive species under different redox states or products arising from redox reactions [START_REF] Blubaugh | THIN-LAYER SPECTROELECTROCHEMISTRY FOR MONITORING KINETICS OF ELECTROGENERATED SPECIES[END_REF][START_REF] Kaim | Spectroelectrochemistry: the best of two worlds[END_REF][START_REF] Dunsch | Recent Advances in in situ multi-spectroelectrochemistry[END_REF][START_REF] Melin | Recent advances in the electrochemistry and spectroelectrochemistry of membrane proteins[END_REF][START_REF] Pruiksma | OBSERVATION OF ELECTROCHEMICAL CONCENTRATION PROFILES BY ABSORPTION SPECTROELECTROCHEMISTRY[END_REF][START_REF] Skully | GLANCING INCIDENCE EXTERNAL REFLECTION SPECTROELECTROCHEMISTRY WITH A CONTINUUM SOURCE[END_REF][START_REF] Robinson | ABSORPTION SPECTROELECTROCHEMISTRY WITH MICROELECTRODES[END_REF][START_REF] Brewster | FIBER OPTIC THIN-LAYER SPECTROELECTROCHEMISTRY WITH LONG OPTICAL-PATH[END_REF][START_REF] Robinson | MICROSECOND SPECTROELECTROCHEMISTRY BY EXTERNAL REFLECTION FROM CYLINDRICAL MICROELECTRODES[END_REF][START_REF] Bard | Electrochimie: principes, méthodes et applications[END_REF][11][12][13]. The strength of this technique relies on generating spectroscopic information about in situ electrogenerated species. The coupling can be done, for example, with electronic absorption (UV/VIS/NIR Absorption), light emission and scattering (Fluorescence), vibrational modes and frequencies (IR and Raman), magnetic resonance (NMR) and electron spin resonance (ESR).

Combined results from electrical and optical responses allow detailed insights in underlying mechanisms and more precise studies than each process taken separately.

The typical application fields that involve spectroelectrochemistry are bioelectrochemistry, redox polymer processes, molecular electrochemistry, molecular switches, and organometallic reactions among others.

Historically, time resolved spectroelectrochemistry was introduced in the 90's to study molecules in solution. Over the years, it became a complementary analytical technique to conventional electrochemical methods. The electrochemical measurement (i.e. cyclic voltammetry and/or chronoamperometry) was first coupled to multichannel UV-visible-NIR spectrophotometry [14 -18], then adapted to micro-Raman [START_REF] Frank | Raman Spectroscopy and in Situ Raman Spectroelectrochemistry of Isotopically Engineered Graphene Systems[END_REF][START_REF] Gaillard | Polysulphides in dimethylformamide: A micro-Raman spectroelectrochemical study[END_REF], rapid scan infrared [START_REF] Bellec | In situ timeresolved FTIR spectroelectrochemistry: study of the reduction of TCNQ[END_REF][START_REF] Wartelle | A study by spectroelectrochemical FTIR and density functional theory calculations of the reversible complexing ability of an electroactive tetrathiafulvalene crown[END_REF][START_REF] Ashley | INFRARED SPECTROELECTROCHEMISTRY[END_REF], fluorescence [START_REF] Miomandre | Fluorescence microscopy coupled to electrochemistry: A powerful tool for the controlled electrochemical switch of fluorescent molecules[END_REF][START_REF] Dias | Electrochemistry coupled to fluorescence spectroscopy: a new versatile approach[END_REF], ESR [START_REF] Petr | In situ UV-vis ESR spectroelectrochemistry[END_REF][START_REF] Rapta | In situ EPR/UV-VIS spectroelectrochemistry of polypyrrole redox cycling[END_REF], EXAFS [START_REF] Sharpe | EXAFS SPECTROELECTROCHEMISTRY[END_REF], etc. Over the past 15 years or so, the improvement in electronic devices and the lowering cost of CCD detectors has extended the spectroelectrochemical analytical range to modified electrodes (i.e. mono, multi-layers or conducting polymers).

Since there are a lot potential analytical applications, especially in biochemistry [START_REF] Dong | ULTRAVIOLET-VISIBLE SPECTROELECTROCHEMISTRY OF REDOX PROTEINS[END_REF][START_REF] Taboy | Anaerobic oxidations of myoglobin and hemoglobin by spectroelectrochemistry[END_REF][START_REF] Murgida | Surface-enhanced vibrational spectroelectrochemistry: Electricfield effects on redox and redox-coupled processes of heme proteins[END_REF][START_REF] Melin | Recent advances in the electrochemistry and spectroelectrochemistry of membrane proteins[END_REF][START_REF] Best | Spectroelectrochemistry of hydrogenase enzymes and related compounds[END_REF], where in 

Conventional fluorescence spectroelectrochemistry cells

Fluorescence spectroelectrochemical cells

The general principle of the fluorescence spectroelectrochemical technique is to visualize in situ, simultaneously, the electrical (current) and the spectral (fluorescence) responses of a molecular system close to the surface of a working electrode surface subjected to both a linear or staircase potential modulation and an incident monochromatic light [14,[START_REF] Heineman | Spectroelectrochemistry: The combination of optical and electrochemical techniques[END_REF].

Despite a seemingly simple principle, the F-SEC has received less attention than its absorption counterpart (i.e. absorption spectroelectrochemistry (A-SEC)) for investigating molecular systems.

While sharing a common principle, this is essentially due to the difficulties to design specific dedicated cells.

Actually, this technique requires that the immediate vicinity of the working electrode or the electrode surface itself must be in interaction with the excitation light. This also implies that the optical path of the light beams must not be disturbed by the elements present in the cell, such as counter and reference electrodes for example. Finally, the cell has to be fully compatible with the ideal 90° detection angle, between the excitation and the emission light beams, required for luminescence measurements in order to limit the quantity of excitation light reaching the detector [12].

Over years, cells have been designed according to technologies available at that time and to the specific experimental conditions. This chapter lists the most used and the most effective solutions selected among the most promising [START_REF] Kim | New tetrazine-based fluoroelectrochromic window; modulation of the fluorescence through applied potential[END_REF][START_REF] Schroll | Thin-Layer Spectroelectrochemistry on an Aqueous Microdrop[END_REF][START_REF] Voicescu | A Combined Fluorescence Spectroscopic and Electrochemical Approach for the Study of Thioredoxins[END_REF][START_REF] Brisendine | A three-dimensional printed cell for rapid, low-volume spectroelectrochemistry[END_REF].

Optically Transparent Thin Layer Electrochemical (OTTLE) Cells

The first set-up designed to generate interpretable results were "Optically Transparent Thin Layer Electrochemical" (OTTLE) cells, which have been recurrently used for A-SEC [START_REF] Kuwana | Electrochemical Studies Using Conducting Glass Indicator Electrodes[END_REF]. The later presents the advantages to work with small volume and with a high (Surface/Volume) exposed ratio, thus achieving rapid electrolysis of the bulk solution confined in a pathway of ca 250 µm. However, cells cannot make real time resolved spectroelectrochemistry due to the presence of a non-negligible diffusion layer.

In practice, this type of cells was built with working electrodes based on vapour-deposited metallic films [START_REF] Yildiz | Evaluation of an improved thin-layer electrode[END_REF], transparent conducting oxides films [START_REF] Yildiz | Evaluation of an improved thin-layer electrode[END_REF][START_REF] Wilson | Rapid Prototyped Optically Transparent Thin-Layer Electrode Holder for Spectroelectrochemistry in Bench-Top Spectrophotometers[END_REF] or presented small holes in its surface [START_REF] Compton | A THIN-LAYER ELECTRODE CELL FOR FLUORESCENCE MEASUREMENTS ON ELECTROGENERATED INTERMEDIATES[END_REF] such as for example, minigrid electrodes [START_REF] Simone | Preliminary spectrofluoroelectrochemical studies indicate a possible conformational change in horse heart cytochrome c upon reduction[END_REF][START_REF] Mcleod | Spectroelectrochemistry of morphine and related alkaloids and their investigation by fluorescence in a gold micromesh cell[END_REF][START_REF] Jones | Luminescence spectroelectrochemistry in thin layer cells[END_REF][START_REF] Heineman | Measurement of enzyme E.deg.' values by optically transparent thin layer electrochemical cells[END_REF][START_REF] Kaim | Spectroelectrochemistry: the best of two worlds[END_REF][START_REF] Miomandre | Coupling thin layer electrochemistry with epifluorescence microscopy: An expedient way of investigating electrofluorochromism of organic dyes[END_REF]. In addition, the PVD technique has the advantages of producing reproducible metallic surfaces with high crystallographic quality, low roughness, low electrical resistance and with a defined geometry [START_REF] Aleveque | Spectroelectrochemistry on electroactive selfassembled monolayers: Cyclic voltammetry coupled to spectrophotometry[END_REF]. With this technique, optically transparent electrodes are prepared with ease. The experimental configuration is set with a cell positioned with a 45° angle vs. both excitation and emission beams. This configuration gives, in the case of thin layers (≈ 250 µm), a maximum emission intensity combined with minimal interference regarding to the excitation radiation and satisfy the 90° detection angle between the excitation and the emission light beams [START_REF] Yildiz | Evaluation of an improved thin-layer electrode[END_REF]12]. A schematic of possible cell configuration is depicted in Figure 1. Despite results in agreement with the potential of F-SEC in term of sensitivity, the fluorescence detection is mainly limited by the light scattering from the front face of the cell leading to a low signalto-noise ratio and to poor reproducibility.

Long Optical Path Electrochemical Cells

To overcome limitations encountered with OTTLE cells, e.g. short pathway inducing low signal intensities, "Long Optical Path Electrochemical" (LOPE) cells based on gold resinate film electrode [START_REF] Simone | Long optical path electrochemical cell for absorption or fluorescence spectrometers[END_REF] or reticulated vitreous carbon electrode (RVC) [START_REF] Lee | Design and characterization of a spectroelectrochemistry cell for absorption and luminescence measurements[END_REF][START_REF] Lee | Absorption and luminescence spectroelectrochemical characterization of a highly luminescent rhenium(II) complex[END_REF][START_REF] Kirchhoff | Luminescence Spectroelectrochemistry[END_REF] were designed [Figure 2]. Their configuration permitted detection of the emitted light at 90°, and avoid scattering effect from the faces of the cell.

Unfortunately, the equilibration time is longer than the one required for OTTLE cells and shows the pseudo-thin-layer nature of the long optical path electrochemical cells. However, bunch of experiments can be easily performed with this type of cells, particularly for stable electroactive species. (from reference [START_REF] Simone | Long optical path electrochemical cell for absorption or fluorescence spectrometers[END_REF]). (Right) Design of a two-body spectrofluoroelectrochemical cell with right angle detection (from ref. [START_REF] Kirchhoff | Luminescence Spectroelectrochemistry[END_REF]).

Hydrodynamic voltammetry

Following on from cells mainly limited to stable species, OTTLE Cells have been redesigned by Compton A second version, proposed by Levillain et al. [14,[START_REF] Dias | Electrochemistry coupled to fluorescence spectroscopy: a new versatile approach[END_REF] and inspired by the works of Salbeck [START_REF] Salbeck | An electrochemical cell for simultaneous electrochemical and spectroelectrochemical measurements under semi-infinite diffusion conditions and thin-layer conditions[END_REF] and Wertz [START_REF] Mcleod | Spectroelectrochemistry of morphine and related alkaloids and their investigation by fluorescence in a gold micromesh cell[END_REF], can be, , used in different configurations due to its wide versatility and dedicated to UV-Vis, IR or fluorescence spectroscopies. Regarding to F-SEC, the excitation light makes a 30, 45 or 60° angle with the electrode surface and the emission light is recorded normal to the surface. The path length can range from few micrometres (thin layer conditions) to few millimetres (diffusion layer conditions). This type of spectroelectrochemical cell is highlighted in Figure 5 

Data processing

The improvement in cameras (i.e. very sensitive and stable with low noise and large dynamics), sources (i.e. stability vs time), optical fibers and 3D printing technologies enables now the development of very efficient time-resolved spectroelectrochemical measurement bench capable of:  An accurate monitoring of the evolution of the spectroscopic signature as a function of an electrical perturbation such as a potential step or linear scan.

 A recording of the emission light with a non-zero or a zero angle vs. both the excitation and detection directions.

 A probing of very low intensity signals at high signal-to-noise ratio.

A-SEC and F-SEC:

Since the fluorescence intensity (I Fluo ) depends on the absorbance (A) (Table 1), F-SEC is closely linked to A-SEC. Set-up capable of carrying out these two techniques in parallel emerge in literature and allow an overall view of the optical and fluorescent properties under potential. This approach offers more flexibility and gives a comprehensive overview of emission and absorption processes (Figure 6).

Solution Modified electrode

Absorbance

A = Ꜫ ℓ C with Ꜫ, mol -1 L cm -1 ℓ, cm -1 C, mol L -1 A = 1000 Ꜫ Γ with Ꜫ, mol -1 L cm -1 Γ, mol cm -2 (Γ is the surface coverage) Fluorescence I Fluo = k ɸ I Exc [ 1 -e -A ]
with k, instrument constant ɸ, fluorescence quantum yield I Exc , intensity of excitation light

Table 1: Usual relationships between fluorescence and absorbance

Voltafluorogram and voltabsorptogram:

Even though it is well-established since a while that derivative cyclic voltabsorptogram (DCVA = dA/dt versus potential) is an efficient tool for characterizing optical properties under potential, the pioneering work dedicated to derivative cyclic voltafluorograms (DCVF) was only published in 2004 [START_REF] Dias | Electrochemistry coupled to fluorescence spectroscopy: a new versatile approach[END_REF]. The high performance of cameras allows now calculating the derivative of the fluorescence (or absorbance) signal from a three-dimensional representation [potential (or time), wavelength, signal] and then extracting the DCVF (or DCVA) at any potential (or time) (Figure 6). In this regard, it is worth reminding here that a good signal-to-noise ratio is a prerequisite to extract, with or without smoothing via 1D or 2D digital filters, the derivative of the fluorescence vs. potential (or time). DCVF representation: Z-axis = dF/dt. (F). CV at 10 mV.s -1 and fluorescence intensity at 550 nm extracted from (B). Note that these results have not been published because these experiments are the same as those described in reference [START_REF] Dias | Electrochemistry coupled to fluorescence spectroscopy: a new versatile approach[END_REF] but performed with the set-up of reference [START_REF] Aleveque | Spectroelectrochemistry on electroactive selfassembled monolayers: Cyclic voltammetry coupled to spectrophotometry[END_REF][START_REF] Bkhach | Highly stable perylenediimide based self-assembled monolayers studied by spectroelectrochemistry[END_REF].

Simultaneous recording of excitation and emission lights:

The change of the redox state of fluorescent species occurring during a spectroelectrochemical experiment in thin layer conditions typically leads to two concomitant processes namely the fluorescence quenching and the unavoidable increasing of the absorbance at the wavelength of the excitation light (λ excitation ). The monitoring of both the excitation and the emission processes affords the opportunity of improving the measurement chain. The best setup is a simultaneous recording of the excitation and emission lights with a zero angle vs. excitation and detection directions (Figure 6). Moreover, it is noteworthy that, with this set-up, no configuration change is necessary to perform A-SEC experiments.

Monitoring very low signals:

Since the frantic development of nanoscale materials requires very sensitive characterizations, monitoring very low signals by spectroelectrochemistry rapidly becomes a challenge.

To illustrate, consider the "worst-case" nanomaterial of all: the self-assembled monolayer (SAM) with a surface coverage typically close to 10 -10 mol.cm -2 .

A simple numerical calculation from Beer's law shows that the absorbance on a monolayer is, by nature, very low (close to 0.001 with Γ = 10 -10 mol.cm -2 and Ꜫ =10 000 M -1 .cm -1 ). However, a recent work has demonstrated that it is possible to perform a visible-NIR time-resolved spectroelectrochemistry on SAMs with a high molar attenuation coefficient chromophore, through the study of the oxidation of a 5,5'-disubstituted-2,2'-bithiophene immobilized on Au substrate [START_REF] Aleveque | Spectroelectrochemistry on electroactive selfassembled monolayers: Cyclic voltammetry coupled to spectrophotometry[END_REF].

For a fluorescence emission, we are facing the same problem. A numerical calculation confirms that, at the best, I Fluo = 10 -3 I Exc with Γ = 10 -10 mol.cm -2 , Ꜫ = 10 000 M -1 .cm -1 , ɸ = 100 % and k = 1 (i.e. a fluorophore with a high fluorescence quantum yields is required). Because the molecular luminescence on SAM is, in agreement with the classical energy transfer theory, quenched by a metallic substrate, a F-SEC may not be performed on SAM. However, it is possible to reach a SAM situation under thin layer conditions. Figure 7 provides evidence of an emission spectroelectrochemistry of a perylenediimide (i.e. Ꜫ = 50 000 M -1 .cm -1 and ɸ = 100 %) in solution under drastic conditions (i.e. a 50 µm thin layer at 10 -4 M, corresponding to a 5 10 -10 mol.cm -2 surface coverage).

All these results illustrate the benefits provided by the latest technological breakthroughs and offer promising prospects to probe nanomaterials by absorption and emission spectroelectrochemistry. Note that these results have not been published because these experiments are the same as those described in reference [START_REF] Dias | Electrochemistry coupled to fluorescence spectroscopy: a new versatile approach[END_REF] but performed with the set-up of the reference [START_REF] Aleveque | Spectroelectrochemistry on electroactive selfassembled monolayers: Cyclic voltammetry coupled to spectrophotometry[END_REF]. 

Total internal reflection fluorescence microscopy (TIRFM)

A total internal reflection fluorescence microscope (TIRFM) is a type of microscope in which only a restricted region of the sample can be observed near the glass-solution interface.

To reach these special conditions, the excitation light hits the sample with an incident angle greater than the critical angle determined by refraction laws. In this case, a total reflection of the incident light occurs at the glass-solution interface, and an induced evanescent wave is generated at the interface.

The evanescent intensity decays exponentially from the interface, and thus penetrates into the sample to a depth of approximately a few of hundreds of nanometers. This very thin probed thickness leads to a very good axial resolution in the perpendicular direction to the interface. Last but not least, another promising method consists of using microelectrodes combined with total internal reflection fluorescence microscopy. Indeed, Amatore et al. [START_REF] Amatore | Coupling of electrochemistry and fluorescence microscopy at indium tin oxide microelectrodes for the analysis of single exocytotic events[END_REF] have reported the real-time observation of fluorescence and amperometric measurements of exocytosis events at single biologic cell on transparent indium tin oxide (ITO) microelectrodes (Figure 12). Similar investigations were done using microfluidic configuration [START_REF] Shi | Release monitoring of single cells on a microfluidic device coupled with fluorescence microscopy and electrochemistry[END_REF].

Conclusion

Over the last decade, the benefits provided by the latest technological breakthroughs have improved the instrumental setup dealing with electrofluorochromism, i.e. electrochemical monitoring of the fluorescence properties.

Nowadays, the technology facilities are no longer a hindrance to the development of emission spectroelectrochemistry and offers promising prospects in forthcoming research on fluorescent molecules, materials and devices. In the reasonably near future, significant improvements in the miniaturization of the devices should emerge since it is now possible to follow very low absorption and emission events, up to the detection of a single molecule. For example, in analytical and bioanalytical chemistry, many analytes are redox active and could be detected and mapped with a high sensitivity through fluorescence via nanosensors.
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  situ dual detection of electrochemical and fluorescence signals can lead to very sensitive and selective biosensors, this chapter reviews the most recent cell design and set-up developments in the fields of fluorescence spectroelectrochemistry (F-SEC), coupled detection of fluorescence and electrochemical signals of molecules and materials exhibiting electrofluorochromic properties. The first part (Part 2.2) focuses on the conventional F-SEC whereas the second one is dedicated to the coupling of electrochemistry and fluorescence microscopy (Part 2.3). It is noteworthy that this chapter is largely inspired by the excellent minireview of Pierre Audebert and Fabien Miomandre, published in Chemical Science in 2013 [33].

Figure 1 :

 1 Figure 1: Schematic representation of a spectroelectrochemical experiment using OTTLE cell with minigrid or vapour-deposited metal film working electrode.

Figure 2 :

 2 Figure 2: (Left) (A) Gold coated Teflon working electrode insert, areas 1 and 2 as in C. (B) Completed cell diagram showing (a) Pt auxiliary electrode, (b) SCE reference electrode. (c) Radiation path, (d) Teflon bottom spacer, (e) Quartz cuvette, and (f) Gold-coated Teflon working electrode. (C) Top view of the cell showing radiation paths in absorption and fluorescence experiments, areas 1 and 2 as in A

  et al. to work as flow cells (Figure3), in hydrodynamic voltammetry experiments especially for complex electrochemical processes[START_REF] Compton | SPECTROFLUOROMETRIC HYDRODYNAMIC VOLTAMMETRY -THEORY AND PRACTICE[END_REF][START_REF] Compton | SPECTROFLUOROMETRIC HYDRODYNAMIC VOLTAMMETRY -THE INVESTIGATION OF ELECTRODE-REACTION MECHANISMS[END_REF][START_REF] Compton | SPECTROFLUOROMETRIC HYDRODYNAMIC VOLTAMMETRY -INVESTIGATION OF REACTIONS AT SOLID/LIQUID INTERFACES[END_REF]. Hydrodynamic voltammetry techniques using such cells facilitate the analysis of fluorescent solution-phase electrogenerated species, by modelling, from a proposed model, their spacial and temporal distributions in the flow cell, and finally correlate the fluorescence intensity to the electrode current.

Figure 3 :

 3 Figure 3: The channel electrode luminescence cell from reference [52].
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 4 Figure 4.

Figure 4 :

 4 Figure 4: Schematic diagram of the thin layer spectroelectrochemical cell from reference [55].

  . These two examples show that the transparent electrodes are replaced by commonly used non-transparent electrodes such as gold, vitreous carbon, platinum. Recently, Levillain et al. have proposed to record simultaneously both the excitation and emission lights, with a zero angle configuration vs. both excitation and detection directions [15]. They can observe two concomitant processes namely the extinction of fluorescence and the inevitable increasing of the absorbance at the wavelength of the excitation light. This set-up allows performing a fluorescence and absorption spectroelectrochemistry without tuning the configuration of the bench.

Figure 5 :

 5 Figure 5: Schematic view of the spectroelectrochemical cell from reference [25].

Figure 6 :

 6 Figure 6: Absorbance and F-SEC of 5.10 -4 M perylenediimide (P) on Pt electrode in 0.1 M TBAPF 6 in CH 2 Cl 2 in TLCV (~50 µm). (A). 3D representation: X-axis = wavelength, Y-axis = time and Z-axis = absorbance. (B). 3D DCVA representation: Z-axis = dA/dt. (C). Unfolded CV vs. time at 5 mV.s -1 and absorbance at 550 nm extracted from (B). (D). 3D representation: Z-axis = fluorescence intensity. Excitation at 495 nm and detection by reflection on Au electrode between 380 and 980 nm. (E). 3D

Figure 7 :

 7 Figure 7: F-SEC of 10 -4 M perylenediimide on Pt electrode in 0.1 M TBAPF 6 in CH 2 Cl 2 characterized in a thin layer close to 50 µm, corresponding to a SAM with a surface coverage close to 5 10 -10 mol.cm -2 . Excitation at 495 nm and detection by reflection on Au electrode between 380 and 980 nm. (A). 3D representation: X-axis = wavelength, Y-axis = time and Z-axis = fluorescence intensity. (B). Zoom of 3D representation (raw data without smoothing via a 2D filter). As expected, the intensity ratio i Fluo / i Exc (15 / 60 000) is very small 2.5 10 -4 . (C). CV at 5 mV.s -1 and fluorescence intensity at 550 nm extracted from (B) vs. frames. As expected, the first reduction of the perylene moiety turns the fluorescence off.

Figure 8 :

 8 Figure 8: Schematics configurations of classical fluorescence microscopy (epifluorescence -top left), confocal fluorescence microscopy (top right) and total internal reflection fluorescence microscopy (TIRFM -bottom).

  reflection fluorescence microscopy were adapted to the electrochemical cell to probe the fluorescence emission.

Figure 10 :

 10 Figure 10: Evolution of the fluorescence lifetime of tetrazine dye (right scale) along with the fluorescence intensity (left scale) for a double step potential between 0 and -0.85 V. From reference [59].

Figure 11 :

 11 Figure 11: Schematic of an electrochemical cell coupled with scanning confocal fluorescence microscopy from reference [60].

  

  

Electrochemistry and fluorescence microscopy coupling.

The coupling of electrochemical techniques with fluorescence microscopy is very recent compared to the conventional F-SEC previously described in the precedent part.

The development of the electrochemistry and fluorescence microscopy coupling (TIRF and confocal configuration) is mainly due to the very high sensitivity of optical detection involved in the fluorescence microscopy benches that can be pushed to the single molecule detection. In most cases, the electrochemical technique is only devoted to tune the redox state of the fluorescent molecules.

One of the most important challenges relies in detecting single-molecular fluorescence under electrochemical conditions [START_REF] Palacios | Single-molecule spectroelectrochemistry (SMS-EC)[END_REF].

Fluorescence detection

The laser-induced fluorescence spectroscopy technique is typically involved for fluorescence detection. The latter is mainly composed of three different experimental setups when coupled to a microscope: (1) classical fluorescence microscopy (epifluorescence), (2) confocal fluorescence microscopy and (3) total internal reflection fluorescence microscopy (TIRFM). Schematics of these three configurations are depicted in Figure 8.

Epifluorescence

In this configuration, excitation of the fluorophore and detection of the emitted fluorescence are performed through the same light path. The monochromatic excitation light goes through the microscope lens to be focused on the sample. Fluorescence is collected in the same direction as the excitation (i.e. through the objective), normal to the sample, and separated from it in the detection line by dichroic mirrors and filters.

Confocal fluorescence microscopy

Confocal microscopy increases the optical resolution (axial and lateral) and contrast of classical microscopes by adding a spatial pinhole placed at the confocal plane of the lens in order to eliminate light coming out of the focus plane. The fluorescence is thus spatially probed and is only coming from the focal plane. It enables the reconstruction of three-dimensional images from those obtained at different focal planes.

Coupling setup

The most promising spectroelectrochemistry cells are used in combination with total internal reflection fluorescence microscopy, consequently the non-exhaustive examples of setups listed below are mostly based on this configuration. The first example of fluorescence microscopy coupled to a three-electrode electrochemical, reported by Audebert and Miomandre [START_REF] Miomandre | Fluorescence microscopy coupled to electrochemistry: A powerful tool for the controlled electrochemical switch of fluorescent molecules[END_REF][START_REF] Miomandre | Coupling thin layer electrochemistry with epifluorescence microscopy: An expedient way of investigating electrofluorochromism of organic dyes[END_REF][START_REF] Miomandre | Electrochemical Monitoring of the Fluorescence Emission of Tetrazine and Bodipy Dyes Using Total Internal Reflection Fluorescence Microscopy Coupled to Electrochemistry[END_REF], was dedicated to the investigation of a controlled-potential redox switch of organic fluorophores (Figure 9). The three-electrode cell was composed of a working electrode made with platinum thin layer coated on a microscope glass slide. In order to produce valuable information about quenching mechanisms during a redox state change event, the lifetime variations along with the fluorescence intensity have been measured via the implementation of a pulsed laser to the microscope (Figure 10). Confocal fluorescence microscopy and total internal

This study shows that it is a priori possible with this method to identify the fluorescence of single molecules. Thus, molecular electrochemical characteristics such as standard potentials and electron transfer kinetics may be determined with a similar method. This was accomplished with specific molecules designed to allow energy transfer to be modulated by the electrode potential as for example when the redox active fluorophore was adsorbed on nanoparticles [START_REF] Lei | Clay Nanoparticle-Supported Single-Molecule Fluorescence Spectroelectrochemistry[END_REF][START_REF] Galland | Two types of luminescence blinking revealed by spectroelectrochemistry of single quantum dots[END_REF], when the redox center was connected to a fluorescent molecule as a protein [START_REF] Salverda | Fluorescent Cyclic Voltammetry of Immobilized Azurin: Direct Observation of Thermodynamic and Kinetic Heterogeneity[END_REF], or when the active molecule is a part of a polymer with high molecular weight [START_REF] Palacios | Single-molecule spectroelectrochemistry (SMS-EC)[END_REF]. Recently, thermodynamics and kinetics of electron transfer of single immobilized particles have been determined based on single-molecule spectroelectrochemistry (SMS-EC) [START_REF] Palacios | Single-molecule spectroelectrochemistry (SMS-EC)[END_REF], this new technique reported by Palacios and co-workers is based on total internal reflection fluorescence microscopy.