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Low-temperature electrochemistry and spectroelectrochemistry for coordination compounds

This review is focused on the current state-of-the art of low-temperature electrochemistry and spectroelectrochemistry applied for coordination and organometallic compounds. From the first tentative steps in the 1960s to the present sophisticated spectroelectrochemical systems, lowtemperature studies of redox reactions and coupled chemical processes have always fascinated chemists. The main reason is that low temperature offers the possibility not only to quantify thermodynamics/ kinetics of electron transfer reactions, but also to better decipher mechanistic pathways of chemical-coupled electron transfer reactions. Various cryo-electrochemical and spectroelectrochemical set-ups have been designed leading to significant advancement of in situ detection of transient and unstable species generated by electrochemistry. In this review, we detail the novel aspects which can be discovered by performing electrochemical/spectroelectrochemical investigations at low temperature, and the means to carry out resolved electrochemistry at temperatures close to the liquid nitrogen solidification. Specific examples are given to demonstrate the powerful information which can be taken from low-temperature studies for coordination and organometallic chemistry. A conclusion and outlook are also presented to discuss about the perspectives and remaining challenges for this research field.

Introduction

Electrochemistry and spectroelectrochemistry have become ubiquitous methods in coordination and organometallic chemistry due to the large amount of data which can be taken from the different redox states of metal and ligands. By comparison to electron transfer (ET) reactions between two redox species, electrochemistry displays the main advantage of directly measuring energetics of the interfacial processes via redox potential values. Another advantage is that it is a time-dependent technique, implying that the timescale of the experiment can be optimized such that kinetics of the chemical processes (electron transfer and/or coupled chemical reaction) can be determined in a straight manner, hence facilitating the elucidation of the reaction mechanisms. Coupling electrochemistry with spectroscopy or microscopy has opened a new area of research, by giving the chance to obtain valuable spectroscopic information of the transient species generated by electrochemical perturbation. First spectroelectrochemical systems were mostly "ex-situ", since the spectroscopic characterization was undertaken after the electrochemical reaction, and mainly from a sample extracted from the electrolyzed solution. More recently, "in situ" approaches have been developed, allowing spectroscopic analysis of the solution more/less simultaneously to the electron-transfer reaction. These methods have already become a powerful tool to detect intermediates species of electrode reactions.

Thanks to technological progress in spectroscopic instruments (UV, Vis, NIR and IR), "time-resolved" set-ups have progressively emerged as the best strategy to monitor the decay/appearance of the various species generated during the electrochemical processes. The typical timescale for time-resolved measurements lies between several to hundreds of milliseconds. It is fully dependent on the spectroscopic technique, the acquisition/resolution features of the spectrometer, and the electrochemical time constant of the cell. A great majority of spectroelectrochemical set-ups have been designed for absorption spectroscopy, Raman scattering spectroscopy, and electron paramagnetic resonance (EPR). For a few years now, several commercial spectroelectrochemical systems which can afford room-temperature and sub-0°C (typically until -20 °C) UV-Vis-NIR measurements can be purchased. Spectroelectrochemical systems which involve X-ray absorption spectroscopy (XAS), nuclear magnetic resonance (NMR), and luminescence in the UV or VIS regions have been less developed [START_REF] Kaim | Spectroelectrochemistry[END_REF][2][3].

Room-temperature electrochemical and spectroelectrochemical methods can provide a high quantity of useful information, but these techniques are sometimes limited. This is particularly true when the starting and/or electrochemically-generated species are not stable within the time scale of the experiment. To address this issue, a typical strategy has been to lower the temperature (T) such that the transient species becomes stabilized enough to afford electrochemical and spectroscopic analyses [START_REF] Evans | Laboratory techniques in electroanalytical chemistry[END_REF].

First electrochemical measurements at low temperatures were officially initiated in the beginning of the 1970s by Van Duyne and co-workers [START_REF] Van Duyne | [END_REF], although few studies were previously reported [6][7][8][9][10][11].

Since these pioneering experiments, low-temperature electrochemistry, coined as "cryoelectrochemistry" when reaching ultra-low temperatures (T < -80 °C (193 K)), has been used for the structural, thermodynamic and kinetic study of electrode reactions and coupled homogeneous processes. Spectroelectrochemical methods at low-T were concomitantly developed for various spectroscopies (UV-Vis,IR, EPR, Raman…) and a broad panel of cryo-electrochemical and spectroelectrochemical cells were reported. This review, divided into three sections, aims at describing the different features of low-temperature electrochemistry and spectroelectrochemistry for coordination and organometallic compounds. The first section describes the technical aspects of low-T electrochemistry and spectroelectrochemistry (cells design, supporting electrolyte, solvents, and electrodes). It is particularly focused on the different models which have been designed for UV-Vis-NIR, IR and EPR spectroelectrochemical cells which could be of help for studies in coordination chemistry. The second section concerns literature examples of low-temperature electrochemistry of organometallic and coordination compounds, including both determination of the thermodynamics/ kinetics of electron transfer reactions, as well as mechanistic studies of chemical-coupled electron transfer reactions by characterization of transient species. The third section gives insights into cryo-spectroelectrochemistry, with specific examples of low-T spectroelectrochemical studies for coordination / organometallic compounds. The review is completed by a conclusion part which condenses the main information to be taken from the previous sections, and gives future perspectives which can be envisaged from the state of the art.

Low-temperature electrochemistry: technical aspects

The development of cryo-electrochemical and cryo-spectroelectrochemical measurements has been for a long time hindered by the large number of technical problems associated to the low temperature (solvent freezing, ohmic drop, precipitation...). Improvement of the liquid electrolytes and mixtures of solvents, as well as low current devices in the 1970s has allowed the emergence of this new research area.

Cooling systems

Two main approaches have been developed so far to cool electrochemical cells (Figure 1): (i) immersion in the coolant, or (ii) flowing the coolant through a specific cell jacket. Simple immersion in slush baths or salt-ice mixtures such as dry ice in acetone, or cooled ethanol (193 K) is the most practical, and probably the most used, but often does not allow any accurate control of the temperature (Figure 1A). Moreover, heat exchange with the surroundings is hard to avoid over long-time experiments and the temperature of the bath cannot be varied intentionally. Jacketed cells in which the coolant flows according to a defined flux to allow thermal equilibrium was shown to be more interesting in many aspects (Figure 1B). Indeed, such cooling system offers the advantage of stabilizing the temperature (no relative heat transfer with surroundings). In addition, the temperature can be tuned by controlling the heating power of the cooler of the refrigerated bath. Coolants such as methanol or 2-propanol are the usual solvents used to achieve temperatures down to 193 K. However, the main limitations are the freezing point of the coolant, as well as the high energy/power necessary to cool the bath at temperatures below 183 K. Moreover, insulation of the tubes connecting the circulator to the cell is hard to accomplish. Fortunately, swapping from organic solvents to liquid nitrogen as coolant has knocked down the barriers to perform ultra-low-temperature electrochemical studies. Such systems have been well developed on the basis of liquid-nitrogen cryostats which are commercially available nowadays. Briefly, the principle is to inject chilled liquid nitrogen to the cell at a specific flow rate such that the rate of cooling equals the rate of warming of the cell by its surroundings. In order to finely tune the temperature, the liquid nitrogen is pre-passed over a resistance heater which is controlled in a feedback mode using the signal from a thermocouple positioned in close proximity to the cell. One drawback of this system is the poor thermal conductivity of N2 (0.09 mW cm -1 K -1 at 100 K) which is in the same order of typical isolators. Accordingly, the electrochemical cell can take several ten of minutes before reaching the thermal equilibrium with the cryogenic fluid. 

Low-T electrochemical cells and electrodes

Low-temperature electrochemical cells are usually designed according to the cooling system used as discussed above. For simple immersion, low-temperature cells are similar to room-temperature models but often modified with an elongated cell body such that dipping of the working electrode compartment in the coolant is facilitated. For jacketed cooling systems based on refrigerated organic solvents such as methanol or propanol, high volume (>10 mL) cells are usually constructed to improve temperature stability. They are typically made of glass but Teflon and polyethylene can be used in certain cases [12]. When liquid nitrogen is used as coolant in a cryostat, low volume (2 mL or less) cells are needed to achieve fast thermal equilibrium.

Chronologically, first electrochemical measurements were performed with cells immersed in the coolant at a fixed temperature [10,11]. Later on, in 1972, van Duyne and Reilley [START_REF] Van Duyne | [END_REF] proposed a different cell design for allowing measurements at variable temperatures: a 3-electrodes cell characterized by uniform current and potential distributions across the surface of the working electrode and short inter-electrodes distances for lowering solution resistance effects was inserted in a vacuum jacketed dewar. Cooling of the cell was achieved by sequential flowing of compressed, dry nitrogen gas through a copper coil immersed in a liquid nitrogen heat exchanger and the dewar. This cryostated cell was tested successfully in the 90-300 K temperature range. In 1983, Nagaoka and Okazaki improved van Duyne's cell by decreasing cryostat size and by regulating the nitrogen gas flow rate through adjustment of the switching frequency of the heater [13]. In the late 1980s, the discovery of HTSCs (high-temperature superconductors) gave more impetus on the search for ultra-low temperatures electrochemical apparatus. Aiming at performing electrochemical measurements with HTSCs electrodes, Murray et al. designed a cell which could fit a slotted stainless steel sleeve that included a cylindrical epoxy assembly (containing both working and references electrodes) as well as a coplanar auxiliary electrode at the bottom [14,15]. Working electrodes were initially of micrometer size to decrease solution resistance effects. Moreover, the separation between the working and counter electrodes was kept at minimum distance (0.5 mm). The electrochemical cell was directly placed into a liquid nitrogen cryostat or bolted directly to the cold finger of a helium refrigerator cryostat before cooling down. Measurements were made either with glass [14] or aluminum cells [15]. Concomitantly, Green et al. developed cryoelectrochemical cells which could accommodate HTSC/metal micro-and macro-sized electrodes (Figure 2) [16][17][18]. Cryo-robust epoxy assemblies were particularly shown to be versatile and resistant over long periods to chlorinated solvents at low temperatures [19]. This type of cell was more recently improved by enabling easy removing of all components from the glass cell, thus allowing perfect cleaning of the cell and electrodes [20].

An alternative strategy for low-temperature electrochemical experiments in aqueous solution was recently reported [21]. The system is based on a "supercooled" electrode (gold wire). Cooling the working electrode with liquid nitrogen on the top creates a circular region of 60 µm at low and relatively constant temperature around the electrode surface in the liquid electrolyte. This system was shown to be interesting for low-temperature (260 K) studies of enzymes. Various materials have been used as working electrodes at low temperatures. In the metal series, most of measurements have been performed with gold or platinum, because of their good intrinsic conductivity at low temperature (less lattice vibrations), which make them as usable as at room temperatures. Several experiments have also been performed with solid mercury [13,[22][23][24][25][26][27]. In that specific case, the main interest was to take advantage from the highly negative potential limit in comparison to Pt or Au. Electron-transfer properties of metallic electrodes modified with selfassembled monolayers [14,[28][29][30] or more rarely a redox-polymer [31] were also evaluated at low temperatures. A great advantage of this approach is a simplification in the analysis of the results as mass-transfer processes do not play a significant role except for the diffusion of counterions. Several low-temperature experiments have also been carried out with glassy carbon working electrodes [32][33][34][35][36][37] and HTSCs at solid state [38,39], or with liquid electrolytes [16,18,19,[40][41][42][43]. More recently, several studies reported surface modification of HTSC electrodes, using self-assembled monolayers (SAMs) [44,45] or conducting polymer [46] that incorporated a redox probe such as ferrocene. Solution resistance is a major problem in low temperature electrochemical measurements and analysis.

The "iR drop", i.e. voltage perturbation due to solution resistance, is governed by the cell current and the effective resistance between the working and reference electrodes. Even if current densities decrease with temperature due to lower diffusion of the species, it does not cancel the iR drop effect.

In consequence, specific choices concerning the electrodes design are necessary. Two main solutions have been proposed so far: decrease of working electrode area and/or decrease of working-reference electrodes distance. The use of ultramicroelectrodes (rad. < 10 µm) or microband at very low temperatures (T < 180 K) has been initially preferred considering that the iR drop is intrinsically lower with microelectrodes (the surface area, thus the current, is radius dependent in a square manner) [16,27,31,40,47,48]. Another advantage of ultramicroelectrodes is the enhancement of the mass-transfer at the periphery of the electrode, thus increasing the faradic/capacitive current ratio, in comparison to macroelectrodes. However, one main inconvenient is that microelectrodes require low-current detectors and noise-isolated equipment (Faraday cage). The use of macroelectrodes (typically > 0.05 cm 2 ) for low temperature measurements has however become possible with the discovery of electrolytic solutions with low solution resistance [START_REF] Van Duyne | [END_REF]17,31]. The problem of solution resistance was also partially solved by decreasing the distance between the working electrode and the reference electrode. This could be obtained by introducing a Luggin capillary in close proximity to the working electrode [START_REF] Van Duyne | [END_REF]49,50]. Also, low-sized epoxy-based cryo-robust cylindrical containers which can embed two or three electrodes in close distance (1 mm) can be used to minimize the iR drop. This approach was for instance well developed by Murray [14,15] and Green [20] for the study of electron transfer reactions at 100-120 K. One main advantage of such system is the possibility to tune the nature (metal, glassy carbon, HTSC…) and/or size of the electrodes.

Many low-temperature electrochemical experiments have been performed with aqueous references electrodes kept at room temperature. Hence, in an initial proposal, van Duyne and Reilley used a SCE reference electrode which is in contact with the low-temperature solution through an intermediate nonaqueous salt bridge and a Luggin capillary probe [START_REF] Van Duyne | [END_REF]. The intermediate salt bridge played two roles: protection against contamination of the non-aqueous sample solution by water from the reference electrode, and thermal isolation of the SCE from the low-temperature environment. Reference electrode probe-working electrode spacing was adjustable (1 mm is usual) and the spherical joint permitted precise electrode alignment. This approach has also been extended to external organic reference electrodes such as Ag/AgNO3 in PrCN [22,51] or a Pt wire in a Fc + /Fc equimolar electrolytic solution [52]. In these cases, the reference was housed in a distinct compartment separated from the cell solution compartment by a porous frit. For the ferrocene-based system, the compartment was sealed and protected from air to avoid both the introduction of humidity in the cell and the degradation of the ferrocenium ions. Obviously, this strategy is less convenient when the electrochemical solution and its surrounding environment need to be strictly air-tight, because of highly sensitive compounds. In that case, silver or platinum wires can serve as a quasi-reference electrode, the "real" redox potential being adjusted by addition of a standard redox couple such as ferrocene at the end of the experiment [53]. This strategy is very convenient when the sample space is minimal as occurring in cryostats even if they provide only approximate measurements of the potentials.

For electrochemistry in frozen aqueous solutions, different approaches were developed [48,[54][55][56][57]: for example, measurements in frozen saturated LiCl aqueous solution (170 K) were performed with an Ag/AgCl/LiCl reference electrode that was kept externally at room temperature and connected to the cell via a salt brige [58].

Despite the different possibilities of combination presented above, the measurement of the "real" potential for the redox species in solution is challenging. The first problem arises from the Soret effect, i.e. thermal migration of species due to the temperature gradient within the cell. Hence, strong electrolytes will concentrate in the cold region, causing a change in electrode potentials in the order of hundredths of a millivolt per degree. However, this effect can be neglected when the reference electrode/bridge compartment is removed during temperature changes. A second issue, which must be considered, is the thermal liquid junction potential in nonaqueous media due to precipitation at the bridge junction, thus introducing an uncompensated resistance and a significant potential change. At last, since the standard potential E 0 of a redox couple is proportional to the free energy change accompanying the electron transfer, it shifts with the temperature following the relationship

∆ = ∆ -∆
if it is immersed into the sample solution ( is the number of electrons, the Faraday constant, ∆ is the standard entropy of reaction, ∆ is the standard enthalpy of reaction). Thus, knowledge of the entropic term appears as determining for adjustment of potential values. Furthermore, decrease of temperature can lead to a significant change of concentrations of the species involved in the redox process of the reference electrode resulting in an additional change of the equilibrium potential. These two phenomena seem favor the employment of compartmentalized reference electrodes kept thermostated around room temperature to carry out cryo-electrochemistry.

Low-temperature supporting electrolytes and solvents

The first question that usually arises when considering a low-temperature experiment is the choice of solvent and supporting electrolyte. The freezing point of water limits the lowest practical temperatures for studies in fluid aqueous solution to values near 0 °C. Of course, the freezing point of concentrated aqueous salt solutions is considerably depressed so such systems could be used as fluid electrolytes at lower temperatures, but this is not commonly done [54,55,57]. It is much more popular to use nonaqueous solvents for low-temperature studies. There are two motivations, the more common of which is the desire to make measurements down to the lowest temperature possible using a solvent/supporting electrolyte system compatible with the chemical properties of the compounds to be studied. In other instances, the purpose of the experiments is to study the effect of solvent on a temperature-sensitive parameter (e.g., a heterogeneous electron-transfer rate constant), thus a variety of solvents is sought in which low-temperature measurements can be made.

Different approaches have been explored in the literature to obtain ionic conductivity media allowing for performing good electrochemical measurements at very low temperatures. For instance, it has been proposed the use of frozen aqueous electrolytes such as HClO4 5.5 H2O whose conductivity is explained by the movement of protons along the lattice structure as a result of water molecule reorientation and hydrogen bond breaking processes [54,55]. Another strategy consists in the use of inorganic solid electrolytes like RbAg4I5 or Ag β "-alumina which display good ionic conductivity at very low temperature [59][60][START_REF] Lorenz | Modern aspects of electrochemistry[END_REF][START_REF] Pinkowski | [END_REF]. However, the redox process studied in these electrolytes is limited to the reduction/oxidation of silver.

A more interesting approach for the evaluation of the electrochemical properties of coordination and organometallic compounds is the utilization of organic liquid electrolytes which can dissolve electroactive molecules and provide decent ionic conductivities to carry out the experiments.

Fortunately, a few common solvents employed in the study of the redox properties of transition metal complexes at room temperature are also suited for measurements at very low temperatures (T ≤ -80 °C). Probably, the most attractive examples are CH2Cl2 and acetone solutions containing 0.05 M of tetraalkyl ammonium hexafluorophosphate or perchlorate salts as supporting electrolyte. As it will be shown in sections 2 and 3, these two electrolyte systems have been successfully used for cryoelectrochemical and spectroelectrochemical measurements on coordination compounds. Acetonitrile is another traditional non-aqueous solvent widely used for experiments at room temperature. It presents the advantages of a high dielectric constant and excellent solubility of common supporting electrolytes; however, the lowest attainable temperature with this media is around -40 °C, which is not enough for the scope of numerous studies. Interesting alternatives to acetonitrile are propionitrile and butyronitrile as these two solvents exhibit only slightly worse dielectric and solubility properties but much lower melting points (-92 °C and -112 °C, respectively). Surprisingly, cryo-electrochemical studies on transition metal complexes exploiting these electrolytes are scarce in the literature. An explanation could be their enhanced toxicity as compared to the associated to other common solvents which can also be employed at ultra-low temperatures.

There has been, over the years, a strong research competition for finding a liquid electrolyte allowing for carrying out a reliable electrochemical measurement at the lowest possible temperature. A fundamental motivation for this work is the discovery of a medium enabling the analysis of the electrochemical behavior of an electrode made of a HTSC material in the vicinity of its critical temperature (Tc). In this context, the lowest temperature for any electrochemical measurement with liquid electrolyte was reported by Murray and co-workers [63]. They developed electrolyte solutions based on chloroethane/butyronitrile solvent mixtures. Their strategy was to examine combinations of low-melting liquids with relatively high dielectric constant and low viscosity. Butyronitrile has a large dielectric constant whereas chloroethane (a gas at room temperature) has a low melting point and a low viscosity. With a 1:1 volume ratio mixture of these two solvents, containing tetrabutylammonium perchlorate as supporting electrolyte (0.2 M), they successfully recorded CV curves for freely diffusing tetracyanoquinodimethane (TCNQ) on a gold microband electrode at 88 K. Below this temperature, the faradaic/capacitive currents ratio becomes too low for any possible analysis. Since this record, different mixtures have been tested, changing solvents and supporting salts [16,17]. The application of these exotic liquid electrolytes to the electrochemical and spectroelectrochemical study of coordination and organometallic compounds remains to be explored. Importantly, the reached ultralow temperatures could allow for detecting and stabilizing extremely short-living key reaction intermediates.

Table 1 and Table 2 summarize several combinations of solvents and supporting salts used as liquid electrolytes in low temperature studies. The usual proportions used for cryo-electrochemistry are approximately 10 -3 M of the electroactive species and 10 -1 M of the supporting electrolyte, as typically used for room temperature analysis. The increase of concentration in supporting electrolyte was shown to have for most of the time beneficial effects on both molar conductivity and freezing point in aprotic solvents. 

Low-T spectroelectrochemical cells

In this section, we provide an overview of relevant experimental approaches to perform cryospectroelectrochemical measurements along with a discussion on the valuable information extracted from these techniques for diverse compounds. As for electrochemical equipment, the design of spectroelectrochemical cells for experiments at very low temperatures is more challenging than that found in conventional devices working at room temperature. The same technical considerations previously discussed must be addressed for the implementation of a reliable cooling system, the prevention of air and moisture entries and the appropriate choice of liquid electrolytes.

At first instance, the simplest approach to carry out a cryo-spectroelectrochemical experiment is the exhaustive oxidation or reduction of a solution of the studied molecule by potential-controlled bulk electrolysis and the monitoring of the electrochemical process in real-time with an optical fiber probe or another detection mode. Such approach is commonly reported for room-temperature studies when redox species generated by electrolysis are stable over minutes/hours [82][83][84][85]. However, this configuration is unpractical at low temperature because bulk electrolysis can last several hours as a consequence of the decrease of the heterogeneous electron transfer constant and the increase of the viscosity of the solution which slows down the forced mass transfer of the electroactive species.

One strategy to optimize the electrolysis time has been to decrease the volume of electrochemical cells while keeping a sufficiently large working electrode area such that exhaustive electrolysis of the solution could occur more rapidly. For instance, Czernuszewicz et al. were among the first to develop a small volume (1.5 mL) cryo-spectroelectrochemical cell based on exhaustive electrolysis to record the Raman spectrum of a Fe(IV)=O porphyrin complex at low temperature (233 K) [86]. A Pt gauze basket (12 mm diameter, 15 mm height) suspended above a stirring bar was used as working electrode.

Small volume (mL) spectroelectrochemical cells were also widely developed for EPR measurements in the 1980s. For example, Bond and co-workers reported a 0.2 mL cell which could be used for EPR measurements at low T [87] (see section 1.4.2 for details). The electrochemical response of the cell at room and low temperatures were evaluated by recording the CVs of various organometallic and organic molecules. Although the shape of CV curves obtained at room temperature were identical to the one recorded in common and larger volume electrochemical cells, the CVs were severely distorted at very low temperature as a consequence of an increase in the iR drop and/or transition from a semiinfinite diffusion to a thin layer regime. Moreover, the span of the experiment to achieve an EPR signal was reaching several minutes.

A more attractive approach to develop cryo-spectroelectrochemical cells is the use of thin layer electrochemistry (TLE). Spectroelectrochemical methods based on TLE have been widely carried out at room and very low temperatures. In TLE, a small volume of the solution containing the electroactive molecule and the supporting electrolyte is confined between the electrode surface and an optically transparent material such as quartz or calcium fluoride windows. Electrochemical methods like low scan rate cyclic voltammetry and chronoamperometry are then performed within this sandwiched and thin liquid layer. Since the electrode surface/volume of solution ratio is extremely high in this configuration, the full oxidation or reduction of electroactive species enclosed in the thin layer occurs in a few seconds, even at very low temperatures. Consequently, the fast spectroscopic changes triggered by electrochemistry can be monitored with the convenient instrumentation. From a simple view, spectroelectrochemical methods based on TLE exploit the possibility of achieving exhaustive bulk electrolysis in a few seconds within the thin layer. This aspect represents a remarkable advantage in experiments at very low temperatures, since conventional bulk electrolysis under that conditions are extremely long as it was discussed above. Thus, thin layer cryo-spectroelectrochemistry offers the opportunity of recording the optical properties of reduced/oxidized species which are unstable in the timescale of minutes at very low temperatures.

Despite the practical benefits of the TLE approach, two serious drawbacks must be noted. From a spectroscopic viewpoint, the detected signal is small as a consequence of the low amount of electroactive molecule contained in the thin layer. Therefore, reliable measurements demand instrumentation featuring remarkable sensitivity which is relatively expensive. Alternatively, high concentration in redox species can be used, but may lead to lower solubility and possible aggregation of compounds. Concerning the electrochemical aspects, the detrimental iR drop effect is exacerbated because the working electrode is geometrically more isolated from the reference electrode than in common large volume electrochemical cells. The increased ohmic drop can induce a substantial difference between the applied and the actual potentials of the working electrode, as well as the emergence of a non-uniform current distribution on the surface of the working electrode. Nevertheless, most of the designs for cryo-spectroelectrochemical cells discussed in this review seem to have successfully minimized iR drop effects and the adopted strategy has been the same: placing a pseudoreference electrode near to the thin layer.

In the next sections, we have split our discussion into two differentiated blocks. First, a critical description of the most relevant cryo-spectroelectrochemical cells designed for UV-Vis-NIR and IR/Raman spectroscopies is provided. It follows a second block in which the devices developed for electron paramagnetic resonance (EPR) measurements are reviewed. Overall, we think that fundamental differences in the experimental approach to conceive and implement these two kinds of cells justify the separated discussion.

Thin-layer cryo-spectroelectrochemical cells for UV-vis-NIR and vibrational spectroscopies.

Two different approaches can be envisaged for constructing thin layer cryo-spectroelectrochemical cells compatible with UV-vis-NIR and vibrational methods depending on the pathway of the detected radiation: transmission and reflection cells. We will discuss separately the reported designs for these two configurations in the next sub-sections, highlighting their associated advantages and inconveniences.

Low-temperature transmission thin-layer cells.

In transmission spectroelectrochemical cells, the use of an optically transparent electrode (OTE) allows to recover the photon flux traversing an optically transparent window, the thin layer and the working electrode. The relative orientation between incident light and detector corresponds to the geometry adopted in common and commercially available spectrophotometers for sample solution analysis in quartz cuvettes. Since OTE are employed as working electrodes, these devices are known as optically transparent thin layer electrochemical (OTTLE) cells [88]. Two different types of working electrodes, transparent or perforated, are commonly used for such cells:

On one hand, doped fluoride (FTO) and indium (ITO) tin oxide materials deposited as thin films (typically 10-100 nm) on quartz/glass/polymer surfaces are amongst the most common transparent electrodes used in transmittance mode at room temperature in the visible domain [START_REF] Kaim | Spectroelectrochemistry[END_REF]2]. Alternatively, boron-doped diamond (BDD) films (500-1000 nm) deposited on quartz have shown to be also suitable transparent electrodes for both UV-Vis and IR spectroelectrochemical studies. When compared to tin oxide materials, BDD-based OTEs display wider potential and spectral ranges, as well as better inertness to chemically aggressive environments. Many examples of room-temperature spectroelectrochemical studies using tin oxide and BDD transparent materials have been reported, but no study has been described for low-temperature conditions so far. One probable reason is the low intrinsic conductivity of these materials (for instance R = 10 -4 Ω.cm for ITO and 10 -2 Ω.cm for BDD) which may contribute to the distortion of the current-potential curves at low temperatures in resistive media.

On the other hand, metal grids, such as Pt, Au, Ag and Ni have been widely used for OTTLE cells at room and low temperatures. The density of the grid, varying between 30 to 1000 wires per cm, is usually optimized to allow fast electrolysis as well as good transmission of the optical signal. Various setups of low-T OTTLE cells have been designed since the 1990s. For example, Sweigart and coworkers adapted a room-temperature model (Figure 3B) [89] to achieve in situ spectroelectrochemical measurements down to 238 K in acetonitrile [66]. Cooling of the solution was achieved by an external frame made of Teflon shrink tubing. Pin holes were made in the shrink tubing so that chilled nitrogen gas flew out onto the salt plates in the middle of the frame. A thermocouple was inserted between the cell windows and the cooling frame to monitor the temperature. Another interesting model of OTTLE cell was developed by Lexa and co-workers through the combination of a previously-reported roomtemperature spectroelectrochemical cell [90] and a set-up proposed by Duff and Heath [91]. It consisted of a simple spectroscopic quartz cuvette (0.5 mm thickness) with a double jacket, surmounted by a sealed glass compartment (Figure 3A). The Pt mesh working electrode was Reprinted with permission from [89], copyright (1987) American Chemical Society.

A sophisticated model of cryo-OTTLE cell was alternatively proposed by Hartl and co-workers in 1994 [93] on the basis of a room-temperature system described a few years before [94]. The full low-T set-up mainly consists of a liquid-nitrogen cryostat displaying crossed pairs of CaF2 (IR) or quartz (UV-VIS) windows at the bottom, and a spectroelectrochemical cell (containing also CaF2 windows) placed into the inner chamber of the cryostat in a close contact with the heat/cold exchanger. As shown in Figure 4 for the low-temperature cell, the Pt (or Au) working and Pt auxiliary minigrid electrodes are melt-sealed in an insulating polyethylene spacer, together with a silver pseudo-reference wire. Diffusion of electrogenerated species between the working and auxiliary electrodes was shown to be negligible on the experimental timescale (seconds), especially at low temperatures. The spacer is then fixed between two CaF2 windows kept in position with screws to compensate for thermal expansion. The bottom of the cell, made of copper (Figure 4), displays two holes allowingthe transmission of light across the grid of the working electrode. The entire cell is then introduced in the inner chamber of the cryostat before injection of the solution (2 mL). Injection under anaerobic conditions is carried out through the inlet port at the side of the copper block. This OTTLE cell model was shown to be very versatile (IR and UV-Vis-NIR measurements), and robust (no leakage on a timescale of hours). Moreover, it offers the advantage of allowing spectroelectrochemical measurements under inert atmosphere at very low temperature since liquid nitrogen is the coolant.

Also, the OTTLE cell is demountable and can be quite easily cleaned. Although this setup displays many advantages, it has the main drawback of only allowing the use of metallic grids, which may be an issue when side reactions, such as proton reduction at a Pt surface, have to be avoided. Another design of low-T spectroelectrochemical setup base on the combination of fiber optics and a reflective working electrode was reported in 1992 by Salbeck [100]. In his model, the electrochemical cell was a conventional three-electrode system with a Pt disc working electrode (diam. 3 mm), a concentric counter electrode (stainless steel electroplated with nickel and gold) and an AgCl-coated silver wire as the pseudo-reference electrode. The cell vessel consisted of a cylindrical quartz cuvette equipped with an optical window at the bottom. The optical signal carried by a fiber optics bundle was directed towards the surface of the reflective platinum working electrode at the bottom of the cell vessel. The distance between the working electrode and the floor of the cell was finely varied by using a micrometer, hence allowing different diffusion conditions (finite (thin-layer) and semi-infinite). The 

EPR cryo-spectroelectrochemical cells

The design of EPR spectroelectrochemical cells, also coined as SEEPR or SEESR cells (for simultaneous electrochemical-electron spin resonance), was initiated in the 1960s for the room- In fact, concomitant in situ EPR spectroelectrochemical characterization of metal complexes is often not compatible for metal complexes with a well-resolved (anisotropic) EPR signature. The classical approach to overcome this issue is to perform electrolysis of the solution at a temperature just above the freezing point of the medium. Once the electrolysis is completed, the temperature is decreased below the freezing point of the liquid electrolyte such that solid-state EPR measurements can be performed. Although detection is undertaken in situ, it cannot be considered strictly as simultaneous.

Multi-spectroelectrochemical cells

The simultaneous combination of multiple spectroscopies with electrochemical methods has emerged in the mid-1990s under the impulsion of Dunsch and co-workers. The "multi-spectroelectrochemistry" concept consists of making concomitant spectroelectrochemical measurements (UV-Vis, EPR, Raman, IR…) within the same cell in a single experiment. Simultaneous application of both EPR and UV-Vis-NIR spectroscopies in a single in situ spectroelectrochemical technique at the same working electrode was first demonstrated thanks to the development of an optical EPR cavity [114]. Various organic molecules, redox polymers, as well as composite structures of carbon nanomaterialsand polymers were thus investigated at room temperature by these techniques [115]. However, rare examples of low-T in situ EPR/UV-vis-NIR spectroelectrochemical techniques were reported [116,117]. For example, in situ and simultaneous EPR-Vis-NIR characterization of the radical cation generated by electrochemical oxidation (CV) of N,N,N',N'-tetrametyl-1,4-phenylendiamine was reported in 2001 [117]. For these measurements, the spectroelectrochemical setup consisted of an EPR flat cell in which a laminated Pt-mesh working electrode, a silver wire pseudo reference electrode and a Pt wire counter electrode could be inserted. The cell was positioned in a Dewar located inside the EPR optical cavity.

The front optical opening of the cavity was adapted for the light guide from the two continuous light sources. UV-vis-NIR spectra were taken using a photodiode array spectrometer on the other side of the source, such that light passed through the Pt mesh. Temperature control of the cavity was operated by using standard setup for EPR systems (chilled N2 gas).

Low-temperature electrochemistry for coordination or organometallic compounds

In the following section, we discuss several examples of low-temperature electrochemical experiments illustrating the great utility of these methods to afford valuable information related to: (i) the determination of the thermodynamics and kinetics of electron transfer reactions, (ii) mechanistic studies of chemical-coupled electron transfer reactions and characterization of the transient species.

The second aspect is usually associated to spectroelectrochemical experiments, as treated in section 3.

Determination of the thermodynamics and kinetics of electron transfer reactions

Table 3 gathers data for some inorganic and organic compounds which have been investigated by low temperature electrochemical techniques for the quantification of redox and diffusion parameters (number of electrons, kinetics and thermodynamics of electron transfer, mass transfer….). As clearly shown in the Table 3, the main technique for low-temperature measurements is cyclic voltammetry.

A.c. impedance (EIS) approaches have been used in rare cases, as well as chronoamperometry and chronocoulometry.

Metallocenes have been thoroughly investigated mainly because of their inherent low inner-sphere reorganizational energy upon electron transfer. Van Duyne and Reilley were amongst the first to perform CV experiments with ferrocene in aprotic solvents down to 194 K [START_REF] Van Duyne | [END_REF]. They found that the half-wave potential (assumed as E 0 ) of the Fc + /Fc redox couple shifted by 0.31 mV K -1 . Activation enthalpy for diffusion was also evaluated from chronocoulometric methods. In 1991, Fawcett and coworkers measured the heterogeneous standard rate constant for the electrochemical oxidation of ferrocene in three alcohols-based solvents at a Pt electrode from 190 K to 295 K by using LiClO4 as supporting electrolyte [72]. The resulting activation parameters were compared to theoretical data obtained from Marcus theory using the mean spherical model (MSA) for ionic solvation. Murray et al.

studied the electron transfer for decamethylferrocene (DMeFc) at a gold microband, as well as a poly(osmium) complex deposited on Pt, in the cryo-mixture of solvents EtCl/PrCN [31]. Remarkably, they showed that the thinner polymer film was better discernible at ultra-low temperature (103 K) than the thicker one. They interpreted this phenomenon as resulting from an increasing barrier to ion diffusion accentuated as the amorphous polymer matrix becomes increasingly rigid at lower temperatures. Ferrocene and derivatives were also used for the study of superconductivity onset with HTSCs. Since several oxocuprates were able to attain their superconducting state above 100 K, several studies have been performed in order to investigate charge transfer at HTSC electrode / liquid electrolyte interface, using metallocenes as redox probe (diffusing or attached) [16,42,[44][45][46]118].

The group of Murray was the first in 1988 to report CV at a HTSC electrode at low temperature (183 K) in dichloromethane using DMeFc as redox species [118]. In 1992, Rosseinsky and co-workers described cyclic voltammetry studies of diffusing ferrocene at a HTSC electrode in its superconducting state (Tc = 105 K), by using a mixture of chloroethane and tetrahydrofuran.

Nevertheless, for both of these examples, no data was extracted from the CVs. In 1995, Murray and co-workers coated HTSC electrode surfaces with a thin layer of Ag and Fc-terminated self-assembled monolayers (SAMs) [45]. Suitable length of the alkane chain of the SAM allowed estimation of electron transfer rate from the electrode to the Fc moiety, by using chronoamperometry. Further later, Rosseinsky et al. carried out EIS measurements with HTSC electrodes and DMeFc from 111 K to 120 K (Figure 8A). They observed a dip in the charge transfer resistance value at Tc, consistent with the transfer of Cooper electron pairs from the superconductor to the metallocene, as observed with solid electrolytes [42]. The same group performed voltammetric analysis of HTSC electrodes modified with either SAMs [44] or polypyrrole [46] terminated by Fc moieties (Figure 8B). Arrhenius plots of the heterogeneous rate constant displayed a modest effect of superconductivity for both systems, which were ascribed to the difficulty for the chain/polymer to accommodate for the transfer of paired electrons. EtCl/THF/2-MeTHF, containing 0.2 M LiBF4; potential sweep rate 0.005 V s -1 . Reprinted with permission from [44], copyright (2003) American Chemical Society.

Besides ferrocene derivatives, a few number of transition metal complexes have also been the subject of studies by low temperature electrochemistry for the determination of thermodynamic and kinetic parameters. For instance, Savéant and co-workers determined the reaction entropy associated to the ET for a series of Fe-porphyrins from plots of formal potential against T (varying linearly from 0 to -0.7 mV/K for 253 K < T < 288 K) [34]. They concluded that that entropy factors play a crucial role in the could also be of interest for the determination of electron transfer kinetics for the heterogeneous electron transfer of dicopper-superoxo/peroxo species (Figure 9) [121]. The reorganizational energy for the process was calculated from Arrhenius plots and was in good agreement with theoretical results. Alternatively, Peters et al. studies the ET reaction of iron complexes which can possibly catalyze ammonia production. Cyclic voltammetry studies at 195 K in a 50 mM NaBAr F / THF electrolyte in presence of acid was performed in order to stabilize the transient species [123]. CV analysis provided a value for the standard potential of the protonated complexes; hence, an estimate of the homolytic N-H bond enthalpies could be calculated with the help of acidity titrations. propylphenyl)carboximido pyridine) Abbreviations: CV (cyclic voltammetry), EIS (electrochemical impedance spectroscopy), Polar. (polarography), ACV (a.c. voltammetry), CC (chronocoulometry), LSV (linear sweep voltammetry), DPV (differential pulse voltammetry), CA (chronoamperometry).

Mechanistic studies of chemical-coupled electron transfer reactions

Low-temperature electrochemical techniques have also (and mainly) been of interest for the understanding of coupled chemical-electrode reactions and the characterization of transient species.

The Table 4 gathers several examples of low-T studies including inorganic and organic compounds.

Clearly, cyclic voltammetry appears as the most popular and adequate electrochemical technique for such purposes. One main reason is that CV offers a direct visualization of the transient species through the reversible/irreversible shape of the curve. Moreover, determination of the thermodynamic and kinetic constants associated to the coupled chemical reactions for EC, CE, ECE and related processes can be easily accessed by numerical methods, analytical expressions and/or voltammetric simulations. Figure 10 provides an example of CV study for an ECE process by Kadish et al. on a rhodium complex [75]. The mono-Rh(III) complex displayed an irreversible reduction peak at room temperature, further followed by a reversible system in reduction. When T was decreased down to 195 K, reversibility was obtained on the first system and a new reversible peak was detected in reduction. In 2013, Storr and co-workers reported low-temperature voltammetric studies (230 K) of Ni-salen complexes (Figure 11) [130]. Their purpose was to sufficiently stabilize the radical and bis-radical species generated by electrochemical oxidation within the timescale of experiment such that they could evaluate the degree of interaction between the phenolate moieties. The mono-metallic complex was shown to undergo two reversible redox processes assigned to ligand-based oxidation processes, forming the mono-and bis-phenoxyl radical species. The degree of electronic delocalization of the phenoxyl radical was determined from the comproportionation constant, c , calculated from the difference between the first and second oxidation potentials. A high value of c , was obtained, pointing out significant coupling between the redox-active phenolates in its mono-oxidized state. The dinuclear complex exhibited a different behavior since the two first mono-electronic processes were occurring at very close formal potentials, indicating that the coupling between the two salen units was limited. However, it is worth to mention that c cannot be considered a good and robust parameter to evaluate electronic coupling as it has been thoroughly discussed in the literature [131][132][133]. Electrochemical characterization of transient species, such as metal-oxo, hydroperoxo and peroxo adducts, was also performed by CV at low-temperature [92,[134][135][136]. In 2015, Anxolabéhère-Mallart and co-workers reported the study of metastable Fe-oxo and Fe-hydroperoxo species generated by reaction of a Fe(II)-TPEN complex with adequate oxidants (m-CPBA and H2O2, respectively) [134].

The iron-oxygen adducts were concomitantly characterized by UV-Vis spectroscopy at low temperature. On one hand, CV at T = 273 K of the Fe(IV)=O complex showed an irreversible twoelectron reduction resulting from an ECE process which involved the formation of a Fe(III)-hydroxo species (Figure 12A). On the other hand, the hydroperoxo Fe(III)(OOH) adduct generated by excess of H2O2 displayed an irreversible one-electron reduction wave at T = 228 K (Figure 12B). The authors suggested from CV simulations that the reductive process did not induce the O-O bond cleavage.

Further addition of base led to the formation of the iron(III) peroxo adduct and its characterization by CV at 228 K. 

Low-temperature spectroelectrochemistry for coordination or organometallic compounds

As it was discussed in Section 2, cryo-electrochemistry offers the unique possibility of decreasing the rate of chemical reactions coupled to heterogeneous electron transfer processes. Therefore, the electrochemical properties of redox couples involving one unstable oxidation state or short-lived intermediates can be evaluated with this method. While ultrafast electrochemical techniques can serve the same purpose, these methods are hardly coupled with spectroscopy to provide additional information on the electronics and structure of the transient species. In contrast, the combination of cryo-electrochemistry and spectroscopic techniques is much simpler, opening the door to a new method called cryo-spectroelectrochemistry which can yield valuable information on the nature and main electronic and structural characteristics of unstable species at room temperature.

Furthermore, many temperature-sensitive compounds involved in biological, catalytic and energyconversion processes cannot be studied by ultrafast electrochemical techniques at room temperature.

For example, Cu/O2 coordination complexes which are bioinorganic models of key intermediates in reactions catalyzed by Cu-containing enzymes are traditionally prepared by reacting a starting Cu(I)

complex with dioxygen at very low temperatures (153 -193 K) in organic solvents such as CH2Cl2, CH3CH2CN or 2-MeTHF. The same compounds usually cannot be obtained at room or moderate low temperatures since decomposition of Cu/O2 complexes occurs under those conditions. Thus, cryospectroelectrochemistry enables both the evaluation of the redox properties and the spectroscopic study of the varied oxidation states in this kind of compounds.

The scale (seconds), the Cu(I) complex was shown to react with dioxygen, whereas at long-time scale (minutes), it evolved toward a new Cu(I) species which was insensitive to O2. In order to probe the transient Cu(II)-superoxo species resulting from the reaction with dioxygen, low-temperature UV-Vis spectroelectrochemistry was carried out by starting from the Cu(II) complex, such that the O2-reactive Cu(I) could be generated in situ according to an EC mechanism, and stabilized. The Figure 16 displays the time-resolved UV-Vis monitoring of the reduction of the Cu(II)-calix [6]trenamide in acetone at 213 K. The appearance of two characteristic bands at max = 400 nm and 592 nm clearly demonstrated the formation of the Cu(II)-superoxo complex. Importantly, it also indicated that the generated superoxo is not reduced at the potential applied for the reduction of the Cu(II) ( app = -0.9 V vs.

Fc + /Fc), hence being a rather poor oxidant. Table 5. Selected examples of low-temperature spectroelectrochemical studies (in chronological order).

Compound

Tlow /K Spectroscopic method Aim of high interest when used at low temperature because it provides valuable information on the redox species formed at the electrode surface. Some spectroelectrochemical set-ups using these techniques have already been described. For instance, coupled electrochemical 1 H NMR studies of a thiophene derivative were reported by Dunsch and co-workers in 2010 for a temperature range [161]. The specific design of the cell allowed the characterization of a π-dimer via the cation generated in the first electron transfer as well as the formation of a σ-dimer by a follow-up reaction of the dication generated in the second oxidation step. In another example, tip-enhanced Raman spectroscopy (TERS) was used at ultra-low temperatures (90 K) to selectively probe the intramolecular vibrational coupling of single-molecule deposited by spin coating on an Au/Si surface [162]. Luminescence-based innovative devices have also been designed with the help of a low-T OTTLE cell [163]. More generally, the multi-spectroelectrochemistry concept developed by Dunsch et al. which results from the combination of electrochemistry with several spectroscopic methods for in situ characterization is highly promising for usage at low temperatures, even if it may require a high degree of technical sophistication [115]. The on-going miniaturization of many electrochemical systems (arrays, chips, screen-printed electrodes…) coupled to the significant progress of various spectroscopic set-ups (faster acquisition, better sensitivity, fiber optic transmission…) give the opportunity today to push towards the generation of novel cryo-electrochemical and spectroelectrochemical devices for various applications (catalysis, electrochromic sensors, energy conversion…) [164].

Figure 1 .

 1 Figure 1. A) Static and B) dynamic cooling systems for electrochemical cells. CE : Counter electrode; WE: Working electrode; RE : Reference electrode.

Figure 2 .

 2 Figure 2. A) Variable-temperature cryoelectrochemical cell and B) two-electrode assembly developed by Green et al. [20].

  introduced in the narrow part of the cell, whereas the reference (Ag/AgCl in DMF/NBu4Cl/NBu4ClO4) and the Pt counter electrodes lied in the upper part. The control of the temperature was carried out by circulation of isopropanol with the help of a cryostat within the quartz double-jacketed space. A similar in-house spectroelectrochemical cell was designed by Fujii and co-workers in 2011 for the study of iron-porphyrins[92]. The cell was placed in a low-temperature chamber set on a spectrometer and cooled to low temperature (193 K).

Figure 3 .

 3 Figure 3. A) Low-temperature UV-Vis OTTLE spectroelectrochemical cell developed by Lexa et al. [90]. B) IR OTTLE spectroelectrochemical cell model developed by Mann et al. [89] for room temperature measurements and further modified by Sweigart and co-workers [66] for low-T studies. (a) back plate, (b) Teflon gasket, (c) salt plate/minigrid electrode assembly, (d) knurled end cap, (e) NaCl salt plates, (f) Tefzel gaskets, (g) gold minigrid electrode, (h) indium gasket, (i) needle plate.

Figure 4 .

 4 Figure 4. A) Schematic view of the low-temperature UV-Vis and IR spectroelectrochemical set-up developed by Hartl et al.: (a) Pt-100 thermocouple, (b) Heaters, (c) CaF2 windows, (d) Upper cover

Figure 5 .

 5 Figure 5. A) Disassembled and B) compact views of the spectroelectrochemical cell proposed by Kubiak and co-workers [98, 99]. (1) Tightening brass cap (threaded inside); (2) brass ring required to tighten the cell; (3) working electrode; (4) auxiliary electrode; (5) pseudo-reference electrode; (6, 7) injection ports; (8) cell body, top part aluminum, lower part Teflon; (9) Teflon spacer; (10) CaF2 window; (11) rubber gasket; (12) hollow brass cell body with threaded inlet and outlet ports for connection to circulating bath; (13) mirrors; (14) two-mirror reflectance accessory. Reprinted with permission from [99], copyright (2014) American Chemical Society.

  quartz cell was sealed by a Teflon head and rested in a brass support displaying cooling channels and connections for a cryostat. A similar model was proposed by Gaillard and Levillain in 1995[12]. The spectroelectrochemical cell, made of Teflon and polyethylene, was designed such that quasi-reference and counter electrodes (2 mm diameter tungsten rods) were placed on each side of the working electrode (5 mm diam. Pt disk). As for Salbeck's model, semi-infinite or thin layer diffusion conditions were obtained by translating the working electrode by a micrometric screw. A nine fibers bundle was used to guide the light to the cell, and ten fibers collect the reflected light from the cell to the spectrophotometer.Still in reflectance mode, an in situ low-T IR spectroelectrochemical cell was proposed by Shaw, Richter-Addo and co-workers in 2006. This model, initially designed for room-temperature studies[101], could be modified for experiments at low temperatures by jacketing the cell into a dry iceacetone bath at 195 K[102]. The principle was to adapt a commercial Pt working electrode such that it fits into the end of a mid-IR fiber-optic probe, in place of the usual stainless steel mirror present in the transmission cell. A silver wire coated with silver chloride was used as the reference electrode and a platinum wire served as the auxiliary electrode. Hence, changes of species concentration and nature within the thin layer separating the electrode and the probe could be monitored by reflectance of the optical signal. According to Shaw et al., this system was superior to OTTLE and IRRAS models because the iR drop was significantly smaller due to the small size of the working electrode, allowing monitoring of the composition of the solution by IR spectroscopy at the CV timescale. Moreover, the authors argued that their experimental setup was simple, required little preparation, allowing the use of reflective carbon electrode, and yielded results rapidly.

Figure 6 .

 6 Figure 6. Schematic views of the low-T spectroelectrochemical cells developed by Le Poul and coworkers. A) model with double-jacket cooling; B) model with a Schlenk tube for insertion in a liquid-N2 cryostat; C) principle of the reflectance measurement at the probe-electrode interface.

  temperature characterization of EPR-detectable organic radicals. Low-T EPR spectroelectrochemical studies were first achieved in 1976 by Allred and co-workers by using a flat cell surmounted by a solution flask[50]. The quartz cell was constituted of Pt working and quasi-reference electrodes, connected to the top of the assembly, and a Pt counter electrode at the bottom. The solution (20-100 mL) was cooled down to 173 K by circulating cold nitrogen gas into baffles. The cold nitrogen was passed along the flat cell and out a small hole at the bottom. A vacuum jacket surrounding the active area of the ESR cavity was used to prevent condensation of moisture. Another cell design was further proposed by Kadish et al. with a column-shaped thin-layer model cell which could be used at ambient and low temperatures[103]. Complete electrolysis of the thin-layer chamber was achieved between 21 40 to 120 seconds after applying a controlled oxidizing or reducing potential. The cell was placed in a jacketed Dewar, which was mounted in the cavity and was bathed in a stream of chilled N2 gas.Alternatively, Bond and co-workers proposed from 1983 various models of EPR spectroelectrochemical cells for room and low-temperatures studies[87,[104][105][106][107][108][109]. The Figure7Adisplays one example of cell reported in 1988 which was used in both stationary and flow-through configurations at variable temperature[108]. The cell was a 4 mm tube made of Pyrex glass. A platinum wire, serving as working electrode, was sealed into the lower end. The nature of the working electrode could be modified by electroplating of gold/silver on the Pt wire, or even introduction of a drop of mercury at the bottom of the cell. The ohmic drop was minimized by positioning the working electrode and the tip of the reference electrode very close to each other[106]. Bond et al. demonstrated that the cell, which was easy to manufacture and handle, could be suitable for solvents with low and high dielectric constants.

Figure 7 .

 7 Figure 7. Low-T EPR spectroelectrochemical cells developed by Bond and co-workers. A) model developed in 1988. Reprinted with permission from [108], copyright (1988) Elsevier B.V.. B) model developed in 1995. Reprinted with permission from [87], copyright (1995) IOP Publishing.

Figure 8 .

 8 Figure 8. A) Charge-transfer resistance, effective double-layer capacitance, phase parameter and (inverse) effective time-constant observed for DMFc/HTSC at the electrolyte/electrode interface. Reprinted with permission from [42], copyright (1998) Royal Society of Chemistry. B) Temperature dependence of cyclic voltammetry of Cp2FeCO2-(CH2)8SH/Ag/Hg-based HTSC in 16:7:1

  modulation of the reactivity by the molecular superstructures. Copper complexes modeling active sites of oxidases and oxygenases have also recently drawn more attention in terms of low-temperature electrochemistry. In particular, standard potential values of transient copper-oxygen species which are believed to perform hydrogen atom abstraction of strong C-H bonds have been obtained from cyclic voltammetry [119-122].

Figure 9 .

 9 Figure 9. A) CVs (v=0.1 V s -1 ) and B) complex-plane plots of a dicopper(II)peroxo complex (1 mM) in 0.05 M NBu4ClO4/CH2Cl2 (Pt WE) for 183 K<T<203 K. Reprinted with permission from [121], copyright (2017) John Wiley and Sons.

  The ECE mechanism proposed by the authors is depicted in Figure10. The first monoelectronic reduction at E1/2(1) is metal-centered, leading to the generation of [Rh II L2] 0 . Fast ligand unbinding occurs at room temperature leading to dimerization and formation of [Rh II L]2 0 . This species is then reduced at E1/2(2). Hence, low temperature provided the opportunity to decrease the dimerization process and allowing the characterization of the [Rh II L2] -species.

Figure 10 .

 10 Figure 10. CVs of [(TPP)Rh(L)2] + Cl -in 0.2 M NBu4ClO4/THF at (a) 195 K and (b) 297 K (v = 0.2 V s -1 ). Reprinted with permission from [75], copyright (1985) American Chemical Society.

Figure 11 .

 11 Figure 11. CVs (v = 0.1 V s -1 , T = 230 K) of mono and bis-Nickel(II) salen complexes in 0.1 M NBu4ClO4/CH2Cl2. The electrochemical data was used for the calculation of the comproportionation constant c for each complex. Reprinted with permission from [130], copyright (2013) John Wiley and Sons.

Figure 12 .

 12 Figure 12. A) CVs (v = 0.1 V s -1 , T = 273 K) of [Fe II (TPEN)] 2+ (black) and [Fe IV (TPEN)(O)]+ (green) in 0.1 M NBu4PF6/CH3CN. B) CVs ((v = 0.1 V s -1 , T = 273 K) ) of [Fe IV (TPEN)(OOH)] 2+ in 0.1 M NBu4PF6/CH3CN. Reprinted with permission from [134], copyright (2015) Royal Society of Chemistry.

  following section provides several examples of low-temperature spectroelectrochemistry for the characterization of transient species.Table 5 gathers other examples taken from literature in chronological order, for mainly three techniques: UV-Vis-NIR, IR and EPR.Great effort wasmade by Bond and co-workers in the 1980s to develop suitable cryo-electrochemical cells for in situ EPR spectroscopy. In 1986, this group designed a new cell allowing controlled potential electrolysis, voltammetric and electron spin resonance techniques in small volumes of highresistant electrolytes such as dichloromethane. As a first example, they studied the fac-mer isomerization reaction for [Cr(CO)3(P(R)3)3] complexes (R=Me, OMe) upon electron transfer at room and low temperature (T = 200 K). In particular, they could stabilize the unstable fac-[Cr(CO)3(P(OMe)3)3] + complex at 200 K and showed that it was EPR-silent (Figure13)[106]. When the temperature was raised, the fac-oxidized complex was transformed into its mer-stereoisomer which is EPR-responsive. Analysis of the CV data as well as EPR led to the determination of the rate constant of the isomerization reaction of the oxidized complexes.

Figure 13 .

 13 Figure 13. A) CVs of fac-[Cr(CO)3(P(OMe)3)3] at a Pt electrode (v = 0.2 V s -1 ) in 0.1 M NBu4ClO4/CH2Cl2 at a) T = 279 K, b) T = 260 K, c) T = 240 K, and d) T = 200 K. B) EPR spectra of in situ generated oxidized species of fac-[Cr(CO)3(P(OMe)3)3] at a) T = 200 K, b) T = 240 K, c) T = 279

Figure 16 .

 16 Figure 16. 3D UV-Vis spectroscopic monitoring of the electrochemical mono-reduction of the monocopper calix[6]trenamide complex in 0.1 M NBu4PF6/acetone at T = 213 K under thin-layer conditions (200 µm). The in situ electrogenerated Cu(I) species reacts readily with O2 to form a transient Cu(II)-superoxo species which can be stabilized at low temperature and displays a typical UV-Vis signature at λmax = 400 nm and 592 nm. Reprinted with permission from [135], copyright (2017) American Chemical Society.

Figure 18 .

 18 Figure 18. A) Low-temperature (T = 223 K) IR spectroelectrochemistry of the reduction of [Re(3,3'-DHBPY)(CO)3(PrCN)] + (↓) in 0.1 M NBu4PF6/PrCN (a) for the first reduction with conversion of the parent complex to [Re(3,3′-DHBPY-H + )(CO)3(PrCN)] (↑), and (b) for the second reduction with transformation of [Re(3,3′-DHBPY-H + )(CO)3(PrCN)] (↓) to a mixture of products with dominating [Re(3,3ʹ-DHBPY)(CO)3(PrCN)] (↑↓) formed in an ETC step. The small band labelled with • may belong to marginal reductively double-deprotonated [Re(3,3ʹ-DHBPY-2H + )(CO)3(PrCN)] -. Its 1e -and 2e -reduced forms, [Re(3,3ʹ-DHBPY•-2H + )(CO)3(PrCN)] 2-(↑) and [Re(3,3ʹ-DHBPY2-2H + )(CO)3(PrCN)] 3-(♦), terminate the cathodic path. The label ▲ denotes an unassigned reduced intermediate. B) Proposed mechanism for the complex. Reprinted with permission from [153], copyright (2020) American Chemical Society.

  

Table 1 .

 1 Lowest temperature attainable for liquid electrolytes involving no mixture of solvents

	Solvent	Electrolyte	Lowest T /K	Ref.
	Acetone	NEt4ClO4 (saturated)	198	[64]
		0.30 M NEt4PF6	198	[47]
		0.10 M NBu4ClO4	206	[65]
	Acetonitrile (MeCN)	0.30 M NBu4PF6	258	[47]
		0.10 M NBu4ClO4	228	[66]
		0.10 M NEt4ClO4	228	[5]
		0.10, 0.30, and 0.60 M NBu4PF6 and		[27]
		NBu4ClO4	233	
		0.20 M NBu4PF6	228	[31]
	Benzonitrile (PhCN)	0.10 M NEt4ClO4	273	[67]
		0.10 M NBu4ClO4	273	[67]
		0.10 M NOct4ClO4	273	[67]
	Butyronitrile (PrCN)	0.30 M NBu4PF6	198	[47]
		0.20 M NBu4PF6	173	[31]
		0.10 M NBu4ClO4	168	[5]
		0.30 M NBu4ClO4	143	[22]
		0.10, 0.30, and 0.60 M NBu4PF6 and		[27]
		NBu4ClO4	193	
	1.2-Dichloroethane (DCE)	0.10 M NBu4ClO4	243	[67]
	Dichloromethane (DCM)	0.05 M NBu4ClO4	183	[33]
		0.05 M NBu4PF6, NBu4BF4 or NBu4SO3CF3	183	[33]

Table 2 .

 2 Lowest temperature attainable for liquid electrolytes involving mixture of solvents

	Mixed solvents	Electrolyte	Lowest T /K	Ref.
	DMF/MeOH (1:1 and 2:3)	0.2 M NBu4BF4	193	[78]
	DCM/CF3CO2H/(CF3CO)2O (20: 1:1)	0.2 M NBu4BF4	195	[79]
	DCM/MeCN (1:1)	0.5 M NBu4Cl	188	[69]
	PrCN/EtCN (69:31 wt %)	0.1 M NBu4ClO4	155	[5]
	PrCN/EtBr (1:1))	0.2 M NBu4ClO4	128	[63]
	PrCN/EtBr/isopentane/methylcylcopentane	0.2 M NBu4ClO4	115	[63]
	(2:2:1:1)			
	PrCN/EtCl (1:1)	0.2 M NBu4ClO4	88	[63]
	PrCN/EtCl (1:2)	0.2 M NBu4PF6	95	[31]
	MeCN/toluene (1:5.4)	0.1 M NBu4PF6	263	[80]
	DMF/ toluene (2:3)	0.1 M NEt4PF6	185	[81]

Table 3 .

 3 Selected examples of low-temperature studies of coordination and organometallic compounds for the determination of electron transfer thermodynamics and kinetics, as well as diffusion coefficient (in chronological order).

	Compound	Tlow /K	Technique	Aim	Ref.
	Fc	194	CV, CC	Cryo-solvents, iR drop, ET	[5]
				kinetics	
	[Fe(X -Sal)2trien]	220	Polar.	ET thermodynamics	[23]
	Cobaltocenium	223	CV	ET kinetics, thermodynamics,	[27]
				with microelectrodes	
	Fc	193	CV	ET kinetics	[72]
	DMeFc, poly-	98	CV, LSV, CA	Cryo-solvents, diffusion coeff.	[31]
	[Os(bpy)2(vpy)2] 2+				
	Fe-porphyrins	253	CV	ET kinetics, thermodynamics,	[34]
	Fc (as SAMs)	115	CV	ET kinetics	[14]
	Fc	99.5	CV	ET kinetics	[17]
	DMeFc	130	CV	ET kinetics, diffusion coeff.	[15]
	Fc (as SAMs)	150	CV	ET kinetics	[124]
	Fc (as SAMs)	140	CV	ET kinetics	[29]
	Fc (as SAMs on HTSCs)	105	CV	ET kinetics	[45]
	[Fe(CN)6]K4	170	CV	ET thermodynamics	[58]
	DMeFc with HTSCs	102	EIS	ET kinetics	[42]
	Fc (as SAMs on HTSC)	125	CV	ET kinetics	[44]
	Poly(pyr-Fc) on HTSC	110	CV	ET kinetics	[46]
	[Cu(MePY2) R (O2)] 2+	195	CV	ET thermodynamics	[125]
	DMeFc	120	CA, CA, EIS	ET kinetics	[20]
	Fc	173	CV	Diffusion coeff.	[126]
	FeCp2, RhL2, RhL2-FeCp2	253	CV	ET thermodynamics	[127]
	Fc	188		ET kinetics	[128]
	Fc, Cc	258	ACV	ET kinetics	[129]
	Cytochrome c	260	CV	ET for biological compounds	[21]
				in low-T conditions	
	[Cu(tmpa)]2-(μ-OH)	243	CV	ET thermodynamics	[119]
	Pyrazolate-based μ-1,2-	273	CV	ET thermodynamics	[120]
	peroxo dicopper(II)				
	Phenoxo-μ-1,2-peroxo	183	CV, EIS	ET kinetics and	[121]
	dicopper(II)			thermodynamics	
	[P3 Si Fe-N=NMe]	195	CV	ET thermodynamics	[123]
	[Cu(L)(OH)] (L=bis-diiso	266	CV	ET thermodynamics	[122]

Table 4 .

 4 Selected examples of low-temperature studies of coordination and organometallic compounds for the characterization of transient species and the mechanistic studies of chemicalcoupled electron transfer reactions (in chronological order).

	Compound	Tlow /K	Technique	Aim	Ref.
	NiCp2	233	CV	Characterization of Ni(IV)	[10]
				species	
	[M(CO),X]-(M = Mo and	198	ACV, CV	Characterization of Cr(II)	[64]
	W; X = Br and I)			species	
	[M(Cyclam)] [BF4]2	195	CV	Characterization of M(III)	[50]
	M=Hg, Ni, Cu, Ag, Zn			species	
	Rh-Porphyrins	195	CV	Kinetics of Rh(II)	[75]
				dimerization	
	Fe-Porphyrins	183	CV	Characterization of high-spin	[68]
				six-coordinate Fe porphyrin	
	Cr-Porphyrins	183	CV	Characterization of six-	[70]
				coordinate Cr porphyrin	
	[Co4(CO)10( PPh)2]	203	CV	Ligand exchange for	[137]
				electrocatalysis	
	(Benzene)tricarbonylchromiu	183	CV, CC	Characterization of Cr(IV)	[33]
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K, and d) temperature returned to 200 K from 279 K. Right: schematic representation of the fac-mer isomerization process upon oxidation of the fac species. Reprinted with permission from [106], copyright (1986) Elsevier B. V.. In 1994, Hartl and co-workers reported a versatile cryostated OTTLE cell for UV-Vis and IR spectroelectrochemical measurements at variable temperature [93]. Their novel cell was used for the study of five sensitive compounds from 295 to 173 K under anaerobic conditions. In particular, the electrochemical reduction of ruthenium complexes bearing iPr-DAB ligands (iPr-DAB = N,N'diisopropyl-l,4-diaza-l,3-butadiene) was investigated by in situ IR spectroelectrochemistry (Figure 14). In 2011, Fujii and co-workers used low-temperature UV-Vis spectroelectrochemistry for the characterization of transient species resulting from the oxidation of a series of Fe(IV)-oxo porphyrins complexes [92]. Voltammetric studies at -60 °C revealed that the iron-oxo complexes could be oxidized successively according to two one-electron processes in dichloromethane. For example, the [Fe IV (TPP)(O)] complex shown in Figure 15, displayed two reversible systems at 0.1 V s -1 at 213 K. Spectroscopic monitoring of the first oxidation at a gold mesh working electrode by in situ Reprinted with permission from [92], copyright (2011) American Chemical Society.

In 2017, Reinaud and co-workers reported the synthesis and characterization of a Cu(II)-calix [6]arene complex bearing a tris(tren-amide) cap on the small rim of the calixarene ligand, as a model of copper monooxygenases [135]. Electrochemical and spectroscopic studies revealed that two different Cu(I) complexes could be generated by electrochemical reduction of the Cu(II) species. Indeed, at short time ion, consistent with an oxidation process occurring on one of the metal center. Room temperature study suggested that this mixed-valent species could further perform hydrogen atom abstraction. 

Conclusions and outlooks

This review has focused on the different aspects of low-temperature electrochemistry and spectroelectrochemistry applied for organometallic and coordination compounds. As shown by the cited examples, cryo-electrochemistry can be a powerful tool allowing not only the determination of the thermodynamics and kinetics of electron transfer or associated chemical reactions, but also for the redox characterization of electroactive species which cannot be stabilized at room temperature.

Furthermore, when coupled to spectroscopic methods, it affords the spectroscopic identification of in situ-generated oxidized or reduced species in a time-resolved manner. Such a benefit is of high interest for rationalizing mechanistic pathways through the characterization of intermediate compounds, with the help of computational studies. Although various cryo-electrochemical and spectroelectrochemical set-ups have been well developed for the last 40 years, the number of reported studies using these approaches remains finally scarce. One main reason is that commercial (spectro)electrochemical systems for room and low-temperature studies remain expensive, and the rare set-ups (in EPR and UV-Vis spectroscopy) which are available are often limited in terms of temperature range. Moreover, problems arising when the temperature is decreased, such as high ohmic drop, water condensation or solvent freezing may not contribute to make cryo-electrochemistry and spectroelectrochemistry so attractive at a first glance. Still, much progress has to be made by researchers and industries to generate (spectro)electrochemical packages which could be performant and easy to handle for low-T investigations.

At the laboratory scale, a wide choice of possibilities is available for the research community. As mentioned in this review, spectroelectrochemical techniques involving UV-Vis-NIR, IR or EPR spectroscopies have been the most used for low-temperature studies (and also for ambient conditions).

Nevertheless, the in situ coupling of electrochemical methods with other spectroscopy and microscopy techniques such as fluorescence, Resonance Raman, NMR, XAS, SECM, AFM, to cite a few, remains
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