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Abstract 

This thesis focuses on exploring novel techniques to probe the electric double layer. In Chapter 

1, techniques currently available to investigate the electric double layer are discussed, 

highlighting their scope and limitations. For example, some of them are probe techniques that 

will inevitably carry their double layer, making hard to separate from the one under investigation. 

Others require even more complex instrumentation. 

Chapter 2 discusses how electrochemiluminescence and spectral tuning (colour changes) can 

be employed for the investigation of electrified electrode-electrolyte interfaces. 

Bioluminescence is a natural phenomenon, where light-emitting reactions often involve 

changes in oxidation states. Fireflies are probably one of the best-known bioluminescent 

species. Interestingly, firefly luciferin's emission can be triggered at an electrode and spectrally 

modulated by solvent, electrolyte, and voltage. The emission wavelength is modulated by 

modifying the solvent nature and/or cation size of the supporting electrolyte, suggesting an 

electrostatic mechanism behind the spectral tuning. However, due to the high cost of luciferin 

and the need for chemical derivatization procedures, luciferin is perhaps not the best candidate 

to develop a simple and accessible technique to probe the electric double layer. 

Therefore, in Chapter 3, the possibility of spectrally tuning the electrochemiluminescence of 

luminol, a readily available and relatively inexpensive luminophore, is explored. Nevertheless, 

the spectral tuning of luminol resulted more complicated to achieve, as attempts to modify the 

reaction environment or use silicon working electrodes with different monolayer chemistries did 

not lead to similar results as those previously obtained for luciferin. 

In Chapter 4, following the unsuccessful attempts with luminol spectral tuning, an intriguing 

class of chemicals is investigated as possible reaction media for the electrochemiluminescence 

of both luminol and firefly's luciferin: room temperature ionic liquids. Room temperature ionic 

liquids are liquid salts, and their numerous properties make them a promising avenue for 

studying the electric double layer. Additionally, the electrochemiluminescence in room 

temperature ionic liquids is underexplored, with many questions still unanswered. One of the 

unexpected results was that the light emission persisted for several seconds after the removal 

of an external bias. This discovery offers new insights into the nature of the electric double layer 
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in room temperature ionic liquids, particularly the stabilization of reactive oxygen species and 

the stability of cation-rich double layer structures. 

Chapter 5 explores further the stability of cation-rich double layers in ionic liquids. Here it was 

shown that after applying an external negative voltage pulse to an electrode wetted by a room 

temperature ionic liquid, the electrode open circuit potential remained negative for hours or 

even days, confirming the theoretical hypothesis of crowding and overscreening long-lived 

double layers in room temperature ionic liquids. 

Finally, Chapter 6 explores the impact of such stable overscreening and crowding double 

layers on electrochemical reactions performed in room temperature ionic liquids. The formation 

of long-lived double layers is shown to have an impact on inner-sphere reactions, such as 

hydrogen evolution, particularly so in room temperature ionic liquids where these long-lived 

compact near-electrode ionic layers are more persistent. On the other hand, outer-sphere 

reactions seem relatively unaffected by crowding and screening structures. 

The thesis concludes with Chapter 7, which provides conclusive remarks and an outlook based 

on the foreseen immediate and future implications of the results presented in this thesis. 
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Chapter 1: Introduction 

1.0 The electric double layer 

The focus of this thesis is to describe new methodologies to probe the electrified interface. For 

this purpose, it is important to begin this first chapter with a review of the theoretical models 

used to describe the interface.  

Firstly, electrochemistry is the study of chemical changes coupled to the flow of electricity. It is 

therefore obvious that electrochemical systems involve electrodes: an electrified solid in contact 

with an electrolyte.1 While the bulk of the electrolyte remains electro-neutral regardless of the 

external voltage bias applied to the solid conductor, this electroneutrality is progressively lost 

as we approach the interface. Except for systems at their potential of zero charge (pzc),2 the 

interface can be electrically described as two layers of charge of opposite sign, an electric 

double layer.1, 3-5 In other words, when the potential of an electrode is shifted away from its pzc, 

generally using a suitable reference electrode and an external potential source, the externally 

imposed charge needs to be balanced by the formation of excess counter-ions at the interface 

(Figure 1.1a), thus there is the formation of what is known as electric double layer (hereafter 

EDL).6, 7 This double layer is thicker when the electrolyte concentration is lower (Figure 1.1a), 

precisely for low concentration of supporting electrolyte (up to ~0.1 M), the Debye length is 

inversely proportional to the square root of the electrolyte concentration.8 The Debye length is 

the distance from a surface immersed in an electrolytic solution, where is possible to observe 

a tangible charge separation in the EDL and it is a fundamental detail in colloidal studies (Figure 

1.1a).8  In fact, the classical electrolyte theories explain how counter-ion concentration drops 

exponentially with the distance from the interface.9 However, at high electrolyte concentration, 

it is predicted a Debye length similar to the molecular diameter of a solvated molecule.  

The Debye length is how far away from the electrified interfaces, and into the solution, the 

electrode’s potential has dropped by a magnitude of 1/e of its surface value.9 Consequently, 

any effect of the EDL on charge transfer reactions or non-redox reactions sensitive to voltage 

gradients, will be dependent on the distance from the electrified surface. For example, redox 

reactions have to satisfy a tunnelling distance (Figure 1.1b), and this has to be of a similar order 

to the EDL thickness.8 The effect of the EDL electric field can also be strong enough that can 

be exploited, for example, to assist in the electrostatic catalysis of non-redox reactions.10 
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However, the Debye length is complicated to estimate, which makes the predictions based on 

this theory unreliable at high electrolyte concentrations.9 The Debye length is a measure of the 

EDL thickness and it drops with the increasing of the ionic strength (Figure 1.1a), which means 

increasing the electrolyte concentration, however, the Debye length does not describe the 

structure of the EDL. While the potential profile refers to the molecules that can “feel” the full 

applied potential between the working and the reference electrode, the structure is the spatial 

distribution of ions at the interface, which depends on the nature of the liquid and from the 

features of the applied electric field. In order words, the structure of the EDL is how the ions are 

organized at the interface, generating different systems such as crowding.11 The structure of 

the EDL was first described by the Helmholtz model.  

In this model, when metal electrodes are considered at the equilibrium, being good conductors, 

they do not bear any electric field, consequently, any charge excess lies at the electrode 

surface, and this excess must be counterbalanced by the solution.12 Consequently, the 

structure of the EDL is how the ions are placed at the interface to counterbalance the charge 

 

Figure 1.1: A charged surface (such as a particle or an electrode) immersed in a solution 
attracts ions of the opposite charge. The Debye layer is an ionic cloud that screens the 
surface’s charge, and the Debye length, a characteristic distance at which significant charge 
separation can occur, is shorter for more highly supported electrolytes (a). The potential 
applied between the working and the reference electrode mainly drops in this unbalanced ionic 
cloud, and a more or less step near surface field affect the redox reactivity of molecules that 
approach the interface till they reach a tunnelling distance (b).8 
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excess, and for the Helmholtz, model this can happen in two ways, without or with ions 

adsorption on the surface. With the absence of any specific adsorption, only the water 

molecules are in direct contact with the surface, while the ions are located in the outer Helmholtz 

plane, a second layer where the whole charge excess is stored (Figure 1.2a).13 On the other 

hand, when there are adsorbed ions on the metal surface, the centres of these ions form the 

inner Helmholtz plane, whose charge is balanced by the electrode charged and by the ions in 

the inner Helmholtz plane (Figure 1.2b).13 The first weakness of this model is to explain the 

differential capacitance as a stable value, whilst measurements reveal on the other hand a 

capacitance that changes with potential and concentration.12 Furthermore, the Helmholtz model 

allows to have an appropriate illustration when the electrolyte concentration is high, but it cannot 

give a proper description of the EDL at low concentrations, when the electrolyte concentration 

is significantly low, the thickness of the solution needed to counterbalance the surface charge 

may be relevant.12  

At the beginning of the last century, the Gouy–Chapman model unfolded this issue describing 

the EDL even at low concentrations. The Gouy–Chapman model is based on a planar 

electrode, made by a metal that is an ideal conductor with the charge excess distributed 

uniformly on the whole surface, in contact with a solvent that is a dielectric continuum (Figure 

1.2c). The great excess of charge is therefore limited to the electrode surface, where the 

electrostatic forces can balance the thermal processes, on the other hand at a greater distance 

the electrostatic forces drop as well as the electrolyte concentration. Hence, this model includes 

a diffuse layer, which thickness depends on electrolyte concentration and potential. To describe 

the change in concentration at EDL the corresponding equation is Poisson–Boltzmann, which 

can describe the model proposed by L. G. Gouy and D. L. Chapman,14 allowing to estimate the 

distribution of cations and anions, which are seen as point particles. This theory can describe 

quite well the EDL at low electrolyte concentrations and when the potential is close to the pzc,15 

unfortunately at high concentrations the capacity is notably overestimated.   

In the Gouy–Chapman theory, the anions, and the cations are seen as point charges, but this 

generates a problem when the polarization rises at very high values. In this situation the 

distance between the metal electrode and the charge part of the solution drops to zero, creating 

an unrealistic model of the EDL.12 Therefore, Stern proposed a modification that considers the 

ions’ size, consequently, when the electrolyte concentration is quite elevated, it is possible to 

image a minimum distance of approach for the ions. Hence, when the concentration is low 
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enough the thickness of the diffuse layer is higher than this distance, allowing a good prediction 

on the capacitance, at least for potential values close to the pzc. On the other hand, at high 

concentrations the diffuse layer is compressed against this minimum distance, leading to a 

system like the one proposed by Helmholtz. Consequently, what has to be expected is the 

formation of several levels of different capacitance, and the distance becomes a fundamental 

notion allowing to discriminate between the inner Helmholtz plane (IHP) and the outer 

Helmholtz layer (OHP) (Figure 1.2d-e).12, 16 

This model, first proposed by Stern, is often named the Gouy–Chapman–Stern model (GCS), 

and allows making reasonable predictions for most of the real system, even though there is still 

some inconsistency, for example not considering ions pairing, and the nonspecific interactions 

of ions with the electrode surface.12 Hence, in the Stern model, the EDL is formed to balance 

the surface’s charge, moving away from the surface the potential drops, firstly linearly in the 

compact layer (or Stern layer, composed by the IHP and the OHP), indicated as ‘linear profile’ 

in Figure 1.2e.16 In this layer, the molecules are specifically adsorbed on the surface and then 

exponentially in the diffuse layer.12, 16 As previously said, all these models are following the 

Debye length measure, which predicts an exponential drop in electrolyte interaction increasing 

 

Figure 1.2: Schematic representations of the double layer in the absence of specific 
adsorption (a), and in the presence of specific adsorption (b). The model proposed by Gouy 
and Chapman (c) and the modification suggested by Stern (d). Potential profile according to 
the GCS theory in an aqueous solution 10−2 M electrolyte concentration (e).   
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the distance from the surface, but more recent studies have suggested a non-monotonic decay, 

changing the paradigm.9  

Indeed, further theoretical works have suggested an asymptotic drop in decay length with an 

increase in electrolyte concentration, and taking into account more features of the electrolyte, 

such as ion size or hardcore correlation, it is now clear that for concentrated solution the decay 

length exceeds the Debye one.9, 14, 17 Recently, some new studies have given a new insight for 

an aqueous salt solution and ionic liquids, for these systems, increasing the concentration a 

screening length is generated (Figure 1.3),9 particularly the EDL features in ionic liquids will be 

discussed in the thesis, in Chapters 5 and 6. This behaviour is completely unexpected by the 

Debye model, where the increase of ions concentration should lead to a decrease in the decay 

length.9 Particularly, ionic liquids are only made by ions, leading to a unique behaviour when 

they approach a charged surface, deeply different than the dilute solution.18 

 

Figure 1.3: Theoretical and measured Debye length plotted against electrolyte concentration. 
The red curve is the theoretical Debye length for aqueous NaCl solution, but the measured 
value (red squares) shows how from ~1 M the real behavior is not correlated with the theoretical 
prediction. These results are even more “anomalous” when an ionic liquid-organic solvent 
mixture is considered (such as 1-butyl-1-methylpyrrolidinium bis [(trifluoromethane)]imide and 
propylene carbonate), the deviation from theoretical decay length (blue dashed line) is higher 
than for aqueous electrolyte solution. Reprinted with permission from J. Phys. Chem. Lett., 
2016, 7, 2157 (Ref. 10. Copyright 2016 American Chemical Society  
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1.1 Electrostatic catalysis, from single-molecule to bulk synthesis 

As briefly mentioned above, the loss of electro-neutrality near an electrode is the driving force 

of redox changes, redox reactions respond dramatically and predictably to changes in voltages, 

and for example, a voltage increase of 1 V can trigger an increase in redox current – that is, 

redox rates – as large as several millions in the current density value.1 Since most chemists 

are trained to systematically separate reactions into redox and non-redox, the apparent role of 

an EDL is limited to the former class. Recent research is however beginning to demonstrate 

that the voltage/distance (electric field) drop of an EDL may play an important role in the 

electrostatic catalysis of non-redox reactions.1 When the molecules are located for a long time 

in the EDL, its electrostatic environment can trigger non-redox chemical reactions, in other 

words, increasing our knowledge of the EDL can be fundamental to future development on 

electrostatic catalysis.8 The experiments of Chapter 7 will attempt to broaden this 

understanding by looking at a specific example of a non-redox reaction that is expected to be 

kinetically affected by electric fields.19, 20 

In nature, enzymes are known to exploit electrostatic catalysis to perform biological reactions.21 

Enzymes are fundamental proteins in all living organisms because they are responsible to 

catalyse all the chemical reactions occurring inside a cell.21 Nowadays, it is known how 

enzymes can catalyses reaction controlling selectivity, stereochemistry, and many other 

parameters that can affect a chemical reaction, making them the most powerful existing 

catalysts.21 Surprisingly, their catalytic power strongly depends on electric fields, indeed 

electrostatic interaction plays a central role in enzymatic activity so their catalysis can be 

defined as electrostatic catalysis.21, 22  

How an oriented external electric field can be a powerful tool to catalyse a wide number of non-

redox reactions has been explained.22-25 Controlling the field direction alongside the reaction 

axis we can not only reduce the energy barrier but we can be able to control the selectivity,24 

or the kind of chemical reaction.22 Nevertheless, a complete mastery of it is far from being 

achieved, because experimental results are still penurious and still limited to complex and 

small-scale techniques.10 Indeed, while scanning–tunnelling microscopy (hereafter STM) 

experiments had demonstrated the feasibility of electrostatic catalysis,10, 25 where a single-

molecule junction is carried out by controlling the electric field direction alongside the reaction 

axis (Figure 1.4).25-27  
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These chemical reactions can be performed in mild conditions, such as room temperature, 

atmospheric pressure, and pure liquid solvents.10, 25 Despite these experiments representing a 

great achievement in the comprehension of electrostatic catalysis, the development of this 

catalysis in bulk solution is far to be fulfilled.6 Therefore, the actual challenge is to develop 

electrostatic catalysis in diffuse systems, but previously, it is necessary to understand the 

nature of the electrode-liquid interface, that will allow measuring the electric field at the 

interface. Eventually, the last step will be to discriminate the electrostatic catalysis from the 

electrochemical catalysis in electrochemical systems. Nowadays, the main available technique 

to probe the electric field nature at the interface is the direct measurement of electrostatic 

forces,28, 29 X-ray photoelectron spectroscopy(XPS),30 scanning electrochemical potential 

microscopy (SECPM), including STM-based option,31, 32 and electrode kinetic 

measurements.33, 34  

 

Figure 1.4: Cleavage of a C‒O bond due to the effect of an external electric field. Schematic 
representation of scanning tunneling microscopy (STM) for a single molecule break-junction, 
where the effect of an external electric field on a C‒O is investigated (a). Over 0.2 V the 
alkoxyamine fractionises generating nitroxide radicals. The two chemicals have an evident 
electric conductance, with the product that is less conducting by an order of magnitude. The 
potential between STM tip and substrate leads the redistribution, indeed up to 0.10 V an 
alkoxyamine-only population can be detected, at intermediate biases (between 0.15 V and 0.20 
V) the population is a mixture of starting material and product and, finally, over 0.30 V only 
nitroxide is present (b).8, 25  
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All these techniques are complex and highly demanding as well as they present some 

limitations that can affect the measurements. Hence, developing new and simpler ways to 

probe the electrode-liquid interface is a fundamental challenge on the road that will lead to 

electrostatic catalysis in diffuse systems. Recently, open circuit potentiometry has been 

proposed as the simplest way to probe the EDL structure and its stability in ionic liquid (Chapter 

5), this technique may become a fundamental tool for probing EDL features.11  

1.2 Electric fields in semiconductors 

As formerly explained, in conductors the excess charge is forced outside toward the surface, 

so the internal electric field is zero. However, this is not true for semiconductors, where the 

excess charge is also distributed inside the electrode, leading to different behaviour than normal 

metal electrodes. The semiconductors have a space charge region at the interface with the 

solution, in which the electric field has a gradient that allows an easy separation of ion pairs at 

the interface.35 

In 2016 Zhang and co-workers made the first attempt to measure the electrostatic effect on a 

redox molecule (ferrocene) confining them on a semiconductor surface.36-38 Electrochemical 

current is allowed to go through a semiconductor-electrolyte interface, where covalent organic 

monolayers build on the silicon hydrate orient molecules inside an electric field allowing both to 

probe and to take advantage of the near-surface electrostatic forces.6, 38 What has been 

observed is how the interaction between supporting electrolytes and organic monolayer can 

control the features of a redox couple, such as nitroxide/oxoammonium.36 The main outcome 

of this work is the possibility to handle the oxidizing power of the studied redox couple, and it is 

emphasized how the electrostatic effect, due to the interaction with a supporting electrolyte, 

has a practical importance.36 Finally, using lowly doped silicon instead of highly doped, led to 

an interesting “peak inversion” which consists in a reduction rate predominance at anodic bias, 

probably due to an electrostatic effect on the semiconductor space charge.36 

Subsequently, the same group has developed a new analytical technique and laboratory 

procedure to consider the impact of the electrostatic effect on redox kinetics, showing how this 

impact had been miscalculated.6, 37 In this publication Vogel and co-workers used first 

hydrosilylation to passivate silicon hydrate with an acetylene-terminated monolayer, thus they 

grafted ferrocene through click reaction, where azidomethylferrocene reacts with the acetylene 

end of the monolayer.37, 39 The analysis of these samples by cyclic voltammetry led to a full 
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width at half maximum (fwhm hereafter) higher than the ideal value, contrarily, damaging the 

surface and reducing the ferrocene coverage, the fwhm dropped below the ideal value, 

suggesting a predominance of repulsive forces when in the first case, while attractive forces 

dominate when coverage is lowered (Figure 1.5).37   

Subsequently, they have rejected all plausible explanations for these “non-idealities”, 

concluding that is mainly a “dynamic” space-charge effect of low-doped silicon interacting 

electrostatically with ferricenium molecules.37 In a most recent study, Vogel and co-workers 

focused on electron transfer kinetic suggesting a common underestimation of its magnitude 

and reinforcing their previous discoveries.38 They used the same ferrocene monolayer on lowly 

doped silicon to discriminate electron transfer kinetic from interactions between adsorbed 

species and diode effects.38 This work can offer an important contribution to the study of non-

redox electrostatic catalysis by helping in dividing between electrostatic and electrochemical 

effects.6 Electrostatic catalysis, on semiconductor electrodes, is explored in the last chapter of 

this thesis. 

1.3 Non-electrochemical detection of double layer structure  

1.3.1 Surface forces to infer on EDL structure 

Amongst the different measurements somehow related to the EDL, the most complicated is the 

potential profiling. Consequently, some techniques have been developed through the years, 

including the estimation of surface electrostatic forces. It is known that, when two surfaces or 

colloid particles are placed in an aqueous solution at short distance, there are repulsions force 

deriving from the ordering of molecules at the interface, this repulsion force is generated by the 

contribution of two forces, van der Waals attraction force and repulsive electrostatic force due 

to double-layer.28, 29, 40-42 This theory, known as DLVO (from the initials of authors’ surname, 

Derjaguin, Landau, Verwey, and Overbeek),43, 44 is proved to be reliable in describing colloid 

stability in aqueous solution, with experiments results supporting it.28, 45, 46 Nevertheless, DLVO 

fails when the electrolyte concentration is increased over certain values, as well as when short-

range forces are involved because DLVO is unable to describe the addition repulsive forces 

present.45, 46 

Over the years, many experimental works have confirmed this theory, either for surface or 

colloid system.28, 29, 46 For surfaces, it has been demonstrated how the van der Waals  
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Figure 1.5: Experimental and simulated cyclic (lines) voltammetry fwhm. When the electrode 
is purposely damaged, detaching part of the monolayer, leads to a dropping in the dielectric 
screening of molecules and space-charge (a). Deformation of semiconductor-side of the barrier 
as a consequence of an electrochemically prompted dipole layer of surface charges that causes 
“peak inversion” (b). Inverted voltammograms for ferrocene-ended monolayer on n-type silicon 
(25 mV s−1). The cathodic peak position is 15 mV higher than anodic one (c). Reproduced from 
ref. 37 with permission from Springer Nature, Copyright 2017. 
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interactions depend on the distance between the surfaces and the electrolyte, the electrolyte 

influences also the double layer forces as well as the surface type, that modify the distance of 

the Outer Helmoltz Plane.28 Considering colloidal particles, atom force microscopy has 

emerged as a powerful technique, allowing to measure the surface forces not only at 

macroscopic surfaces but also for particles and fibers.29 It has been shown how deviations from 

the DLVO only occur when the bulk concentration is critical, moreover, these deviations are 

linked to the electrolyte nature and they seem to be correlated to hydration of cations, that at 

higher correlation are prevented to replace by H+ in the EDL.46  

The first attempt to probe the EDL using electrostatic forces was carried out by Israelachvili and 

co-workers in the seventies, where the forces between two mica surfaces were measured in 

aqueous solution (Figure 1.6).28 Their results showed van der Waals forces dominate at low 

distances, up to 5 nm, leading to adhesive contact between the surfaces and besides the under 

15 nm van der Waals interactions seem independent from the electrolyte type and 

 

Figure 1.6: Repulsive forces between two mica surfaces (cylinders) measured as a function of 
their separation distance (D) in aqueous KNO3 solution at pH 6. Relative concentrations are 
visible in the images in mol L−1. The right axis shows the interaction energy between the two 
parallel surfaces per unit of area. Excluding the highest concentration (1 mol L−1) the effective 
surface potential is constant and it is roughly 75 mV, suggesting a proportionality of the surface 
charge and √C. The theoretical Debye length is close to the experimental one just at low 
concentrations (10 % difference), while increasing the concentration, this discrepancy becomes 
massive, up to 250 % at 1 mol L−1. Reprinted with permission from J. Chem. Soc., Faraday 
Trans. 1 (ref 28) Copyright 1978, Royal Society of Chemistry. 
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concentration. Moreover, they saw additional repulsion forces, completely independent from 

electrolytes, and probably related to water. Interestingly, three ions electrolytes led to a 

reduction of EDL forces.28   

Further works explored the EDL between mica surfaces in different organic solvents,41, 45 

showing how it is possible to rely on the DLVO theory when polar solvents are used, though 

the description becomes not accurate when non-polar solvents are studied.45 Moreover, when 

solvents such as acetone, lead to a lower surface density, the van der Waals forces are 

dominant on the repulsion forces at the EDL, mainly when the electrolyte is absent, in this case, 

the great deviation from the theoretical prediction was observed.45 Finally, hydrocarbon 

solvents have demonstrated a strong interaction with two mica surfaces placed at short 

distance, making a very stable layer.41 

1.3.2 X-ray photoelectron spectroscopy (XPS) to probe the EDL 

XPS is a powerful technique that allows measuring quantitatively the chemical compositions 

and bonding features by excitation of samples with X-ray.47 XPS uses the kinetic energy of 

emitted photoelectrons to probe the samples and photoelectrons can probe to 10 nm depth,47 

the same range of the EDL, making XPS another exploitable technique to prove the EDL.7, 18, 

48 Different groups tried to probe EDL using XPS,30, 48-50 using different samples, from dispersed 

titanium dioxide nanoparticles,49 to the EDL between Iridium and aqueous solution50 and 

between gold and aqueous solution with the addition of a neutral spectator.30 Moreover, this 

technique can be used to probe the EDL also for a particular family of chemical, ionic liquids.48 

The first example of XPS analysis to probe the EDL was proposed by Favaro and co-workers 

(Figure 1.7).30  In brief, the spectra recorded using XPS in water with a spectator neutral 

molecule (pyrazine) and different concentrations of a selected electrolyte (KOH), allowed to 

predict the voltage profile of the electric double layer, changing the applied potential and the 

electrolyte concentration. These kinds of experiments also allow estimating the pzc, making 

this technique a powerful tool to investigate the electric field at the electrode/solution interface.30   

To estimate the local potential at the interface the core-level binding energy is measured and 

how it changes with the applied potential, moreover the full-width at half-maximum is the main 

parameter to consider when the potential of the EDL needs to be measured.30 



 
 

13 

Finally, the electric field of the EDL causes a broadening of water oxygen, and pyrazine 

nitrogen, unless at the pzc due to the absence of a net charge at the electrode surface.30 

Interestingly, when XPS is used to probe the EDL generated by ionic liquids in contact with 

charged electrodes, the Gouy-Chapman-Stern theory is not applicable. In this case, the 

structure becomes multilayered, giving further confirmation that the Gouy-Chapman model is 

not trustable when the ions concentration overcomes certain values.48 

1.3.3 Direct voltage profiling  

Since the development of scanning tunneling microscopy (STM), its applicability in the study of 

surfaces and interfaces has been clear.51 AFM (atomic force microscopy) was initially used for 

EDL probing, even though, the many sources of error that characterise this technique have 

limited it as well as many others that allow surface forces measurements.52-56 Particularly, 

SECPM (scanning electrochemical potential microscopy) was proposed at the beginning of this 

century.57 Subsequently, Liang et al. reviewed all the electrochemical scanning probe 

 

Figure 1.7: Representation of the probing of EDL using APXPS. Probing the EDL at a gold 
working electrode in a KOH (0.4 mM) water solution with 1.0 M pyrazine (a). Increasing FWHM 
for an EDL with a given thickness from the PZC, where no net charge density is present at the 
interface, the spectral broadening looks reduced (b) to a situation where a positive bias is 
applied, generating an EDL of 15.2 nm thickness (c). The different colours in (b) and (c) top 
panels indicate varying photoelectron intensities at different locations within the electrolyte 
layer. These locations are represented by the coloured circles in the (b) and (c) bottom panels.30 
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microscopies developed so far, and explained how SECPM has leading importance in 

electrocatalysis studies.58 

The first attempt to probe the EDL using a similar approach to SECPM was reported by Kang 

and co-workers, they used a gold probe at the open circuit potential with the assumption that 

following some precautions the probe does not disturb the EDL.59 Subsequently, Bard and co-

workers developed SECPM as a new technique to probe a gap between a metal tip and different 

kinds of surfaces, from conductive metallic surfaces to insulating silicon oxide.52 SECPM gives 

advantages mainly for insulating surfaces because in the tunnelling mode, the tip crashed when 

the Si surface is anodized.52  

The main limitation of SECPM is the EDL carried by the probe itself, which leads to an 

interaction between it and the EDL of the surface being studied.32, 52, 60 This issue had been 

clear since the first publication of Bard and co-workers, later it has been confirmed by works of 

other groups. They suggested the possibility to extract the EDL potential from the deconvolution 

of the potential profile obtained by SECPM experiments, even though this deconvolution 

requires information about EDL at the surface and the tip, which are not easily estimated at the 

moment.32  Previously, other works have suggested an overlapping of the potential of the EDL 

surface with the probe EDL, underling how this is the real limitation of this technique.61, 62 

Several theoretical works explain how using this technique the measured EDL is merely the 

results of the overlapping of the two EDL, the surface and the probed EDL.61, 62  

To overtake this issue, many attempts have been carried out; one of them is to measure the 

potential gradient using a probe perpendicular to the electrode surface, where the probe is free 

to oscillate avoiding any contact with the surface. Consequently, the measurement is performed 

as a function of the gap distance, leading to potential-distance plots such as those obtained by 

Yoon et al. (Figure 1.8).32 The use of probes associated with a potential, even small, bears 

some issues that this work has tried to overcome by using an insulator film around the metal 

tip.32, 52 Nevertheless, neither this trick has allowed removing all the issues when the probe is 

very close to the surface the profiles does not look like that of an unperturbed electrode surface, 

the sigmoidal curve with an inflection point is the clear sign of perturbation.32 In order words, 

even the insulator film is not enough to remove completely the EDL leads by the probe, so even 

though with this technique is possible to obtain an accurate potential profile, the absolute 
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potential at the surface is still indeterminable. Consequently, the results obtained by SECPM 

do not follow the prediction of Gouy-Chapman-Stern model, because a further theoretical  

investigation is needed to consider the interaction between the EDL and the tip used to probe 

the EDL itself.52  

 

Figure 1.8: Direct measurement of the potential gradient plotted as function of probe distance 
(a). Different concentrations of NaClO4 (0.001 M, 0.01 M, and 0.1 M) were compared. The probe 
was moved with a speed of 5 nm s−1 in a linear direction, oscillation frequency was set at 10 
Hz. Potential profiles appear to be sharper when the electrolyte concentration is increased.  
Signals difference between the probe approaching and retracting look negligible, which is 
reducible to the similar value of linear translational speed as well as vibrational frequency 
owned by the probe(b). Reprinted with permission from J. Phys. Chem. C 2011, 115, 35, 17384 
(Ref. 32). Copyright 2011 American Chemical Society. 
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1.3.4 Electrode kinetic measurement for EDL probing  

In the EDL an electrical field exists, which obviously affects redox chemical reactions, which 

can be used to study the EDL itself. Eggers and co-workers have developed to build a 

monolayer of inert molecule on a plane surface.33, 63 Basically, they created a method to change 

the position of redox sites within the EDL, in fact, a norbornylogous monolayer allows to keep 

redox chemical species, such as ferrocene, in a desired position above the surface (Figure 

1.9).33 Using this technique they were able to measure the potential of the EDL at different 

distances from the electrode surface and their results respect the forecast made by theoretical 

calculation.33 Basically, using an electrochemical technique such as cyclic voltammetry, Eggers 

and co-workers used the surface-bound ferrocene and the effect of the electric field on its 

apparent formal potential to estimate the potential drop, from the beginning of the EDL towards 

the bulks, by holding the redox species at different distance from the surface.33 The mapping 

 

Figure 1.9: Norbornylogous bridges are used to hold in a desired position and redox-active 
chemical (ferrocene) (a). Ferrocene allows investigating the EDL through basic 
electrochemical experiments such ex cyclic voltammetry. The formal potential of the redox 
couple can be used to estimate the potential drop in the EDL from its initiation to the bulk. 
The results gave a very similar potential profile to those foreseen by most common theories 
about EDL, for instance, a great drop in the Stern layer and a smaller potential drop in the 
following Gouy-Chapman layer.33 A sharp potential drop is observed at the distal surface of 
the diluent molecule, thus a second small decrease in the potential is due to both the Stern 
later and the diffuse layer (b).63  
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of EDL obtained has confidence, with steps of 0.11 nm, allowing to have several points across 

the diameter of the counter ion, where the potential drop looks sharper.33 Moreover, they found 

how the ion concentration may increase the electron transfer rate the latter decreases when 

the ferrocene moiety distance from the EDL is risen.33 Generally, the apparent formal potential 

of the EDL drops increasing the distance from the surface, reaching a stable value after the 

Stern layer, when the redox species (ferrocene) is fixed in the diffuse layer.63  

This is due the strong correlation between ion paring and the ferrocene redox reactions, 

therefore, approaching the bulk the anions concentration drops and this corresponds to a 

decrease in the electron transfer rate as the ferrocene redox occurs at positive bias.63 More 

recent works have tried to use a different approach, moving the redox species in several 

different positions inside an alkyl-alkanethiolate monolayer, what has been observed, is a non-

linearity in the potential drop close to the surface due to the ferrocene interactions with the 

electrode surface.64 The same non-linearity has been observed even when the ferrocene is 

placed far from the electrode surface because both the short alkyl chain above the ferrocene 

cannot prevent the interaction with the electrolyte anions and the large energy packed 

underneath the ferrocene molecule.64 These last results brought out the need for further 

investigation to develop a trustable and widely applicable electrode kinetic technique to probe 

the EDL.     

1.3.5 Microdroplets fluorescence microscopy  

In the last decade, many groups among which it is worth mentioning Zare group, have observed 

how a chemical reaction can be accelerated when performed inside microdroplets, from protein 

unfolding to addition-condensation and radical reaction.65-70 Nevertheless, how these reactions 

are triggered by microdroplets remains a mystery.70 In the last years, Zare and co-workers have 

begun to investigate this phenomenon, with the aim to find a proper explanation about how 

microdroplets can accelerate chemical reaction.70 Firstly, they exploit a fluorescence molecule, 

rhodamine, studying its behaviour in water-oil microdroplets. Interestingly, their observations 

unveiled an increase in rhodamine concentration on the microdroplets’ surface, moreover, 

fluorescence polarization anisotropy resulted to be inversely proportional to the dye 

concentration, probably due to electrostatic interaction generated by the confinement of 

rhodamine in a limited surface.70 Subsequently, in a following publication, Zare and co-workers 
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developed a stimulated Raman excited fluorescence microscopy(SREFM) to measure, for the 

first time, the electric field at the water-oil microdroplets’ interface.71 Using again rhodamine as 

a dye they measured an electric field with an order of magnitude of 107 V cm−1, the generation 

of such an electric field is attributed to the charge separation that causes the adsorption of 

anions at the water-oil interface in microdroplets.71 To verify their theory they performed the 

same experiments adding HCl to neutralize anions, mainly OH−, but observing no influence 

upon the Stark shift they could conclude that the origin of a strong electric field can be ascribed 

to negatively charge species adsorbed at the water-oil microdroplets’ interface (Figure 1.10).71 

Finally, it is possible to claim that the high strength of this electric field can be, at least in part, 

responsible for the fast kinetic of chemical reactions in microdroplets.71 

1.4 A Thesis overview 

The probing of the EDL and measurements of the electric field across the EDL are 

measurements fundamental to enhancing our knowledge of physical and chemical phenomena 

occurring at electrified solid–liquid interfaces. Accordingly, the improvement of current 

techniques must be achieved, as well as the development of newer and perhaps simpler 

techniques. Moreover, theoretical studies have suggested that the ordering of solvents and 

 

Figure 1.10: Stimulated Raman excited fluorescence microscopy of rhodamine at the water-oil 
interface of microdroplets with 0.1 M HCl. A frame of rhodamine fluorescence at water-oil 
microdroplets’ interface, the images were obtained using SREFM with 20 µM of rhodamine in 
hexadecane (a). Background-subtracted SRFEM spectra of interface and microdroplet’s interior 
(b). SERFM peaks are presented as a box plot, in the bulk at pH 1, at the microdroplet interface 
with half rhodamine concentration (10 µM) and pH 1, and at the interface at pH 7 (c). Reprinted 
with permission from J. Phys. Chem. Lett. 2020, 7423 (Ref. 71). Copyright 2020 American 
Chemical Society 
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ionic liquids can be exploited to scale up electrostatic catalysis,72 an emerging form of catalysis 

that so far has mainly been performed at the single-molecule level.10 In addition, EDL structure 

and dynamics are relevant to different fields, such as in the field of energy storage, where 

capacitors based on EDL have been emerging in the last decades.73 

This thesis explores the viability and scope of new and simpler techniques to probe the EDL, 

trying to develop methods where electrochemical reactivity is exploited to investigate EDL 

structure, dynamic and voltage profile. 

Firstly, attempts to exploit electrochemiluminescence to investigate spectral tuning were made. 

It is known how several chromophores can occur a shift in their wavelength emission when the 

electrostatic environment in which they are placed is changed. One example is retinal, a 

chromophore that plays a fundamental role in visual perception and whose absorption tuning 

is known to affect by electrostatic contribution (Figure 1.11).74, 75 

Nevertheless, retinal was not suitable for this research, because to investigate the EDL was 

necessary to study a bioluminescence reaction, developing an electrochemical method to 

perform such reaction and thus considering how variation in the EDL may affect and how the 

light emission. Fortunately, nature provides us with plenty of biochemical reactions that ended 

up with the emission of light, amongst them, luciferin has catalyzed the attention due to a large 

number of species that use this molecule to emit light at different wavelengths.76  

Chapter 2, in the form of paper 1, communicates the first firefly luciferin emission obtained 

through electrochemiluminescence. In Nature, the firefly luciferin is used by different species to 

emit at different wavelength, consequently, considering the electrostatic effect are suggested 

to be the main responsible of enzyme catalysis,21 the aim of this chapter is to see whether or 

not there is any correlation between the nature of the EDL and the emission of the firefly 

luciferin. Developing a mechanism to electrochemically tune the emission of the firefly luciferin 

by controlling the features of the liquid/solid interface, may allow to have an indirect 

methodology to investigate the EDL.  

The mechanism behind firefly bioluminescence and spectral tuning has been studied for 

decades, during which many different explanations have been proposed (Figure 1.12).77 

Nowadays, an exhaustive and complete explanation is not still available, consequently, 
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approaching the problem in a novel way, such as electrochemistry, can provide new details and 

information to make a further step towards a complete understanding of this phenomenon. In 

paper 1, electrochemically generated chemiluminescence of firefly luciferin is carried out for the 

first time. This new way to activate a well-known biological reaction can provide a more 

complete description of a phenomenon such as bioluminescence and its spectral tuning, which 

may be exploited in the study of EDL features. Furthermore, paper 1 provides a wide study of 

electrochemiluminescence in different environments, where changing solvent nature, as well 

as the electrolyte is possible to control the emission wavelength, proving how features of the 

EDL are strictly correlated to generated light.  

 

Figure 1.11: Selected UV-vis spectra of mutagen retinol protein (M1 to M11). In the table is 
possible to see how the absorption moves from 425 nm of M1 to 644 nm of M11, different 
rhodopsins are comprised to have a comparison. The electrostatic environment is changed by 
using mutant retinol-binding protein, revealing how a uniform distribution of neutral electrostatic 
potential in the binding pocket of the protein leads to a redshift.  Reprinted with permission from 
Science 2012, 338, 1340 (Ref. 74). Copyright 2012 AMERICAN ASSOCIATION FOR THE 
ADVANCEMENT OF SCIENCE 
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Chapter 3 reports an attempt to develop an electrochemical procedure to shift the emission of 

luminol. This chapter follows up the previous one by exploring further readouts of near-surface 

voltages, specifically looking at luminol, whose spectral tuning should be also voltage-

dependent.  

The application of luminol chemiluminescence is uncountable, from analytical chemistry, 78-80 

to medical and clinical utilization.81 The development of a luminol-based 

electrochemiluminescence technique would be an overwhelming achievement in the EDL 

investigation science due to the straightforward luminol chemiluminescence reaction and the  

 

Figure 1.12: Schematic illustration of the suggested mechanism of bioluminescence (a) 
and chemiluminescence (b) of fireflies. The most dominant theories to explain luciferin 
spectral tuning, twisted-intramolecular charge-transfer (TICT) (c), microenvironment 
conditions (d), and keto-enol tautomerization process (e). Reprinted with permission from 
J. Am. Chem. Soc. 2007, 129, 28, 8756 (Ref. 77). Copyright 2007 American Chemical 
Society. 
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easy availability of luminol itself. Electrochemiluminescence of luminol is usually reported at 

anodic bias, using hydrogen peroxide as co-reactant in alkaline water.82 

Subsequently, differently than luciferin, in Chapter 3 to modify the EDL the efforts are focused 

on the features of the electrode surfaces, rather than on the solvent/electrolyte nature.  

Using a silicon wafer as working electrode, different monolayers attached to silicon surface 

allow to have more hydrophobic or more hydrophilic reaction site. Besides the probing of the 

EDL, this approach may provide some evidence of the highly debated existence of a “vacuum 

gap” (Figure 1.13).  

Firstly predicted by Stillinger,83 the “vacuum gap” is a solvent depletion layer, generated by the 

repulsion at a hydrophobic surface-water interface. There is still controversy over the existence 

of a molecularly thin region of decreased electron density at the solid–water interface. 

Contrasting views are caused by the evidence in support of a hydrophobic water gap having 

mainly originated from one type of measurement alone: neutron and x-ray reflectivity on 

crystalline substrates. Unambiguous reflectivity measurements in support of a few angstrom 

thin (1–7 Å) water-depleted layer, requires not only exceedingly flat substrates but also an exact 

knowledge of the interfacial chemistry.84-86 A general method capable of detecting the presence, 

or absence, of the hydrophobic water gap on rough samples, on chemically inhomogeneous 

 

Figure 1.13: Schematic representation of a diffusive heterogeneous (solid electrode–liquid) 
system where surface charges deliver field lines across a “vacuum-like” gap (solvent-depleted 
region) present at the polar liquid–hydrophobic solid interface.84 
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samples, on samples with surface impurities, or samples of unknown surface chemistry, does 

not exist yet. 

Unfortunately, any attempt in tuning luminol emission varying electrode water-affinity failed. 

Finally, endeavours in aprotic solvents, to obtain the same spectral tuning seen for luciferin in 

the previous chapter, do not give the expected achievement, albeit the similarity of the reaction 

mechanisms, in which oxygen superoxide plays a cardinal part (Figure 1.14).87  

 

Chapter 4, in the form of paper 2, focuses its attention on a particular class of chemical, room 

temperature ionic liquids. After presenting the electrochemiluminescence of luciferin (Chapter 

2) and of luminol (Chapter 3) in molecular solvents, this chapter presents the 

electrochemiluminescence of these two chemiluminescence molecules in room temperature 

ionic liquids. The number of publications related to room temperature ionic liquids has risen 

sharply with the new century, making them crucial in many fields of chemistry, from 

electrochemistry to organic synthesis.88, 89 

Room-temperature ionic liquids are those ionic liquids with a melting point below 25 °C, allowing 

to have a liquid only made by ions,88 suggesting a unique behaviour when they are placed close 

to a charged surface. Many studies have been published about the EDL of ionic liquids, with 

some studies speculating on the formation of a compact layer of counterions at the electrode 

interface.90, 91  

Chapter 5, in the form of paper 3, proposes an extremely simple procedure to probe the 

residual field of a room temperature ionic liquid after an external pulse. The study of 

electrochemiluminescence in room temperature ionic liquid (Chapter 4) shows a persistent 

emission even after the removal of the external electric field. This chapter tries to explore which 

properties of the room temperature ionic liquids can be responsible for such phenomena. As 

 

Figure 1.14: Luminol cathodic electrochemiluminescence reaction mechanism in aprotic 
solvents.87 The reaction starts with the electrochemical generation of superoxide radicals, as in 
the electrochemiluminescence of firefly luciferin.  
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previously underlined, room temperature ionic liquid’s EDL has distinctive attributes due to ionic 

composition. Experimental analysis of the EDL in ionic liquids has always involved a highly 

demanding technique (Figure 1.15).92-95 

Chapter 5 proposes open circuit potentiometry (hereafter OCP) as an effortless way to probe 

modification in ionic liquid EDL. Measuring any fluctuation in the OCP value, before and after 

the application of an external electric field, might provide immediate insight into what happens 

at the ionic liquid-electrode interface. 

Chapter 6, using an approach already seen in Chapter 2, presents an innovative way to 

estimate the diffusion coefficient in different ionic liquids. The feasibility of 

electrochemiluminescence in room temperature ionic liquids (Chapter 4) and the presence of 

a residual field at the interface between the electrode and the room temperature ionic liquid 

(Chapter 5), are combined in this chapter to investigate the influence of the EDL in room 

temperature ionic liquids on electrochemical reactions. This chapter aims to understand 

whether the generated compact layer at the liquid/electrode interface can be a limitation for 

inner-sphere chemical reactions, comparing them with outer-sphere reactions.  

Chapter 7 is the conclusion and the outlook of the thesis.   

 

Figure 1.15: Presentation of AFM force curve with high quality measured at −0.8V. The letter 
a-h indicates saw-toothed transition forces, they are the consequence of the partial ease of the 
cantilever bending. The rupture force of any layer can be taken from the height of the force 
transition. Reprinted with permission from Royal Society of Chemistry 2012, 48, 582 (Ref. 94. 
Copyright 2012 Royal Society of Chemistry. 
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Chapter 2: Luciferase-free Luciferin 

Electrochemiluminescence 

In Chapter 1, various techniques to probe the electric double layer were presented along with an 

explanation of why they are highly demanding in terms of procedure and instrumentation, as well as 

their limitation. The outlook of Chapter 1 explained how luminophores might be influenced by 

electrostatic interaction, potentially generating a shift in their emission wavelength. Consequently, it 

was interesting to exploit spectral tuning of known chemiluminescence molecules to investigate the 

EDL.  

Chapter 2, in the form of paper 1 (Mattia Belotti, Mohsen M. T. El-Tahawy, Li-Juan Yu, Isabella 

C. Russell, Nadim Darwish, Michelle L. Coote, Marco Garavelli, and Simone Ciampi. 

Luciferase-free Luciferin Electrochemiluminescence. Angew. Chem. Int. Ed. 2022, 61, 46 

e202209670, DOI https://doi.org/10.1002/anie.202209670), proposes the first simple technique 

to detect the near-surface electric field by generating the excited state of a light emitter (firefly’s 

luciferin) near the electrode. Light emission accompanying the oxidation of luciferin – one of nature’s 

most widespread luminophores – covers most of the visible spectrum and is the basis of commercial 

assay kits for gene expression and metabolic ATP formation. The light path is an enzyme-assisted 

(luciferase) conversion of luciferin into oxyluciferin.77, 96-99 However, despite its fundamental and 

technological importance, key chemical details of this light-emitting reaction, as well as the 

mechanism of luciferin natural spectral tuning, remain poorly understood. Addressing this 

knowledge gap has been hindered by the lack of a laboratory model system capable of triggering 

luciferin luminescence in a simple reaction environment, ideally without the complexity of the 

enzyme pocket.  

This chapter shows for the first time an electrochemical path to trigger firefly’s luciferin luminescence 

without the natural catalyst, luciferase. Experimental and computational insights into the mechanism 

of enzyme-free luciferin electrochemiluminescence have been gained. They demonstrated the 

luciferin’s spectral tuning from green to red by electrolyte engineering, proving that this shift does 

not require, as is still debated, a keto/enol isomerization of the light emitter, and report evidence of 

the electrostatic-assisted stabilization of the charge-transfer excited state by double layer electric 
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fields. This last finding can potentially lead to optical sensing of surface voltages and fields, removing 

much of the shortcomings of direct electrical measurements with nanoscopic conductive probes.  

In addition, the electrochemical luciferin–oxyluciferin electrode reaction is used to demonstrate the 

proof-of-principle of optical measurement of diffusion coefficients. This optical mapping of electro-

generated diffusion fronts can measure the diffusivity of small-size molecules (200–300 Da) in 

viscous solvents, in systems where mass transport by migration is likely to interfere with diffusion, 

as for electrodes evolving gaseous products, or can be applied to electrode geometries where 

hydrodynamic electrochemical measurements, such as rotating disk techniques, are not viable.  

2.0 Abstract  

Luciferin is one of Nature’s most widespread luminophores, and enzymes that catalyze luciferin 

luminescence are the basis of successful commercial “glow” assays for gene expression and 

metabolic ATP formation. Herein we report an electrochemical method to firefly’s luciferin 

luminescence in the absence of its natural biocatalyst – luciferase. We have gained experimental 

and computational insights on the mechanism of the enzyme-free luciferin 

electrochemiluminescence, demonstrated its spectral tuning from green to red by means of 

electrolyte engineering, proven that the colour change does not require, as still debated, a keto/enol 

isomerization of the light emitter, and gained evidence of the electrostatic-assisted stabilization of 

the charge-transfer excited state by double layer electric fields. Luciferin’s 

electrochemiluminescence, as well as the in-situ generation of fluorescent oxyluciferin, are 

applied towards an optical measurement of diffusion coefficients. 

2.1 Introduction 

Light-emitting chemical reactions have wide-ranging ramifications across Nature, and are 

broadly exploited in technology.100-102 Light emission accompanying luciferin oxidation – a 

widespread natural luminophore – covers most of the visible spectrum,96, 97 and for example 

while American railroad worms emit red light, African fireflies’ bioluminescence is green.77, 98, 

103, 104 From the technological standpoint, light emission upon the enzyme-assisted (luciferase) 

conversion of luciferin into oxyluciferin (ox‒luc hereafter, Scheme 2.1) is the basis of 

methodologies for the optical detection of ATP formation,99, 105 bio-sensing of pollutants,96, 106 

and gene expression bioassays.107, 108 
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Scheme 2.1. Structures of AMP‒luc and the keto and enol forms of ox‒luc. 

The first study on fireflies’ bioluminescence was published in the late 1940s by McElroy,109 who 

some years later also succeeded in isolating the light-emitting molecule.110 The reaction begins 

with the luciferase-catalyzed formation of the adenosine monophosphate ester of luciferin 

(AMP‒luc hereafter, Scheme 2.1), followed by an oxidative decarboxylation that leads to the 

excited ox‒luc, which in turn relaxes emitting light.111-114 In 1971 White and co-workers, in a 

first attempt to explain the aforementioned broad spectral distribution, advanced the hypothesis 

of it being the result of a keto–enol tautomerization of the excited state, with its keto-form 

leading to red emission, while the enol decay being responsible for a yellow-green emission.111 

In the following decades several other mechanisms were proposed to account for the color 

range of natural luciferin luminescence, from changes in polarity of the light reaction micro-

environment,115 to electrostatic interactions.116 Both the origin of luciferin spectral tuning and 

the chemical details of the adenylate firefly luciferin light-emitting path remain however poorly 

understood,117 largely because the lack of a laboratory model system capable of triggering this 

luminescent reaction in a simplified experimental environment, ideally without enzymes.118, 119 

One of such laboratory systems could take the form of an electrical trigger of the luciferin light 

path, a method capable of the selective generation of the excited state light-emitter near an 

electrified surface. Demonstrating such an electrochemical path remains an unmet challenge. 

Besides removing the complexity of the protein environment, realizing an on/off switch of 

luciferin chemiluminescence is important as the environment sensed by the light-emitting 

excited state affects the energy of its radiative decay.120 The development of luciferin 

electrochemiluminescence, therefore, offers the possibility of validating (or falsifying) the 

hypothesis of electric fields stabilizing/destabilizing the charge-transfer character of the emitting 

excited state, accounting for the natural luciferin spectral tuning.8, 116 Such new methodology, 
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alongside its validation via theoretical models, would also enable a systematic screen of the 

microenvironment (solvent and electrolyte) role on this widespread, yet actively debated,77, 121, 

122 luminescent reaction.  

2.2 Results and Discussion 

As discussed above, luciferin light emission is catalyzed in vivo by an oxidoreductase, 

luciferase. The activity of this enzyme is known to be pH-dependent, and for luciferase 

immobilized on an electrode surface, the electrochemically induced depletion of protons has 

been previously shown to alter its activity.118 Our broad goal is, however, to remove altogether 

the need of an enzyme, and to simply rely on an external bias to trigger the luciferin light path 

at an electrified solid–liquid electrolyte interface. Several reports detail luciferin 

chemiluminescence in water,111, 123, 124 hence water was the first solvent choice to begin 

exploring an electrochemical path to luciferin’s light emission. 

However, despite our efforts, neither anodic nor cathodic voltage pulses applied to aqueous 

solutions (0.1 M KCl) of AMP‒luc led to a light emission above the dark background (~500 cps) 

of a single-photon counter. There is a known correlation between oxygen concentration and 

luciferin’s emission,121, 125 and once a dioxetane intermediate is formed, basic conditions can 

trigger the light path of AMP‒luc.111, 121, 126 Hence, we decided to attempt triggering the luciferin 

light path by electrochemical generation of superoxide radical anion (superoxide hereafter), a 

basic oxidizing agent capable of also mediating radical chemistry that could lead to the 

dioxetane intermediate. This strategy has already been reported for the ECL of other 

luciferins.127, 128 DMSO was chosen as the solubility of AMP‒luc is greater in DMSO than in 

water,111, 112, 129 and because – unlike in water – the one-electron reduction of oxygen leads in 

DMSO to superoxide.130 Simultaneous photon counting and cyclic voltammetry data (Figure 

2.1a) show a steep rise in the cathodic current at ~−0.8 V (blue trace), slightly preceding the 

appearance of a light output (black trace). The cathodic current rise corresponds to the onset 

of oxygen reduction, and control experiments with deoxygenated solutions showed no 

measurable luminescence (Figure S1, Appendix 1). The point where the photon counts peak, 

on average (10 ± 1.7) × 104 photon/s, is reached with a small delay relative to the cathodic flow 

peak of (12 ± 4.4) × 1014 electron/s. We believe this delay is explained by the relatively high 

energy barrier of the first step of the light path (vide infra). Further, a significant portion of the 

experiments showed a shoulder on the cathodic wave at ~−0.7 V (Figure S2, Appendix 1). The 
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origin of this parasitic signal is unclear, but its presence was generally associated with an even 

larger delay between current rise and light emission onset. This shoulder was absent in  

 

Figure 2.1. (a) Representative simultaneous photon counting and current recording for the 
electrochemically generated light emission of AMP–luc (0.43 × 10−3 M in oxygen-saturated 
0.2 M Bu4NClO4/DMSO) at a platinum mesh electrode. The electrode potential was swept 
cyclically between 0.0 V and −2.0 V at a rate of 0.05 V/s (Figure S6, Appendix 1). The emission 
peak corresponds to ~11.3 × 104 photon/s. (b) Bright field image (4× magnification) of the 
platinum electrode under ambient light, and (c) electrochemiluminescence image (4x 
magnification) captured in a dark room ~0.5 s after the onset of the cathodic voltage bias (−2.0 
V). Scale bars in (b,c) are 100 μm. 
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voltammograms performed without AMP‒luc (Figure S3, Appendix 1). Further, photon counts 

traces as that of Figure 1a are qualitatively similar to data recorded with a conventional 

spectrometer monitoring emission at 626 nm (Figure S4, Appendix 1). The cyclic voltammetry 

of AMP‒luc in Bu4NClO4/DMSO results in a red glow easily visible by naked eye around the 

platinum-mesh electrode (Figure 2.1c). Similar experiments with an alkyl ester of luciferin (D-

luciferin ethyl ester, Figure S5, Appendix 1) replacing the adenosine monophosphate ester 

(AMP‒luc) resulted in a significantly lower emission, and consequently the latter was used to 

perform all experiments in this work. Considering the novelty of the above electrochemical 

trigger of luciferin luminescence, we carried out a computational study to investigate its reaction 

mechanism. We first established the proton state of a model of the starting material in DMSO 

by evaluating pKa values for the first, second and third deprotonation steps (Scheme 2.2). 

Under the reaction conditions, we expect the phosphate to be deprotonated (pKa 1 = 3.5) but 

not the phenol (pKa 2 = 17.3) or CH (pKa 3 = 27.7). Using the singly deprotonated species, we 

next considered its reaction with superoxide (Scheme 2.3). Superoxide initially abstracts a 

hydrogen atom of the alpha carbon of the AMP ester, yielding the radical species 1 which is 

then kinetically trapped by a barrierless radical combination with a second superoxide. The 

resulting  

intermediate (2) undergoes a mildly endergonic rearrangement to form an unstable dioxetanone 

(3). This intermediate is kinetically trapped by a rapid exergonic decarboxylation to the excited 

state of ox‒luc (ox–luc*), which then releases light upon relaxation. The pathway in which the 

phosphate (6) and CO2 are lost sequentially was found to be less kinetically favourable than 

the concerted loss of 5 (Scheme 2.3). Interestingly, the computed pKa of ox–luc* in the S1 

excited state is −1.1, whereas in the ground state it is 14.4. Thus, if deprotonation kinetically 

 

Scheme 2.2. Predicted pKa values for the 1st, 2nd and 3rd deprotonations of a model of AMP‒
luc. All pKa values (298 K, DMSO) were computed via an isodesmic method using 4-
hydroxydinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide (experimental pKa = 3.37 131) as 
a reference, and performed at the wB97XD/Def2-TZVP//M062X/6-31+G(d,p) level of theory 
using the SMD solvent model.  



 
 

31 

competes with ox–luc* radiative decay, the emitting species would be the phenoxide (ox–luc-

*), though once in the ground state the neutral form would be reformed and dominate.  

We believe this is the case since ox–luc* deprotonation should be faster than its radiative 

decay lifetime that typically falls in the nanosecond timescale. This is also supported by the 

computational study presented afterwards (see Table 2.1 and the corresponding discussion). 

In order to experimentally validate the role played by the superoxide anion we have performed 

control experiments where the AMP–luc solution was added to a cuvette containing a small 

amount (0.02 g) of KO2, but with no electrodes present. The results of these experiments 

(Figure S7, Appendix 1) indicate that there is sizable chemiluminescence even in an oxygen-

free environment (argon atmosphere), provided superoxide radical anions are present, 

validating the light path discussed above and presented in Scheme 2.3. 

Next, we tested experimentally whether this enzyme-free and electrode-triggered path to 

luciferin emission could be used to tune the luminescence color, either by changing the 

electrolyte and/or the magnitude of the external voltage bias. The design of these experiments 

is based on theoretical models that suggest a link between the electrostatic forces sensed by 

the light-emitting excited state and the energy (color) of the emitted light.132 Large electric fields 

exist at an electrode–electrolyte interface,8, 34 where the electro-neutrality of an electrolytic 

solution is lost. The voltage–distance profile – electric field – of the interface depends on the 

nature of the electrolyte,133, 134 and stronger near-surface double-layer fields are obtained by  

increasing the electrolytic support.8, 135  

In DMSO all attempts to tune the AMP–luc electrochemically generated emission from red to 

yellow-green by means of changes to the electrolyte and its concentration were at a first 

inspection unsuccessful (Figures S8–S10, Appendix 1). However, while the position of the main 

band centered at 626 nm did not shift appreciably, the low-energy shoulder present in all the 

spectra showed a ~10 nm blueshift in response to an external bias increase: from 674 nm at 

−1.0 V to 664 nm at −1.5 V (Figure 2.2a–b). A further cathodic increase of the applied potential 

didn’t lead to a further shift in the shoulder’s position (Figure 2.2c). To explain this shift, the 

nature of the light emitter, and the origin of the solvent dependent (vide infra) luminescence 

shift, we developed a theoretical model of the system. 
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Several theories had been proposed to explain the different colors of the luciferin emission.121 

Color changes may be caused by the light path proceeding through chemically different light 

emitters, and/or by changes to the nature of the reaction environment.  

We theoretically studied in vacuum, in THF and in DMSO (that were both treated explicitly 

employing a hybrid quantum mechanics/molecular mechanics (QM/MM) approach)136 with and 

without exogenous electric fields, the emission spectra of the two most plausible luciferin light-

emitters111, 137: the keto and enol form of deprotonated ox–luc* (ox–luc-*) (see Scheme 2.3 

and Figure S11, Appendix 1). The other possible chemical forms of oxyluciferin are excluded 

as possible light emitters since they either emit out the visible range or they display very low 

 

Scheme 2.3. Proposed mechanism of the AMP–luc electrochemically generated light path, 
supported by first principles calculated Gibbs free reaction energies and barriers (298 K, kJ mol–
1) as obtained with wB97XD/Def2-TZVP//M062X/6-31+G(d,p) using SMD to model the DMSO 
solvent environment. Electrochemically generated superoxide abstracts a hydrogen atom to 
generate a radical intermediate (1) that is kinetically trapped by a barrierless radical combination 
with a second superoxide molecule. This undergoes a mildly endergonic rearrangement to yield 
an endoperoxide intermediate (3), which is kinetically trapped by a highly exergonic oxidative 
decarboxylation to yield the excited state of ox‒luc (ox‒luc*), which in turn emits light upon 
relaxation to the product ox‒luc. Sequential loss of the phosphate to yield 4 followed by 
decarboxylation to yield the excited state of ox‒luc * was also considered but is less kinetically 
feasible. The excited state has a pKa of –1.1 and thus in principle could deprotonate if the 
reaction is kinetically competitive with relaxation to the ground state. In the ground state the pKa 
is 14.4 and the neutral form is preferred. 
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oscillator strengths.138 Electric fields were aligned along the main molecular axes (z-direction, 

Figure S11, Appendix 1). Calculated emission maxima are collected in Table 1 and Table S4 

and show that the enol-form emission is systematically blue-shifted compared to the keto form 

by approximately 49 nm (vacuum), 55 nm (THF), and 59 nm (DMSO). A previous study in which 

the DMSO solvent was treated implicitly, reached an opposite conclusion, suggesting the enol-

form to be more stable.139 Hence the importance of modelling explicit solvent molecules that 

accounts for local, directional, and anisotropic interactions. A similar blueshift is also found for 

both tautomers by changing the environment from gas to a polar solvent, with enol being more 

influenced than the keto form. At low concentrations of the counter ion, the negatively charged 

light emitting molecule is expected to be fully solvated by the high polar solvent, hence reducing 

the probability of ion-pair formation. 

Remarkably, the calculated emission wavelength of the keto-form (ox–luc-*) in pure DMSO 

matches closely the experimental value recorded at low electrolytic support (633 nm versus 

626 nm), in agreement with it being the thermodynamically stable species in the excited state. 

The enol-form would have an emission maximum at 574 nm, which rules out the possibility of 

this species being the prevalent light emitter in the experiments. On the other hand, direct light 

excitation of ground state ox–luc results into green fluorescence (peaking at ~560 nm) in 

DMSO140. Interestingly, both experimental140, 141 and theoretical137 studies confirm that it is the 

neutral and deprotonated enol form of ox–luc to dominate the ground state in solvents such as 

DMSO. It is thus apparent that it is this form responsible for the photoluminescence spectrum 

and green emission observed for oxyluciferin as it is the species that absorbs light. Due to the 

change in the pKa of the phenol group upon excitation (see Scheme 2.3), the neutral enol form 

gets quickly deprotonated in the excited state, eventually leading to green emission as 

observed experimentally and in match with our predictions (574 nm, see Table 2.1), while 

excitation of the already deprotonated (anionic) ground state enol form directly leads to the 

green emitting species.  

The emission in luciferin is attributed to the S1 → S0 (first singlet excited state → singlet ground 

state) radiative transition, which is accompanied with an internal negative charge transfer (CT 

hereafter) from the thiazolone to the benzothiazole system (see Table 2.1). Stabilization of the 

CT state in DMSO upon the formation of contact ion-pairs (with Li+ binding the negative oxygen 
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of the benzothiazole moiety) is expected to blueshift the emission of both keto-form and enol-

form. 

Very notably, such shift is indeed predicted by the calculated emission energies in DMSO in 

the presence of contact ion-pairs with Li+ and K+ (see Table S4, Appendix 1) and it is indeed 

experimentally observed (10–15 nm) at higher concentrations of Li+ (Figure S8, Appendix 1) 

where contact ion-pairs are expected.  

Finally, it is worth noting that the higher CT character for the enol-form compared to the keto-

form is reflected in a larger energy difference between the S0 and S1 states, and therefore in a 

blueshift. By reducing the solvent polarity, moving for example from DMSO to THF-based 

electrolytes, contact ion-pairs are more likely to occur (Table S4, Appendix 1), which explains 

the mismatch between the predicted emission energy from the keto-form computed in neat THF 

(639 nm) and the experimental blue-shifted value measured in LiClO4/THF (575 nm, Table S4, 

Appendix 1). Accordingly, the emission maximum is tuned by the nature of the cation, with ion-

pairs with Li+ causing a more pronounced blueshift than for K+ due to an enhanced stabilization 

of the S0 CT state (Table 2.1), as already pointed out above. An electrolyte is necessary to 

couple electronic conduction in the solid electrode with ionic conduction in the electrolyte, which 

is required to trigger a redox change at the electrode, and it has therefore not been possible to 

test experimentally AMP–luc electrochemiluminescence in non-supported (electrolyte-free) 

THF. When trying to reach a conclusion on the prevalent form of the light emitter in THF we 

 

Figure 2.2. Deconvoluted emission spectra of AMP‒luc (0.43 × 10−3 M) 
electrochemiluminescence in Bu4NClO4/DMSO (2.0 × 10−1 M) on platinum mesh electrodes 
under negative voltage pulses of different magnitude [−1.0 V, (a); −1.5 V, (b); −2.0 V,(c)]. At a 
more negative voltage bias, the low energy shoulder shifts progressively towards shorter 
wavelengths (10 nm blueshift from −1.0 V to −1.5 V, while from −1.5 V to −2.0 V there is not 
any additional spectral shift). All potential biases are versus Ag/AgCl. The emission spectra 
recording takes 2 s and was started simultaneously with the cathodic pulse. 
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note that the S1 keto-form is more stable than the enol S1 state by 55.5–67.4 kJ/mol, both in 

vacuum as well as in solution (see Table 2.1). Moreover, the reaction pathway forming the S1 

excited state ends with the keto-form. Consequently, the enol-form could only originate by 

tautomerization of the keto isomer. Such tautomerization is unlikely to occur as it is both 

kinetically and thermodynamically disfavoured (see Scheme 2.3).138 

Finally, it is worth noting that a good agreement between theory and experiments is eventually 

found for the emission in THF when considering keto-form/Li+ contact ion-pairs (578 nm vs 573 

nm for the computational and experimental results, respectively: see Figure S12, Appendix 1), 

a scenario which is likely to occur in the less polar THF solvent (as mentioned above and also 

proposed by Hirano et al.139), thus calling for the S1 keto-form as the light emitter in THF and, 

in conclusion, in whatever environment. 

We have validated experimentally such environmental shifts (Figure 2.3) by demonstrating that 

for the smallest cation, lithium, and in low dielectric solvents, the emission undergoes a 

significant blueshift (from 626 nm in 0.2 M Bu4NClO4/DMSO to 605 nm in 0.2 M LiClO4/THF). 

Furthermore, the lithium concentration has a clear energetic impact on the radiative decay of 

the light emitter, with lower concentrations showing a green instead of the red luminescence 

(573 nm in THF with 5.0 × 10−3 M LiClO4). This suggests that, at high concentrations, Li+ binds 

both oxygens at the two opposite sides of the luminophore, thus balancing (and quenching) the 

blueshifting effect due to the single oxygen complexation at the benzothiazole side found at 

lower lithium concentrations. Interestingly there may be a parallel between the blueshift in THF 

and similar shifts observed in vivo which are ascribed to the luciferase’s active site 

hydrophobicity.137, 142-144 Moreover, even though different perchlorate-based salts were tried in 

THF (Bu4NClO4 and NaClO4), spectral tuning of the AMP–luc towards the blue remains larger 

with LiClO4 (Figure S13–S14, Appendix 1). It needs also to be highlighted that achieving a 

blueshift was always at the expenses of the emission intensity. Photon-counting experiments 

indicate ~900 photon/s for the electrolysis of AMP–luc in 5.0 × 10−3 M LiClO4/THF, and ~3200 

photon/s in 0.2 M LiClO4/THF, both being considerably less than the ~8.5 × 104  photon/s 

obtained for 0.2 M Bu4NClO4/DMSO. This drop is partly caused by a lower current density as  



 
 

36 

Table 2.1. Calculated QM (XMS-PT2)/MM emission energies for the excited state light emitter 

(ox–luc-*) at full and partial solvation.  
 

 
 

 Emission maximum 

(nm), (oscillator 

strength) 

 

Charge-transfer (CT)a 

 
Relative energy 

(kJ/mol) 

Environment  

Electric 

field 

(V/nm) 

 Enol 

 

Keto 

 

Enol 

 

Keto 

 

Enol 

 

Keto 

Vacuum 

 −1  572 

(0.65) 

622 

(0.73) 

−0.28 −0.23 48.5 
−11.3 

 0  611 

(0.69) 

 660 

(0.76) 

 −0.27  −0.18  67.4  
0.0 

 +1  652 

(0.73) 

695 

(0.76) 

−0.25 −0.11 84.9 
10.9 

DMSO 

(complete 

solvation) 

 −1  537 

(0.62) 

 596 

(0.75) 

 −0.26  −0.24  31.0  
−12.1 

 0  574 

(0.66) 

 633 

(0.77) 

−0.26 −0.20 56.5 
0.0 

 +1  614 

(0.70) 

 671 

(0.78) 

 −0.25  −0.14  77.8  
13.0 

DMSO (half-

solvated) 

 −1  570 

(0.67) 

 627 

(0.78) 

 0.27  −0.20  58.2  
−4.2 

 0  610 

(0.70) 

 660 

(0.79) 

 −0.26  −0.16  74.5  
0.0 

 +1  649 

(0.74) 

696 

(0.79) 

−0.23 −0.07 86.2 
10.5 

THF 

(complete 

solvation) 

 −1  546(0.

61) 

 602 

(0.71) 

 −0.26  −0.24  37.7  
−10.5 

 0  584 

(0.65) 

639 

(0.74) 

-0.27 -0.21 60.7 
0.0 

 +1  623 

(0.69) 

 677 

(0.76) 

 −0.26  -0.15  76.6  
12.6 

THF (half-

solvated) 

 −1  566 

(0.61) 

 630 

(0.68) 

 −0.27  −0.23  39.7  
−7.9 

 0  606 

(0.65) 

 661 

(0.73) 

 −0.27  −0.19  52.3  
0.0 

 +1  643 

(0.69) 

698 

(0.74) 

−0.25 −0.13 67.4 
20.5 

a The CT index is calculated as the difference between the electron densities on the benzothiazole side of the final (S0) and starting (S1) 

states. 
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the electrolyte resistance increases, and partly by the quenching effect of small cations on 

superoxide.145 Furthermore, changes to the nature of anion did not have any measurable effect 

on the energy of the AMP‒luc emission, not even with a completely non-coordinating anion 

such as BARF (Figure S15, Appendix 1). In DMSO, nor varying the type or concentration of the 

electrolyte had any effect on the emission wavelength, and only LiClO4 at concentrations close 

to saturation (2.0 M) caused a very small blueshift (Figure S8, Appendix 1). Solvents with a 

dielectric constant similar to DMSO, such as DMF, resulted in a similar (hard to tune) red light 

emission (Figure S16, Appendix 1).  

We now focus on finding a theoretical explanation for the asymmetric shape of the emission 

spectra of Figure 2.2 and Figure 2.3. The low-energy shoulder that, as discussed above, shifts 

with changes to the magnitude of the exogenous electric field, is probably the radiative decay 

of half-solvated ox–luc-* molecules. Molecules of AMP–luc adsorbed on the electrode’s 

surface, a not unlikely scenario, can be roughly considered as half-solvated and half facing a 

vacuum-like environment (the electrode’s surface). The observed redshift (relative to the main 

band, Figure 2.2) agrees with our theoretical predictions for the emission of a half-solvated 

molecule (Table 2.1). An oriented exogenous electric field will stabilize or destabilize ox–luc-* 

depending on the relative dipole–field orientation. The energies of both the keto and enol 

isomers have a high sensitivity to changes in the electric field magnitude and direction. Table 

1 reports the calculated emission spectral tuning in response to an electric field (±1 V/nm, Table 

1) aligned along the z-direction, which is the direction of the S1→ S0 dipole moment change 

(Figure S11, Appendix 1), and therefore giving maximum field sensitivity. The field-dependent 

shifts for the half-solvated molecule are as high as 35–40 nm, and are due to changes in CT 

character, with a high CT resulting in a blueshift, while a CT reduction causing a redshift.  

The experimental blueshift of the emission shoulder possibly indicates that the exogenous field 

is stabilizing S0 more than S1, owning to the CT character of the ground state that is also 

increasing upon the effect of the electric field: more electrons are pushed from the thiazolone 

towards the benzothiazole ring of ox–luc-* (see Table 2.1). As summarized in Table 2.1, such 

emission shift is predicted both for vacuum and solvated molecules, as well as for half-solvated 

systems. The main emission band did not shift in the experiments, possibly because in our 

freely diffusive solution system the majority of the emission occurs at some distance from the  
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electrode. As discussed above, voltage-dependent shifts towards higher energy were however 

observed for the emission shoulder, which is therefore tentatively attributed to adsorbed (half-

solvated) molecules. The experimental shifts (~10 nm, Figure 2.2) are significantly lower than 

those theoretically expected for a 1 V/nm field. Such lower than predicted shifts are probably 

 

Figure 2.3. Spectral tuning of the electrochemically induced AMP‒luc luminescence. 
Normalized emission spectra acquired by applying a constant negative bias (−2.0 V vs Ag/AgCl) 
to a platinum mesh working electrode (pictured in figure) in contact with a 0.43 × 10−3 M solution 
of AMP–Luc. The electrolyte was (a) 2.0 × 10−1 M Bu4NClO4 in DMSO, (b) 2.0 × 10−1 M LiClO4 
in THF, and (c) 5.0 × 10−3 M LiClO4 in THF. The peaks maximums are progressively blue-shifted 
[626 nm (a) 605 nm (b), and 573 nm (c)]. Scale bars in the optical image insets are 1.0 mm.  



 
 

39 

an indirect indication of only a fraction of the external voltage bias dropping across the light 

emitter, or in other words, indicating that the Debye length is for instance 3–4 times greater 

than the molecular dimension. It can be envisioned that analogous optical “spectral tuning”  

measurements may become a viable alternative to a direct probing of the double potential 

profile, as such direct electrical measurements have serious intrinsic limitations, most notably 

that any electrified probe will carry its own double layer of charges which will add up to the one 

under investigation.7, 29, 33, 48, 52, 59 Beyond the value and scope of an electrochemical trigger of 

luciferin luminescence (and of other CT light emitters, such as luminol) to probe near surface 

electric fields, time-resolved microscopy of the AMP–luc electrochemiluminescence can 

enable a  simple and direct optical measurement of diffusion coefficients. 

Analogous “imaging” of electrochemiluminescent reactions and of electrochemically modulated 

fluorescence, to study electrode heterogeneity and mass transport, have been reported for 

luminol, rubrene and tris(2,2'-bipyridyl)ruthenium(II).146-150 Selected time-stamped micrographs 

in Figure 2.4a–c track the diffusion of the red glowing front away from the platinum surface after 

the electrolysis of AMP–luc. Due to the complexity of the light path, which involves several 

steps, chemical and electrochemical, it is hard to separate from a single optical readout 

individual diffusivity (D) values, but since D scale roughly with the inverse of size, the species 

more likely to govern the movement of the electrochemiluminescent front is superoxide. 

Analysis of the distance (r) travelled over time by the front, away from the electrode surface 

and along the A–B line marked in Figure 2.4, and by modelling diffusivity as an Einstein’s 

random walk (r2 = 2Dt), we were able to estimate D for superoxide in DMSO to (2.45 ± 0.18) × 

10⁻6 cm2 s⁻1. This “optical” D value is marginally lower, but of the same order of magnitude, as 

that obtained for superoxide in DMSO through more established electrochemical methods.151 

We also remark that AMP‒luc is profluorescent, as its electrolysis yields fluorescent ox‒luc. 

Optical mapping of the diffusion of electrogenerated ox‒luc is shown Figure S17, Appendix 1. 

We believe that this method will complement diffusivity measurements based on 

electrochemical techniques, such as hydrodynamic methods with rotating disk electrodes. 

Especially in viscous solvents, such as ionic liquids,152 adventitious evolution of gas bubbles 

often leads to mass transport complications, such as convection upon the detachment of 

surface pinned bubbles.153-157 Convection issues are hard to detect and account for in 

electrochemistry. Through an optical method as the one shown in Figure 2.4 and Figure S17, 

Appendix 1, it is possible to gauge the severity of convection events, or even to bypass them  
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by mapping local diffusivities instead of relying, as is typically done, on an average 

measurement of the entire electrode area.  

2.3 Conclusion 

We have reported for the first time the enzyme-free, electrochemically triggered luciferin light 

emission.Such laboratory model allows to trigger this luminescent reaction in a controlled 

environment, removing ambiguity introduced by the complexity of the protein environment of 

luciferase The excited state of the light-emitter was generated near an electrified surface, 

 

Figure 2.4. (a–c) Selected time-stamped micrographs (10× magnification) mapping the in-situ 
generated AMP‒luc electrochemiluminescence upon the cathodic electrolysis of an oxygen-
saturated AMP‒luc solution (0.43 × 10−3 M in 2.0 × 10−1 M Bu4NClO4/DMSO, V) on a platinum 
mesh electrode. The images were captured in a dark room at 0.1 s (a), 5.1 s (b) and 10.1 s (c) 
after the onset of the cathodic bias voltage (−2.0 V). Scale bars in (a–c) are 100 μm. (d) 
Electrochemiluminescence profiles sampled along the A–B line marked in (a–c), capturing the 
expansion of the diffusion front, away from the electrode’s surface, at electrolysis times (t) of 
0.1, 5.1 and 10.1 s. Point A is placed approximately on the edge (top view) of the platinum 
surface. 
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allowing to control simultaneously exogenous electric fields, solvation and ion pairs. Using 

quantum chemistry, we have shown that the light path is initiated by radical chemistry mediated 

by electrogenerated superoxide, we have clarified the nature of the light emitter and explained 

the debated spectral tuning of luciferin as field effects and ion pairing, rejecting the keto-enol 

tautomerization hypothesis. We believe that this or similar CT electrochemiluminescent 

systems will find use in clarifying debated topics in surface science, such as the existence of a 

density-depleted solvent region near hydrophobic surfaces.84-86, 158 Spectral tuning of the 

partially solvated luciferin light emitter by the electrode generated exogenous electric field, as 

was observed in this study, could be adapted to verify or falsify the existence of such depletion 

layer even on rough surfaces, on samples with surface impurities, or in samples with unknown 

chemical features, where X-ray or neutron-based methods would not be applicable.86, 159 

Finally, we have demonstrated that the electrochemiluminescence of AMP‒luc can be used to 

map optically the diffusivity of superoxide away from its generation site (the electrode) towards 

the bulk of the electrolyte. This optical mapping of electro-generated diffusion fronts can 

measure diffusivity in viscous solvents, in systems where mass transport by convection is likely 

to interfere with diffusion, as for electrodes evolving gaseous products,153 or can be applied to 

electrode geometries where hydrodynamic electrochemical measurements, such as rotating 

disk techniques, are not viable. 
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Chapter 3: Luminol Electrochemiluminescence on Silicon 

Chapter 2 presented an innovative spectroelectrochemistry method for fireflies’ luciferin. The 

chapter explained how electrochemistry makes possible to tune the emission wavelength, 

mimicking what happens in nature, where different species can emit different light (from green 

to red), although the light emitter is the same. Moreover, it was suggested the use of spectral 

tuning to probe the interface and the EDL. 

Chapter 3 introduces an attempt to achieve spectral tuning of a common chemiluminescent 

molecule, luminol. Typically, luminol spectroelectrochemistry is performed in water,82 which is 

an obvious starting solvent for any experiment. However, using water as a solvent does not 

allow to change the reaction environment by varying solvent nature. This limitation can be 

overcome by working on the working electrode features instead of the solvent. Hence, this 

chapter presents attempts to achieve luminol spectral tuning using silicon as working electrode. 

Silicon allows building monolayer of different molecules on its surface, giving an opportunity to 

control the nature (especially the wettability) of the electrode. Furthermore, ECL in water using 

a silicon electrode as working electrode is a well-studied technique,82, 160 that should be easily 

exploited to shift luminol emission.  

The luminol’s spectral tuning can also be a powerful tool for investigating the vacuum gap, a 

volume at the interface between water and a hydrophobic surface where the water molecules 

are depleted.83, 85, 161-163 Data on the hydrophobic gap in non-water systems are however not 

available. ECL offers a rapid optical test of the gap, for detecting the present or the absence of 

the gap itself, sacrificing information on gap thickness. The emission of light from excited 

molecules, such as in electroluminescent paths, depends on the environment sensed by the 

light emitter (solvatochromism). A solvent, or its complete absence, will undoubtedly change 

spectral features.164 

Hence, spectral tuning may be a way to screen for the presence or absence of this gap, and 

even to gauge the field magnitude inside the gap. This last remark arises because many light-

emitting excited state molecules undergo further spectral tuning in response to changes to 

electric fields.77 Furthermore, theoretical modelling can predict the emission wavelength of 

several chemiluminescent reactions in vacuum,75, 165, 166 making this chemiluminescence 
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reaction a promising candidate for interfacial vacuum gap investigation. Recent theoretical 

studies predict large redshifts for the luminol emission maxima moving from bulk water to 

vacuum.87 Thus, luminol ECL has been studied as a potential way to study the vacuum gap. 

The luminescence reaction of luminol is one of the most investigated light-emitting reactions, 

and light path mechanisms are generally well understood. These paths are different in protic 

and non-protic solvents. In aprotic solvents such as dimethyl sulfoxide, and under cathodic 

conditions, oxygen is reduced to generate superoxide (O2
−•), and luminol (i) is oxidised to a 

radical anion (ii), it then reacts with a superoxide radical in a nucleophilic addition forming an 

intermediate (iii) that evolves into a bicyclic endoperoxide (iv). This collapse into an excited 

state intermediate, 3-aminophtalate*, which decays radioactively to 3-APA.87 Free oxygen 

radicals are usually generated from either the reduction of oxygen in organic solvent or from 

the reduction or oxidation of hydrogen peroxide in water. Nevertheless, some studies have 

reported that the mechanism does not necessarily proceed via the bicyclic endoperoxide 

intermediate.167, 168 

To obtain the desired shift in the emission, it is important to confine this chemiluminescence 

reaction to the region near the liquid– hydrophobic-solid interface, so that a short-lived light-

emitter can yield some information (via a spectral shift) on the presence or absence of a solvent-

depleted region and on its eventual electrification.  

3.1 Introduction 

Hydrophobicity is a distinctive force that is based on repulsion instead of attraction, and it can 

be widely observed, from protein folding to cells membranes formation, from charge transfer to 

self-assembly, and from ultra-hydrophobicity to fluid flow control in microdevices.34, 169-173 One 

system where hydrophobic forces can generate an interesting structure is an interface between 

water an hydrophobic surface, which may lead to the formation of a depletion layer.84, 85 

However, the thickness and even the existence of this depletion layer suffer from the lack of 

direct measurement, due to the absence of any applicable technique. Although, some authors 

have put forward data indicating water depletion thicknesses in the range of 1–7 Å,84-86 the 

existence of this “vacuum gap” is questioned by other authors.174 These studies have exploited 

neutron and x-ray reflectivity to probe the water density at the interface,84-86 but despite the 

ability of these techniques to have a sub-angstrom vertical resolution on momentum transfer,175 
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obtaining data about the electro density needs extremely flat surfaces and perfect knowledge 

of interface chemistry.176 Consequently, the impossibility of keeping the roughness of the 

hydrophobic surface below 2 Å results in resolution-limited data, even without considering other 

complications such as sample preparation,174, 177 data analysis,176 and the probability of 

radiation damage.85 

Similarly, surface plasmon resonance (SPR) is another technique that can detect variation in 

the refractive index at the liquid-solid interface, but it is limited by background subtraction issues 

and can be just exploited with SPR-active materials.178 The only evidence of a low-density water 

layer close to the surface has been obtained using an extremely flat gold electrode with a rigid 

and composite monolayer,34 while there are no data about the “vacuum-gap” on rough samples 

with an unknown and/or a no-homogeneous chemical composition of the surface. 

Some techniques such as atomic force microscopy, can help overcome these issues, by directly 

probing the gap, but at the same time, they perturb it, making the interpretation of the results 

challenging. 

In this chapter, an attempt is made to investigate the water depletion layer by exploiting an 

indirect measurement like ECL. Indeed, the spectra tuning of the emitted light is strictly 

connected with the environment where the excited state is place.179 In the case of the molecule 

chosen for these experiments, luminol, the wavelength of the emission in water is around 430 

nm,164 while when the excited state is in the vacuum occurs a redshift to 536 nm.180 

Consequently, the idea is to place the emitting specie, oxidized 3-aminophthalhydrazide in the 

depletion layer. The thickness of this layer, as previously underlined, is in the order of some 

Angstrom.85 To increase the hydrophobic effect as much as possible, aliphatic monolayers are 

built onto silicon electrodes, then used to perform ECL of luminol. Moreover, attempts to 

observe a depletion layer in other solvents are made, trying to cover the utter lack of data in 

non-water systems. 

3.2 Results and Discussion 

By applying an anodic bias to the silicon working electrode is possible to initiate the ECL 

reaction by the generation of superoxide through electrochemical splitting of hydrogen 

peroxide. As the applied bias is increased, the amount of generated superoxide increases 

resulting in higher emission intensity. In Figure 3.1 is possible to the normalized spectrum at 
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different bias, interestingly it is immediately noticeable a non-Gaussian shape of the emissions 

peaks due to a shoulder present at higher wavelength. The silicon working electrode was 

coated with a 1-nonyne layer, giving a hydrophobic nature to the surface. Considering that 

theoretical calculation pointed out a redshift of luminol emission in a vacuum-like environment,87 

and this explains the non-Gaussian shape of emission peaks can be related to luminol 

molecules reacting in the “vacuum-gap”. 

When a molecule lies in the vacuum, the electric field (EF hereafter) is not shielded by the 

solvent molecules and consequently the EF magnitude on the reacting molecule is higher. The 

shoulder in the emission peak can be exploited to probe the features of the EDL, by considering 

the magnitude of the external electric field (EEF hereafter) and its effect on the shoulder 

position. The emission spectra are deconvoluted to separate the main peak to the red-shifted 

 

Figure 3.1: Deconvoluted emission spectra of luminol in KOH/H2O (0.1 M) with 1% of H2O2. 
ECL was performed on a platinum mesh at different positive bias [0.5 V, (a); 0.8 V, (b); 1.2 V, 
(c); 1.5 V, (d)]. The main peak is always ~418 nm, while the second peak can shift between 450 
nm and 455 nm. However, it was not possible to identify any correlation between this shift and 
the applied bias. The deconvolution was made by fixing the width value of the two peaks.  
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shoulder, with the aiming of identifying a correlation between the applied bias and the position 

of the deconvoluted peaks. Unfortunately, as shown in Figure 3.1, there is no correlation 

between the EEF and the red-shift shoulder, despite this shoulder is always present, 

independently from the applied bias. Interestingly, in Figure 3.1, while the peak position is fixed 

at ~418 nm, the shoulder shifts up to 5 nm, although this shift appears to be a statistical variation 

rather than an effect of the EF. Repeating the experiments (Figure 3.2) starting from 0.5 V and 

increasing repeatedly the applied bias by 0.3 V, it is not observed a shift in either the main peak 

(~420 nm), and the shoulder peak at ~456 nm. This provides further evidence of the absence 

of any correlation between the applied bias and the shoulder position, except for statistical 

variations.  

 

Figure 3.2: Deconvoluted emission spectra of luminol in KOH/H2O (0.1 M) with 1% of H2O2. 
ECL was performed on a platinum mesh at different positive bias [0.5 V, (a); 0.8 V, (b); 1.1 V, 
(c); 1.4 V, (d)]. The main peak is always ~420 nm, while the second peak is fixed at 456 nm. 
However, it was not possible to identify any correlation between this shift and the applied bias. 
The deconvolution was made by fixing the width value of the two peaks. 



 
 

47 

After the attempts with luminol ECL in water, the same experiments were performed in organic 

solvents to determine whether the non-Gaussian shape of the emission peaks persisted. 

Initially, the feasibility of luminol ECL in organic solvents was tested using a platinum mesh as 

working electrode applying a cathodic pulse, in the absence of hydrogen peroxide, to generate 

oxygen superoxide which triggers the reaction.181 Figure 3.3 demonstrates the possibility to 

carry out luminol ECL in organic solvent, particularly 0.1 M TBAClO4/DMSO and 0.1 M 

TBAClO4/DMF, interestingly the peak position shifts from 508 nm in DMSO to 488 nm in DMF, 

probably due to the lower dielectric constant of DMF, indeed as shown in Chapter 2 lowering 

the dielectric constant leads to a blue shift in the ECL emission. Therefore, while the initial aim 

was to tune the emission by modifying the working electrode nature, it was found a further 

confirmation that the environment plays a central role in ECL, indeed changing the solvent 

nature (such as hydrophilicity and dielectric constant) is possible to tune the emission. The 

remarkable emission shift from water (~420 nm) to organic solvents (508 nm in DMSO and 488 

nm in DMF) can be attributed to two different states of the excited molecule. In water, the 

excited state is fully protonated and/or has several hydrogen bonds with the water molecules, 

while is having less interaction with aprotic solvents.182 

However, it is important to keep in mind the original objective of this chapter, or rather to obtain 

a spectrum tuning by modifying the electrode nature. Hence, considering that, DMSO has 

shown a better reproducibility of the ECL emission spectra, consequently moving on silicon 

 

Figure 3.3: ECL of luminol. Normalized emission spectra acquired by applying a constant 
cathodic bias (−3.0 V vs Ag/AgCl) to a platinum mesh working electrode in contact with 
25×10−3M solution of luminol. The electrolyte was 0.1 M TBAClO4 in DMSO (a) and in DMF (b). 
The peak position is 508 nm in DMSO and 488 nm in DMF. 
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electrodes, DMSO was chosen as the principal solvent in investigating the ECL of luminol on 

modified silicon electrodes to make them more hydrophobic. The silicon electrodes were coated 

with 1-nonyne monolayer, as previously done for luminol ECL in water. However, attempts to 

perform luminol ECL in the same cell used for water (even though at cathodic bias) failed. 

Probably, the low surface area of the silicon working electrode does not allow to generate an 

EF strong enough to trigger the oxygen reduction reaction, necessary to generate the 

superoxide radical which begins the luminol ECL at cathodic bias. Subsequently, a further 

attempt was tried, increasing the working electrode surface remarkably. This strategy has 

allowed obtaining some emission spectra, even though a very low reproducibility made these 

experiments inconclusive. Indeed, an average of two out of 10 experiments lead to record 

emission spectra worthy to be further analysed. The best two recorded spectra are shown in 

Figure 3.4, interestingly the red-shifted shoulder is visible here as it was for the anodic 

experiments in water (Figures 3.1 and 3.2) and for DMSO and DMF with a platinum mesh as 

working electrode (Figure 3.3), but as for these previous experiments it was not possible to 

identify any correlation with the shoulder positions and the intensity of the EEF. Additionally, 

the main peak position in this system is between 480 nm and 485 nm, showing a blueshift when 

compared with the peak position of the spectra obtained on a platinum mesh working electrode 

(Figure 3.3). 

 

Figure 3.4:  ECL of luminol. Normalized emission spectra acquired by applying a constant 
cathodic bias (−2.0 V vs Ag/AgCl) to a silicon working electrode (3×7 cm) in contact with 
25×10−3M solution of luminol. The electrolyte was 0.1 M TBAClO4 in DMSO.  The main peak 
position is between 480 nm and 485 nm, while the deconvoluted peak of the shoulder lies 
between 505 nm and 520 nm. 
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3.3 Conclusions 

Unless a red-shifted shoulder is clearly present in every plot, it is not possible to identify any 

correlation with the magnitude of the external electric field. In other words, the shoulder in the 

emission peak does not seem to feel the electric field in the different way than the main peak. 

Consequently, this shoulder cannot be attributed to the molecules that reacted in the depletion 

layer.  

In conclusion, any attempt to tune the luminol emission wavelength by means of silicon-

modified electrodes failed. The reasons behind this failure should be sought in the nature of the 

SAM on the silicon electrode, perhaps a more hydrophobic electrode is necessary to appreciate 

an emission shift. However, more hydrophobic SAM, based on fluorinated alkene, showed a 

lower reactivity towards silicon hydrate, making complicated the achievement of a high 

electrode coverage. Perhaps, a rigorous method for the preparation of fluorinated SAM must 

be implemented. 

Moreover, the preparation of highly hydrophilic silicon electrodes to be used in hydrophobic 

electrolytic solution (like THF, as seen in Chapter 2), might be an alternative solution to tune 

the luminol emission by controlling the electrode nature.  

3.4 Experimental Section  

3.4.1 Materials  

Unless noted otherwise, all reagents were of analytical grade and utilized without further 

purification. Milli-Q™ water (>18.2 MΩ cm) was used for cleaning procedures and to prepare 

electrolytic solutions. Hydrogen peroxide (H2O2, 30%, Sigma), sulfuric acid (H2SO4, 95-97%, 

Honeywell), 1-nonyne (98%, Sigma), luminol (97%, Sigma), ammonium fluoride (NH4F, 40%, 

Honeywell), 2-propanol (99.5%, Ajax Finichem), potassium hydroxide (KOH, 95%, Ajax 

Finichem), dichloromethane (DCM, distilled before use),  propan-2-ol (≥99,9 %, Univar), 

dimethyl sulfoxide (DMSO, ≥99.0%, Sigma) and tetrabutylammonium perchlorate (Bu4NClO4, 

98.0%, Sigma). Prime-grade, single-side-polished silicon wafers (111-oriented (±0.5◦) of p-type, 

boron-doped, 0.007–0.013 Ω cm, 500 mm thick, Siltronix, S.A.S. Archamps, France). 
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3.4.2 Silicon electrodes preparation  

Silicon electrodes were obtained by cutting 1 × 1 cm samples from the silicon wafers. Thus, the 

silicon samples were washed with DCM, propan-2-ol and water, afterwards, the samples were 

immersed in Piranha solution (100◦C, 1:3 H2O2:H2SO4) for 30 min. Silicon samples were rinsed 

with Milli-Q™ water, and etched in deoxygenated NH4F solution (40% wt) for 14 min. The 

obtained hydrogen-terminated silicon samples were washed with water and DCM and dried 

under an argon stream. The dry silicon samples were covered with a small amount of 1-nonyne 

(~50 µL) and then a quartz slide was placed above the wet sample to prevent the 1-nonyne 

evaporation. Finally, the hydrosilylation reaction (2 h) was carried out inside a box maintained 

under nitrogen flux and with UV source (Vilber, model VL-215.M, 312 nm, and nominal power 

output of 30 W). After 2 h, the silicon electrodes were washed thoroughly with DCM prior to 

experiments. For some experiments, the cut sample was bigger (3×7 cm). 

3.4.3 Electrochemical Methods 

All ECL measurements were carried out with 25×10−3 M of luminol, dissolved in the water with 

KOH (0.1 M) or DMSO with Bu4NClO4 (0.2 M). When the solvent was water, besides the 

electrolyte 1% v/v of H2O2 solution was added, as it is necessary to the anodic ECL performed 

in water,82 while in DMSO, was bubble oxygen gas (≥99.95%, Coregas) for at least 20 min 

before experiments. An Emstat3 Blue potentiostat (PalmSens BV, Houten, Netherlands) 

potentiostat with a single-compartment, three-electrode setup was used to carry out all the 

experiments. A platinum mesh was used as the working electrode (EF-1265 SEC-C Gauze, 80 

mesh, BASi, Lafayette, Indiana), a platinum wire as counter electrode (EF-1361 SEC-C counter 

electrode 0.5 mm diameter wire, BASi) and a leakless Ag|AgCl as the reference electrode in 

DMSO (ET072-1, eDAQ, Colorado Springs, Colorado, 3.4 M aqueous potassium chloride as 

filling solution), while in water a Ag/AgCl/KCl(sat.) was used the reference electrode. 

The emission was recorded using a Cary Eclipse fluorescence spectrophotometer operated in 

Bio/Che-luminescence mode, a quartz cuvette of 0.5 mm optical length (EF-1364 SEC-C, 

BASi), fitted with a perforated PTFE cap was holding up the electrodes (EF-1359 SEC-C) was 

chosen as electrochemical cell. The cleaning of the platinum electrodes was carried out by 

cyclicvoltammetry between −0.2 and 1.0 V (0.5 M HNO3, 0.01 V s−1).  
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3.4.4. Plots Fitting 

The plots were analysed using OriginPro 9.0 (OrginLab Corporation). The data fitting was 

obtained using the multiple peaks fitting tool of OriginPro 9.0, using a Guassian function. All the 

parameters were fitted until converged, while the width of the peaks was always fixed to 35 for 

the main peak and 70 for the shoulder peak. 
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Chapter 4: Electrochemically Generated Luminescence of 

Luminol and Luciferin in Ionic Liquids 

In Chapter 2, the electrochemiluminescence (ECL) of luciferin and its spectral tuning was 

presented. In Chapter 3 an attempt was reported towards tuning the emission of luminol by 

means of self-assembled monolayers on silicon electrodes.  

In Chapter 4, in the form of paper 2 (Mattia Belotti, Mohsen M. T. El-Tahawy, Nadim Darwish, 

Marco Garavelli, and Simone Ciampi. Electrochemically Generated Luminescence of Luminol 

and Luciferin in Ionic Liquids, ChemElectroChem 2022, 10, 1, e202201033, DOI 

https://doi.org/10.1002/celc.202201033), these two luminescence reactions are explored in a 

particular and extremely interesting class of chemicals: room temperature ionic liquids. In other 

words, this chapter explores the electrochemical path to trigger luminol and firefly’s luciferin 

luminescence in room temperature ionic liquids. Chemiluminescent reactions are broadly 

exploited in science and technology. Over purely chemical counterparts, electrochemically 

triggered luminescence – ECL – has distinct advantages such as greater spatiotemporal 

reaction control and greater reaction selectivity. ECL reactions are generally carried out in 

solvent-based electrolytes, with only a handful of examples demonstrating ECL viability and 

performances in solvent-free electrolytes, namely room temperature ionic liquids.183-186 This is 

surprising, as owing to their large potential window of stability, low volatility, and good 

recyclability, ionic liquids are actively explored across most fields of electrochemistry, from 

energy storage to sensing and electrocatalysis. ECL in room temperature ionic liquids is 

underexplored and here we begin to address this by studying a prototypical ECL dye, luminol, 

as well as an emerging one, luciferin, using a common imidazolium-based ionic liquid.  

4.0 Abstract 

Electrochemiluminescence (ECL) is the generation of light triggered by an electrochemical 

reaction. ECL has been extensively studied in solvent-based electrolytes, but there is a lack of 

data on using electrode reactions to populate an excited-state light emitter in room temperature 

ionic liquids (RTILs). This work explores the current response, light intensity (photon counting), 

and spectral signatures of the cathodic ECL of luminol and firefly’s luciferin in imidazolium-

based RTILs. We have demonstrated that the cathodic (superoxide-triggered) ECL of both 
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luminol and adenylate-ester of firefly’s luciferin is viable in RTILs, explored the effect of water 

contaminations, and importantly, shown that the ECL signal persists for up to ~700 s after the 

removal of the external cathodic pulse, which is probably due to the stabilization of superoxide 

by double-layer cation-rich structures. Remarkably long-lived RTIL double-layer structures, and 

their endogenous fields, are detected as stable and discrete open-circuit plateaus. 

4.1 Introduction 

The generation of light associated to electrochemical reactions has been actively researched 

since the 1920s, when it was first observed during the electrolysis of luminol in the presence of 

Grignard reagents.187-189 The systematic study of this branch of electrochemistry did however 

not start till the 1960s, with work done on radical ion annihilation electrochemiluminescence 

(ECL).190-192 ECL is currently exploited across science and technology, with applications 

ranging from food and water-quality testing, to immunoassays and biosensors for biological 

warfare.98, 100, 193 In comparison with chemiluminescence, ECL requires an electrical trigger, 

meaning that it has distinct advantages over its purely chemical counterpart, such as allowing 

for a fine control of the time and location of the reaction.100, 155, 194-196 Furthermore, ECL can 

claim greater selectivity over chemiluminescence, as well as stability and simplicity.160, 197, 198 

Even though the number of ECL publications has been continuously rising since the 1990s,100 

the dominant reaction medium remains that of a molecular solvent added with an electrolyte. 

ECL requires coupling electronic conduction in a solid electrode with ionic conduction in the 

electrolyte connecting at least two electrodes: the ECL emitter needs to be dissolved in an ionic 

conductor. ECL in a molecular, solvent-free ionic conductor, such as a room temperature ionic 

liquid (RTIL) is viable but under-explored, with only a limited number of studies having been 

published in the last two decades, along with their possible applications.183-185, 199 The 

advantages of using an RTIL over a solvent-based electrolyte are several. Firstly, RTILs 

generally have very high boiling points, so that their use can mitigate undesirable solvent 

evaporation, hence solvent waste.186 Secondly, RTILs have a good electrochemical and 

thermal stability, large ionic conductivity, and are therefore an ideal medium for electrochemical 

applications.88, 200 Thirdly, changes to the molecular nature of the solvent and electrolyte is a 

means of tuning the ECL emission wavelength,201 hence given the variety of RTILs now 

available (covering a broad range of viscosities, acidities, hydrophobicities, and 
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polarizabilities200), it may be possible to harvest the large pool of RTILs to expand the spectral 

tuning of common ECL molecules.202, 203 

Herein we explore the ECL of luminol and luciferin using widespread, commercially available 

and inexpensive imidazolium-based RTILs.152 Luminol is arguably one of the most popular ECL 

dyes, it has a wide number of applications ranging from immunoassays, biosensing, to non-

clinical applications such as the forensic detection of blood traces.100, 204 Luciferin is one of 

Nature’s wonders, and is extremely fascinating due to its specie-specific breadth of colors, 

which covers almost all of the visible spectrum,96, 97 its debated luminescence mechanism,77 

and its several technological applications.99, 105, 107, 108 Furthermore, luminol‘s anodic ECL in the 

presence of hydrogen peroxide has been used as proof-of-principle to demonstrate ECL 

spatiotemporal control,82 while fundamental studies on luciferin ECL, without its natural 

biocatalyst (luciferase-free luciferin ECL), have only recently begun.201  

4.2 Results and Discussion 

Luminol ECL is usually obtained under anodic biasing, and in the great majority of cases, it 

relies on aqueous electrolytes and hydrogen peroxide as co-reactant.100, 205 However, luminol 

ECL may also be triggered under cathodic regimes,100, 181 where it relies on the formation of 

superoxide radical anion (superoxide hereafter) through the one-electron reduction of dissolved 

oxygen (Figure 4.1a).206 This reaction has been previously reported in RTILs,183, 199 but no 

spectral data are available. As shown in Figure 4.1b the application of a cathodic voltage to an 

oxygen-saturated solution of luminol in 1-ethyl-3-methylimidazolium ethyl sulfate 

([EMIM][EtSO4]) leads to a blue emission which is already detectable at −1.0 V (vide infra for a 

discussion on the ECL intensity-to-bias relationship). Similar results were obtained in other 

RTILs (Figures S1–S2, Appendix 2). The emission of luminol in [EMIM][EtSO4] peaks at 490 

nm, which is analogous to the position observed in polar molecular solvents such as DMSO,181 

and expected based on the polarity nature of [EMIM][EtSO4].207 In [EMIM][EtSO4] the luminol 

ECL persists well beyond the duration (30 s) of the cathodic −2.5 V pulse. As shown in Figure 

4.1c, once the external potential is removed, light emission continues for over 700 s, while in a 

solvent-based electrolyte (Bu4NClO4/DMSO) it would fade off in ~35 s (Figure S3, Appendix 2). 

Figure 4.1d is an overlay plot of the simultaneous photon counting and current logging from the 

cyclic voltammetry experiment used to trigger the ECL. The plot shows that a small negative 

bias (−0.8 V) can trigger the ECL, but the photon count begins to rise sharply only around −2.0 
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V. At the photon counts peak, the luminol system emits ~2.0 × 104 photon/s, which is one order 

of magnitude less than what was found for the same system in Bu4NClO4/DMSO (~3.5 × 105 

photon/s, Figure S4, Appendix 2). 

As shown in Figure 4.1a, the luminol cathodic ECL mechanism in a RTIL, similarly than in an 

aprotic molecular solvent such as DMSO,181 begins with the electrochemical formation of 

 

Figure 4.1. (a) Proposed mechanism for luminol cathodic ECL 82, 155 (b) ECL of luminol (1.0 × 
10−3 M) in [EMIM][EtSO4], recorded at a platinum mesh electrode biased at either −1.0 V (violet 
line), −1.5 V (yellow line), −2.0 V (blue line), −2.5 V (green line) and −3.0 V (red line). Spectra 
are normalized to the maximum intensity of the −3.0 V data set. (c) Time-resolved emission 
spectra (490 nm). The ON label indicates when the working electrode voltage bias is switched 
from open-circuit to −2.5 V. The OFF label indicates the end of the 30 s voltage pulse. (d) Photon 
counting experiments of luminol ECL during a cyclic voltammogram (the voltage was swept from 
0.0 V towards −2.0 V, and back, at a scan rate of 0.05 V/s). Overlay plot of simultaneously aquired 
photon counts and current trace. 
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superoxide from oxygen, which in turn converts luminol to a diazasemiquinone radical. This 

radical intermediate than reacts in a cycloaddition reaction with a second superoxide, leading 

to the excited state of 3-aminophtalate*, which relaxes emitting light (Figure 4.1a).82, 181 

Superoxide formation is quenched by the presence of water, which leads to H2O2 via oxygen 

reduction. H2O2 at low concentrations causes an increase in ECL intensity,181 but as found 

experimentally, further addition of water to the RTIL causes a progressive drop in emission 

(Figure 4.2).  

The viability of generating electrochemically superoxide in RTILs has been already 

demonstrated,206, 208 and despite the stability of superoxide in RTILs remaining unclear, it 

strongly depends on the nature of the cation.209 Ion-pairing of superoxide with the RTIL cations 

may enhance its stability without reducing its reactivity.210  

Notably, our data suggest more than one mechanism being involved, and luminol reacting with 

different species electrogenerated at different potentials. 

For example, the emission intensity at −1.0 V (Figure 4.1b) does not track the general trend in 

ECL rise with potential, probably because at this potential the emission is triggered by 

superoxide generated from oxygen, together with a contribution from a light path initiated by 

H2O2 and OH−. The latter requires water traces (see Karl–Fisher data in the experimental 

 

Figure 4.2. Electrogenerated chemiluminescence of luminol (1.0 × 10−3 M ) in [EMIM][EtSO4], 
obtained using a platinum mesh biased at either −2.5 V (blue line) or at −3.0 V( red line). The 
RTIL is deliberately spiked with water [5% v/v (a); 10% v/v (b)]. A further increase of water 
concentration to 15% v/v quenches completely the emission. Spectra are normalized to the 
maximum intensity of the −3.0 V, 5% v/v water data set. 
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section). Consequently, the ECL intensity −1.0 V lies between those recorded at −1.5 V and at 

−2.0 V. A similar anomaly was also observed in other RTILs (Figures S1–S2, Appendix 2). We 

believe therefore that an explanation of such outlier is the existence of multiple mechanisms for 

the cathodic ECL of luminol.181, 211 It is possible that at −1.5 V (and at more negative biases), 

H2O2 is effectively reduced to OH− instead of reacting directly with luminol, (2 luminol + H2O2 

→ 2 luminol radical anion + 2 H2O + 2 H+) as it may happen at −1.0 V, and so the ECL intensity 

does track the increase in current. At −2.0 V (and beyond) the current is so large that the ECL 

progressively increases despite the consumption of H2O2 (Figure 4.1b). Finally, in the return 

scan (towards anodic biases) there is sudden increase in ECL photon counting (Figure 4.1d). 

Here, at lower negative potential during the return scan, the superoxide radical anion is 

regenerated by H2O2 electro-oxidation to hydroperoxyl radical and then to superoxide radical 

anion,181, 211, 212 resulting in a rise the ECL emission. The delay between this peak and the 

current peak at −0.4 V (Figure 4.1d) may be attributed to a slower kinetic in RTILs, mainly due  

to their large viscosities.88  

 

Figure 4.3. Open circuit potential (OCP)–time measurements recorded at a platinum mesh 
electrode immersed in neat [EMIM][EtSO4] (a), and in 1.0 × 10−1 M Bu4NClO4 in DMSO (b). A 
negative potential step (60 s) was applied to the working electrode, away (−2.0 V) from the 
initial OCP rest value (dotted line) and the OCP relaxation monitored over time. In the molecular 
solvent the OCP relaxes rapidly and asymptotically back to the initial OCP (b). During the OCP 
relaxation in [EMIM][EtSO4], discrete and long-lived OCP plateaus emerge around −0.65 V and 
−0.75 V. The inset in (a) highlights the shorter and more negative plateau located between −1.4 
V and −1.5 V. This two plateaus have been acribed to electrostatic signatures of crowding (first, 
more negative plateau) and overscreeing (second, longer-lived plateau) double-layer 
structures.152 
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Since superoxide is complexed by large cations,213 we hypothesized that a cation-rich RTILs 

structure at the electrified interface may increase superoxide stability, causing luminol emission 

not to drop suddenly after the removal of the external voltage. Such ordered bilayer structure 

at the interface between RTILs and charged electrodes is well documented.18, 90, 92, 152, 214-216 

This is particularly true at negative potentials, where stable, cations-rich, near-surface RTILs  

 

Figure 4.4. (a) Proposed mechanism for the firefly’s luciferin ECL (extended mechanism in 
Figure S5, Appendix 2).201 (b) ECL of AMP‒luc (4.3 × 10−4 M) in [EMIM][EtSO4] at a platinum 
mesh electrode biased at either −1.0 V (violet line), −1.5 V (yellow line), −2.0 V (blue line), −2.5 
V (green line) and at −3.0 V (red line). Spectra are normalized to the maximum intensity of the 
−3.0 V data set. (c) Time-resolved emission spectra (626 nm). The ON label indicates the time 
at which the working electrode voltage bias is switched from open-circuit to −2.5 V. The OFF 
label indicates the end of the 30 s (−2.5 V) voltage pulse. (d) Photon counting experiments of 
AMP‒luc ECL during a cyclic voltammogram (the voltage was swept from 0.0 V to−2.0 V, and 
back, at a scan rate of 0.05 V/s).  
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double-layer structures have been unambiguously demonstrated by atomic force microscopy 

(AFM).215, 216 However, AFM experiments with liquids are technically demanding and a simpler 

method to detect the presence of such cation-rich layer is by open circuit potentiometry (Figure 

4.3a).152 Following a short (60 s) negative-potential pulse, the open-circuit potential (OCP) of a 

molecular solvent-based electrolyte/electrode system will rapidly and asymptotically return to 

its rest OCP value (Figure 4.3b). In sharp contrast to such rapid and asymptotic relaxation, in 

[EMIM][EtSO4] we observed two stable OCP plateaus during the OCP relaxation 

measurements (Figure 4.3a). These two negative and consecutive OCP plateaus are 

interpreted as electrostatic signatures of the endogenous fields of overscreening and crowding 

structures (cation-rich near-surface structures formed after a negative pulse, see cartoons in 

Figure 4.3a).90, 152 The formation of a cation-rich crowding structure (the most negative OCP 

plateau) is proposed to be linked to the persistency of the ECL emission even after the removal 

of the external bias. 

We then turned to a much less explored ECL luminophore: firefly’s luciferin adenylate (AMP‒

luc hereafter).201 AMP‒luc ECL is here performed without its natural biocatalyst, luciferase, in 

contrast to most studies and applications of luciferin where luciferase is required to start the 

light path.118 

The likely role of superoxide in the ECL reaction mechanism is shown in Figure 4.4a.201 Two 

superoxide molecules are needed for the AMP‒luc light path: the first to remove the hydrogen 

atom on the carbon in alpha-position of the AMP ester, and a second to generate an 

endoperoxide which leads to the formation of the excited state (oxyluciferin, ox−luc) upon a 

decarboxylation.201 The ECL of AMP‒luc in [EMIM][EtSO4] peaks at an energy comparable to 

that observed in DMSO-based electrolytes (626 nm, Figure 4.4b).201 The ECL of AMP‒luc was 

also studied in other RTILs (Figures S6–S7, Appendix 2). Interestingly a non-Gaussian shape 

is visible in the emission profile (Figure 4.4b), and it could be related to half-solvated molecules 

trapped at the interface.201 Data in Figure 4.4c show that the ECL of AMP‒luc in [EMIM][EtSO4] 

persists after the removal of the external bias, and as for luminol such persistence is possibly 

linked to the stability of the cation-rich crowding double-layer structure of [EMIM][EtSO4] at 

platinum electrodes. As for luminol, the ECL of AMP‒luc in DMSO drops fast once the external 

bias is removed (Figure S8, Appendix 2). Figure 4.4d shows the simultaneous photon counting 

and voltammetric current recording, with the emission beginning to rise at −1.8 V. At the photon 
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counts peak, the AMP‒luc solution emits 2.5 × 104 photon/s, which is roughly ~4.5 times less 

than in DMSO.201  

4.3 Conclusion 

We have reported the ECL of luminol and luciferin (AMP‒luc) in imidazolium-based RTILs. 

Luciferin ECL normally requires a biocatalyst, luciferase, but here we show that radical 

chemistry mediated by electrogenerated superoxide can trigger the light path in an enzyme-

free environment. However, the emission intensity in RTILs is lower, probably due to the higher 

viscosity which limits mass transport. Demonstrating the feasibility of ECL in RTILs of a 

conventional dye (luminol) as well as of a relatively less explored luminophore (firefly’s luciferin) 

we have shown how RTILs can be a good and a greener alternative to conventional molecular 

solvents. Moreover, photon counting experiments have shown that although ECL intensities 

are lower in RTILs than in molecular solvents, same photon count order of magnitudes are 

achieved. 

Importantly, the ECL emission of both, luminol and luciferin, persists for several minutes after 

the removal of the cathodic pulse (~700 s for luminol, ~200 s for AMP‒luc). We propose this 

long-lived emission to be linked to the stability of superoxide in the cation-rich (crowding) 

double-layer structure that persists for hours at the interface between platinum cathodes and 

several imidazolium-based RTILs.152 Such long-lived ECL emission is not observed in solvent-

based electrolytes. 

4.4 Experimental Section 

Unless noted otherwise, all reagents were of analytical grade and utilized as received. 5-Amino-

2,3-dihydrophthalazine-1,4-dione (luminol, ≥97%), 1-ethyl-3-methylimidazolium ethyl sulfate 

([EMIM][EtSO4], ≥95%), tetrabutylammonium perchlorate (Bu4NClO4, 98.0%), and anhydrous 

dimethyl sulfoxide (DMSO, ≥99.0%) were purchased from Sigma–Aldrich. 1-Butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM][NTf2], 99.5%) and 1-Butyl-3-

methylimidazolium hexafluorophosphate ([BMIM][PF6], 99.5%) were purchased from Iolitec. 

Unless specified otherwise the water content, measured by a Karl–Fischer titrations, was ~600 

ppm for [EMIM][EtSO4], 300 ppm for [BMIM][NTf2], and ~450 ppm for [BMIM][PF6]. Firefly 

luciferin adenylate (AMP‒luc) was synthesized and characterized according to procedures 

reported elsewhere.201 Electrolytic solutions used for the ECL experiments were 1.0 × 10−3 M 
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luminol, and 4.3 × 10−4 M AMP‒luc. Solutions for ECL were oxygen-saturated by means of a 

20 min oxygen-gas bubbling procedure (Coregas, ≥99.95%). Spectroelectrochemical 

experiments were carried out with a Cary Eclipse spectrophotometer (Varian, Palo Alto, 

California) operated in Bio/Chemi-luminescence mode at 25 °C. The photomultiplier voltage 

was set to 800 V, and the emission slit to 20 nm. Each emission spectra were recorded in ~5 

s. The spectra were normalized to maximum intensity, but they were not corrected for the 

variation in instrumental sensitivity over wavelength range. The spectroelectrochemical cell 

used for all ECL measurements was a quartz cuvette of 10 mm optical-path length (1/SX/10, 

Starna scientific, UK) fitted with a perforated PTFE cap/electrodes holder. A negative voltage 

bias was applied to a platinum mesh used as working electrode (011498 SEC-C Gauze, 80 

mesh, 7 × 6 mm overall size, BASi), a platinum coil was used as counter electrode. A leakless 

Ag|AgCl electrode (ET072-1, eDAQ, with 3.4 M aqueous KCl as filling solution) was used as 

the reference electrode. All potentials are reported against the reference electrode. The 

spectroelectrochemical experiments were carried out under ambient air at room temperature 

by using a PalmeSens4 (PalmSens BV, Houten, Netherlands) as potentiostat. Photon counting 

experiments were performed with a single-photon counting module (SPCM-AQR-14, Excelitas 

Technologies) interfaced with an avalanche photo-diode (APD) controller (Nanonics Imaging 

Ltd.). The APD controller time constant was set to 1.0 ms. The photon count output was 

recorded with a data logger (DrDAQ, Pico Technology, Figure S9, Appendix 2). The photon 

count rate was corrected for the nominal wavelength-dependent efficiency of the APD module 

(Nanonics Imaging Ltd.), which is 70 % for red light and 42 % for blue light. The water content 

was estimated by Karl–Fisher titration (Mettler-Toledo C20S compact coulometer, Honeywell 

HYDRANAL Coulo-mat AG reagent, Merck Water Standard 0.1%, USA), and with three 

samples run for each RTILs. 
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Chapter 5: Experimental evidence of long-lived electric 

fields of ionic liquid bilayers 

In Chapter 4 showcases the persistent electrochemically generated emission in ionic liquids. 

This phenomenon is referred to as “persistent” because after removing the external field, the 

intensity emission does not drop instantaneously. The observed phenomenon is clearly related 

to the particular electrode/ionic liquid interface and it has opened a way to investigate the 

features of ionic liquids electric double layer. 

Chapter 5, in the form of Paper 3 (Mattia Belotti, Xin Lyu, Longkun Xu, Peter Halat, Nadim 

Darwish, Debbie S. Silvester, Ching Goh, Ekaterina I. Izgorodina, Michelle L. Coote and 

Simone Ciampi. Experimental evidence of long-lived electric fields of ionic liquid bilayers, J. 

Am. Chem. Soc. 2021 143, 42, Pages 17431–17440, DOI 

https://doi.org/10.1021/jacs.1c06385), demonstrates, unambiguously, that near-surface 

ordered ionic liquid structures generate endogenous electric fields that persist for days. A 

complete and, correct description of double-layers formed by ionic liquids in the proximity of 

charged surfaces is of great practical importance, as this phase boundary governs charge 

transport, energy storage, and lubricating properties of interfaces. It is generally agreed that the 

relaxation ionic liquids bylayers at interfaces is significantly slower than in bulk, but how slow 

has remained unclear. Until now, it has been thought that relaxation times vary between a few 

seconds to several minutes, which we show here to be a very large underestimate. These 

contrasting views have been caused by experimentalists, in a search for ordered structural 

features, naturally focused on surface probe microscopy (atomic force microscopy) and x-ray 

reflectivity. While this was an obvious choice, both reflectivity and AFM are not free of technical 

limitations, and details on ordered near-surface structures have remained elusive. Here it is 

shown that the search for stable ionic liquid interfacial structures is greatly simplified if detection 

targets their specific electrical signatures. A first general and simple method capable of 

detecting the presence, or absence, of ordered bylayers is demostrated by open-circuit 

potentiometry. This new method applies to several ionic liquids and electrode materials.  

The endogenous electric fields associated with these ordered structures can potentially be 

harnessed for catalysis, providing a means of scaling electrostatic catalysis beyond single-

https://doi.org/10.1021/jacs.1c06385
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molecule STM experiments10 or for the development of safe supercapacitors with high energy 

storage, as well as in the emerging field of redox-enhanced electrochemical capacitors.  

Capacitors can be charged instantaneously, in fact, energy is stored by separating charged 

ions, while batteries require to be recharged over time. Despite, the number of available ionic 

liquids being astonishing, it was hard to know which would be suitable to be utilized in 

capacitors, but this study has unveiled an undemanding way to predict which ionic liquid is likely 

to be the best choice in an ionic liquid based capacitor. 

Over and above these results, also provided means to predict and maximize endogenous 

electric fields. Polarizable molecular dynamics shows that when corrected for the effect of 

viscosity, the sum of cation and anion dipole moment projections along an external electric field 

is strongly correlated with the observed open circuit plateaus. This represents an excellent 

design parameter to predict the likelihood of forming stable ionic liquid bilayers having strong 

endogenous electric fields.  

5.0 Abstract 

Herein we demonstrate that ionic liquids can form long-lived double layers, generating electric 

fields detectable by straightforward open circuit potential (OCP) measurements. In imidazolium-

based ionic liquids an external negative voltage pulse leads to an exceedingly stable near-

surface dipolar layer, whose field manifests as long-lived (~1–100 h) discrete plateaus in OCP 

versus time traces. These plateaus occur within an ionic liquid-specific and sharp potential 

window, defining a simple experimental method to probe the onset of interfacial ordering 

phenomena, such as overscreening and crowding. Molecular dynamics modelling reveals that 

the OCP arises from the alignment of the individual ion dipoles to the external electric field 

pulse, with the magnitude of the resulting OCP correlated with the product of the projected 

dipole moment of cation with the ratio of predicted diffusion coefficient of cation and its volume. 

Our findings also reveal that a stable overscreened structure is more likely to form if the 

interface is first forced through crowding, possibly accounting for the scattered literature data 

on relaxation kinetics of near-surface structures in ionic liquids. 

5.1 Introduction 

Room-temperature ionic liquids (RTILs) are liquids with melting points below 100 ⁰C, composed 
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solely of anions and cations.88, 186 They have been known for over a century,217 but entered 

mainstream electrochemical research only in the middle of the 1990s, with the discovery of 

RTILs with stable anions.218 Several such RTILs are now commercially available, and unlike 

conventional solvent-based electrolytes they can have exceedingly large electrochemical 

windows.88, 218, 219 This makes them valuable in applications ranging from energy generation 

and storage, to electrocatalysis.220-223 RTILs are typically comprised of large unsymmetrical 

ions224 that form what can be approximated as a coordinated network of ions,225, 226 with 

intermolecular forces tunable through changes in the molecular structure of the ions.227, 228 The 

unique nature of RTILs has important implications for the structure and dynamics of their 

interface with solid electrodes. While large molecular sizes and conformational flexibility prevent 

the formation of an ordered solid in the bulk,229 RTILs at interfaces are inherently ordered.230 

Specifically, RTIL double-layer structures95, 231, 232 formed in the proximity of charged electrodes 

are of great practical importance as this phase boundary governs charge transport, energy 

storage and lubricating properties of electrode–RTIL systems.18, 223, 233 As the electrode is 

charged away from its potential of zero charge (PZC hereafter) in response to an external bias, 

counterions are enriched in a first ionic layer, where their lateral diffusivity is lower than in 

bulk.234 This charged first layer induces a second ionic layer of opposite charges, and so on, 

causing the potential profile to decay with damped oscillations. Despite a general consensus 

on the presence of an alternating out-of-plane arrangement of cation- and anion-rich layers,94, 

235 the exact short-range ordering of RTILs near electrodes remains unclear.90, 216, 230, 236, 237 To 

date, experimental insights on the interface between RTILs and electrodes have relied on 

technically demanding atomic force microscopy,92, 94 X-ray reflectometry (XRR) experiments 

and Raman spectroscopy.93, 231 The lack of routine and straightforward measurements, suitable 

to probe the electrode–ionic liquid interface, is part of the reason why details of the near-

electrode structure are still unclear. In the present work we address this problem by introducing 

open circuit potentiometry as a rapid and technically simple method to probe the interface 

between RTILs and electrodes.  

Firstly, quantitative data on RTIL double layer dynamics, as well as data on the magnitude of 

the potential required to trigger the formation of ordered layers, are scattered. While solvation 

dynamics of bulk RTILs have a time scale between picoseconds and nanoseconds,238 the 

relaxation of RTILs at interfaces is significantly slower.239-242 But how slow is unclear, with 

available data indicating relaxation times varying between few seconds to several minutes.239, 
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242 Secondly, while some authors argue that at potentials close to the PZC counter-ions will 

already overscreen electrode charges,90, 243 others advocate for such features occurring only 

at larger biases and persisting over large potential windows.244-246 For instance Yamamoto and 

co-workers put forward data in favour of RTILs over-screening at biases around +1.5 V,232 while 

Uysal and co-workers observed this already at −0.4 V.247 Moreover, there is also the hypothesis 

of electrode “crowding” at large anodic and cathodic excursions,90, 91 as well as a debate around 

whether the thickness of the first ionic layer drops with increasing electrode charges,248-250 or 

whether it remains essentially unchanged.251 Addressing these issues is important because the 

phase boundary ultimately governs how energy is stored in the electric field of electrochemical 

devices, such as capacitors,223, 252, 253 and how accessible the electrode surface is towards 

charge-transfer reactions. The latter is emerging as a viable strategy for controlling the balance 

between inner- and outer-sphere competing electron transfer reactions, both for 

electrocatalysis and electrosynthesis.254, 255 Moreover, recent computational work has shown 

that ionic liquids that are ordered as a result of exposure to external electric fields can generate 

strong internal electric fields that electrostatically catalyze chemical reactions, even when the 

external field is removed. 72 Experimental confirmation of these fields, and measurements of 

their lifetime, would be the first step toward harnessing these electrostatic effects in chemical 

synthesis.8, 256-258 By means of open-circuit potentiometry we demonstrate that at electrode 

surfaces RTILs assume stable ordered structures, and generate significant endogenous electric 

fields that persist for days after an external potential is removed.  

5.2 Results and Discussion 

5.2.1 Interfacial Dynamics of [EMIM][EtSO4]. Prior to studying the response of RTILs to an 

applied potential, we conducted a search of the minimum of the electrode–RTIL capacitance 

as a function of the electrode potential. This minimum provides a baseline reading for the 

disordered RTILs against which the ordered RTILs could be compared, and it was obtained 

through electrochemical impedance spectroscopy (EIS). The potential where capacitance 

reaches a minimum generally coincides with the electrode PZC,249 and EIS measurements with 

platinum electrodes indicate that this is close to −0.6 V vs Fc/Fc+ (Figure 5.1a). The 

accumulation of counter-ions at the electrode surface is likely to occur in both bias directions,216 

implying that the positive and negative branches of the capacitance–potential curve around the 

PZC are delimiting bias regions where the liquid side of the interface is enriched of either anions 
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or cations. Prior to exposure to an applied potential, the rest open circuit potential (OCP) was 

generally only slightly positive of the PZC. After a short (60 s) potential step, equal or smaller  

than ±1.0 V away from this initial OCP (dashed arrow and dashed horizontal lines in Figure 5.1) 

we were only able to record a rapid, <30 minutes, equilibration of the electrode potential back 

to its initial rest value (Figure S1, Appendix 3). In this respect an electrode–RTIL interface, such 

as platinum immersed in [EMIM][EtSO4], behaves qualitatively similar to the interface formed 

between electrodes and conventional molecular solvent-based electrolytes, such as Bu4NClO₄ 

 

Figure 5.1. (a) Representative electrochemical impedance spectroscopy (EIS) capacitance–
potential plot, with a schematic depiction of the onset of overscreening and crowding in 
correspondence of local capacitance maximum and minimum, respectively (platinum disk in 
[EMIM][EtSO4]). The vertical arrow indicates the system initial OCP value, prior to any external 
biasing. Representative OCP–time measurements for platinum electrodes immersed in 
[EMIM][EtSO4] recorded after the application of negative (b,c), and positive (d) potential steps 
(60 s, ±2.0 V relative to the initial OCP). Dotted horizontal lines represent the average initial 
OCP. (b) Negative bias excursions lead to very stable OCP plateaus located between −1.1 V 
and −1.3 V vs Fc/Fc+. (c) A relatively short-lived and more negative OCP plateau, found between 
−1.9 V and −2.0 V, is evident upon close inspection of the first 30 minutes of the OCP relaxation 
data. The grey shaded area in (b) indicates the data region shown in (c). 
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in acetonitrile (Figure S2, Appendix 3). Surprisingly, the experimental OCP relaxation was rapid 

despite the magnitude of the cathodic step (−1.0 V) being more than sufficient for the interface  

to reach its capacitance maximum (~−1.1 V vs Fc/Fc+, Figure 5.1a). It is therefore probable that 

the −1.0 V step triggered the formation of an ordered overscreened interface,91, 214 but this 

structure did not persist once the external bias was removed. As ordering will progressively 

increase with bias,232 and since capacitance drops under fully occupied conditions, 235 the 

presence of a minimum in the negative branch of the capacitance–potential curve at ~−1.9 V 

vs Fc/Fc+ (Figure 5.1a) suggests the possibility of a thicker first layer of counter-ions forming at 

this more negative bias. We consequently measured the OCP relaxation that followed a 

cathodic step of −1.5 V from the initial rest potential. Once again, this bias is sufficient for the 

system to reach the capacitance minimum (crowding), but OCPs still relaxed asymptotically 

and very slowly (~3 h). 

A remarkably different response was observed when the electrode potential was disturbed 

away from its rest potential by a potential step as large as −2.0 V. Applying such a large negative 

pulse was effective in locking the interface in a stable ‘cation-rich’ configuration. This cation-

rich ordered configuration manifested as an OCP plateau between −1.1 V and −1.3 V vs Fc/Fc+, 

which persisted rarely less than 6 h (Figure 5.1b), and occasionally up to four days (Figures 

 

Figure 5.2. Representative OCP–time measurements acquired with platinum electrodes 
immersed in [BMIM][PF6] (a), [HMIM][PF6] (b), and in [P14666] [NTf2] (c) after a negative potential 
step (60 s). The potential step was of −2 V away from the electrode initial rest OCP (dotted 
horizontal lines). The grey shaded areas in (a,b) indicate the data plotted as figure insets. Data 
in (a) reveal the onset of crowding in [BMIM][PF6] as an OCP vertical step located between −1.7 
V and −1.8 V. The overscreening OCP signature is found between −0.9 V and −1.0 V. (b) OCP–
time data for [HMIM][PF6] with evidence of discernible OCP plateaus at ~−1.7 V and poorly 
defined plateaus between −1.0 V and −0.75 V 



68 
 
 

S3–S6, Appendix 3). Importantly, the position of these long-lived OCP plateaus matches the 

onset of overscreening as assessed by EIS (Figure 5.1a). A closer inspection of the first part of 

the time-resolved OCP measurements revealed the consistent presence of a more negative 

plateau between −1.9 V and −2.0 V (Figure 5.1c). The position of this initial plateau closely 

matches the onset of crowding in the EIS data (Figure 5.1a). These initial cation-rich surface 

structures persist only for short times, from few seconds to ~30 minutes, which is of the same 

order of magnitude of relaxation times obtained for ionic liquid systems through much more 

complex techniques.239, 247 Chemisorption reactions, potentially triggered by the cathodic pulse, 

are an unlikely cause for the plateaus. For instance, while very gentle vibrations of the 

electrochemical cell did not disturb an overescreening OCP plateau, extracting and re-

immersing the electrode in the liquid was enough to reset the initial OCP (Figure S6, Appendix 

3). Molecules chemisorbed on surfaces are no so easily removed.259 Further evidence against 

chemisorption is the lack of a change in electrode active area following the pulse (Figure S7, 

Appendix 3).The existence of such negative plateaus is in accordance with the theory of 

Kornyshev and co-workers, where multiple layers of counter-ions balance surface charges (see 

schematics in Figure 5.1a).90, 260 Interestingly, only when the metal charge density has 

sufficiently decreased, the double layer can then adjust to an overscreening organization, 

where just a monolayer of counter-ions balances the surface charge (Figure 5.1a). In brief, 

implicit from our data is that a stable overscreened arrangement forms if the system is first 

forced into crowding. On the other hand, OCP relaxation responses following positive potential 

steps were featureless: no plateaus were detected and OCPs relaxed asymptotically (Figure 

5.1d). A similar conclusion was previously reached by AFM data, where the force required for 

an AFM tip to push through the first ionic liquid layer was significantly larger for negative 

biases.216, 251 It was therefore not surprising that the occurrence of these negative OCP 

signatures was largely independent of the nature of the anion, with for instance [EMIM][EtSO4] 

behaving very similarly to [EMIM][BF4] (Figure S8, Appendix 3). We have not tested 

[EMIM][PF6], because, in spite of its commercial availability, it is not liquid at room temperature. 

5.2.2 Comparison of Different RTILs. To define the generality of OCP measurements in 

probing interfacial dynamics we then proceeded to test a range of RTILs with different cations. 

Imidazolium cations with longer alkyl side chains have higher permanent dipole moments, and 

this in turn increases the strength of their electrostatic interaction with the applied electric field. 
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To illustrate this trend experimentally, we measured OCP relaxations in RTILs containing butyl 

and hexyl substituents on the imidazolium ring. Data in Figure 5.2a,b show that after an anodic 

step the relaxation behavior of [BMIM][PF6] and [HMIM][PF6] is asymptotic and 

indistinguishable to that of the smaller [EMIM][EtSO4] in Figure 5.1d. After a cathodic excursion, 

both [BMIM][PF6] and [HMIM][PF6] form negative plateaus, but especially in the case of 

[HMIM][PF6], these OCP signatures are not as long-lived and well-defined as those observed 

with [EMIM][EtSO4] (Figure 5.2a,b). OCP signatures for overscreening are still clearly visible 

for both [BMIM][PF6] and [HMIM][PF6], although shorter in the latter (insets in Figure 5.2). 

Crowding features, in the OCP–time plot, are clearly distinguishable only for [BMIM][PF6]. 

Extending the duration of the cathodic step, from one to six minutes, did not alter the dynamics 

of the OCP relaxation (Figure S9, Appendix 3). The ability to form ordered dipolar structures 

disappears for larger cations, such as for example with [P14666][NTf2] (Figure 5.2c), and despite 

previous reports suggesting that a more localized charge leads to stronger surface 

interactions,215 pyrrolidinium-based RTILs did not generate clear OCP signatures 

([BMPyrr][NTf2], Figure S10, Appendix 3).  

5.2.3 Effect of Electrode Material. There is also experimental evidence of a relationship 

between ordering on the liquid side of the interface and the mobility of surface atoms of the 

electronic conductor. Similarly to platinum, OCP plateaus were also observed on gold surfaces, 

but surprisingly they were not detected on covalent electrode materials of large self-diffusion 

activation energy,261 such as silicon and carbon (Figures S11–S13, Appendix 3). Further, 

plateaus recorded with gold electrodes were located at less negative voltages than for platinum, 

between −0.6 V and −0.7 V, an observation for which we do not yet have a satisfactory 

explanation (Figure S14, Appendix 3). Differences in double-layer structures for a given RTIL 

between platinum and gold are not unprecedented,262 but at present we can only speculate that 

a less negative OCP plateau for ordered dipolar structures on gold may relate to a difference 

in surface diffusivity between the two metals.263 

5.2.4 Polarizable Molecular Dynamics Studies. To understand these results, we conducted 

polarizable molecular dynamics 246 simulations for [BMIM][PF6], [EMIM][EtSO4], and 

[HMIM][PF6] in the presence and absence of an applied electric field of 0.2 V/Å along the z-

axis. Imidazolium-based ionic liquids are known to exhibit strong hydrogen bonding between 
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the C2−H bond on the imidazolium ring and electronegative atom on the anions.264 Radial 

distribution functions (RDFs, Figures 5.3a and 5.3c) of the (C2)H···F interionic distances 

indicate the significant changes in the short and long-range order of both PF6-based ionic liquids 

upon the application of the electric field. [EMIM][EtSO4] and [BMIM][NTf2] demonstrated smaller 

structural changes in the (C2)H···O interionic distances (Figures 5.3e and 5.3g), suggesting that 

the constituent ions do not require a significant change in the bulk arrangement to align with 

the electric field. Angular distribution functions (ADFs) of the C2–H···X bond (where X is either 

F (PF6−) or O (EtSO4
− and NTf2−; Figures 5.3b, 5.3d, 5.3f and 5.3h) clearly identify that the 

hydrogen bond in all three ionic liquids undergoes a change from a more directional hydrogen-

bond type (a peak at 130°) to a non-directional interaction above the imidazolium ring (a peak 

at 55°). The occurrence of the latter strongly suggests that ionic liquid ions re-align themselves 

in the electric field. Some anions become located right above the imidazolium ring, which  

 corresponds to a typical interionic interaction mode in these ILs.  

 

Figure 5.3. Normalized radial distribution functions of (C2)H–F distances in (a) [BMIM][PF6] 
and (c) [BMIM][PF6] and (C2)H–O distances in (e) [EMIM][EtSO4] and (g) [BMIM][NTf2]. Cone-
corrected angular distribution functions of C2–H–F angles in (b) [BMIM][PF6] and (d) 
[HMIM][PF6] and C2–H–O distances in (f) [EMIM][EtSO4] and (h) [BMIM][NTf2]. In all panels, 
blue lines denote behavior without an external field, and red lines denote behavior in an 
external 0.2 V/Å field. Insets in (b), (d), (f) and (h) are motifs representative of the two main 
peaks at 55° and 130°. 
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The strong alignment of the ion dipole moments with the field is presented in Figure 5.4. Ion 

dipole moments were calculated with centre-of-mass reference points, with magnitudes 

equivalent to the ‘charge arm’ calculated with respect to center of charge.265, 266 The alignment  

 is particularly stark for ions with non-zero dipole moments such as the imidazolium cations, 

EMIM+, BMIM+ and HMIM+, and the EtSO4
– and NTf2– anions. The PF6− anion that does not 

have a nominal dipole moment, when calculated in isolation, becomes strongly polarized in the 

presence of other ions, with the dipole moment also becoming aligned in the field. The 

alignment of the individual ion dipole moments is not perfect due to strong intermolecular 

interactions between ionic liquid ions in the range of 320 to 420 kJ mol−1 per single ion pair.267 

 The deviation from the field direction was estimated by calculating the average  angle 

between the apparent dipole moment of each ion and the direction of the field (Figures 5.5a 

and 5.5b). It is not surprising and rather reassuring that, in the absence of the electric field, the 

average  value was observed to be ~90° for all ions. This indicates a random distribution, with 

 

Figure 5.4. Visualizations of dipole moments of ions (a) BMIM+ and (b) PF6− in [BMIM][PF6], (c) 
HMIM+ and (d) PF6− in [HMIM][PF6], (e) EMIM+ and (f) EtSO4

− in [EMIM][EtSO4] and (g) BMIM+ 
and (h) NTf2− in [BMIM][NTf2] under a 0.2 V/Å electric field in molecular dynamics simulations. 
Dipole vector lengths are calibrated to 1 Å/D. 
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cone-corrected angular distributions in the Supplementary Information (Figure S15, Appendix 

3) serving as further proof. The situation changes dramatically as the field is introduced, with 

the average  value falling between 35.6° for EtSO4
− and 49.4° for EMIM+. Further analysis 

reveals that  only weakly correlates with the dipole moment of the ions, smaller  values 

loosely corresponding to larger dipole moments. In addition to the dipole orientation, each ion 

dipole moment was projected along the external field axis, Z, (Figures 5.5c and 5.5d). All ions 

besides PF6
− exhibit a strong projection ranging from 2.24 D for EMIM+ to 9.82 D for HMIM+. 

This is due to the strong permanent dipole moments present in the imidazolium cations, the 

EtSO4
–
 and the NTf2–, whereas the PF6

− anion does not have a permanent dipole moment due 

to symmetry. The projected induced dipole moment of PF6
− anions is not negligible, averaging 

0.53 D for both [BMIM][PF6] and [HMIM][PF6]. The alignment of these ion dipoles to the applied 

electric field induces an opposing internal electric field that, we hypothesize, is responsible for 

the OCP observed when the external field is removed. The process of the ion re-alignment is 

also accompanied by cations moving to the anode and anions moving to the cathode. In our 

MD simulations diffusion coefficients of cations and anions increased by four orders of 

magnitude on average when the field was applied (see Tables S3 and S4, Appendix 3). BMIM+ 

and HMIM+ cations in the PF6-based ionic liquids were found to diffuse slightly faster than 

cations in [EMIM][EtSO4] and [BMIM][NTf2], which can be explained by stronger hydrogen 

bonding preventing ions from moving freely in the latter. We also confirmed that the NTf2
− anion 

maintained its trans configuration throughout the entire simulation in an external electric field 

(Figure S16, Appendix 3). The calculated diffusion coefficients, ranging from 3.7 × 10−7 to 2.5 

× 10−6 m2 s−1, suggest that ions can easily move to electrodes, thus leading to crowding of 

cations at the anode as shown in Figure 5.1a. It was also noticed that the mobility of cations 

correlated with the projected dipole moment and the strength of intermolecular interactions 

within an ionic liquid. The ability of cations with a larger dipole moment and weak hydrogen 

bonding to anions to strongly re-align with an electric field is reflected in their increased diffusion 

coefficient. Since ions of opposite charge move in opposite directions in an electric field, it is 

not surprising that the projected dipole moment sum of the cation and anion did not correlate 

with the experimental OCP plateaus (Figure S17, Appendix 3). It is well known that cations will 

form a crowding layer next to the anode, thus creating a medium of different viscosity at the 

interface compared to that of the bulk of an ionic liquid. 
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The density of coverage also depends on the cation size, with larger cations creating less dense 

coverage. Therefore, it was hypothesized that the average projected dipole moment of cation 

corrected for changed viscosity at the electrode interface and cation size should correlate with 

the OCP. Since viscosity is inversely proportional to diffusion coefficient, the product of the 

projected dipole moment of cation with the ratio of predicted diffusion coefficient of cation and 

its volume gives a strong correlation to the observed OCP plateaus (Figure 5.6) with an R2 of 

0.907. This correlation suggests that the mobility of cations in an electric field plays a key role 

in the formation of a stable crowding interface at the anode resulting in negative OCP plateaus. 

Lower mobility of EMIM+ and BMIM+ in an electric field in ionic liquids with strong hydrogen 

bonding, reflected in small structural changes, allows for cations to form a more stable crowding 

interface, thus exhibiting the lower OCP plateaus (Figures 5.1c and S18, Appendix 3). This 

conclusion is further reinforced by the absence of a clear plateau in [P14666][NTf2] (Figure 5.2c), 

 

Figure 5.5. Average angles between ionic dipole moments and the z-axis (a) without an external 
electric field and (b) in an external field of 0.2 V/Å along the z-axis. Panel (c) displays mean ion 
dipole projections along the z-axis without an external electric field, and (d) in an external field of 
0.2 V/Å oriented along the z-axis. Error bars in (a)–(d) represent standard deviations. 
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in which the cation displays a negligible dipole moment and hence, very low mobility.265, 268 The 

presented MD simulations thus confirmed that ionic liquid ions are able to reorient their dipole 

moments along the external electric field without sacrificing their bulk structure to a great extent. 

5.3 Conclusions 

We have described a simple and straightforward method to detect order and electric fields of 

organized and long-lived ionic liquid double layers by open circuit potentiometry. We show that 

overscreened and crowded near-electrode 

structures are detectable as negative open-circuit 

signatures occurring within sharp potential 

windows, validating ionic liquids double layer 

models proposed by Kornyshev and co-workers.90 

Crowding manifests as negative OCP plateaus, 

which survive up to several tens of minutes. This 

structure rearranges into an overscreened double 

layer, lasting up to several days, where just a 

monolayer of counter-ions balances the surface 

charge. These fields can potentially be harnessed 

for the electrostatic catalysis of chemical 

reactions,10, 25, 72 for the development of safe 

supercapacitors, and can find applications in the 

emerging field of redox-enhanced electrochemical 

capacitors.269, 270 The presence of a stable blocking layer on the electrode may limit side 

reactions in electrosynthesis, such as reducing hydrogen evolution in the presence of trace 

water. Further, slow double layer dynamics in RTILs are known to manifest in voltammetry,239 

and to introduce hysteresis in capacitance measurements241; here we show that RTILs forming 

dense dielectric layers can be rapidly identified by OCP measurements. Polarisable molecular 

dynamics simulations demonstrated the loss of short- and long-range order in [BMIM][PF6], 

[HMIM][PF6] and to a lesser extent, [EMIM][EtSO4] and [BMIM][NTf2] under an external electric 

field. The ionic liquid ions were confirmed to align their dipole moments with the external field. 

The alignment of ions was found to depend on presence of strong hydrogen bonding in ionic 

 

Figure 5.6. Correlation of measured OCP 
values (crowding) of ionic liquids against 
the product of average dipole moment 
projections and diffusion coefficients in the 
electric field, divided by cation molar 
volumes.  
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liquids. Cations with larger projected dipole moments were also found to have increased 

mobility in an electric field.The projected dipole moment of the cation, corrected for its volume 

and mobility in an electric field, correlate well with the observed crowding OCP plateaus, 

suggesting that increased dipole moment strength and mobility prevent cations from forming a 

more stable crowding interface. This represents an excellent design parameter to predict the 

likelihood of forming stable ionic liquid bilayers having strong endogenous electric fields. 

5.4 Experimental Section 

5.4.1 Materials. Unless noted otherwise, all reagents were of analytical grade and utilized 

without further purification. Milli-Q™ water (>18.2 MΩ cm) was used for cleaning procedures 

and to prepare electrolytic solutions. 1-Ethyl-3-methylimidazolium ethyl sulfate (≥95%, Sigma, 

[EMIM][EtSO4]), 1-butyl-3-methylimidazolium hexafluorophosphate (≥97% Sigma, 

[BMIM][PF6]), 1-hexyl-3-methylimidazolium hexafluorophosphate (≥97%, Sigma, [HMIM][PF6]), 

trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide (>98%, Iolitec, Germany, 

[P14666] [NTf2]), 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (99.5%, Iolitec, 

Germany, [BMPyrr][NTf2]), 1-ethyl-3-methylimidazolium tetrafluoroborate (>98%, Iolitec, 

Germany, [EMIM][BF4]), 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (99%, 

Iolitec, Germany, [BMIM][NTf2]), acetonitrile (99.5%, VWR chemicals, USA, MeCN) and 

tetrabutylammonium perchlorate (≥98%, Sigma, Bu4NClO4) were used as received. The water 

content of all the ionic liquids used in this work was estimated by Karl Fisher titration (Mettler-

Toledo C20S Compact Coulometer, Honeywell HYDRANAL™ Coulomat AG reagent, Merck 

Water Standard 0.1%, USA), and with at least three samples measured for each ionic liquid. 

The water content readings between samples of the same ionic liquid varied less than 50 ppm, 

and the average values were: [EMIM][EtSO4], 930 ppm; [EMIM][BF4], 500 ppm; [BMIM][PF6], 

490 ppm; [HMIM][PF6], 745 ppm; [BMPyrr][NTf2], 125 ppm; [P14666][NTf2], 1215 ppm; 

[BMIM][NTf2], 100 ppm. 

5.4.2 Electrochemical Methods. All electrochemical measurements were carried out using a 

small (~4 mL) single-compartment three-electrode glass cell. Cyclic voltammetry (CV) and open 

circuit potentiometry (OCP) experiments were performed on an Emstat3 Blue potentiostat 

(PalmSens BV, Houten, Netherlands). Electrochemical impedance spectroscopy (EIS) 
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experiments were carried out using a CH 650D electrochemical analyser (CH Instruments, 

Austin, USA), imposing an AC potential amplitude of 15 mV (root mean square) over the DC 

offset (Edc) of the working electrode. The AC frequency was varied between 0.1 Hz and 0.1 

MHz. Reproducibility of the EIS data was highest at 1 kHz, as also observed by others,249, 271, 

272 and therefore capacitance–voltage data in this work refer only to this frequency. The Edc 

offset of the working electrode was ramped starting from the system’s initial OCP and moved 

towards the cathodic limit of the sweep. The sweep rate was 40 mV/s. This sampling approach 

is common practice for EIS experiments in molten salts.273 The out-of-phase impedance (Z″) 

was used to estimate the electrode capacitance (C   1/(ωZ″)−1). For all the electrochemical 

experiments the cell was loaded with a small sample (10 mL) of the ionic liquid, which was 

previous degassed by means of bubbling it with high-purity argon gas (99.997%, Coregas) for 

at least 20 min. Platinum wire was used as working and counter electrode for both CV and OCP 

experiments (0.5 mm diameter wire, 99.99+%, Goodfellow Cambridge Limited), while EIS data 

were recorded at platinum disk electrodes (eDAQ, ET052, 3 mm diameter). The size of the 

counter electrode was in excess of twenty times that of the working electrode. A plastic body 

silver/silver chloride “leakless” setup was used as the reference electrode (eDAQ, part ET072-

1, 3.4 M aqueous potassium chloride as filling solution). The active area of the platinum wire 

working electrodes was either 0.28 cm2 or 0.63 cm2, as determined from the refinement of a E 

model (DigiElch-Professional v7, ElchSoft) against experimental voltammogramms measured 

in 1.0 × 10−1 M MeCN/Bu4NClO4 and in the presence of 1.0 × 10−3 M of ferrocene (Fc in 

shorthand hereafter, Figures S19 and S20, Appendix 3). The active surface area of the platinum 

disk was 0.08 cm2 (Figure S21, Appendix 3). The size of the working electrode had no 

measurable effect on the OCP versus time results. The reference electrode was calibrated 

before and after each experiment against the apparent formal potential of the 

ferrocene/ferricenium couple (Fc/Fc+) measured with the platinum disk using 1.0 × 10–3 M Fc 

in 2.0 × 10−1 M MeCN/Bu4NClO4, and unless specified otherwise potentials are reported against 

the Fc/Fc+ couple. Electrochemical experiments were performed at room temperature (23 ± 2 

°C) inside a gas-tight acrylate box (Molecular Imaging, model GB306, USA) kept under nitrogen 

atmosphere. The nitrogen line was fitted with a Drierite™ gas drying unit (Sigma). Working and 

counter platinum electrodes were cleaned prior to the experiments by means of multiple cyclic 

voltammetry scans in aqueous 0.5 M sulfuric acid, ramping the potential between −0.2 and 1.0 
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V at a voltage sweep rate of 0.05 V s−1. Control experiments with gold, carbon and silicon 

surfaces were done using, respectively, gold wire of 0.25 mm diameter (99.999+%, 

Goodfellow), glassy carbon plates of 12.7 mm diameter (TED PELLA, Inc.), and highly doped 

monolayer-coated oxide-free silicon wafers (prime grade, CZ, 111-oriented (± 0.5°), 500 µm 

thick, single-side polished, boron-doped, 0.007–0.013 Ω cm, from Siltronix, S.A.S, Archamps, 

France). The gold wire was cleaned prior to the experiments by means of cyclic voltammetry in 

aqueous 50 mM sulphuric acid (sweeps in the –0.2 to 1.0 V range, at 0.05 V s−1). Glassy carbon 

electrodes were polished to mirror-like finish with alumina slurry (0.05 μm, eDAQ, ET033) on a 

polishing cloth (Struers). After the polishing step, the electrodes were sonicated in water for one 

minute.  

Hydrogen-terminated silicon electrodes were modified with an organic monolayer of 1,8-

nonadiyne (98%, Sigma-Aldrich) in order to passivate the oxide-free surface against anodic 

decomposition. The procedure follows minor modification of literature procedures.36, 39, 274 In 

brief, silicon wafers (1 × 1 cm) were kept for 30 min in piranha solution (100 °C, a 3:1 (v/v) 

mixture of concentrated sulfuric acid and 30 % hydrogen peroxide), then rinsed with water, and 

etched for 10 min in deoxygenated aqueous ammonium fluoride (40 wt. %). A small amount of 

ammonium sulfite was added to the etching solution as oxygen scavenger. Hydrogen-

terminated silicon samples were then rinsed with water, dichloromethane, dried under a flow of 

nitrogen, and then covered with a deoxygenated sample of 1,8-nonadiyne. The silicon sample 

was then kept under nitrogen for 2 h at a distance of approximately 200 mm from a 312 nm UV 

source (Vilber, VL-215.M). The chemically passivated silicon electrodes were rinsed with 

dichloromethane, rested for 24 h in a sealed vial under dichloromethane at +4 °C, and then 

blown dry under a nitrogen stream before being analyzed. The silicon electrodes were mounted 

in a three-electrode and single-compartment polytetrafluoroethylene (PTFE) custom cell where 

a circular Viton gasket defined the geometric area of the working electrode to 0.28 cm2. Ohmic 

contact between the back of the silicon sample and a copper plate was achieved by gently 

scribing the back of the electrode with emery paper before applying on it a small amount of 

gallium−indium eutectic. The topography of both silicon and carbon samples was estimated 

before the electrochemical experiments by atomic force microscopy (AFM). AFM data were 

acquired on a Park NX10 (Park Systems Corporation, Suwon, Korea). The scanning was 

conducted in True Non-Contact™ mode. The silicon sample was fixed on a steel plate using 
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carbon tape, and then mounted on the AFM magnetic sample holder. Imaging was done in air, 

at room temperature, using n-type silicon AFM probes (OCML-AC160TS, Olympus 

Corporation, Tokyo, Japan) with a nominal resonance frequency of 300 kHz and a spring 

constant of 26 N/m. The image size was set to 5 × 5 μm, the resolution to 256 points/line, and 

the scan rate to 1Hz (Figures S22 and S23, Appendix 3). Prior to the OCP−time measurements, 

electrodes were left to equilibrate in contact with the ionic liquid sample until the first derivative 

of the OCP versus time traces (dV/dt) dropped below |0.0001|. This was normally achieved 

within five minutes of immersing the electrodes in the liquid (Figures S24–S27, Appendix 3). 

After this initial stabilization phase, a potential step of variable magnitude and sign was applied 

to the working electrode. Unless specified otherwise the duration of this potential pulse was 60 

s. OCP recording was resumed immediately after the pulse. The time that elapsed between the 

anodic, or cathodic, excursion and the resuming of the OCP measurement was less than 2 s. 

5.4.3 Computational Methods. The CL&Pol275-277 force field optimized for ionic liquids was 

enforced on periodic simulation boxes containing 125 ion pairs of [BMIM][PF6], [HMIM][PF6] 

and [EMIM][EtSO4]. Where necessary, kij parameters were calculated (See Table S1, Appendix 

3). All systems had initial structures produced with PACKMOL,278 and were initially equilibrated 

for 5 ns in an NpT ensemble, proving to be ample time for each system’s density to converge 

(Figure S28, Appendix 3). Average densities from the last nanosecond of equilibration were 

within 5% of experimental values (see Table S2, Appendix 3), with corresponding average 

volumes enforced for 10 ns NVT production runs. Separate NVT runs from identical restart files 

were performed, with the absence or presence of a 0.2 V/Å external field along the positive z-

axis direction. Initially, all systems were allowed 0.1 ns to deform to the average box volume, 

and a further picosecond to align with the electric field where necessary before the production 

run. In all simulations, Nose-Hoover temperature grouped thermostats and barostats were 

used, with atoms thermalized to 353 K and drude particles thermalized to 1 K, and a 1 fs 

timestep was used in all simulations. The LAMMPS279 software package was used to run all 

simulations, utilizing the USER-DRUDE module. Trajectory analysis was performed using 

TRAVIS280, 281 software, with dipole moments calculated with force field charges, and each ion’s 

centre of mass as a reference point. The magnitude of these calculated dipole moments are 

also known as the ion’s ‘charge arm.’ Volume of cations was calculated based on the previously 
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published methodology.268 The volume for EMIM+ was taken from that work268 and the volumes 

of BMIM+ and HMIM+ cations are given in Table S5, Appendix 3. The diffusion coefficients were 

measured as the slope of the mean standard deviation (MSD) of each ion's centre of mass. All 

contributions of each ion across the production runs were considered, with maximum 

correlation times set to 30% of the trajectory. Correlation times of 1.5 to 3.0 ns were sampled, 

and produced linear fits of correlation coefficients of at least 0.99 in all cases. These analyses 

were performed with TRAVIS. 
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Chapter 6: Separating convective from diffusive mass 

transport mechanisms in ionic liquids by redox pro-

fluorescence microscopy 

Chapter 2 and Chapter 4 presented the ECL of fireflies’ luciferin.  In Chapter 2, in electrolyte-

supported molecular solvents (along with the spectral tuning of luciferin), and then, in Chapter 

4 in RTILs. Moreover, the fluorescence of the final product of the luciferin ECL has been briefly 

mentioned. Pro-fluorescence dyes are widely used in imaging, from chemistry to medicine and 

compared to ECL, fluorescence allows a higher emission intensity and better reproducibility. In 

Chapter 5, a new straightforward way to probe the EDL in RTILs was proposed. Combing the 

findings presented in the previous chapters, the idea was to study the EDL in RTILs using 

luciferin ECL. However due to the low yields of ECL in RTILs (as shown in Chapter 4) 

fluorescence microscopy was employed. 

In Chapter 6, in the form of Paper 4 (Mattia Belotti, Mohsen M. T. El-Tahawy, Marco Garavelli, 

Michelle L. Coote, K. Swaminathan Iyer, and Simone Ciampi. Separating Convective from 

Diffusive Mass Transport Mechanisms in Ionic Liquids by Redox Pro-fluorescence Microscopy 

Anal. Chem. 2023, 95, 26, Pages 9779–9786, DOI 

https://doi.org/10.1021/acs.analchem.3c00168), the fluorescent of oxyluciferin is exploited to 

locally measure the diffusivity in RTILs during electrochemical process. The central feature of 

most electrochemical studies is a measurement of reactant and product diffusivity. Information 

on diffusion coefficients is generally obtained by modelling current transients and cyclic 

voltammetry data. Such indirect measurements however lack spatial resolution, can only 

provide an “average” diffusivity, and most importantly, are only accurate if mass transport by 

convection is negligible. Detecting and accounting for adventitious and localized convective 

disturbances in viscous and wet solvents, such as ionic liquids, remains an unmet technical 

challenge. Addressing this challenge requires developing experimental systems capable of 

visualizing and tracking the diffusion of electrode products with spatiotemporal resolution. In 

this chapter, an optical method to track the mass transport of electrode products in wet or dry, 

quiescent, or turbulent, ionic liquid–electrode interfaces. The electrochemical conversion of 

luciferin into oxyluciferin has been applied to demonstrate a proof-of-principle optical 

measurement of superoxide radical anions diffusion coefficients. The homogeneous reaction 

https://doi.org/10.1021/acs.analchem.3c00168
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of pro-fluorescent luciferin with electrochemically generated superoxide yields fluorescent 

oxyluciferin: a visual handle on mass transport. Herein, it is shown that in viscous solvents, 

where mass transport by convection is likely to interfere with diffusion for instance due to gas 

evolving side reactions, diffusion coefficients are likely to be overestimated by at least one order 

of magnitude. Such large errors are prevented through this new optical measurement of 

diffusivity. This method can also be applied to the study of reactive oxygen species lifetimes, 

near-electrode double layer order and structure, and simplifies the study of mass transport at 

electrodes of non-canonical geometry. 

6.1 Abstract 

The study of electrochemical reactivity requires analytical techniques capable of probing the 

diffusion of reactants and products to and from electrified interfaces. Information on diffusion 

coefficients are often obtained indirectly by modelling current transients and cyclic voltammetry 

data, but such measurements lack spatial resolution and are accurate only if mass transport by 

convection is negligible. Detecting and accounting for adventitious convection in viscous and 

wet solvents, such as ionic liquids, is technically challenging. We have developed a direct, 

spatiotemporally resolved optical tracking of diffusion fronts which can detect and resolve 

convective disturbances to linear diffusion. By tracking the movement of an electrode-

generated fluorophore we demonstrate that parasitic gas evolving reactions lead to ten-fold 

overestimates of macroscopic diffusion coefficients. An hypothesis is put forward linking large 

barriers to inner-sphere redox reactions, such as hydrogen gas evolution, to the formation of 

cation-rich overscreening and crowding double layer structures in imidazolium-based ionic 

liquids. 

6.2 Introduction 

Room temperature ionic liquids (RTILs) are salts with melting point below 25 °C.282 They are 

non-volatile ionic conductors, with emerging applications in technologies and processes 

ranging from batteries,283 to supercapacitors,220 electrocatalysis,284 and sensing.285, 286 For all 

RTIL-based electrochemical applications it is important to first obtain a correct and complete 

understanding of mass transport of reactants and products towards and away from the 

electrode.287-289 Equally important is to access quantitative information on structures and 
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dynamics of the electrode–RTIL interface.18, 90, 92, 152, 243 For instance, insights on double layer 

order obtained by atomic force microscopy (AFM),94, 290 Raman spectroscopy,93 and more 

recently even through simple measurements of open circuit potential,152 have shown the 

existence of compact cation or anion-rich layers near polarized electrodes.152 It can be 

supposed that such highly ordered and compact RTIL arrangements, which can persist for 

several hours if formed in response to negative electrode biases,152 will introduce a kinetic 

limitation to heterogeneous charge-transfer reactions, especially for reactions highly dependent 

on the nature of the electrode interface, such as inner-sphere reduction of water, oxygen or 

protons.291, 292 Opposite to outer-sphere reactions, which proceed at appreciable rates even 

when there exist a solvent layer between electrode and reactant, inner-sphere reactions require 

a strong interaction between electrode’s surface and molecule being oxidized or reduced.16, 291, 

293 

Hence a near-surface compact arrangement of large organic cations is likely introduce a barrier 

to a common unwanted inner-sphere reaction: evolution of hydrogen as bubbles.291, 294 Parasitic 

evolution of gas bubbles at electrodes is a common occurrance,153, 295-297 and partial masking 

of the electrode’s surface by a gas cavity can decrease its capacitance,298 or cause an increase 

in electrical conductivity during electrolysis.299-301 Beside the loss of electroactive area, a 

convective contribution to mass transport will appear as the surface-pinned bubble grows and 

eventually departs the electrode.302 Such bubble-induced “disturbance” to diffusion – a localized 

and transient stirring – is often neglected and/or hard to account for.303 In this work we seek to 

develop a simple tool to quantify, and to map across a macroscopic electrode, the impact of 

adventitious gas evolution reactions on the analysis of mass transport in RTILs. The study of 

reactant and product diffusivity is a central feature of most electrochemical investigations,155, 

304 but in conventional “one-electrode, one-lead”196 measurement, local information on 

convection disturbances to quiescent diffusion are inevitably lost. 305-307 In the 1990s Engstrom 

and co-workers began developing fluorescence microscopy-based approaches to access two-

dimensional information on concentration gradients across macroscopic electrodes.148, 149, 308 

The same group also applied electrochemiluminescent (ECL) reactions to map current 

heterogeneity due to non-uniform diffusion at the edge of microelectrodes,146, 147, 309 

demonstrating the electroanalytical value of optical techniques.82, 194, 310 Other groups have 

since then explored similar research lines, and have for example by developing 



83 
 
 

electrofluorochromic redox couples to monitor the evolution over time of electrode 

concentration profiles and pH gradients.150, 311-316 

In this paper we develop a strategy for the visualization of diffusion fronts by means of tracking 

the movement of electrochemically generated fluorophores. Such spatiotemporally resolved 

data on diffusion coefficients allowed us to detect and quantify bubble-induced convective 

disturbances of nominally quiescent electrode systems. We have applied this optical approach 

– redox profluorescence microscopy – to RTILs that have a different propensity of forming 

compact double layer cation-rich structures, hence a different intrinsic inhibition of adventitious 

inner-sphere gas-evolving redox reactions. The electrode-generated fluorophore is oxyluciferin 

(ox–luc, Figure 6.1a),317 which is the final product of the cathodic electrochemiluminescent 

(ECL, Figure 6.1b) light-path of non-fluorescent firefly’s luciferin adenylate ester (AMP–luc).201 

6.3 Experimental Section  

6.3.1. Materials. Unless stated otherwise, all reagents were of analytical grade and used 

without further purification. Milli-Q™ water (> 18.2 MΩ cm) was used for cleaning procedures 

and, where specified, for adjusting the water content of the RTIL samples. D-luciferin sodium 

salt (≥95%, Cayman Chemical Company, Michigan) was used as starting material for the 

synthesis of firefly luciferyl adenylate (hereafter AMP‒luc). AMP‒luc was prepared and titrated 

as described previously.111, 201 Pyridine (≥99.5%) and acetonitrile (≥99.9%, MeCN) were 

purchased from Honeywell (North Carolina). 1-Butyl-1-methylpyrrolidinium bis-

(trifluoromethylsulfonyl)imide (99.5%, [BMPyrr][NTf2]), 1-ethyl-3-methylimidazolium 

tetrafluoroborate (>98%, [EMIM][BF4]) were purchased from Iolitec (Germany). Adenosine 5’-

monophosphate monohydrate (≥97%, AMP), N,N'-dicyclohexylcarbodiimide (99%,), 1-ethyl-3-

methylimidazolium ethyl sulfate (≥95%, [EMIM][EtSO4]), tetrabutylammonium 

hexafluorophosphate (≥99.0%, Bu4NPF6), bis(cyclopentadienylcobalt(III) hexafluorophosphate 

(98%, Cc+), bis(pentamethylcyclopentadienyl)cobalt(III) hexafluorophosphate (98%, Me10Cc+) 

and ferrocene (98%, Fc, sublimed before use) were purchased from Sigma. The water content 

in RTIL samples was estimated by Karl–Fisher (KF) titrations using a C20S compact KF 

coulometer (Mettler–Toledo, Ohio). Hydranal™ Coulomat AG reagent for the KF titration was 

purchased from Honeywell (North Carolina), and the 0.1% water standard was from Merck 
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(Germany). At least three KF titrations were performed for each RTIL. The reported values 

([EMIM][EtSO4], 930 ppm; [BMPyrr][NTf2], 125 ppm; [EMIM][BF4], 2400 ppm) are the arithmetic 

average of the three titrations.  

6.3.2 Fluorescence and ECL imaging. Unless specified otherwise, time-resolved 

fluorescence and ECL images were recorded on a Nikon ECLIPSE Ti2-U inverted microscope 

fitted with a custom-built optoelectrochemical single-compartment, three-electrode cell (Figure 

S1, Supporting Information, Appendix 4). Microscopy experiments were performed in a dark 

room, at room temperature (23 ± 2 °C) in air, and within 10 min of exposing the electrolytic 

AMP‒luc solution to the atmosphere. For the fluorescence experiments the microscope was 

 

Figure 6.1. (a) Proposed mechanism for the cathodic electrochemiluminescence (ECL) of 
AMP‒luc.201 (b) The reaction of AMP‒luc (0.4 × 10−3 M, oxygen-saturated, −2.0 V vs 
Ag/AgCl) with electrode-generated superoxide leads to the excited state of ox‒luc, which 
relaxes emitting red light. The red ECL emission is intense for electrolyses in 2.0 × 10−1 M 
Bu4NClO4/DMSO (10× magnification, CMOS sensor camera, unmodified micrograph) but 
very faint in [EMIM][EtSO4] (Laowa 25 mm F/2.8 2.5−5X, back-illuminated CMOS sensor, 
micrographs edited to maximise contrast). The scale bar is 100 µm. (c) Cathodic AMP‒luc 
ECL spectrum recorded in [EMIM][EtSO4]. (d) Optical excitation of an electrolyzed AMP‒
luc/[EMIM][EtSO4] triggers the green fluorescence of the ox‒luc enol product.  
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fitted with a Plan Apo λ 10×/0.45 objective (part n. 88-379, Nikon, CFI Plan Fluor), a back-

illuminated CMOS monochrome camera (DS-Qi2, Nikon), and a FITC filter/dichroic mirror cube 

(LED-FITC-A-NTF-ZERO, single band excitation filter 461.0–487.5 nm, single band emission 

filter 502.5–547.5 nm, and 495 nm dichroic beamsplitter, BrightLine®, Semrock, California). 

Fluorescence videos were recorded selecting a 20 ms exposure time, a capture rate of 5 

frame/s, and a 1× gain. Microscopy experiments to map ECL in organic solvents (AMP‒luc in 

Bu4NClO4/DMSO, e.g. video frame in Figure 1b, upper right section) were recorded using a 

colour camera (DS-Fi3, Nikon), setting the exposure to 1.0 s, and without filtering nor light 

excitation. ECL intensities for solutions of AMP‒luc in RTILs were however to dim to be 

captured with the DS-Fi3 camera, so that ECL images (e.g. lower left section of Figure 1b, 

cathodic electrolysis of AMP‒luc in [EMIM][EtSO4]) were recorded with a more sensitive DSLR 

camera (Nikon D850) equipped with back-illuminated CMOS image sensor and using an ultra 

macro lens (Laowa 25 mm F/2.8 2.5–5X). The fluorescence of non-fluorescent AMP‒luc 

solutions (4 × 10−3 M, ~10 mL) was triggered electrochemically by applying a short (30 s) 

cathodic bias (−2.0 V vs reference electrode) to a platinum mesh working electrode (SEC-C 

Gauze, 80 mesh, 80 µm wire diameter, 7 × 6 mm outer size, purchased from BASi, Indiana). 

The reference electrode was a plastic body “leakless” Ag/AgCl electrode (eDAQ, part n. ET072-

1, with 3.4 M aqueous potassium chloride as filling solution) and a platinum coil served as the 

counter electrode (0.5 mm diameter wire, 99.99+%, Goodfellow Cambridge Limited). The 

electrodes were connected to a portable potentiostat (Emstat3 blue, PalmSens BV, 

Netherlands). The AMP‒luc solutions were bubbled with oxygen gas (≥99.95%, Coregas) for 

at least 20 min prior to the experiments. The platinum electrodes were cleaned daily through at 

least 50 consecutive cyclic voltammetry cycles (from −2.0 V to 1.0 V, potential scan rate of 0.01 

V s−1) in 5.0 × 10−1 M aqueous sulphuric acid. Local diffusivity values were calculated by 

analyzing the movement of the ox–luc fluorescent front away from the platinum surface. Time-

stamped fluorescence intensity profiles were analysed with the open source image processing 

package Fiji,318 in order to determine the distance (r) from the electrode surface at which the 

fluorescence intensity falls to half of its maximum value. This distance (r) was tracked as 

function of the time (t) after the cathodic pulse, and used to estimate diffusion coefficients (D) 

by assuming an Einstein’s random walk (r2 = 2Dt).319, 320 This procedure was repeated for 10 

different videos for each RTIL type, with at least 10 different locations analyzed in each video. 
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Fluorescence images were not background subtracted, and no attempts were made to improve 

contrast and sharpness. ECL images for RTIL samples were background-subtracted. 

6.3.3 Photon counting. A single-photon counting module (SPCM-AQR-14, Excelitas 

Technologies), interfaced with an avalanche photodiode (APD) controller (Nanonics Imaging 

Ltd. time constant was set to 1.0 ms), was used to perform quantitative ECL measurements. A 

data logger (DrDAQ, Pico Technology) was used to record photon count rates. Electrolytic 

AMP‒luc solutions and the three electrodes described for the fluorescence imaging 

experiments were placed inside a quart cuvette (10 mm optical path, Starna Pty Ltd., Australia). 

The cuvette was fitted with a custom PTFE cap/electrode holder to ensure reproducible 

electrodes positioning. 

6.3.4 Fluorescence and ECL spectroscopy. ECL and fluorescence spectra were recorded on 

a Cary Eclipse (Varian, California) fluorescence spectrophotometer operated either in 

Bio/Chemi-luminescence mode (ECL, no excitation) or in Fluorescence mode (474 nm, 

excitation). The experiments were performed using the cuvette described in the Photon 

counting section, and the electrodes are described in the Fluorescence and ECL imaging 

section. The spectrometer’s photomultiplier voltage was set to 800 V and the emission slit to 

20 nm for both ECL and fluorescence measurements. The fluorescence excitation slit was set 

to 20 nm.  

6.3.5 Open circuit potentiometry. Time-resolved open circuit potential (OCP) measurements 

were performed with an Emstat3 Blue potentiostat (PalmSens BV, Netherlands). A small RTIL 

sample (~5 mL) was loaded in a 10 mL beaker and degassed by means of bubbling argon gas 

(99.997%, Coregas) through it for at least 20 min. A platinum mesh (SEC-C Gauze, 80 mesh, 

BASi, Indiana) was used as working electrode, a platinum coil as counter electrode, and an 

Ag/AgCl “leakless” as the reference electrode (eDAQ, part ET072-1). The reference electrode 

potential was calibrated against the apparent formal potential of the ferrocene/ferricenium 

couple (Fc/Fc+) as measured by cyclic voltammetry at a platinum disk electrode (eDAQ, ET052, 

3 mm diameter) using the above specified reference and counter electrodes and a 1.0 × 10−3 

M ferrocene solution in 1.0 × 10−1 M Bu4NClO4/MeCN. The working electrode was polished with 

alumina slurry (0.05 µm, eDAQ, ET033) and then cleaned electrochemically as described in 
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the Fluorescence Imaging section. The OCP measurements were started immediately after a 

60 s cathodic pulse (−2.0 V relative to the initial, rest, OCP). To determine the working 

electrode’s rest OCP, electrodes were let to equilibrate in the RTIL sample for at least 5 min 

after the end of the bubbling procedure. The length of the equilibration period was such to 

generally obtain a sufficiently stable OCP (dV/dt below |0.0001|). All OCP experiments were 

performed inside an acrylate glove box (Molecular Imaging, model GB306) kept under nitrogen 

gas that was dried with a Drierite™ gas-drying unit.  

6.3.6 Cyclic voltammetry. Cyclic voltammetry experiments were carried out inside a custom-

built acrylate glovebox kept under positive argon flow (4.0 L min−1, >99.999%, Coregas, 

Australia) using an Emstat3 Blue potentiostat (PalmSens BV, Netherlands) and a single-

compartment, three-electrode glass cell. The cell was loaded with ~25 mL of either ferrocene 

(Fc), cobaltocenium hexafluorophosphate (Cc+), or decamethylcobaltocenium 

hexafluorophosphate (Me10Cc+) solutions (1.0 × 10−3 M) in RTILs. Solutions were degassed 

prior to the measurements by means of a 20-min argon bubbling procedure. The working 

electrode was a platinum disk (eDAQ, ET052, 3 mm diameter), the counter electrode a platinum 

coil and the reference electrode a “leakless” Ag/AgCl electrode (eDAQ, part ET072-1). The 

working electrode was first polished with alumina slurry (0.05 µm, Dace Technology, Arizona) 

and then cleaned as described in the Fluorescence and ECL imaging section. 

6.3.7 Digital simulations of voltammograms. Digital simulations of cyclic voltammograms 

were run on DigiElch8 (Gamry Instruments, Pennsylvania). Kinetic, thermodynamic and 

transport parameters were simulated by fitting data sets that covered a broad range of scan 

rates (from 1.0 × 10−2 to 5.0 V s−1), and assuming an E mechanism. Charge transfer kinetic 

parameters were estimated using Butler–Volmer kinetics. Diffusion was modelled as semi-

infinite 1D diffusion, and the symmetry factor, α, was set to 0.5. The cell iR drop was left 

uncompensated during the measurements and the actual value measured by electrochemical 

impedance spectroscopy prior to each experiment and then used for the simulations. Cells 

resistance values were approximately 400 Ω for [EMIM][EtSO4], 570 Ω for [BMPyrr][NTf2] and 

150 Ω for Bu4NPF6/MeCN. 
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6.4 Results and Discussion 

As shown in the top-right section of Figure 6.1b, the cathodic electrolysis of an oxygenated 

solution of AMP–luc in an organic solvent-based electrolyte (DMSO/Bu4NClO4) leads to a red 

glow visible to the naked eye (Figures S2–S3, Supporting Information, Appendix 4). The same 

electrolysis performed in RTILs, rather than in organic solvents, is however significantly less 

emissive (Figure 6.1b, and Figure S3, Supporting Information).321 The ECL reaction is triggered 

by electrode-generated superoxide (Figure 6.1a and Figures S4, S5 and S6 Supporting 

Information).201 As superoxide diffuses away from its generation site, the ECL’s front also moves 

away from the platinum–RTIL interface. But while on one hand in DMSO/Bu4NClO4 it is possible 

to track the movement of this front (Figure S7, Supporting Information, Appendix 4), and 

therefore to estimate optically a diffusion coefficient for superoxide (2.62 × 10−6 cm2 s−1 in 

agreement with previous reports),201 on the other hand in RTILs the AMP–luc ECL reaction is 

too dim. Consequently, tracking optically the movement of the ECL front does not constitute a 

viable means of estimating diffusivities in RTILs. However, and very fortunately, the ECL 

product, ox‒luc (Figure 6.1d), is fluorescent. Excitation with blue light of AMP–luc solutions 

undergoing electrolysis results in a bright green fluorescence which can be imaged with a 

CMOS camera and selecting exposure times as low as 20 ms (Figure 6.2a). Access to such 

fast capture rates, by focusing on redox pro-fluorescence rather than on ECL, means that the 

superoxide diffusion front can be visually mapped even in highly viscous RTILs (Figure 6.2a–

c). Spatiotemporal D information become therefore available, data which are not accessible 

through conventional hydrodynamic measurements of diffusivity, such as rotating disk 

electrodes.322 For example, from microscopy data as in Figure 6.2a–c the evolution of the 

fluorescence front can be rapidly sampled at several hundred different locations across the 

platinum electrode. The plot in Figure 6.2d shows the movement of the front at one of the ~200 

locations analyzed (marked as A–B). The distance (r) travelled over time (t) by the front (taken 

arbitrarily as the point with an intensity half of the maximum value) along the A–B line away 

from the electrode, was used to compute diffusivity assuming an Einstein’s random walk (r2   

2Dt). Data at electrolysis times beyond ~3 s were discarded since, as shown by Amatore and 

co-workers, natural convection becomes then dominant leading to underestimate the diffuse 

layer thickness.323-325 The histogram in Figure 6.2e shows the distribution across the 

macroscopic sample of the optically determined D. The mode of D is 4.80 × 10−7 cm2 s−1, but  
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 while for example the fluorescent front moves along the A–B line with a D of 5.25 × 10−7 cm2 

s−1, the same measurement along A’–B’ indicates a slightly smaller D (3.35 × 10−7 cm2 s−1).  

 

Figure 6.2. (a–c) Selected time-stamped fluorescence micrographs (10× magnification) 
recorded during the cathodic electrolysis (−2.0 V vs Ag/AgCl) of an oxygen-saturated AMP‒
luc solution (0.4 × 10−3 M in [EMIM][EtSO4]) at a platinum mesh electrode. Scale bars in (a–
c) are 100 µm. (d) Representative fluorescence intensity plot profiles, sampled along the A–B 
line marked in (a–c), recorded 0.1, 1.1 and 2.1 s after the working electrode bias is stepped 
from open circuit to −2.0 V. The analysis of the movement over time of the superoxide diffusion 
front (triggering the ox–luc formation), as shown in (d) for a representative location, was 
repeated for at least 20 different working electrode locations per experiment, and at least 10 
independent experiments were used to build the histogram plot shown in (e). The D values 
shown in (e) are calculated from the distance travelled by the fluorescence front between 0.1 
s and 2.1 s, and as shown in (d), diffusivity is approximatively uniform over this time interval. 
(f) Representative OCP‒time measurement for a platinum mesh working electrode immersed 
in [EMIM][EtSO4] (930 ppm of water). The electrode’s OCP was recorded continuously for 20 
h, starting after the application of a 60 s negative pulse (−2.0 V vs the initial OCP). The 
horizontal dotted line represents the initial (rest) OCP value. The cartoons show the schematic 
depictions of overscreening and crowding near-electrode cation-rich structures RTILs.90, 152 
The overscreening OCP signature remains stable for several hours, while the crowding 
plateau (inset) lasts for only ~15 min. The grey shaded area in (f) indicates the data expanded 
in the figure’s inset (crowding). 
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 Such local differences in D, most likely due to natural convection,323-325 would however be lost 

 

Figure 3. Time-stamped fluorescence micrographs (10× magnification) recorded (a) 0.1 s 
and (b) 5.1 s after the application of an external bias (−2.0 V vs Ag/AgCl) to an oxygen-
saturated AMP‒luc solution (0.4 × 10−3 M in [EMIM][BF4], 2400 ppm of water). Scale bars 
are 100 µm. The movement of the fluorescent front was tracked at ~60 electrode locations 
(8–9 locations across 7 videos of 7 samples) close to sites where gas bubble are visible (e.g. 
along the A’–B’ line), and at ~60 locations (8–9 locations across 7 videos) at least 100 µm 
away from bubbles (e.g. A–B line). (c) Histogram plot for the optically determined superoxide 
D values in [EMIM][BF4]. Blue bars indicate measurements taken at electrode sites with clear 
convective (bubbles growing) disturbances, and red bars for measurements at quiescent 
sites. The D values in (c) are calculated from the distance travelled by the front after an 
electrolysis time of 5.1 s. 
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in a conventional electrochemical measurement and even advanced forms of redox microscopy 

would not be able to access these information.82, 194, 310 A small level of lateral asymmetry in the 

overall fluorescence intensity is visible in micrographs (e.g. Video S2) but was not due to the 

relative position of counter and working electrodes (Figure S8, Supporting Information), as 

observed before for ECL systems.311 In addition to natural convection, it is possible that a lateral 

heterogeneity in current density (across the Pt mesh) may lead to material transport via 

diffusioosmotic fluid flow,326, 327 which in turn may lead to the observed asymmetry. The average 

D obtained in [EMIM][EtSO4] is one order of magnitude smaller than in DMSO,201 as it expected 

based on the higher viscosity of the former (~100 cP vs. 2.0 cP).328  

During the cathodic electrolysis of AMP–luc [EMIM][EtSO4] the interface remains relatively 

quiescent and the distribution of D across the electrode surface is therefore relatively narrow 

(Figure 6.2e). This is surprising, as despite both the large negative potential used to trigger the 

pro-fluorescent reaction (−2.0 V vs Ag/AgC for 15 s) and the moderate level of water content in 

[EMIM][EtSO4] (930 ppm), yet there was no evidence of hydogen bubbles forming on the 

electrode. The formation and departure from the electrode of gas bubbles would have 

introduced convection hence caused highly dispersed D values. This leads to the question of 

what prevents in [EMIM][EtSO4] gas evolution at such negative voltage biases. As introduced 

above, some RTILs form compact and long-lived cation-rich double layer structures on 

negatively biased electrodes. The compactness of such RTILs structures has been detected by 

Atkin and co-workers as a mechanical resistance to AFM tips approaching biased 

electrodes,290, 329and manifest stable and discrete open circuit potential (OCP) plateaus.152 For 

example, OCP–time data in Figure 6.2f show that with [EMIM][EtSO4], the imidazolium-rich 

layer formed at a platinum cathode persists for nearly 10 h once the cathodic bias has been 

removed. Only mechanical shaking of the electrochemical cell disrupts prematurely such 

ordered double-layer arrangement.152 More specifically, once the exogenous field (the negative 

electrode bias) is removed and the OCP logging started, both crowding and overscreening 

structures persist for ~15 min and ~10 h, respectively (Figure 6.2f).90, 152 Notably, in the 

fluorescence experiments described above the cathodic bias is not interrupted, hence cation-

rich interfacial layers are likely to be present for the entire duration of the AMP–luc electrolysis. 

Although unlikely to interfere with the relatively anodic reduction of oxygen (Figure S9, 

Supporting Information, Appendix 4), we believe this compact layer, especially crowding, is 
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introducing a kinetic barrier to inner-sphere redox reactions, preventing, despite the presence 

of substantial levels of water, gas evolution even under very negative voltages. The formation 

of crowding and overscreening structures in [EMIM][EtSO4] hinders the reduction of water 

traces to the point that this relatively hydrophilic RTIL (~1000 ppm of water) behaves alike an 

hydrophobic RTIL such as [BMPyrr][NTf2] (~100 ppm of water, Figure S10 , Supporting 

Information, Appendix 4). For both RTILs, the lack of bubble-induced convective disturbances 

accounts for a relatively narrow distribution of D values across the macroscopic electrode. 

By mapping the ox–luc fluorescent front, a large dispersion in the diffusivity characteristics 

were however revealed for RTILs that do not form compact double-layers. For instance, in 

[EMIM][BF4] (34 cP, ~2400 ppm of water) mapping diffusion fronts at random locations across 

the electrode unveiled superoxide D values spread over nearly four orders of magnitude (Figure 

6.3). [EMIM][BF4] does not have a significant barrier to water reduction (Figure S11, Supporting 

Information, Appendix 4) and hydrogen bubbles form on the electrode during the cathodic 

electrolysis of AMP–luc. Notably, when D is measured far away from a growing bubble, such 

as at the A–B line marked in Figure 6.3a–b, its value is, as expected, lower than for the less 

viscous [EMIM][EtSO4] and experimental D values felt within a relatively narrow range (Figure 

6.3c, red bars). Growing bubbles are clearly visible in the fluorescence micrographs (Figure 

6.3b) and tracking the movement of ox–luc near the gas cavities – sites where quiescent 

diffusion is disturbed by convection – led to a significant local overestimate of D (Figure 6.3c, 

blue bars). 

This spread in the superoxide diffusion coefficient in [EMIM][BF4] is caused by the lack of a 

barrier towards inner-sphere reactions and not by the large hydrophilicity of this RTIL. For 

instance [EMIM][EtSO4] does not show any evolution of bubbles even when deliberately spiked 

with 2% of water (Figure S12a, Supporting Information, Appendix 4). Even with such large level 

of water, the [EMIM][EtSO4]–electrode interface retains its ability to form compact electrostatic 

structures detectable as long-lived negative OCP plateaus (Figure S12b, Appendix 4). 

[EMIM][BF4] on the other hand cannot favourably align with the electrode electric field even at 

water levels as low as 500 ppm.152 The growth rate of the bubbles is not uniform, hence unlike 

for quiescent systems (Figure 6.2d), apparent D values measured on bubbles are not uniform 

over time (Figure S13, Supporting Information, Appendix4). The formation of stable double 
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layers is strongly influenced by the nature of the RTIL, and for example cations with smaller 

alkyl chains can more easily pack at the a negative charged surface compared to larger 

cations.216 However, [EMIM][EtSO4] and [EMIM][BF4] share the same cation, thus the strikingly 

different ability to form stable double layers is due to difference in the anion. Specifically, the 

reason lies in the [BF4] anion lacking a dipole moment. The stronger dipole moment of [EtSO4] 

facilitates its alignment with the external electric field, and consequently the generation of an 

internal electric field, which manifests as a long-lived OCP signature.152 

It is only when the water level becomes as high as 5.0% that the duration of overscrening 

plateaus in [EMIM][EtSO4] is significantly reduced, while the evolution of gas bubbles becomes 

significant (Figure S12c,d, Supporting Information, Appendix 4). With [BMPyrr][NTf2], another 

RTIL where cathodic biasing does not lead to discrete negative OCP signatures (Figure S10f, , 

Appendix 4), a water content of 2.0% is already sufficient to cause significant gas evolution 

under the negative bias of the pro-fluorescent experiments (Figure S12e,f, Supporting 

Information, Appendix 4). While, as shown above, an inner-sphere reaction such as hydrogen 

evolution is influenced by how accessible the electrode surface is, the presence or absence of 

ordered and compact RTIL structures is unlikely to have a significant effect on outer-sphere 

reactions.291 To test this we turned to well-studied outer-sphere metallocenes.330 Crowding and 

overscreening are unlikely to impair the redox kinetics of molecules such as ferrocenes and 

cobaltocenes. The choice of Cc+ and Me10Cc+ is because they both have, especially 

Me10Cc+,331, 332 redox potentials sufficiently negative so to approach the cathodic bias used for 

the AMP–luc pro-fluorescent reaction and to closely match the position of the overscreening 

and crowding OCP signatures. By digital simulations of cyclic voltammetry experiments at 

different scan rates (from 1.0 × 10−2 to 5.0 V s−1) we looked for evidence of a drop in the electron 

transfer rate constants (ket) when the solvent was changed from MeCN to RTILs of similar 

viscosity (~100 cP) but that either form or do not form cation-rich structures that leads to discrete 

OCP signatures after a cathodic pulse ([EMIM][EtSO4] and [BMPyrr][NTf2] respectively).333 The 

fitting results are summarized in Figure 6.4. Firstly, in an organic solvent (MeCN/Bu4NPF6) the 

refined ket is about one order of magnitude higher than in both RTILs. Secondly, a comparison 

between ket obtained in [EMIM][EtSO4] and in [BMPyrr][NTf2] suggests for both Fc and Cc 

comparable, with the uncertainty, redox kinetics in both RTILs. Unfortunately data for Me10Cc 

in [BMPyrr][NTf2] were not reproducible, possibly due to the poor stabilization of Me10Cc+ by  
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 the [NTf2] anion.334 The drop in ket moving from MeCN to [EMIM][EtSO4] was comparable for 

Fc, Cc+ and Me10Cc+. This is important, since in the case of a blocking effect by cathodic 

overscreening and crowding structures on the electron transfer of outer-sphere couples, a drop 

 

Figure 6.4. Comparison of the refined (digital simulations of experimental cyclic 
voltammograms, CVs) charge transfer rate constant (ket) of three outer-sphere redox 
molecules (Fc (a), Cc+ (b), and Me10Cc+ (c)). Voltammograms were obtained in 1.0 × 10−1 M 
MeCN/Bu4NPF6 (red bars), [EMIM][EtSO4] (blue bars), and [BMPyrr][NTf2] (violet bars).  
Experiments were repeated at least five times for each system, and the CV voltage sweep 
rate was varied between 0.01 and 5.0 Vs−1. (Supporting Information, Figure S14–S21, 
Appendix 4). The metallocene concentration was 1.0 × 10−3 M. No ket value is reported for 
Me10Cc+ in [BMPyrr][NTf2] as CVs of this system were poorly reproducible. Refined values of 
the apparent formal potential (E0’ vs Ag/AgCl) are indicated by labels in figure. The chemical 
structure of each metallocene is shown next to the relative graph.  
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in ket would have been negligible for the relatively anodic Fc/Fc+ couple, but progressively larger 

for Cc+ and Me10Cc+. The redox couple Cc/Cc+, has a redox potential 1.33-1.35 V more negative 

than that of the Fc/Fc+ couple (Figure 6.4a,b), and the Me10Cc/Me10Cc+ couple is about 1.67 V 

more negative than the Fc/Fc+ couple, and therefore close to the potential where ordered 

double layers form in [EMIM][EtSO4] (Figure 6.2f) and yet the relative drop in ket is comparable 

or even smaller for the latter.  

6.5 Conclusion 

We have developed a spatiotemporally resolved optical measurement of diffusion coefficients 

that can account for convective disturbances. This approach reduces the likelihood of 

overestimating diffusion coefficients in viscous systems where adventitious gas-evolving 

reactions cannot be ruled out. The cathodic generation of fluorescent oxyluciferin (ox–luc), by 

means of reacting firefly’s luciferin adenylate ester (AMP–luc) with electrode-generated 

superoxide radical anion, was used to map superoxide diffusivity in RTILs. Literature diffussivity 

data for superoxide in RTILs are highly scattered, presumably because the presence of water 

impurities282, 335, 336 leads to unaccounted and poorly reproducible convective contribution to 

mass transport. Visual mapping of electro-generated ox–luc diffusion fronts addresses this 

issue and allows to measure accurately diffusion coefficients even in systems where convection 

cannot be removed. For example we demonstrate that in [EMIM][BF4], D for superoxide 

increases from 6.40 × 10−8 cm2 s−1 in quiescent regions, to 2.30 × 10−6 cm2 s−1 in regions 

affected by convective disturbances (in proximity of evolving gas bubbles). A conventional 

macroscopic one-electrode, one-lead measurement would output an average and therefore 

overestimate diffusion coefficient. While evolution of gaseous products, and its interference with 

quiescent diffusion, cannot be removed, it can however be detected, accounted for, and even 

predicted. With regards to this last point – the likelihood of significant convective disturbances 

– we have been able to uncover a link between inner-sphere reduction of water and the stability 

of cation-rich double layer RTIL structures. Our results suggest that RTILs forming stable 

overscreening and crowding double layers can be biased to very negative voltages without 

detectable gas evolution from water splitting or proton reduction. Readily available time-

resolved open-circuit potentiometry can be used to screen for RTILs likely to yield stable 

overscreening and crowding double layers under negative electrode biases. We also note that 
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while compact double layer RTIL structures pose a significant kinetic barrier to inner sphere 

reactions, such structure does not impair the electrode kinetics of outer-sphere redox reactions, 

such as for widespread metallocenes. 
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Chapter 7: Conclusion and outlook 

In summary, this thesis has investigated approaches to probe electric double layer (EDL) 

structures and dynamics. Indirect probing of the EDL, such as through optical and 

potentiometric measurements, might complement more direct techniques such as SPM 

approaches. Understanding the nature of the EDL, and its features, can aid research in different 

fields, from capacitors and energy-storage devices, 73, 337 to catalysis.6 This thesis has achieved 

results that may improve our ability to study the EDL. One important result was the detection of 

small spectral shifts for electrode-generated light emitters, presented in Chapter 2. Spectra 

tuning of the luciferin ECL reaction can be a response of local electric fields338, 339, which means 

it can be potentially exploited as non-invasive technique to study the EDL, not just at solid–

liquid interfaces, but perhaps also at liquid–liquid, and liquid–gas interfaces. Also highlighted 

was the importance that lithium ions play in controlling the emission wavelength during luciferin 

ECL. Further investigation might give additional insight into the exact role of this cation in this 

context340. Additionally, spectral tuning of partially solvated luciferin can be suitable for studies 

aiming to confirm or disprove the presence of a (debated) solvent depletion layer at the 

interface.86, 176 

In Chapter 3, the focus was on the nature of semiconductor electrodes, specifically modify 

silicon electrodes. It was found that all the attempts to tune the ECL emission were 

unsuccessful, indicating that the nature of the interfaces, and thus the EDL, is not the only 

parameter to consider while attempting to control the emission wavelength during ECL. 

However, spectral tuning of luminol chemiluminescence is possible.341 This suggests that ECL 

spectral tuning might be achieved by exploring alternative surface chemistries. For instance, 

increasing hydrophobicity of the surface, using fluorinated monolayer,342 or by studying different 

surface–solvent interactions, like hydrophobic surface and hydrophobic solvent, or more 

hydrophilic and hydrophobic solvents.  

In Chapter 4 the focus shifted to EDL structures in RTILs, here studied by looking at the ECL 

of both luminol and luciferin. However, despite no solvatochromic effect (and consequently 

spectral tuning) being observed, another phenomenon was worth noting. This was the long-

lasting ECL emission (Chapter 4) of both luminol and luciferin in RTILs. Such long-lasting 
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emissions resulted in being correlated with the behaviour of the OPC that is shown in Chapter 

5. The correlation between such long-lasting emission and the exogenous electric field 

observed in RTILs might be sought in the stabilization of the superoxide radical anion. The 

possibility to stability the superoxide radical anion has already been demonstrated, being 

associated with electro-donating solvents,343 and the anion’s Lewis basicity nature.344 For all 

these reasons, a wide knowledge about how the RTILs are ordered at the interface may lead 

to some potential direct applications, such as harnessing electrostatic catalysis,72 and a new 

generation of batteries and supercapacitors.345 

Finally, in Chapter 6, pro-fluorescence was employed to locally measure the diffusion 

coefficient in RTILs. Local measurements demonstrated how the diffusion coefficient can be 

strongly affected by interfacial phenomena. This strategy prevents overestimation of diffusivity 

in those systems with high viscosity and/or significant impurities. Additionally, pro-fluorescence 

microscopy is a powerful tool to optical investigate electrified interfaces, for example providing 

a further alternative for studying the EDL in RTILs.  

Among the future implications of this research, it is possible to foresee that the study of EDL 

can allow progress in the electrostatic catalysis field. Hence, a natural follow-up of this thesis 

should be attempting to perform electrostatic catalysis in diffuse systems. For example, SN2 

reactions, like the Menshutkin reaction, have already been proposed as a possible candidate 

for electrostatic catalysis.19, 20  

However, the role played by the solvent, in enhancing or preventing electrostatic catalysis 

remains the main challenge.20 An attempt to perform electrostatic catalysis has been made, 

having one reactant ‘block’ on the silicon surface as SAM (self-assembled monolayer), while 

the second reactant is in the bulk (Figure 7.1). In Figure 7.2, a brief visualization of the first 

results is displayed, the reaction has attached a ferrocene group to the SAMs, making the 

silicon surfaces electrochemically active.  

Further studies are needed to fully understand the nature of this catalysis and to discriminate 

between electrostatic catalysis and other possible reaction pathways, like a radical-mediated 

process. 
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However, this project will not be further discussed in this thesis, as the research is still ongoing, 

and any achievement will be presented in future peer-reviewed publications. 

Finally, ECL and pro-fluorescence imaging have been shown to hold another great potential for 

example, in medical diagnosis and therapy. The Continuous development of these techniques 

is a fundamental aspect.346-349 ECL imaging has been a powerful tool, employed in assays, like 

enzyme assays and immunoassays or genotoxicity screening.350-352 Additionally, ECL sensing 

has been utilized for metal ions, small molecules sensing, and antigens/antibodies identification 

for cells and microorganisms sensing,353, 354 as well as proteins,355 and DNA detection.354 These 

are just some of the many possible applications of ECL.354 Florescence is also an equally viable  

 

Figure 7.1. Schematic representation of semi-bulk electrostatic catalysis of Menshutkin 
reaction. A Br-ended SAMs (1,10-Dibromodecane) on a silicon wafer is prepared following the 
same procedure described in Chapter 3. Subsequently, the silicon wafer is used as working 
electrode in a solution containing a (dimethylaminomethyl)ferrocene, which under the effect of 
an EEF undergoes to electrostatic catalysis. The presence of ferrocene on the reactant 
molecules allows having an immediate control of the reaction success by CV.  
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alternative.356, 357 However, several ongoing challenges remain,347 and the development of new 

ECL molecules is imperative to overcome these obstacles. 

  

 

Figure 7.2. Representative cyclic voltammogras of 1,10-Dibromodecane functionalized silicon 
(111, highly doped, P-type) in 0.1 M Bu4NClO4/MeCN, before (red trace) and after (blue trace) 
the electrostatic catalysis of Menshutkin reaction. In brief, the functionalized silicon electrode 
was fitted in a custom cell, along with a platinum counter electrode and a leakless Ag/AgCl 
reference electrode, then the CV (red trace) was recorded in .0.1 M Bu4NClO4/MeCN 
Subsequently, a second solution containing dimethylaminomethyl) ferrocene, (1.0 × 10−3 M) in 
0.1 M Bu4NClO4/MeCN, was added, and an EEF was applied. Finally, the cell and the electrode 
were washed thoroughly with acetone and fresh MeCN. A second CV (blue trace) was obtained, 
showing the presence of ferrocene on the silicon surface.  
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Appendix 1: Supporting Information Paper 1 

A1.1 Experimental Procedures 

A1.1.1 Materials. Unless noted otherwise, reagents were of analytical grade and used without 

further purification. Milli-QTM water (>18.2 MΩ cm resistivity) was used for surface cleaning 

procedures and to prepare electrolytic solutions. Luciferin sodium salt was purchased from 

Cayman Chemical Company (≥95 %, Ann Arbor, Michigan). Adenosine 5’-monophosphate 

monohydrate (≥97.0%, AMP), N,N'-dicyclohexylcarbodiimide (DCC, ≥99.0%), 

tetrabutylammonium perchlorate (Bu4NClO4, ≥98.0%), lithium perchlorate (LiClO4, ≥98.0%), 

anhydrous dimethyl sulfoxide (DMSO, ≥99.9%), tetrahydrofuran (THF, ≥99.0%, anhydrous, with 

250 ppm of butylated hydroxytoluene as inhibitor), potassium dioxide (KO2 , ≥95%), and D-

luciferin ethyl ester (≥97.5%) were purchased from Sigma. Pyridine (≥99.5%, Honeywell, 

Charlotte, North Carolina), N,N-dimethylformamide (DMF, 99.9%) was purchased from VWR 

Chemicals (Pennsylvania), and tetrabutylammonium nitrate (Bu4NNO3, 97%), 

tetrabutylammonium hexafluorophosphate (Bu4NPF6, 98%), sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (NaBARF, 97%) were purchased from Alfa Aesar. Sodium 

perchlorate monohydrate (NaClO4 H2O, 90.0%) was purchased from Univar. Argon 

(Ar,>99.999%) and oxygen gas (O2,≥99.5%) were supplied from Coregas. Deuterated DMSO 

(d6-DMSO, 99.5%) was purchased from Cambridge Isotope Laboratories, Inc.  

A1.1.2 Synthetic procedures. Firefly luciferyl adenylate (AMP–luc) was prepared according 

to the procedure of White and co-workers (Figure S18).111 In brief, luciferin sodium salt (0.33 × 

10−3 mol) and AMP (0.37 × 10−3 mol) were dissolved in pyridine (~5.0 mL), then the solution 

was acidified with 0.5 M aqueous hydrochloric acid (0.5 mL). DCC (0.63 × 10−3 mol) in pyridine 

(~2.0 mL) was added in one portion, under nitrogen, to the stirred and ice-cold reaction mixture. 

The reaction mixture was stirred under nitrogen at 0 °C for a further 30 min. Cold acetone (~20 

mL, −20 °C, containing) was then added to the crude reaction mixture in one portion. A pale 

yellow precipitate formed and was recovered by filtration on 0.45 μm nylon filters (BaseLine 

Chromtech). The solid was washed extensively with cold acetone (~100 mL, cold acetone 

containing ~5.0% v/v of water). The AMP‒luc yellow powder product was dried under vacuum, 
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then stored at −20 °C under argon prior to use. 1 H NMR (400 MHz, DMSO-d6 ) δ 9.55 (1H, s), 

8.39 (1H, s), 8.16 (1H, s), 7.96 (1H, d, 9 Hz), 7.46 (1H, d, 3 Hz), 7.28 (2H, s), 7.08 (1H, dd, 9 

Hz, 3 Hz), 5.93 (1H, d, 6 Hz), 5.46 (1H, t, 9 Hz), 4.62 (1H, t, 5 Hz), 4.21 (1H, dd, 5 Hz, 3 Hz), 

4.07 (1H, br. s), 4.05 (1H, br. s), 3.94 (3H, m), 3.75 (1H, dd, 11 Hz, 9 Hz), 3.66 (1H, dd, 11 Hz, 

9 Hz). AMP‒luc purity was estimated by titrating the reaction product with aqueous sodium 

hydroxide. The electrolyte/AMP‒luc solution was placed in an optical glass rectangular cuvette 

(40 × 10 × 45 mm, part 3/G/40, Starna, Hainault) with the largest face facing a focusing lens 

(LA4647, Thorlabs) interfaced with an optical fiber (Model QP600-1-SR, Ocean Optics) 

connected to a compact silicon CCD array spectrometer (Flame-S-VIS-NIR-ES, Ocean Optics 

Inc., Orlando, Florida). The cuvette was fitted with a three electrodes system as described in 

the next section (spectroelectrochemical measurements). The titration was performed inside a 

light-proof metal box. The titration procedure was as follows: sodium hydroxide solution (2.0 × 

10−3 M) was added dropwise to 9 mL of a vigorously stirred AMP‒luc solution (0.2 g/L) in 0.2 

M Bu4NClO4/DMSO. AMP‒luc is progressively consumed in a stoichiometric reaction with 

sodium hydroxide.112 The emission intensity in response to the electrochemically triggered light 

emission from the residual, unreacted AMP‒luc (working electrode bias set to −2.0 V) was 

monitored continuously, allowing a short interval (1 min) between successive additions of the 

base. When all AMP‒luc is consumed, light emission ceases and this is the titration endpoint. 

The amount of AMP‒luc present in the crude reaction product ranged from 55% to 75% w/w 

(and the reaction yield ranged from 32% to 47%).  

A1.1.3 Spectroelectrochemical measurements. All spectroelectrochemical measurements 

were acquired with freshly made solutions of AMP‒luc (0.43 × 10−3 M) in DMSO, with either 

Bu4NClO4 (0.2 M), Bu4NNO3 (0.2 M), Bu4NPF6 (0.2 M), LiClO4 (2.0 M, 0.2 M and 5.0 ×10−3 M) 

NaClO4 (0.2 M), and NaBARF (0.2 M) as electrolytes, or in THF with LiClO4 (0.2 M and 5.0 × 

10−3 M) or NaBARF (0.05 M), or in DMF with Bu4NClO4 (0.2 M). Unless specified otherwise, 

oxygen gas (≥99.95%, Coregas) was bubbled through the AMP‒luc solution (~20 mL) for at 

least 20 min prior to the experiments. Spectroelectrochemical measurements were carried out 

under ambient air, at room temperature, using an Emstat3 Blue potentiostat (PalmSens BV, 

Houten, Netherlands) and a single-compartment, three-electrode setup. A platinum rectangular 

mesh (7 × 6 mm overall size) served as the working electrode (EF-1355 SEC-C Gauze, 80 
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mesh, wire diameter of 80 μm, BASi, Lafayette, Indiana), a platinum coil as counter electrode, 

and a leakless Ag|AgCl as the reference electrode (ET072-1, eDAQ, Colorado Springs, 

Colorado, 3.4 M aqueous potassium chloride as filling solution). The spectroelectrochemical 

cell was a quartz cuvette of 0.5 mm optical length (EF-1364 SEC-C, BASi), fitted with a 

perforated PTFE cap was holding up the electrodes (EF-1359 SEC-C). Light emission was 

recorded with a Cary Eclipse (Varian, Palo Alto, California) fluorescence spectrophotometer 

operated in Bio/Chemi-luminescence mode. The photomultiplier voltage was set to 800 V, and 

unless specified otherwise, the emission slit was set to 5 nm for experiments in DMSO, and to 

20 nm for experiments in THF. Platinum electrodes were cleaned prior to the experiments by 

continuous potential cycling between −0.2 and 1.0 V (0.5 M HNO3 , 0.01 V s−1).  

A1.1.4 Photon Counting. Photon counting experiments were performed with a single-photon 

counting module (SPCM-AQR-14, Excelitas Technologies) interfaced with an avalanche photo-

diode (APD) controller (Nanonics Imaging Ltd., Figure S19). The photon counts rate output of 

the APD controller was monitored with a data logger (DrDAQ, Pico Technology). The time 

constant of the APD counter was set to 1.0 ms. The electrochemical setup is the one described 

in the previous section, and light emission was measured from a 0.43 × 10−3 M solution of 

AMP‒luc in DMSO, containing 0.2 M Bu4NClO4 as supporting electrolyte, and with the platinum 

mesh working electrode bias ramped from 0.0 V to −2.0 V. The photon counts rate was 

corrected for the nominal wavelength-dependent efficiency of the counting module (ca. 70% at 

625 nm). The 99% confidence limit of the mean photon counts value is reported as tn−1s/n1/2, 

where tn−1 is 3.05, s is the standard deviation, and n the number of repeated measurements 

(13).358  

A1.1.5 Luminescence imaging. Time-resolved chemiluminescence images were recorded on 

a Nikon Eclipse Ti2-U inverted microscope fitted with a custom-built optoelectrochemical cell 

(Figure S20a) and using either a Plan Apo λ 4×/0.45 objective (part 88-378, Nikon, CFI Plan 

Fluor) or a Plan Apo λ 10×/0.45 objective (part 88-379, Nikon, CFI Plan Fluor). As for the 

spectroelectrochemical measurements, the electrolytic solution (AMP‒luc, 0.43 × 10−3 M in 0.2 

M Bu4NClO4/DMSO) was oxygen saturated and loaded in a glass Petri dish mounted on the 

microscope holder. Light emission was triggered by applying −2.0 V vs Ag/AgCl to a platinum 
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mesh working electrode. The electrochemical set up is analogous to the one described above 

for the spectroelectrochemical measurements, with the difference that the single-compartment 

electrochemical cell is made up from the petri dish and a PTFE holder designed to hold the 

working electrode’s main face normal to the microscope objective axis (Figure S20b‒c). Prior 

to the experiments, platinum electrodes were cleaned by continuous potential cycling as 

described above. Cathodic electrolysis of the AMP–luc solution leads to a transient light 

emission whose front diffuses away from the electrode surface. Time-resolved imaging of the 

AMP–luc electrochemically generated emission was performed with a colour camera (DS-Fi3, 

Nikon, Tokyo, Japan) without any filtering nor any excitation light, and using either 1.0 s (Figure 

1c) or 500 ms (Figure 4a–c) exposure time. The gain set to its maximum for the shorter 

exposures. All microscopy images were analyzed with the Fiji image processing package.318 

Diffusivities were estimated by analyzing the profile of the red electrochemiluminescence 

intensity along the surface normal direction, as function of time after the initial cathodic potential 

pulse. Time-stamped light-intensity line profiles were used to estimate the distance from the 

electrode (r) at which the intensity reaches half of its maximum value. This distance was 

arbitrarily defined as the diffusion front. Images were not background subtracted, and for this 

analysis no attempts were made to improve contrast and sharpness. Line profiles such as those 

of Figure 4a–c of the main text are measured along a direction normal to the electrode surface, 

with point A being generally within 1–3 μm from the electrode surface. The diffusion coefficient 

was the calculated assuming an Einstein’s random walk (r2 = 2Dt).319, 320 This procedure was 

repeated for 2 different videos, with at least 10 different locations sampled in each video. The 

99% confidence limit of the mean photon counts value is reported as tn−1s/n1/2, where tn−1 is 

2.68, s is the standard deviation and n the number of measurements (48). 358 

Electrochemiluminescence images shown in Figure 2 (main text) were recorded using a CMOS 

camera (CS235CU, Thorlabs) fitted with a machine-vision lens (MVL50M23, Thorlabs, 50 mm, 

f/2.8). Selected video frames reproduced in Figure 4a–c of the main text have been background 

subtracted for clarity (Fiji). 

A1.1.6 Fluorescence imaging. The electrochemical conversion of AMP‒luc to ox‒luc can be 

used to map optically diffusivities. Unlike the electrolysis’ starting material (AMP‒luc), the 

product of the electroluminescent reaction, ox‒luc, is fluorescent.140 The procedure for the in-
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situ optical mapping of diffusivities was similar to that reported above for the 

electroluminescence imaging and consisted in the analysis of the distance (r) travelled over 

time by the fluorescence front, away from the electrode surface and along the A–B line marked 

in Figure S17. Time-lapsed fluorescence emission images for the excitation of the 

electrochemically generated ox‒luc were recorded with a CMOS monochrome camera (DS-

Qi2, Nikon) using a 20 ms exposure time. Excitation and emission light were defined by a FITC 

filter/dichroic mirror cube (LED-FITC-A-NTF-ZERO, excitation filter part number FF01-474/27-

25, emission filter part number FF01- 525/45-25, dichroic mirror part number FF495-Di03-

25x36, BrightLine® , Semrock, Illinois). The obtained “optical” D values are in line with what 

can be obtained by established electrochemical methods for molecules of similar molecular 

weight, such as methyl viologen.359 

A1.1.7 Theoretical calculations. To determine a reaction the mechanism, density functional 

theory (DFT) and time-dependent DFT (TD-DFT) calculations were performed using Gaussian 

16 revision C.01.360 Geometry optimizations and frequency calculations were performed at the 

M062X/6-31+G(d,p) level of theory in the presence of DMSO, which was modelled using the 

SMD continuum solvent model.361 All structures were conformationally searched using the 

Energy Directed Tree Search (EDTS) algorithm,362 and all transition states were confirmed 

using Intrinsic Reaction Coordinate (IRC) calculations. Improved single point energies in 

solution were calculated using the ωB97XD functional with the Def2TZVP basis set with the 

SMD solvent model.363 Gibbs free energies were calculated using the direct method,364 

whereby ideal gas partition functions were evaluated using the solution-phase geometries and 

frequencies. The conversion (RTln(RT/P)) from the gas-phase standard state of P = 1.0 atm 

used in the partition function calculations to the solution-phase standard of 1.0 M was added to 

the final Gibbs free energies.272 pKa values (298 K, DMSO) were computed via an isodesmic 

method using 4-hydroxydinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide (experimental 

pKa = 3.37131) as a reference. To determine the spectral tuning, excited state computations 

were performed employing QM and QM/MM calculations for vacuum and explicit solvents (THF 

and DMSO), respectively. The initial geometries of the luciferin for Quantum 

Mechanics/Molecular Mechanics (QM/MM) calculations in the explicit solvents were selected 

from MD snapshots of Classical MM simulations of keto-form in both dimethyl sulfoxide (DMSO) 
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and tetrahydrofuran (THF) solvents. The MM simulations were performed via Amber-18 suite 

employing ff10 force field.365, 366 We used DFT-B3LYP/6-311++G (p,d)367-369 with the IEFPCM 

implicit solvent model,370 GAFF force field371 and RESP charges to parameterize the 

nonstandard residues in DMSO and THF. The keto form is solvated with an octahedral solvent 

box of 18 Å solvent molecules via standard amber tools techniques. The force fields of DMSO 

and THF molecules were parameterized as reported by Fox and Kollman method,372 while the 

RESP method reported by Dupradeau et al.373 is used to assign their atomic charges. The 

solvated systems were then pre-equilibrated at constant volume and temperature, heating from 

0 to 300 K, and then a 20-ns molecular dynamic simulation run was performed at constant 

temperature (300 K) and pressure (1atm) using Berendsen barostat as implemented in Amber-

18.374 A cluster analysis performed over the snapshots extracted every 100 fs from the 

equilibrated system trajectory; then the snapshots characterized by highest populations and the 

lowest potential energies were extracted to be used as starting structures for the subsequent 

QM/MM calculations. Only solvent molecules within a 15Å distance from the keto-form atoms 

were eventually considered in defining the solvation shells around the solutes in the following 

QM/MM computations. To carry out the QM/MM calculation in DMSO and THF, a three-layer 

HML scheme has been designed through COBRAMM package,136 where the QM region (high 

layer, H) involves the keto or the enol forms (enol form was adapted from the keto form 

snapshot after shifting the H atom form C5’ to O11’), the surrounding solvent molecules that 

are 5Å apart were left free to move (medium layer, M), and the remaining solvent molecules 

were kept frozen at their snapshot coordinates (low layer, L). The keto and enol forms were 

treated quantum mechanically using the complete active space self-consistent field (CASSCF) 

level of theory as follows, while solvent molecules were described by the AMBER force field. 

The QM calculations were carried out using Molcas 8 as implemented in the QM/MM 

COBRAMM package employing an electrostatic embedding scheme.136, 375 The S1 excited-

state geometries of the luciferin fluorophores (keto- and enol-forms) were optimized using 

unconstrained optimizations employing the complete active space self-consistent field 

(CASSCF) level of theory376 with ANO-S-VDZP basis set359 and averaging over the first two 

roots. In all the calculations and in agreement with our studies in different environment,377-379 

the ionization-potential-electron-affinity shift380 was fixed at 0.0 au while the value 0.2 au was 

chosen for the imaginary shift.381 An active space (AS) including 16 electrons distributed in 14 
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orbitals CAS(16,14) was used for optimizations, while the extended multistate second order 

perturbation correction method (XMS-CASPT2) was employed on top of the excited state 

optimized geometries to account for correlation energy and get experimentally accurate 

estimates of the emission spectra. An extended AS comprising 18 electrons in 15 orbitals, CAS 

(18, 15), was used in this case (Figures S21 and S22) by averaging over the first two (SA-2) 

roots.382 Computations in the presence of an external linear homogeneous electric field in the 

Z-direction were performed using the FFPT module as incorporated in Molcas. All the structures 

have been re-optimized using the CASSCF gradients under the effect of an external 

homogenous electric field in each environment, employing Molcas and the QM/MM COBRAMM 

code. Applying the electric field along the z-direction this direction is associated with both 

direction of the charge transfer and the direction of the dipole moment change upon S 1→S0 

transition (see Figure S11) consequently a maximum effect on the emission spectra is shown 

with applying the electric field in this direction. 

A1.2 Supporting Figures 

 
Figure S1. Time-evolution of the electrochemically generated light emission upon the 

electrolysis of AMP–luc (0.43 × 10−3 M in 0.2 M Bu4NClO4/DMSO) at a platinum mesh 

electrode. The electrolytic solution was either oxygen-saturated (red trace), or argon-

saturated (black trace). The voltage of the working electrode was ramped from 0.0 V to 

−2.0 V (and back, one cycle) at a scan rate of 0.1 V/s. The electrochemiluminescence was 

monitored at 626 nm (emission slit set to 2.5 nm). The red trace is vertically offset by 5 

a.u. for clarity purposes. 
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Figure S2. (a) Representative simultaneous photon counting and current recording for the 

electrochemically generated light emission from the electrolysis of an oxygen-saturated 

AMP‒luc solution (0.43 × 10−3 M in in 0.2 M Bu4NClO4/DMSO) at a platinum mesh 

electrode. (b) The electrode potential was swept cyclically between 0.0 V (starting point) 

and −2.0 V at a voltage sweep rate of 0.05 V/s. The emission peak corresponds to ~8.5 × 

104 photon/s. 
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Figure S3. Representative cyclic voltammogram (CV) recorded at a platinum mesh 

electrode in oxygen-saturated 0.2 M Bu4NClO4/DMSO (without AMP‒luc). The voltage 

scan rate is 0.05 V/s. 
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Figure S4. Time-evolution of the electro-generated emission of an oxygen-saturated 

AMP‒luc solution (0.43 × 10−3 M in 0.2 M Bu4NClO4/DMSO) at a platinum mesh 

electrode. Light emission was recorded during a cyclic voltammetry (CV) experiment, 

with the working electrode bias ramped first from 0.0 V to +0.5 V, then from +0.5 V to 

−2.0 V (and back to 0.0 V). The electrochemiluminescence is monitored at 626 nm 

(black trace, Cary Eclipse). The potential scan rate was 0.05 V/s and the CV current 

(blue line) is plotted vs time. 
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Figure S5. Representative emission spectrum for the cathodic electrolysis of an 

oxygen-saturated D-luciferin ethyl ester solution (0.5 × 10−3 M) at a platinum mesh 

electrode. The electrolyte was 0.2 M Bu4NClO4/DMSO. The working electrode bias is 

−3.0 V. At −2.5 V the emission was almost undetectable, and at −2.0 V no emission was 

detectable. The emission slit was set to 20 nm. 
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Figure S6. Representative cyclic voltammogram (CV) at a platinum mesh electrode of an 

AMP‒luc solution (~0.43 × 10−3 M in oxygen-saturated 0.2 M Bu4NClO4/DMSO) showing 

a clear reduction band for the one-electron reduction of oxygen to superoxide. The voltage 

scan rate is 0.05 V/s.  
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Figure S7. Emission spectrum from an AMP‒luc solution (0.43 × 10−3 M, 0.2 M 

Bu4NClO4/DMSO) added to 0.02 g of KO2. The AMP‒luc solution was bubbled with 

argon gas was for ~20 min prior to the experiment. Full experimental details are in the 

experimental section, but in brief, a cuvette containing the KO2 powder was placed in 

the spectrometer chamber (Cary Eclipse). To ensure no ambient light was reaching the 

detector, the AMP‒luc solution (4 mL) was fed in one portion from a plastic syringe to 

the cuvette through a small tube silicone tubing (3.0 mm diameter). The emission 

spectra were recorded while the solution was being added to the cuvette (over a period 

of ~4.0 s), initiating the chemiluminescent reaction. A complete spectrum was recorded 

in approximately 1.5 s. The spectrometer sample compartment was kept under positive 

argon gas pressure. The solubility of KO2 in DMSO is limited.383 The addition of the 

AMP–luc solution to the solid KO2 sample results in a cloudy suspension, and 

unreacted solid KO2 is still visible in the cuvette after the spectral measurement. 
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Figure S8. Representative emission spectrum for the cathodic electrolysis of an 

oxygen saturated AMP‒luc solution (0.43 × 10−3 M) on a platinum mesh electrode. 

The electrolyte was 2.0 M LiClO4 in DMSO. At such high concentrations of LiClO4, 

the electrochemically triggered luciferin emission undergoes a blue shift. Data are 

collected applying a −2.5 V bias to the working electrode. 
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Figure S9. Representative emission spectrum obtained upon the cathodic 

electrolysis of an oxygen saturated AMP‒luc solution (0.43 × 10−3 M) at a platinum 

mesh electrode. The electrolyte was 5.0 × 10−3 M LiClO4/DMSO. Unlike for THF 

(Figure 3c, main text), with DMSO there is no shift at very low concentrations of 

LiClO4. Data were collected applying −1.5 V to working electrode. 
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Figure S10. Representative emission spectra for the cathodic electrolysis of oxygen 

saturated AMP‒luc solutions (0.43 × 10−3 M) at a platinum mesh electrode. The 

electrolytes were 0.2 M Bu4NNO3/DMSO in (a), and 0.2 M Bu4NPF6/DMSO in (b). 

Changes to the anion have no measureable effect on the energy of the AMP‒luc 

electroluminescence. Data were collected applying −2.5 V to the working electrode. 

 

Figure S11. 3D model of the two luciferin isomers. The keto-form is shown on the 

right, and the enol-form on the left. 
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Figure S12. CASSCF optimized structure(s) of the Table 1 excited (emitter) species 

in molecular mechanics (MM) DMSO (left) and THF (right). 

   



118 
 
 

 

 

 

 

Figure S13. Representative emission spectra for the cathodic electrolysis of an 

oxygen saturated AMP‒luc solution (0.43 × 10−3 M) at a platinum mesh electrode. 

The electrolyte was 0.2 M NaClO4/THF. Unlike for LiClO4, with NaClO4 as electrolyte 

there is no shift in the AMP‒luc electrochemiluminescent emission. Data were 

collected applying −2.0 V to the working electrode. 
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Figure S14. Representative emission spectrum for the cathodic electrolysis of an 

oxygen saturated AMP‒luc solution (0.43 × 10−3 M) at a platinum mesh electrode. 

The electrolyte was 0.2 M Bu4NClO4/THF. Unlike for LiClO4, with B4NClO4 there 

is no shift in the AMP‒luc emission. Data were collected applying −2.0 V to the 

working electrode. 
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Figure S15. Representative emission spectrum for the cathodic electrolysis of an 

oxygen saturated AMP‒luc solution (0.43 × 10−3 M) at a platinum mesh electrode. 

The electrolyte was 0.05 M NaBARF/THF. Experiments with a completely not-

coordinating anion as BARF− were used to exclude the anion influence on the 

spectral tuning of the AMP‒luc electrochemiluminescent emission. Data were 

collected applying −2.0 V to the working electrode. 
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Figure S16. Representative emission spectrum for the cathodic electrolysis of an 

oxygen saturated AMP‒luc solution (0.43 × 10−3 M) at a platinum mesh electrode. 

The electrolyte was 0.2 M Bu4NClO4/DMF. DMF is a solvent with a high dielectric 

constant (marginally lower than DMSO), consequently the emission remains in 

the red. Data was collected applying −2.5 V to the working electrode.  
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Figure S17. Selected time-stamped images (10× magnification) of in-situ generated ox‒luc 

fluorescence (474 nm, excitation; 525 nm emission), recorded during the electrolysis of an 

oxygen-saturated AMP‒luc solution (0.43 × 10−3 M in 2.0 × 10−1 M Bu4NClO4/DMSO). The 

fluorescence micrographs were captured under ambient air in a dark room at 0.1 s (a), 2.2 s 

(b) and 4.6 s (c) after the onset of the cathodic bias voltage (−2.0 V). Scale bars in (a–c) are 

100 μm. (d) Selected fluorescence profiles sampled along the A–B line marked in (a–c) and in 

the panel inset, capturing the movement of the ox-luc diffusion front, away from the electrode’s 

surface, at electrolysis times (t) ranging between 0.1 and 4.6 s. The three thicker lines are the 

fluorescence intensity profiles for the time-stamped images in (a–c). By modelling diffusivity as 

an Einstein’s random walk (r2 = 2Dt), we were able to estimate the ox‒luc diffusivity (D) to 3.3 

× 10⁻6 cm2 s⁻1. 
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Figure S18. Synthetic scheme for the preparation of AMP‒luc from luciferin sodium 

salt and adenosine monophosphate.  
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Figure S19. Experimental setup used for the photon-counting (quantitative) 

electrochemiluminescence experiments. (a) The cuvette containing the electrolytic 

solution and the three electrodes is placed in front of the counting module using a xyz 

stage for ensuring consistent positioning of the working electrode (a Pt mesh) relative 
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to the photon counter. Further details in the experimental. (b) Overall view of the 

experimental apparatus. When the light-proof box is sealed, the dark count approaches 

500 photon/s.  
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Figure S20. (a) Overview of the experimental setup for the collection of emission 

(electrochemiluminescence) and fluorescence time-resolved images. (b) A custom 

electrochemical cell was placed inside a Petri dish resting on the stage of an inverted 

microscope. The AMP‒luc solution undergoing electrolysis was placed in the Petri 

dish. (c) A PTFE holder held the platinum mesh (working electrode) parallel to the 

Petri dish surface (~2 mm away from it). The electrolytic solution could reach the 

working electrode both from above (through a rounded hole) and below (opening 

clearly visible in figure). Further experimental details are in the experimental section. 
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Figure S21. Active orbitals for the CAS(18,15) used in single point calculations for 

the keto form, the orbital shaded in gray is excluded to adapt  CAS(16,14) for 

geometry optimization calculations. Orbital are arranged from left to right and bottom 

to top descending according to the occupation number. 
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Figure S22. Active orbitals for the CAS(18,15) used in single point calculations for 

the enol form, the orbital shaded in gray is excluded to adapt  CAS(16,14) for 

geometry optimization calculations. Orbital are arranged from left to right and bottom 

to top descending according to the occupation number. 
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A1.3 Supporting Tables 

 

Table S1. The emission maxima (λmax in nm) of keto-form and enol-form computed al XMS-
CASPT2 level of theory in different environments. 

Table S2. Gaussian raw data (in a.u., otherwise indicated) and the value of imaginary 
frequencies (iFreq) for the species use to compute the pKa values in Scheme 2.  Nomenclature 
is below; note that b is the same as AMP-luc– in Scheme 3. 

 

 
Vacuum DMSO DMSO

-K+ 

ion-

pair 

DMSO-Li+ 

ion-pair 

THF THF-

K+ ion-

pair 

THF-Li+ 

ion-pair 

                                                                  Emission Maximums (λmax) 

Enol 611 574 554 533 584 558 518 

Keto 660 633 603 584 639 608 578 

Exp 
 

625 
    

575 

high conc.  
 

610-

615 

   
610 

                                                                  Relative Energy (kJ/mol) 

Enol 67.4 56.5 86.2 86.6 60.7 63.2 68.6 

Keto 0 0 0 0 0 0 0 

                                                                                    CT 

Enol −0.27 −0.26 −0.28 −0.28 −0.27 −0.30 −0.27 

Keto −0.18 −0.20 −0.27 −0.25 −0.21 −0.26 −0.28 

Specie

s 

iFre

q Ee ZPVE TC 

S(J mol–1 K–

1) TS H Ee(high) 

G_corrected
a 
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aAfter adding phase change correction term to the Gibbs free energy 

Table S3. Gaussian raw data (in a.u. unless otherwise indicated) and number of imaginary 
frequencies (NImag) for the species use to compute the Gibbs free energy barriers and reaction 
energies in Scheme 3. The nomenclature is defined in Scheme 3, which is reproduced here for 
convenience. 

 

Href  N/A -

1411.946770 

0.28573

9 

0.01926

6 

574.325373 0.06522

0 

-

1411.641765 

-

1412.422039 

-

1412.179245 

ref  N/A -

1411.500551 

0.27445

9 

0.01869

4 

564.180896 0.06406

8 

-

1411.207398 

-

1411.967450 

-

1411.735357 

a N/A -

2162.163981 

0.23558

1 

0.02291

2 

684.611343 0.07774

4 

-

2161.905488 

-

2162.744440 

-

2162.560681 

b N/A 

-

2161.716635 

0.22402

6 

0.02241

6 678.306269 

0.07702

8 

-

2161.470193 

-

2162.288971 

-

2162.119557 

c N/A -

2161.685728 

0.22176

8 

0.02282

3 

683.854030 0.07765

8 

-

2161.441137 

-

2162.258748 

-

2162.088806 

d N/A -

2161.690944 

0.22132

3 

0.02294

7 

676.131194 0.07678

1 

-

2161.446673 

-

2162.259660 

-

2162.089162 

e N/A -

2161.236871 

0.21054

7 

0.02216

7 

673.559851 0.07648

9 

-

2161.004157 

-

2161.801718 

-

2161.642484 

f N/A -

2161.229334 

0.20939

6 

0.02251

5 

670.336866 0.07612

3 

-

2160.997423 

-

2161.789833 

-

2161.631035 

g N/A -

2160.739142 

0.19621

1 

0.02216

4 

664.480896 0.07545

8 

-

2160.520767 

-

2161.291730 

-

2161.145804 

Species 

iFreq 

Ee ZPVE TC 

S(J mol–1 

K–1) TS H Ee(high) 

G_correcte

da 
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CO2 N/A 

-

188.518140 

0.01174

7 

0.00357

8 213.808955 

0.02428

0 

-

188.502815 

-

188.607090 

-

188.616045 

O2
–• N/A 

-

150.388339 

0.00296

7 

0.00331

5 203.197761 

0.02307

5 

-

150.382057 

-

150.453385 

-

150.470177 

HOO– N/A 

-

150.992777 

0.01370

1 

0.00383

9 225.054179 

0.02555

7 

-

150.975237 

-

151.055559 

-

151.063576 

H2O2 N/A 

-

151.502184 

0.02607

9 

0.00382

5 228.365224 

0.02593

3 

-

151.472280 

-

151.581668 

-

151.577697 

5 N/A 

-

870.909434 

0.06877

2 

0.01009

8 401.728358 

0.04562

0 

-

870.830564 

-

871.209630 

-

871.176380 

6 N/A 

-

682.354516 

0.05381

2 

0.00744

8 344.128507 

0.03907

9 

-

682.293256 

-

682.573549 

-

682.551368 

AMP-luc– N/A 

-

2161.71663

5 

0.22402

6 

0.02241

6 678.306269 

0.07702

8 

-

2161.47019

3 

-

2162.28897

1 

-

2162.11955

7 

AMP-luc– to 1 

TS 

–

328.0 

-

2312.08299

9 

0.22384

3 

0.02510

0 728.200896 

0.08269

4 

-

2311.83405

6 

-

2312.72985

5 

-

2312.56360

6 

1 N/A 

-

2161.09067

1 

0.21011

1 

0.02235

0 674.000149 

0.07653

9 

-

2160.85821

0 

-

2161.66135

8 

-

2161.50543

6 

2 N/A 

-

2311.52454

2 

0.21876

2 

0.02420

7 709.382537 

0.08055

7 

-

2311.28157

3 

-

2312.14900

5 

-

2311.98659

3 

2 to 3 TS 

–

207.1 

-

2311.51732

0 

0.21807

6 

0.02330

4 681.617313 

0.07740

4 

-

2311.27594

0 

-

2312.14343

6 

-

2311.97946

0 

3 N/A 

-

2311.52137

7 

0.21866

7 

0.02346

2 687.931194 

0.07812

1 

-

2311.27924

8 

-

2312.14616

8 

-

2311.98216

1 

3 to ox-luc* TS 

–

594.4 

-

2311.49488

4 

0.21658

8 

0.02350

5 681.309104 

0.07736

9 

-

2311.25479

1 

-

2312.11879

9 

-

2311.95607

5 

ox-luc N/A 

-

1440.75102

7 

0.14805

9 

0.01383

7 480.163134 

0.05452

7 

-

1440.58913

1 

-

1441.08560

4 

-

1440.97823

4 

ox-luc* N/A 

-

1440.73819

1 

0.25057

7 

0.01424

2 489.374179 

0.05557

3 

-

1440.47337

2 

-

1441.07163

7 

-

1440.86239

0 
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aAfter adding phase change correction term to the Gibbs free energy  

ox-luc–* N/A 

-

1440.27717

9 

0.13436

1 

0.01369

6 479.185672 

0.05441

6 

-

1440.12912

2 

-

1440.60410

0 

-

1440.51045

9 

3 to 4 TS 

–

118.4 

-

2311.49629

2 

0.21785

8 

0.02321

1 675.726119 

0.07673

5 

-

2311.25522

3 

-

2312.12538

5 

-

2311.96105

2 

4 N/A 

-

1629.13177

9 

0.16267

1 

0.01626

0 534.064478 

0.06064

8 

-

1628.95284

8 

-

1629.54734

6 

-

1629.42906

3 

4 to ox-luc* TS 

–

1578.

2 

-

1629.06219

5 

0.15896

1 

0.01651

7 541.399851 

0.06148

1 

-

1628.88671

7 

-

1629.48492

9 

-

1629.37093

2 
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Table S4. Cartesian coordinates all species used to compute the optimized geometries used 

to produce the data in Tables S2 and S3

a.xyz 

O        7.742842   -1.526816    0.254083  
C        6.560653   -0.865680    0.174441  
C        5.347881   -1.533638    0.046778  
H        5.309087   -2.618582    0.005210  
C        4.192224   -0.752943   -0.024227  
S        2.539557   -1.275135   -0.181695  
C        4.239295    0.655322    0.028873  
N        3.010457    1.282690   -0.047420  
C        5.478499    1.303520    0.156493  
H        5.518966    2.387441    0.198131  
C        6.627752    0.543319    0.228114  
H        7.601243    1.012001    0.328050  
C        2.060632    0.413311   -0.155712  
C        0.645510    0.781673   -0.263850  
N       -0.275155   -0.087774   -0.379416  
S        0.207131    2.503097   -0.264867  
C       -1.541841    2.002556   -0.090980  
C       -1.570516    0.537467   -0.584464  
H       -2.175874    2.649339   -0.696075  
H       -1.825315    2.083621    0.961645  
C       -2.663431   -0.241045    0.114071  
H       -1.791551    0.510658   -1.661617  
O       -2.540382   -1.211053    0.804280  
O       -3.875208    0.344466   -0.147195  
P       -5.274633   -0.220693    0.512024  
O       -5.383235   -0.115304    1.970846  
O       -6.306713    0.710820   -0.260293  
O       -5.421387   -1.692508   -0.040878  
C       -5.340726   -1.988001   -1.451976  
H       -4.399339   -1.621130   -1.869792  
H       -5.378327   -3.072713   -1.533826  
H       -6.192628   -1.551445   -1.979761  
H        7.596372   -2.483898    0.210626  
H       -6.180220    0.791302   -1.222189 
 
c.xyz 
O        7.785052   -1.559981    0.218687  
C        6.699005   -0.914329    0.164051  
C        5.418158   -1.559259    0.041638  
H        5.386026   -2.644005   -0.004364  
C        4.265765   -0.794399   -0.014559  
S        2.603982   -1.329029   -0.162921  

C        4.279309    0.626142    0.043297  
N        3.053800    1.231545   -0.022528  
C        5.525403    1.282852    0.165340  
H        5.549544    2.369193    0.212562  
C        6.679592    0.542871    0.221940  
H        7.642583    1.038597    0.315613  
C        2.096043    0.359860   -0.128671  
C        0.693799    0.723227   -0.241017  
N       -0.249960   -0.131053   -0.335475  
S        0.271228    2.456298   -0.294947  
C       -1.482691    1.986910   -0.111990  
C       -1.529178    0.510691   -0.572883  
H       -2.108259    2.627829   -0.732231  
H       -1.769684    2.094123    0.937788  
C       -2.647634   -0.216377    0.138963  
H       -1.745524    0.466348   -1.650185  
O       -2.553963   -1.112469    0.927077  
O       -3.852144    0.327474   -0.233877  
P       -5.271367   -0.144039    0.451652  
O       -5.424629    0.161431    1.878310  
O       -6.278163    0.670827   -0.472715  
O       -5.411032   -1.678596    0.105120  
C       -5.287469   -2.165930   -1.247984  
H       -4.337416   -1.850224   -1.687033  
H       -5.314832   -3.251748   -1.179509  
H       -6.127190   -1.815729   -1.853609  
H       -6.116553    0.623398   -1.431485 
 
d.xyz 
O        7.779380   -1.446203   -0.078294  
C        6.583816   -0.792850   -0.071498  
C        5.373726   -1.468812    0.063819  
H        5.349928   -2.550265    0.170306  
C        4.204386   -0.708021    0.057572  
S        2.552688   -1.254972    0.202240  
C        4.224686    0.694854   -0.078726  
N        2.983853    1.310615   -0.068179  
C        5.457508    1.348508   -0.212754  
H        5.485586    2.428752   -0.319188  
C        6.626879    0.605664   -0.209075  
H        7.592939    1.089316   -0.312340  
C        2.029415    0.435425    0.067613  
C        0.632174    0.754852    0.109561  
N       -0.304784   -0.132411    0.228947  
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S        0.080849    2.458569   -0.020309  
C       -1.666828    1.898015    0.122061  
C       -1.556054    0.381858    0.238698  
H       -2.223624    2.219570   -0.763090  
H       -2.126260    2.362514    0.999673  
C       -2.665655   -0.474243    0.341158  
O       -2.750519   -1.693314    0.429125  
O       -3.868387    0.300989    0.325442  
P       -5.323930   -0.387622    0.325110  
O       -5.792607   -1.078146    1.537775  
O       -6.223396    0.903669    0.011451  
O       -5.382709   -1.313852   -0.967039  
C       -4.768410   -0.896294   -2.197230  
H       -3.680917   -0.870842   -2.088472  
H       -5.043488   -1.639871   -2.944071  
H       -5.140300    0.083870   -2.511583  
H       -5.830449    1.526356   -0.622205  
H        7.637506   -2.398914    0.023169 
 
e.xyz 
O        7.752545   -1.583505    0.228328  
C        6.669257   -0.931368    0.172297  
C        5.386454   -1.568001    0.033558  
H        5.348948   -2.652073   -0.024324  
C        4.237284   -0.796899   -0.022511  
S        2.574015   -1.322517   -0.188220  
C        4.256851    0.621701    0.050586  
N        3.032414    1.234173   -0.017075  
C        5.504391    1.270656    0.188163  
H        5.533702    2.356363    0.246929  
C        6.655603    0.524430    0.245198  
H        7.619877    1.015372    0.350801  
C        2.072674    0.368570   -0.139120  
C        0.668767    0.734799   -0.254759  
N       -0.273056   -0.116685   -0.366116  
S        0.245211    2.469897   -0.285961  
C       -1.509175    1.991916   -0.123682  
C       -1.557948    0.521456   -0.597691  
H       -2.131815    2.639966   -0.739319  
H       -1.804507    2.087773    0.925024  
C       -2.696256   -0.202896    0.108121  
H       -1.761654    0.489057   -1.676985  
O       -2.551980   -1.077370    0.926062  
O       -3.864192    0.301092   -0.303617  
P       -5.390452   -0.071310    0.380668  
O       -5.351180    0.248048    1.836209  
O       -6.338341    0.572889   -0.579417  

O       -5.408914   -1.685727    0.208078  
C       -5.381026   -2.221933   -1.111800  
H       -4.422787   -2.006900   -1.599730  
H       -5.497091   -3.303265   -1.020472  
H       -6.195777   -1.815120   -1.718021 
 
f.xyz 
O        7.761045   -1.515246   -0.010595  
C        6.575943   -0.836067   -0.023897  
C        5.348607   -1.491433    0.067938  
H        5.304338   -2.574135    0.156222  
C        4.192209   -0.713981    0.043126  
S        2.526941   -1.243057    0.133507  
C        4.233067    0.692321   -0.069246  
N        3.005592    1.330624   -0.082705  
C        5.481890    1.322475   -0.157844  
H        5.532848    2.403877   -0.244681  
C        6.642690    0.560310   -0.135752  
H        7.617538    1.032829   -0.204652  
C        2.020586    0.467350    0.013500  
C        0.646636    0.792066    0.027564  
N       -0.322168   -0.094936    0.122977  
S        0.085181    2.501598   -0.079685  
C       -1.662407    1.927827   -0.007574  
C       -1.546059    0.413669    0.118471  
H       -2.193045    2.235778   -0.913931  
H       -2.168221    2.385180    0.847973  
C       -2.705427   -0.444327    0.211746  
O       -2.709532   -1.662704    0.316078  
O       -3.848441    0.303457    0.149162  
P       -5.408839   -0.267840    0.413739  
O       -5.500688   -0.922635    1.753792  
O       -6.265913    0.903757    0.035648  
O       -5.531017   -1.433021   -0.721449  
C       -5.322614   -1.062381   -2.077534  
H       -4.272789   -0.796470   -2.252045  
H       -5.574703   -1.928172   -2.693531  
H       -5.960621   -0.218044   -2.359273  
H        7.594958   -2.465547    0.070701 
O        7.789825   -1.571719    0.026527  
C        6.704206   -0.902080   -0.001677  
C        5.410682   -1.520708    0.088042  
H        5.360444   -2.602556    0.182973  
C        4.258513   -0.744677    0.053724  
S        2.583909   -1.274358    0.142993  
C        4.282078    0.662386   -0.069515  
N        3.043327    1.289829   -0.093489  
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C        5.534599    1.292773   -0.159715  
H        5.578265    2.376032   -0.256061  
C        6.695470    0.539971   -0.127791  
H        7.662388    1.033311   -0.198712  
C        2.069396    0.429789    0.006222  
C        0.677471    0.755127    0.010797  
N       -0.286470   -0.112511    0.123331  
S        0.137827    2.471874   -0.117933  
C       -1.618073    1.917446   -0.102284  
C       -1.526764    0.408691    0.103211  
H       -2.097952    2.191958   -1.048220  
H       -2.154201    2.429607    0.702016  
C       -2.677906   -0.427597    0.201963  
O       -2.713586   -1.646482    0.361948  
O       -3.826859    0.325494    0.062471  
P       -5.381962   -0.183085    0.401587  
O       -5.488518   -0.660404    1.816036  
O       -6.232931    0.940770   -0.117955  
O       -5.543865   -1.486689   -0.570651  
C       -5.267285   -1.316186   -1.952292  
H       -4.196108   -1.146577   -2.116006  
H       -5.561185   -2.237290   -2.460800  
H       -5.834829   -0.477077   -2.369975 
 
Href.xyz 
 -1.630201    4.320959   -0.965516  
C       -0.502523    4.340127   -0.183728  
C        0.141381    3.129832    0.194013  
C       -0.410810    1.882122   -0.220211  
C       -1.565422    1.897342   -1.052132  
C       -2.155860    3.084065   -1.414224  
H        1.748980    4.112441    1.264443  
H       -2.114034    5.249079   -1.253630  
H       -0.073324    5.280270    0.152438  
C        1.342607    3.154203    0.953543  
C        0.232947    0.662064    0.180133  
H       -1.975349    0.960915   -1.416159  
H       -3.031827    3.074639   -2.055786  
C        1.427511    0.762811    0.861499  
C        1.993034    1.990157    1.266685  
H        2.924815    1.982467    1.823150  
C        0.035148   -2.864724   -1.225346  
C       -1.247480   -3.241392   -0.927838  
C       -2.101148   -2.380699   -0.184997  
C       -1.631086   -1.099811    0.228822  
C       -0.312295   -0.679818   -0.155391  
C        0.480785   -1.590076   -0.819963  

H       -3.756901   -3.770127   -0.157455  
H        0.716534   -3.513970   -1.765309  
H       -1.621137   -4.213387   -1.237131  
C       -3.412476   -2.794947    0.176723  
C       -2.480618   -0.298362    1.041933  
C       -3.737670   -0.732527    1.387585  
C       -4.218093   -1.988246    0.940729  
H       -2.125536    0.660894    1.404158  
H       -4.367960   -0.109132    2.014576  
H       -5.216585   -2.312990    1.216505  
O        2.124448   -0.396542    1.204761  
O        1.790388   -1.237261   -1.151270  
P        2.881116   -1.210133    0.037474  
O        3.405006   -2.492705    0.520722  
O        3.995717   -0.262168   -0.577762  
H        3.664729    0.541841   -1.017424 
 
ref.xyz 
C        3.132565   -3.415710   -0.954541  
C        2.083985   -3.857219   -0.186012  
C        1.029457   -2.978157    0.184370  
C        1.075248   -1.612383   -0.223522  
C        2.163126   -1.193396   -1.041720  
C        3.161073   -2.069681   -1.396391  
H       -0.105735   -4.491601    1.241457  
H        3.931575   -4.094532   -1.236484  
H        2.034333   -4.891437    0.145409  
C       -0.083845   -3.449668    0.933325  
C        0.017480   -0.723892    0.168667  
H        2.196254   -0.169622   -1.400435  
H        3.976996   -1.728716   -2.026865  
C       -1.070870   -1.253615    0.838951  
C       -1.122875   -2.611330    1.237020  
H       -1.995173   -2.956571    1.782997  
C       -1.122993    2.611280   -1.237017  
C       -0.084001    3.449665   -0.933321  
C        1.029323    2.978203   -0.184368  
C        1.075176    1.612431    0.223521  
C        0.017448    0.723892   -0.168668  
C       -1.070926    1.253567   -0.838951  
H        2.034113    4.891529   -0.145405  
H       -1.995308    2.956483   -1.782992  
H       -0.105939    4.491598   -1.241451  
C        2.083812    3.857312    0.186014  
C        2.163074    1.193491    1.041717  
C        3.160983    2.069819    1.396387  
C        3.132413    3.415848    0.954540  
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H        2.196249    0.169717    1.400429  
H        3.976922    1.728890    2.026860  
H        3.931393    4.094706    1.236484  
O       -2.118531   -0.440866    1.183981  
O       -2.118550    0.440771   -1.183981  
P       -3.210022   -0.000071   -0.000000  
O       -3.915439    1.201184    0.534366  
O       -3.915389   -1.201354   -0.534366 
 
CO2.xyz 
O        0.000000   -0.000000    1.162759  
C        0.000000    0.000000    0.000000  
O        0.000000   -0.000000   -1.162759  
 
5xyz 
C       -1.820464    0.083596   -0.067256  
O       -2.835202   -0.427842   -0.574858  
O       -0.613867   -0.348635   -0.692897  
P        0.827581   -0.573398    0.062799  
O        0.670095   -1.427282    1.289153  
O        1.772356   -0.977062   -1.040668  
O        1.244480    0.926311    0.587047  
C        1.152446    1.987779   -0.345850  
H        0.102754    2.202076   -0.576680  
H        1.605853    2.870866    0.112683  
H        1.691849    1.753543   -1.272123  
O       -1.713620    0.922790    0.841319  
 
H2O2.xyz 
O        0.703698    0.109897   -0.063895  
O       -0.703877   -0.110093   -0.063568  
H       -1.017402    0.609069    0.509351  
H        1.018832   -0.607500    0.510356  
 
HOO-.xyz 
O        0.055511    0.790000   -0.000000  
O        0.055511   -0.680438    0.000000  
H       -0.888183   -0.876497    0.000000  
 
6.xyz 
P       -0.478739    0.207147    0.000000  
O       -0.836952   -0.551152    1.288633  
O       -0.836952    1.696545    0.000000  
O       -0.836952   -0.551152   -1.288633  
O        1.232398    0.257960    0.000000  
C        1.872123   -0.989371    0.000000  
H        1.609411   -1.580145    0.890322  

H        1.609411   -1.580145   -0.890322  
H        2.957181   -0.828296    0.000000  
 
O2–•.xyz 
O        0.000000    0.000000    0.661719  
O        0.000000   -0.000000   -0.661719  
 
3 to 4TS.xyz 
O       -8.190274   -0.949107   -0.049395  
C       -6.934744   -0.434992   -0.038249  
C       -5.803979   -1.243838   -0.050563  
H       -5.890525   -2.326914   -0.070077  
C       -4.561502   -0.605580   -0.035532  
S       -2.975353   -1.320214   -0.042212  
C       -4.445588    0.799874   -0.008301  
N       -3.150060    1.277374    0.004885  
C       -5.605494    1.592071    0.002038  
H       -5.519551    2.673948    0.021728  
C       -6.838284    0.973486   -0.012789  
H       -7.754568    1.554510   -0.004928  
C       -2.303749    0.300688   -0.010848  
C       -0.850021    0.495015    0.019035  
N       -0.043117   -0.495434   -0.011817  
S       -0.207706    2.130027    0.136464  
C        1.472306    1.432066   -0.054396  
C        1.336039   -0.072265    0.134976  
H        2.164157    1.855892    0.669334  
H        1.843337    1.640416   -1.057229  
C        2.273512   -1.079815   -0.543289  
O        1.851518   -0.582908    1.385833  
O        2.349972   -1.630923   -1.598274  
O        3.868921    0.444385   -0.507587  
P        5.410565    0.258202   -0.488772  
O        5.997309   -0.361388   -1.753053  
O        6.133309    1.498806    0.048973  
O        5.664759   -0.947822    0.670166  
C        5.249739   -0.627997    1.974641  
H        4.234178   -0.211906    1.980782  
H        5.252762   -1.546130    2.574663  
H        5.930894    0.095811    2.446073  
O        2.585634   -1.632781    0.692768  
H       -8.156576   -1.917643   -0.064054  
 
3 to ox-luc* TS.xyz 
O       -7.998218   -1.091473   -0.241893  
C       -6.754010   -0.535730   -0.245640  
C       -5.641571   -1.212542    0.248274  
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H       -5.736378   -2.216061    0.654828  
C       -4.411308   -0.556708    0.198560  
S       -2.851078   -1.133901    0.728845  
C       -4.276720    0.744243   -0.327871  
N       -2.992729    1.262731   -0.309099  
C       -5.414182    1.401351   -0.817420  
H       -5.323332    2.403796   -1.224746  
C       -6.642695    0.761947   -0.774692  
H       -7.536975    1.250485   -1.148234  
C       -2.152757    0.413104    0.209534  
C       -0.750621    0.653322    0.384512  
N        0.074187   -0.203430    0.903242  
S        0.000409    2.180333   -0.194195  
C        1.565952    1.677944    0.619717  
C        1.373512    0.184746    0.813019  
H        1.691438    2.224540    1.566098  
H        2.407212    1.894739   -0.040192  
C        2.494634   -1.067261   -0.458632  
O        2.284995   -0.442908    1.660883  
O        1.945478   -1.774846   -1.277848  
O        3.392876   -0.098657   -0.808256  
P        5.059614   -0.336778   -0.771637  
O        5.364392   -1.756155   -1.129414  
O        5.598224    0.837998   -1.531483  
O        5.390255   -0.162654    0.815909  
C        5.217717    1.123337    1.395505  
H        4.189348    1.476458    1.268100  
H        5.425998    1.025756    2.463378  
H        5.909468    1.847865    0.953656  
O        2.701353   -1.581292    0.856913  
H       -7.963027   -1.980550    0.140611  
 
3.xyz 
O       -7.807037   -1.186409   -0.716160  
C       -6.588002   -0.612490   -0.546382  
C       -5.457286   -1.358042   -0.232309  
H       -5.513185   -2.436322   -0.111551  
C       -4.254473   -0.664481   -0.079143  
S       -2.680109   -1.296525    0.308800  
C       -4.175679    0.734368   -0.234358  
N       -2.914102    1.271179   -0.053021  
C       -5.333461    1.462169   -0.552191  
H       -5.277508    2.539454   -0.673746  
C       -6.528545    0.788307   -0.706027  
H       -7.441571    1.320756   -0.951830  
C       -2.058847    0.344516    0.228436  
C       -0.635055    0.599031    0.486817  

N        0.178398   -0.342133    0.754159  
S       -0.050030    2.270438    0.449518  
C        1.642700    1.622995    0.674445  
C        1.515924    0.143985    1.057459  
H        2.159841    2.183167    1.454009  
H        2.183255    1.710388   -0.272147  
C        2.658618   -0.850216    0.603491  
O        1.811564   -0.113373    2.422073  
O        2.491758   -1.791107   -0.198104  
O        3.880521   -0.074529    0.494396  
P        4.563810    0.391524   -0.921984  
O        3.556080    1.046220   -1.830129  
O        5.816365    1.126639   -0.518179  
O        4.985449   -1.019499   -1.642804  
C        5.710511   -1.957255   -0.866831  
H        5.069594   -2.376386   -0.083492  
H        6.032524   -2.759342   -1.536552  
H        6.596818   -1.497642   -0.411961  
O        2.681957   -1.239799    2.109615  
H       -7.746459   -2.145322   -0.590123  
 
4 to ox-luc*TS.xyz 
O        6.236927    0.074940    0.189461  
C        4.921984   -0.238662    0.088630  
C        4.016982    0.816132    0.110356  
H        4.368624    1.837935    0.203460  
C        2.664235    0.495975    0.007078  
S        1.297870    1.568461   -0.011845  
C        2.213628   -0.837059   -0.115240  
N        0.846970   -0.988447   -0.210040  
C        3.150805   -1.882563   -0.132989  
H        2.812794   -2.909643   -0.226909  
C        4.493722   -1.579817   -0.032682  
H        5.234892   -2.374805   -0.046902  
C        0.255481    0.160412   -0.167782  
C       -1.202553    0.316895   -0.262477  
N       -1.962817   -0.604193   -0.715438  
S       -1.949107    1.838195    0.282553  
C       -3.509805    1.319202   -0.488698  
C       -3.336518   -0.207606   -0.612571  
H       -3.602167    1.762108   -1.482974  
H       -4.361117    1.601785    0.130987  
C       -3.953397   -0.978685    0.776073  
O       -4.229354   -0.890937   -1.277908  
O       -3.623823   -0.741135    1.880601  
O       -4.794517   -1.799238    0.256284  
H        6.776442   -0.729776    0.163661  
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4.xyz 
O        6.207980   -0.989340   -0.017401  
C        4.954611   -0.474435    0.001100  
C        3.822636   -1.280823   -0.030959  
H        3.906629   -2.363443   -0.071791  
C        2.582281   -0.639347   -0.009384  
S        0.995877   -1.350392   -0.042372  
C        2.469661    0.766750    0.043930  
N        1.177681    1.245729    0.060858  
C        3.632164    1.556480    0.076909  
H        3.548317    2.637797    0.118581  
C        4.861835    0.934707    0.055159  
H        5.780213    1.511956    0.078783  
C        0.329780    0.269320    0.020789  
C       -1.117794    0.478978    0.012256  
N       -1.939866   -0.506087   -0.017064  
S       -1.737729    2.124522    0.015169  
C       -3.417883    1.440338    0.198156  
C       -3.290587   -0.048234   -0.123401  
H       -4.121730    1.936197   -0.471195  
H       -3.738830    1.572437    1.234379  
C       -4.329080   -0.987143    0.482110  
O       -3.866341   -0.435403   -1.409564  
O       -4.683485   -1.388091    1.540169  
O       -4.824391   -1.312231   -0.746623  
H        6.174485   -1.957544   -0.052698  
 
Ox-luc–.xyz 
O        0.607877   -5.542321    0.000000  
C        0.222913   -4.345030    0.000000  
C        1.142543   -3.233271    0.000000  
H        2.207873   -3.443338    0.000000  
C        0.653769   -1.944332    0.000000  
S        1.539390   -0.437411   -0.000000  
C       -0.746966   -1.646742    0.000000  
N       -1.067510   -0.334402    0.000000  
C       -1.669743   -2.727488    0.000000  
H       -2.735168   -2.510638    0.000000  
C       -1.203408   -4.011114    0.000000  
H       -1.895900   -4.848826    0.000000  
C        0.000000    0.426983   -0.000000  
C       -0.054378    1.856716   -0.000000  
N        1.012186    2.605069   -0.000000  
S       -1.637747    2.643640   -0.000000  
C       -0.804923    4.248976   -0.000000  
C        0.698690    3.960658   -0.000000  

H       -1.066807    4.824347    0.890612  
H       -1.066807    4.824347   -0.890612  
O        1.527974    4.848276   -0.000000  
 
1.xyz 
O       -7.739970   -1.500723    0.029784  
C       -6.555552   -0.837085    0.036210  
C       -5.336305   -1.500392   -0.059095  
H       -5.295385   -2.582764   -0.145400  
C       -4.178873   -0.721214   -0.039409  
S       -2.521198   -1.245403   -0.132964  
C       -4.225606    0.686001    0.070238  
N       -3.000478    1.316269    0.077983  
C       -5.472292    1.327820    0.162713  
H       -5.515975    2.409169    0.247190  
C       -6.624523    0.567582    0.145990  
H       -7.601508    1.034440    0.216877  
C       -2.033610    0.447609   -0.019356  
C       -0.646881    0.803674   -0.035036  
N        0.320293   -0.111206   -0.129528  
S       -0.124591    2.471658    0.070541  
C        1.612854    1.919481   -0.016051  
C        1.519591    0.423200   -0.123979  
H        2.154617    2.233785    0.881902  
H        2.108349    2.362617   -0.885996  
C        2.725927   -0.438059   -0.223942  
O        2.682207   -1.643171   -0.333254  
O        3.831440    0.311283   -0.164662  
P        5.424494   -0.275983   -0.412209  
O        5.478738   -0.946328   -1.741613  
O        6.259642    0.908150   -0.047097  
O        5.502419   -1.413187    0.742830  
C        5.412675   -0.999065    2.103871  
H        4.417950   -0.592776    2.322685  
H        5.576671   -1.885464    2.718981  
H        6.170990   -0.245561    2.335352  
H       -7.589424   -2.454747   -0.049689  
 
ox-luc.xyz 
O        0.237113   -5.551744    0.000000  
C       -0.057633   -4.229098    0.000000  
C        0.930597   -3.252117    0.000000  
H        1.982836   -3.520599    0.000000  
C        0.510914   -1.920020    0.000000  
S        1.482573   -0.479360    0.000000  
C       -0.857187   -1.568678    0.000000  
N       -1.108202   -0.215708    0.000000  
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C       -1.834789   -2.580051    0.000000  
H       -2.886717   -2.312852    0.000000  
C       -1.432007   -3.897447    0.000000  
H       -2.157997   -4.703773    0.000000  
C        0.000000    0.454237    0.000000  
C        0.042180    1.913787    0.000000  
N        1.158447    2.559242    0.000000  
S       -1.476011    2.794229    0.000000  
C       -0.532990    4.339277    0.000000  
C        0.944822    3.950089    0.000000  
H       -0.758068    4.929739    0.891181  
H       -0.758068    4.929739   -0.891181  
O        1.842924    4.759093    0.000000  
H        1.197556   -5.683558    0.000000  
 
Ox-luc*.xyz 
O        0.271430   -5.508280    0.000000  
C       -0.051566   -4.225043    0.000000  
C        0.951893   -3.212899    0.000000  
H        2.001829   -3.491862    0.000000  
C        0.532565   -1.911193    0.000000  
S        1.503847   -0.450616    0.000000  
C       -0.869759   -1.558985    0.000000  
N       -1.149710   -0.258887    0.000000  
C       -1.849539   -2.612513    0.000000  
H       -2.901534   -2.346633    0.000000  
C       -1.440633   -3.915458    0.000000  
H       -2.149913   -4.736382    0.000000  
C        0.000000    0.471485    0.000000  
C        0.031834    1.872757    0.000000  
N        1.167653    2.570885    0.000000  
S       -1.492890    2.775342    0.000000  
C       -0.539398    4.315535    0.000000  
C        0.947106    3.919037    0.000000  
H       -0.764082    4.910292    0.889173  
H       -0.764082    4.910292   -0.889173  
O        1.824102    4.777856    0.000000  
H        1.237595   -5.638259    0.000000  
 
Ox-luc–.xyz 
O        0.253075   -5.552797    0.000000  
C       -0.092863   -4.352362    0.000000  
C        0.905287   -3.281591    0.000000  
H        1.953957   -3.563587    0.000000  
C        0.492261   -1.974801    0.000000  
S        1.486083   -0.522893    0.000000  
C       -0.889573   -1.601247    0.000000  

N       -1.148450   -0.274301    0.000000  
C       -1.877083   -2.635000    0.000000  
H       -2.925653   -2.349767    0.000000  
C       -1.496883   -3.947746    0.000000  
H       -2.236419   -4.743501    0.000000  
C        0.000000    0.429475    0.000000  
C        0.065877    1.837769    0.000000  
N        1.211813    2.519219    0.000000  
S       -1.439487    2.773514    0.000000  
C       -0.457713    4.296832    0.000000  
C        1.020118    3.869615    0.000000  
H       -0.669108    4.896970    0.888891  
H       -0.669108    4.896970   -0.888891  
O        1.914512    4.714411    0.000000  
 
AMP-luc– to 1 TS.xyz 
O       -7.894154   -1.258433   -0.483944  
C       -6.673114   -0.662431   -0.411793  
C       -5.496861   -1.397975   -0.302846  
H       -5.518217   -2.484144   -0.272033  
C       -4.297144   -0.687172   -0.235826  
S       -2.674503   -1.308172   -0.094219  
C       -4.259829    0.721057   -0.277181  
N       -2.993799    1.278769   -0.206462  
C       -5.460964    1.436673   -0.387236  
H       -5.441321    2.521745   -0.419889  
C       -6.657220    0.745018   -0.453534  
H       -7.601580    1.272692   -0.539400  
C       -2.087481    0.356068   -0.112026  
C       -0.665606    0.618827   -0.023964  
N        0.217248   -0.315676    0.056973  
S       -0.060815    2.298191   -0.037691  
C        1.655521    1.650020   -0.100021  
C        1.495118    0.167847    0.239562  
H        2.272285    2.190322    0.620427  
H        2.069613    1.808715   -1.102535  
C        2.617236   -0.747466    0.043145  
H        1.363572    0.205026    1.782966  
O        2.550501   -1.962300   -0.033052  
O        3.783755   -0.061735    0.010841  
P        5.278053   -0.798675   -0.306808  
O        5.705274   -1.596471    0.881287  
O        5.238716   -1.341058   -1.702091  
O        6.129620    0.595043   -0.273083  
C        5.913394    1.533992   -1.320884  
H        6.595014    2.369968   -1.150402  
H        6.122142    1.086413   -2.297312  
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H        4.881768    1.904307   -1.305194  
O        1.077102    0.282033    2.835751  
O       -0.267609    0.135177    2.882611  
H       -7.797084   -2.221678   -0.448446  
 
AMP-luc–xyz 
O        7.717587   -1.544258    0.237811  
C        6.536492   -0.879015    0.169256  
C        5.322073   -1.542320    0.033192  
H        5.280966   -2.626502   -0.023739  
C        4.167890   -0.758394   -0.027036  
S        2.513947   -1.274331   -0.194056  
C        4.218108    0.648652    0.044847  
N        2.990437    1.280395   -0.026519  
C        5.458442    1.292123    0.181895  
H        5.501202    2.375306    0.238437  
C        6.606535    0.528605    0.242956  
H        7.581002    0.993957    0.349079  
C        2.038382    0.415528   -0.148126  
C        0.623427    0.785836   -0.262658  
N       -0.297503   -0.080261   -0.388443  
S        0.187879    2.510026   -0.265726  
C       -1.564031    2.008842   -0.121507  
C       -1.594200    0.541790   -0.607846  
H       -2.187427    2.655403   -0.737639  
H       -1.866446    2.095442    0.925698  
C       -2.717199   -0.212983    0.091542  
H       -1.794273    0.512817   -1.687758  
O       -2.553087   -1.115437    0.874442  
O       -3.891523    0.298574   -0.285300  
P       -5.407234   -0.108605    0.407479  
O       -5.342633    0.153570    1.873039  
O       -6.370891    0.569203   -0.512308  
O       -5.418980   -1.714343    0.171215  
C       -5.417942   -2.197879   -1.169508  
H       -4.472967   -1.955530   -1.670359  
H       -5.523717   -3.282840   -1.118230  
H       -6.249608   -1.774097   -1.739900  
H        7.568377   -2.500116    0.180249  
 
2 to 3 TS.xyz 
O       -7.831332   -1.208142   -0.655364  
C       -6.611779   -0.628101   -0.509770  
C       -5.475967   -1.364929   -0.193433  
H       -5.528098   -2.440746   -0.050803  
C       -4.273045   -0.666191   -0.067081  
S       -2.693518   -1.287466    0.318044  

C       -4.198538    0.729171   -0.251492  
N       -2.935563    1.271866   -0.094236  
C       -5.361296    1.448176   -0.570227  
H       -5.309265    2.523033   -0.713189  
C       -6.556991    0.769209   -0.697100  
H       -7.473749    1.295407   -0.942483  
C       -2.075946    0.352937    0.198112  
C       -0.648892    0.612806    0.435850  
N        0.164780   -0.317321    0.725120  
S       -0.068345    2.287684    0.339407  
C        1.623011    1.665170    0.609919  
C        1.511466    0.181606    1.029783  
H        2.111307    2.239396    1.398028  
H        2.194303    1.754688   -0.318565  
C        2.587565   -0.729860    0.381378  
O        1.794117   -0.006838    2.371657  
O        2.360641   -1.600251   -0.437547  
O        3.832442   -0.128211    0.481611  
P        4.721239    0.353250   -0.839371  
O        3.850645    1.144301   -1.772260  
O        5.975749    0.930633   -0.249613  
O        5.061904   -1.056625   -1.590685  
C        5.669999   -2.081739   -0.819392  
H        4.974466   -2.451162   -0.057535  
H        5.921105   -2.897394   -1.501486  
H        6.585812   -1.722723   -0.335986  
O        2.445833   -1.306096    2.278382  
H       -7.766684   -2.164258   -0.511542  
 
2.xyz 
O       -7.704595   -1.703433   -0.085711  
C       -6.529583   -1.028256   -0.178548  
C       -5.343498   -1.533771    0.341744  
H       -5.319286   -2.495204    0.846691  
C       -4.192750   -0.757312    0.187084  
S       -2.570211   -1.104901    0.713188  
C       -4.218920    0.491218   -0.466140  
N       -2.997213    1.136696   -0.540208  
C       -5.430802    0.978556   -0.979977  
H       -5.455762    1.939989   -1.483373  
C       -6.575286    0.219631   -0.834819  
H       -7.527830    0.567298   -1.221038  
C       -2.072210    0.432498    0.022428  
C       -0.664536    0.849189    0.105539  
N        0.218427    0.122309    0.647260  
S       -0.210912    2.417505   -0.592764  
C        1.502575    2.127688   -0.062108  
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C        1.550100    0.742809    0.667487  
H        1.788539    2.880076    0.672375  
H        2.155060    2.157431   -0.936610  
C        2.512110   -0.180979   -0.109701  
O        2.024988    0.858297    1.952755  
O        2.137430   -1.086748   -0.815537  
O        3.777798    0.195836    0.061564  
P        5.110099   -0.470760   -0.775368  
O        4.886005   -0.315207   -2.241520  
O        6.278817    0.125909   -0.057678  
O        4.948147   -2.042138   -0.394100  
C        5.063075   -2.415341    0.976163  
H        4.240665   -1.993101    1.566031  
H        5.006314   -3.504620    1.017299  
H        6.017139   -2.081454    1.394757  
O        1.196905    1.813009    2.668276  
H       -7.572469   -2.543477    0.378938  
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Appendix 2: Supporting Information Paper 2 

 

 

Figure S1. ECL of luminol (1.0 × 10−3 M) in [BMIM][NTf2], recorded at a platinum 

mesh electrode biased at −1.0 V (violet line), −1.5 V (yellow line), −2.0 V (blue line), 

−2.5 V (green line) and −3.0 V (red line). Spectra are normalized to the maximum 

intensity of the −3.0 V data set. 
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Figure S2. ECL of luminol (1.0 × 10−3 M) in [BMIM][PF6], recorded at a platinum 

mesh electrode biased at −1.0 V (violet line), −1.5 V (yellow line), −2.0 V (blue line), 

−2.5 V (green line) and −3.0 V (red line). Spectra are normalized to the maximum 

intensity of the −3.0 V data set. 
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Figure S3. Time-resolved emission spectra (490 nm) of a luminol (1.0 × 10−3 M) solution 

in 0.1 M Bu4NClO4/DMSO (−2.5 V). The ON label indicates when the working electrode 

voltage bias is switched from open-circuit to −2.5 V. The OFF label indicates the end of 

the 30 s voltage pulse 
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Figure S4.  Photon counting experiments of luminol ECL during a cyclic voltammogram 

(the voltage was swept from 0.0 V towards −2.0 V, and back, at a scan rate of 0.05 V/s). 

Luminol (1.0 × 10−3 M) solution in 0.1 M Bu4NClO4/DMSO. Overlay plot of simultaneously 

aquired photon counts and current trace. 
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Figure S5. Proposed mechanism of the AMP–luc electrochemically generated light 
path.201 

 

Figure S6. ECL of AMP‒luc (4.3 × 10−4M) in [BMIM][NTf2], recorded at a platinum 

mesh electrode biased at −1.0 V (violet line), −1.5 V (yellow line), −2.0 V (blue line), 

−2.5 V (green line), and −3.0 V (red line). Spectra are normalized to the maximum 

intensity of the −3.0 V data set. 
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Figure S7. ECL of AMP‒luc (4.3 × 10−4M) in [BMIM][PF6], recorded at a platinum 

mesh electrode biased at −1.0 V (violet line), −1.5 V (yellow line), −2.0 V (blue line), 

−2.5 V (green line) and −3.0 V (red line). Spectra are normalized to the maximum 

intensity of the −3.0 V data set. 

 

 

 

 

Figure S8. Time-resolved emission spectra (625 nm) of an AMP‒luc (0.43 × 10−3 

M) solution in 0.1 M Bu4NClO4/DMSO (−2.5 V). The ON label indicates when the 

working electrode voltage bias is switched from open-circuit to −2.5 V. The OFF 

label indicates the end of the 30 s voltage pulse. 
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Figure S9. Experimental setup used for the photon-counting (quantitative) 

electrochemiluminescence experiments. (a) The spectroelectrochemical cell containing the 

RTIL solution and the three electrodes is placed in front of the counting module using a 

custom holder secured on a xyz stage allowing for consistent positioning of the working 

electrode relative to the photon counter. Further details are in the main text experimental 

section. (b) Overall view of the experimental apparatus. When the light-proof box is sealed, 

the dark count approaches 500 photon/sec. 
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Appendix 3: Supporting Information Paper 3 

A3.1 Supplementary Experimental and Computational Results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Representative OCP–time measurement acquired with a platinum electrode 

immersed in [EMIM][EtSO4]. The OCP measurement began immediately after a 60 s 

negative pulse (−1.0 V relative to the system’s initial OCP). The dotted horizontal line 

indicates the OCP prior to the pulse. The electrode’s OCP relaxes asymptotically. 



150 
 
 

  

 

Figure S2. Representative OCP–time measurements acquired with platinum electrodes 

immersed in acetonitrile containing either (a) 0.1 M (a), or (b) 0.5 M Bu4NClO4. The recording 

of OCP versus time started after a 60 s negative pulse (−2.0 V from the initial OCP). The 

dotted horizontal line indicates the initial OCP (recorded prior to the pulse). In contrast to the 

OCP relaxation experiments performed with RTILs, molecular solvent/electrolyte systems did 

not result in discrete OCP plateaus. 
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Figure S3. OCP–time measurement acquired with a platinum electrode immersed 

in [EMIM][EtSO4]. The OCP measurement began immediately after a 60 s negative 

pulse (−2.0 V relative to the system’s initial OCP). The dotted horizontal line 

indicates the OCP prior to the pulse. The negative bias excursion led to an 

exceedingly stable OCP plateau, located around −1.10 V, which lasted at least 96 

hours.  



152 
 
 

   

Figure S4. OCP–time measurements acquired with a platinum electrode 

immersed in [EMIM][EtSO4]. The OCP measurement began immediately after a 

60 s negative pulse (−2.0 V relative to the system’s initial OCP). The dotted 

horizontal line indicates the average OCP prior to the pulse. The negative bias 

excursion led to OCP plateaus located around between −1.13 V and −1.25 V that 

lasted at least 48 hours. 
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Figure S5. OCP–time measurements acquired with a platinum electrode immersed in 

[EMIM][EtSO4]. The OCP measurement began immediately after a 60 s negative pulse 

(−2.0 V relative to the system’s initial OCP). The dotted horizontal line indicates the 

average OCP prior to the pulse. The negative bias excursion led to OCP plateaus located 

around −1.25 V that lasted between 6 and 24 hours. 
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Figure S6. Representative OCP–time data showing how the stable OCP plateau, 

indicative of the overscreened dipolar layer formed on a platinum electrode in 

[EMIM][EtSO4] after a cathodic pulse, is being lost after mechanical shaking. The 

leftmost portion of the OCP traces shown here are data recorded approximately 

either 24 h (a) or 109 h (b) after the end of the 60 s cathodic pulse (−2.0 V relative 

to the system’s initial OCP). The dotted horizontal lines represent the initial OCP 

prior to the pulse. Mechanical shaking of the electrode, while this was held under 

nitrogen over the liquid sample (point marked as  

“a”), disrupted the ordered RTIL structure, as indicated by a sharp positive shift of 

the electrode’s OCP back towards its initial rest value once this is re-immersed in 

the RTIL sample (point marked as “b”). 
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Figure S7. Voltammograms (50 mV s‒1) for the oxidation of ferrocene (5.5 × 10‒4 M 

ferrocene in acetonitrile with 2.5 × 10−2 M of Bu4NPF6) obtained on a platinum microdisk 

electrode (nominal radius of 5 m) after its immersion and removal from a [EMIM][EtSO4] 

sample while holding it at either open circuit (a) or applying to it a voltage pulse of −2.0 

V relative to the system’s initial OCP. The experimental and simulated curves are plotted 

as solid lines and empty symbols, respectively. The standard deviation between 

experiments and simulations was less than 0.01, and indicated no changes to the 

electrode active area (9.85 × 10−7 cm2 prior and after the pulse). 
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Figure S8. Representative OCP–time measurement acquired with a platinum electrode 

immersed in [EMIM][BF4], after the application of a −2.0 V potential pulse away (cathodically) 

from the system’s initial OCP. The pulse lasted 60 seconds. The grey shaded area in 

indicates the data plotted as figure inset, which highlight the onset of crowding in [EMIM][BF4], 

as an OCP horizontal step located around −1 V. The overscreening OCP signature of the 

platinum/[EMIM][BF4] system is found around −0.62 V. The dotted horizontal line represents 

the initial OCP prior to the pulse.  
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Figure S9. Representative OCP–time measurement acquired with a platinum 

electrode immersed in [HMIM][PF6]. The electrode OCP recording started 

immediately after a 360 s cathodic pulse (−2.0 V relative to the system’s initial OCP). 

The dotted horizontal line represents the initial OCP prior to the pulse. 
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Figure S10. Representative OCP–time measurements acquired with platinum electrodes 

immersed in [BMPyrr][NTf2]. The OCP measurement began immediately after the end of a 

60 s cathodic potential step (−2.0 V relative to the system’s initial OCP). The dotted horizontal 

line marks the average initial OCP prior to the pulse.  
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Figure S11. Representative OCP–time measurement acquired on a monolayer-modified 

silicon electrode immersed in [EMIM][EtSO4]. The electrode was coated with a Si–C-

bound monolayer prepared by grafting 1,8-nonadiyne on hydrogen-terminated Si(111). 

The electrode OCP recording started immediately after a 60 s cathodic pulse (−2.0 V 

relative to the system’s initial OCP). The dotted horizontal line marks the OCP prior to the 

cathodic pulse.  
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Figure S12. Representative OCP–time measurement acquired on a hydrogen-terminated 

Si(111) electrode in [EMIM][EtSO4]. The recording of the electrode’s OCP started 

immediately after a 60 s cathodic pulse (−2.0 V relative to the system’s initial OCP). The 

dotted horizontal line marks the OCP prior to the cathodic pulse. The OCP after the pulse 

asymptotically relaxed back towards its initial value, but never reached it. The cathodic shift 

of the final OCP is indicative of a degree of surface corrosion, which is expected given the 

lack of chemical passivation of the hydride surface (see Figure S11 for a comparison with 

a chemically passivated Si surface). 
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Figure S13. Representative OCP–time measurement acquired with a carbon plate 

working electrode and a platinum counter immersed in [EMIM][EtSO4]. The electrode OCP 

recording started after a 60 s cathodic pulse (−2.0 V relative to the system’s initial OCP). 

The dotted horizontal line represents the initial OCP prior to the pulse.  
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Figure S14. Representative OCP–time measurements acquired with a gold wire 

working electrode and a platinum counter immersed in [EMIM][EtSO4]. The electrode 

OCP recording started immediately after a 60 s cathodic pulse (−2.0 V relative to the 

system’s initial OCP). Dotted horizontal lines represent the average initial OCP. 

Negative bias excursions lead to very stable OCP plateaus located between −0.6 V and 

−0.8 V. 
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Figure S15. Cone-corrected angular distributions ion dipoles relative to the z-axis 

of (a) BMIM+ and (b) PF6
− in [BMIM][PF6], (c) HMIM+ and (d) PF6

− in [HMIM][PF6], 

(e) EMIM+ and (f) EtSO4
− in [EMIM][EtSO4] and (g) BMIM+ and (h) NTf2− in 

[BMIM][NTf2]. 
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Figure S16. Dihedral distribution function of the C–S–S–C dihedral in NTf2− across 

simulations in the absence of an electric field (blue) and in a 0.2 V/Å external electric field 

(red).   

 

Figure S17. Plot of the sum of the mean dipole projection of constituent ions against the 

measured OCP (crowding) values of [BMIM][PF6], [HMIM][PF6], [EMIM][EtSO4] and 

[BMIM][NTf2]. 
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Figure S18. Representative OCP–time measurements acquired with platinum electrodes 

immersed in [BMIM][NTf2] immediately after a negative potential step (60 s). The potential 

step was of ‒2.0 V relative to the electrode initial rest OCP. The crowding plateau in 

[BMIM][NTf2] is found at −1.9 V. 
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Figure S19. Experimental (solid line) and simulated (empty symbols) cyclic voltammograms 

at a platinum wire in an acetonitrile solution containing 1.0 × 10−3 M ferrocene and 1.0 × 10−1 

Bu4NClO4. The voltage sweep rate is indicated as labels to the figures. The diffusivity of 

ferrocene (Fc in shorthand) was set to 2.3 × 10‒5 cm2 s‒1. The refined parameters (E 

mechanism) are: E0(Fc/Fc+)   0.597 V vs. Ag/AgCl (“leakless”, see experimental section), k0 

(Fc/Fc+) = 0.01 cm s−1, α   0.5. The cell iR drop was not compensated during measurement. 

Values of cell resistance used in the fittings were measured by electrochemical impedance 

spectroscopy prior to the experiment and used in the simulations. Butler–Volmer kinetics was 

used to estimate charge transfer parameters, and the diffusion was considered as semi-

infinite 1D. The electrochemically-determined effective area of the platinum wire electrode is 

0.28 cm2. 
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Figure S20. Experimental (solid line) and simulated (empty symbols) cyclic voltammograms 

at a platinum wire in an acetonitrile solution containing 1.0 × 10−3 M ferrocene and 1.0 × 10−1 

Bu4NClO4. The voltage sweep rate is indicated as labels to the figures. The diffusivity of 

ferrocene (Fc in shorthand) was set to 2.3 × 10‒5 cm2 s‒1. The refined parameters (E 

mechanism) are: E0(Fc/Fc+)   0.592 V vs. Ag/AgCl (“leakless”, see experimental section), k0 

(Fc/Fc+) = 0.01 cm s−1, α   0.5. The cell iR drop was not compensated during measurement. 

Values of cell resistance used in the fittings were measured by electrochemical impedance 

spectroscopy prior to the experiment and used in the simulations. Butler–Volmer kinetics was 

used to estimate charge transfer parameters, and the diffusion was considered as semi-

infinite 1D. The electrochemically-determined effective area of the platinum wire electrode is 

0.63 cm2. 
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Figure S21. Experimental (solid line) and simulated (empty symbols) cyclic voltammograms 

at a platinum disk in an acetonitrile solution containing 1.0 × 10−3 M ferrocene and 1.0 × 10−1 

Bu4NClO4. The voltage sweep rate is indicated as labels to the figures. The diffusivity of 

ferrocene (Fc in shorthand) was set to 2.3 × 10‒5 cm2s‒1. The refined parameters (E 

mechanism) are: E0(Fc/Fc+)   0.593 V vs. Ag/AgCl (“leakless”, see experimental section), k0 

(Fc/Fc+) = 0.01 cm s−1, α  0.5. The cell iR drop was not compensated during measurement. 

Values of cell resistance used in the fittings were measured by electrochemical impedance 

spectroscopy prior to the experiment and used in the simulations. Butler–Volmer kinetics was 

used to estimate charge transfer parameters, and the diffusion was considered as semi-

infinite 2D. The electrochemically-determined effective area of the platinum disk electrode is 

0.08 cm2. 
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Figure S22. Representative AFM topography (height) image (5×5 m) of a glassy carbon 

electrode. The scale bar at bottom right represents 1 m. Using the region analysis function in 

the image processing software XEI (Park System Corporation), the root-mean-square (RMS) 

roughness of the sample surface was estimated to 1.365 nm. 

 

 

 

 

Figure S23. Representative AFM topography (height) image (5×5 m) of a monolayer-

coated silicon electrode. The scale bar at bottom right represents 1 m. The silicon was 

highly doped (phosphorous, 0.007–0.013 ohm cm), n-type hydrogen-terminated Si(111) 

coated with a Si–C-bound monolayer of 1,8-nonadiyne. The clear terraced structure and 

the negligible amount of rounded features indicates an exceedingly low level of substrate 

oxidation. The root-mean-square (RMS) roughness of the sample is 0.301 nm (XEI 

software, Park System Corporation). 
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Figure S24. Prior to any external biasing, electrodes were left to equilibrate in contact with 

the ionic liquid sample until the first derivative of the OCP versus time trace (dV/dt) felt 

below |0.0001|. (a) Example of initial equilibration of the OCP for a platinum electrode 

immersed in [EMIM][EtSO4], and its first derivative shown in (b).  
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Figure S25. (a) Representative initial OCP–time measurement acquired with a 

platinum electrode immersed in [BMIM][PF6], and its first derivative (b). Prior to any 

external bias being applied to the interface, electrodes were left to equilibrate in 

contact with the ionic liquid sample until the first derivative of the OCP versus time 

trace (dV/dt) dropped below |0.0001|. 
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Figure S27. Example of initial OCP–time measurement acquired with a platinum electrode 
immersed in [P1466][NTf2] (a) and its first derivative (b). Electrodes were left to equilibrate in 
contact with the ionic liquid sample until the first derivative of the OCP versus time traces 
(dV/dt) dropped below |0.0001|. 



173 
 
 

  

 

Figure S27. Example of initial OCP–time measurement acquired with a platinum electrode 

immersed in [P1466][NTf2] (a) and its first derivative (b). Electrodes were left to equilibrate 

in contact with the ionic liquid sample until the first derivative of the OCP versus time traces 

(dV/dt) dropped below |0.0001|. 
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Figure S28. Evolution of density over time in equilibration molecular simulation runs of 

[BMIM][PF6] (red), [HMIM][PF6] (blue), [EMIM][EtSO4] (green) and [BMIM][NTf2] (orange). 
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Table S1. kij parameters calculated for this work. Minimum energy configurations were obtained 

from a thorough geometry search of possible starting configurations subject to M06-2X/cc-pVTZ 

calculations, with implicit ethanol solvation represented with the CPCM model.384 Frequency 

analysis confirmed local minima of minimum energy structures, determined by SRS-MP2385, 386 

single point energy calculations. Minimum energy structures were subject to SAPT2+/aug-cc-

pVDZ387 calculations to determine kij parameters. All frequency and geometry optimisations 

were performed with GAUSSIAN16a03,388 with SAPT2+ and single point calculations 

performed with PSI4.389 

Interacting pair kij value 

EMIM+-PF6
− 0.55 

EMIM+-EtSO4
− 0.52 

PF6
−-C4H10 0.57 

PF6
−-C6H14 0.58 
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Table S2. Comparison of equilibrated densities from molecular dynamics simulations to 

literature.  

Ionic liquid ρexp g/cm3
 ρsim g/cm3 % dev. 

[BMIM][PF6] 1.323390 1.288 −2.6 

[HMIM][PF6] 1.251391 1.204 −3.8 

[EMIM][EtSO4] 1.201392 1.142 −4.9 

[BMIM][NTf2] 1.386393 1.346 -2.9 

 

 

 

Table S3. Observed diffusion coefficients of ions in production simulations, in the absence of 

an external electric field 

Ionic liquid D(cation) × 1011 

m2/s 

D(anion) × 1011 m2/s 

[BMIM][PF6] 12.2 9.6 

[HMIM][PF6] 3.7 4.7 

[EMIM][EtSO4] 14.9 10.2 

[BMIM][NTf2] 17.6 16.6 
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Table S4. Observed diffusion coefficients of ions in production simulations, in an external 

electric field of 0.2 V/Å 

Ionic liquid D(cation) × 107 

m2/s 

D(anion) × 107 m2/s 

[BMIM][PF6] 24.5 22.6 

[HMIM][PF6] 22.2 29.6 

[EMIM][EtSO4] 16.6 17.2 

[BMIM][NTf2] 15.0 3.7 

 

 

Table S5. Calculated molar volumes of cations using HF/aug-cc-pVTZ electron densities394 

Cation Vm (Å) 

BMIM+ 185.5 

HMIM+ 246.7 
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Figure S1. Experimental setup for the collection of ECL and fluorescence time-
resolved micrographs. (a) A Petri dish, resting on the sample stage of an inverted 
fluorescence microscope, is loaded with the electrolytic solution and fitted with a 
custom PTFE electrodes holder. (b) Side view of the PTFE electrode holder showing 
the horizontal slot for the Pt mesh working electrode. The platinum mesh position is 
sitting parallel and ~2 mm away from the bottom glass surface of the Petri dish. (c) 
Bottom view of the PTFE holder.  
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Figure S2. Overlaid plots of simultaneously acquired photon counts (black trace) 
and current (blue trace) during the cathodic electrolysis at a platinum mesh electrode 
of an 0.4 × 10−3 M AMP‒luc oxygen-saturated solution in [EMIM][EtSO4]. The 
potential was swept cyclically from 0.0 V to−2.0 V, and back, at a scan rate of 0.05 
V/s. The emission peak corresponds to ~ 4.20 × 104 photon/s.  
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Figure S3. Full field of view for the ECL micrographs shown partially cropped in Figure 
1b of the main text. (a) The ECL image was captured in a dark room, ~ 2.0 s after a 
−2.0 V cathodic pulse (30 s long) is applied to a Pt mesh immersed in a 0.4 × 10−3 M 
AMP‒luc oxygen-saturated solution in [EMIM][EtSO4]. (b) A similar experiment as in 
(a) but carried out in a molecular solvent-based electrolyte (0.4 × 10−3 M AMP‒luc in 
oxygen-saturated 0.2 Bu4NClO4/DMSO). The micrograph shown in (a) is edited to 
maximise contrast. Scale bars are 100 μm. 
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Figure S4. Time evolution of the electrochemically generated light emission (ECL) upon the 
electrolysis at a platinum mesh electrode of an AMP–luc solution (0.4 × 10−3 M in 
[EMIM][EtSO4]). The room temperature ionic liquid solution was either oxygen-saturated (red 
trace) or argon-saturated (black trace). Electrolytic solutions were bubbled with either oxygen 
(red trace) or argon (black trace) for at least 20 min prior to the ECL experiments. To trigger 
the ECL the voltage of the working electrode was stepped from open circuit to −2.5 V vs 
Ag/AgCl for 30 s. The ECL is monitored at 626 nm (emission slit set to 20 nm). The 
experiment with the argon-saturated AMP–luc solution was performed under positive argon 
pressure and with a small amount of oxygen scavenger (ammonium sulfite 0.5 % w/v) added 
to the solution.  
.  
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Figure S5. (a) Spectrum of the chemically induced AMP‒luc luminescence. Argon gas was 
bubbled through an AMP‒luc solution (0.4 × 10−3 M, 0.2 M Bu4NClO4/DMSO) for at least 20 
min prior to the experiment. A quartz cuvette (10×10×40 mm) was loaded with KO2 (0.02 g) 
and placed inside the spectrometer sample compartment (Varian, Palo Alto, California). 
Using silicone tubing (diameter 3.0 mm) AMP‒luc solution (4 mL) was transferred in one 
portion from a syringe to the cuvette containing the KO2 powder, avoiding ambient light to 
interfere with the ECL recording. Spectral acquisition started once the injection was 
completed, and recording a full spectrum took ~1.5 s. Throughout all the procedure a gentle 
flow of argon gas was maintained inside the sample compartment. (b) Fluorescence 
spectrum recorded ~30 s after the AMP‒luc sample injection to the cuvette containing KO2. 
The excitation wavelength was set to 474 nm and the emission slit to 20 nm. 
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Figure S6. (a) Spectrum of the chemically induced AMP‒luc luminescence. Argon gas was 
bubbled through an AMP‒luc solution (0.4 × 10−3 M in [EMIM][EtSO4]) for at least 20 min 
prior to the experiment. A quartz cuvette (10×10×40 mm) was loaded with KO2 (0.02 g) and 
placed inside the spectrometer sample compartment (Varian, Palo Alto, California). Using 
silicone tubing (diameter 3.0 mm) AMP‒luc solution (4 mL) was transferred in one portion 
from a syringe to the cuvette containing the KO2 powder, avoiding ambient light to interfere 
with the ECL recording. Spectral acquisition started once the injection was completed, and 
recording a full spectrum took ~1.5 s. Throughout all the procedure a gentle flow of argon 
gas was maintained inside the sample compartment. (b) Fluorescence spectrum recorded 
~30 s after the AMP‒luc sample injection to the cuvette containing KO2. The excitation 
wavelength was set to 474 nm and the emission slit to 20 nm. 
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Figure S7. (a–c) Selected time-stamped micrographs (10× magnification, 
micrographs edited to maximise contrast) showing the movement of the AMP‒luc 
electrochemiluminescent front (diffusion of superoxide away from the Pt mesh 
electrode where it forms). The electroluminescent reaction is triggered upon the 
cathodic electrolysis (−2.0 V) of an oxygen-saturated AMP‒luc solution (0.4 × 10−3 M) 
in 2.0 × 10−1 M Bu4NClO4/DMSO. The video was recorded in a dark room and the time 
stamps (0.1 s (a), 5.1 s (b) and 10.1 s (c)) refer to the time that has elapsed after the 
working electrode potential is stepped from open circuit to −2.0 V (vs. reference). Scale 
bars in (a–c) are 100 μm. (d) Electrochemiluminescence profile sampled along the A–
B line marked in (a–c), capturing the position of the diffusion front, from electrode’s 
surface, (t) of 0.1, 5.1, and 10.1 s. The optically determined superoxide diffusion 
coefficient is 2.62 × 10−6 cm2s−1. Point A is placed approximately on the platinum wire 
edge (top view). 
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Figure S8. Fluorescence micrographs (10× magnification) recorded during the cathodic 
electrolysis (−2.0 V vs Ag/AgCl) of an oxygen-saturated AMP‒luc solution (0.4 × 10−3 M 
in [EMIM][EtSO4]) at a platinum mesh working electrode. The counter electrode (Pt coil) 

was placed either on the left (a) or on the right side (b) of the working electrode.  
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Figure S9. Representative cyclic voltammogram (CV) recorded at a platinum mesh electrode 
in oxygen-saturated [EMIM][EtSO4], without AMP‒luc. The voltage scan rate is 0.05 V/s. In 
the dynamic CV measurement the oxygen reduction peak is appearing at about −0.7 V vs 
Ag/AgCl (−1.15 vs Fc/Fc+), a potential where overscreening should already be occurring 
(Fugure 2f, main text, onset of overscreening is at approximately −0.75 V vs Fc/Fc+). These 
data suggest that the cation rich-structure effectively slows down inner-sphere reactions 
(such as hydrogen evolution) only at large negative potentials, where crowding sets in. 
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Figure S10. (a–c) Selected time-stamped fluorescence micrographs (10× magnification, 
461.0–487.5 nm nm excitation, 502.5–547.5 nm emission) capturing the movement of the 
electrochemically generated ox‒luc. ox–luc if the product of the cathodic electrolysis of an 
oxygen-saturated AMP‒luc solution (0.4 × 10−3 M in [BMPyrr][NTf2]) at a platinum mesh 
electrode. The time stamps shown in panels (a–c) refer to the time that has elapsed after the 
working electrode potential is stepped from open circuit to −2.0 V (0.1 s (a), 1.1 s (b) and 2.1 s 
(d)). Representative fluorescence profiles, sampled along the A–B line, at electrolysis times of 
0.1, 1.1 and 2.1 s. The procedure (tracking the movement of the diffusion front) was repeated 
in at least 20 different locations per experiment, and at least 10 independent experiments were 
performed. Approximately 200 values of diffusivity were calculated for each system, and the 
distribution of these values is shown by the histogram in (e). For example, by tracking 
superoxide diffusion along the A–B line, we obtained a diffusion coefficient (D) for superoxide 
of 0.40 × 10−7 cm2 s−1, while the same approach along the A’–B’ line led to a D of 1.10 × 10−7 
cm2 s−1. Scale bars in (a–c) are 100 µm. The mode of the optically determined superoxide D is 
1.30×10−7 cm2 s−1. (f) Representative OCP‒time measurement for a platinum mesh electrode 
immersed in [BMPyrr][NTf2] (125 ppm water content). The OCP logging started after the end of 
a 60 s negative bias pulse (−2.0 V vs the initial OCP). The dotted line represents the initial OCP. 
The gray shaded area in (f) indicates the data plotted in the figure inset. This inset reveals the 
onset of crowding between −1.0 V and −1.2 V. The overscreening OCP signature (plateau in 
OCP) lays between −0.25 V and −0.35 V.   
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Figure S11. Representative OCP–time measurement of a platinum mesh electrode 
immersed in [EMIM][BF4]. The OCP measurement was started after the end of a 60 
s cathodic pulse (−2.0 V away from the system’s initial OCP). The dotted horizontal 
line represents the initial OCP before the cathodic pulse.  
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Figure S12. (a,c,e) Selected time-stamped fluorescence micrographs recorded 10 s after the 
working electrode potential is stepped cathodically (−2.0 V) away from open circuit (10× 
magnification 461.0–487.5 nm excitation, 502.5–547.5 nm emission). The fluorescence images 
capture the evolution of gases upon the electrolysis of oxygen-saturated AMP‒luc solutions (0.4 
× 10−3 M) in various RTILs. The RTIL in (a) and in (c) is [EMIM][EtSO4], spiked respectively with 

either 2.0% (a) or 5% (c) of water The RTIL in (e) is [BMPyrr][NTf2], spiked with 2.0% of water. 
(b,d,f) OCP–time measurement for the mesh platinum electrode immersed in the RTIL systems of 
(a), (c) and (e). The OCP was recorded after the application of −2.0 V relative to the system’s 
initial OCP.  
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Figure S13. Selected time-stamped fluorescence micrograph (10× magnification) 
recorded during the cathodic electrolysis (−2.0 V vs Ag/AgCl) of an oxygen-
saturated AMP‒luc solution (0.4 × 10−3 M in [EMIM][BF4]). (b) Representative 
fluorescence intensity plot profiles sampled along the A’–B’ line marked in (a) and in 
Figure 3a–b, recorded 0.1, 2.6 and 5.1 s after the working electrode bias is stepped 
from open circuit to −2.0 V, used for the analysis of the movement over time of the 
superoxide diffusion front (triggering the ox–luc formation). The D values reported 
in the main text are calculated from the front distance travelled after 5.1 s, and are 
therefore and average apparent diffusivity during this time, but as data in (b) show, 
the apparent diffusion is not uniform over time, with the front progressing faster as 
the bubbles become larger.   
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Figure S14. Representative experimental (solid line) and simulated (empty 
symbols) cyclic voltammograms recorded at a platinum disk electrode in an 
acetonitrile solution containing 1.0 × 10−3 M ferrocene and 1.0 × 10−1 Bu4NPF6. The 
voltage sweep rate is indicated as a label to the figures. The diffusivity (D) of 
ferrocene and ferricenium (Fc and Fc+ hereafter) was set to 2.60 × 10‒5 cm2 s‒1.395 
The best-fit parameters (E mechanism) are E0 (Fc/Fc+) = 0.4371 V (vs. Ag/AgCl 
“leakless”, upper limit 0.4374, lower limit 0.4368, 95.4% confidence level), and ket = 
0.040 cm s−1 (upper limit 0.043, lower limit 0.037, 95.4% confidence level). The 
electrochemically-determined effective area of the platinum disk is 0.08 cm2. 
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Figure S15. Representative experimental (solid line) and simulated (empty 
symbols) cyclic voltammograms recorded at a platinum disk electrode in an 
acetonitrile solution containing 1.0 × 10−3 M cobaltocenium hexafluorophosphate 
and 1.0 × 10−1 Bu4NPF6. The voltage sweep rate is indicated by labels to the figures. 
The D of cobaltocene and cobaltocenium (Cc and Cc+ hereafter) was set to 3.25 × 
10‒5 cm2 s‒1.396 The best-fit parameters (E mechanism) are E0 (Cc/Cc+) −0.8824 V 
(vs. Ag/AgCl “leakless”, upper limit −0.8919, lower limit −0.8929, 95.4% confidence 
level), and ket = 0.044 cm s−1 (upper limit 0.049, lower limit 0.039, 95.4% confidence 
level). The electrochemically-determined effective area of the platinum disk is 0.08 
cm2. 
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Figure S16. Representative experimental (solid line) and simulated (empty symbols) 
cyclic voltammograms at a platinum disk electrode in [EMIM][EtSO4] containing 1.0 
× 10−3 M ferrocene. The voltage sweep rate is indicated by the labels to the figures. 
The best-fit parameters (E mechanism) are E0 (Fc/Fc+) = 0.4001 V (vs. Ag/AgCl 
“leakless”, upper limit 0.4000, lower limit 0.3998, 95.4% confidence level), ket = 
0.0011 cm s−1 (upper limit 0.0012, lower limit 0.0010, 95.4% confidence level), and 
D = 0.608 × 10‒7 cm2 s‒1 (upper limit 0.611, lower limit 0.605, 95.4% confidence level) 
The electrochemically-determined effective area of the platinum disk is 0.08 cm2. 
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Figure S17. Representative experimental (solid line) and simulated (empty symbols) 
cyclic voltammograms at a platinum disk electrode in [EMIM][EtSO4] containing 1.0 
× 10−3 M cobaltocenium hexafluorophosphate. The voltage sweep rate is indicated 
by the labels to the figures. The best-fit parameters (E mechanism) are E0 (Cc /Cc +) 
  −0.9317 V (vs. Ag/AgCl “leakless”, upper limit −0.9307, lower limit −0.9327, 95.4% 
confidence level), ket = 0.0019 cm s−1 (upper limit 0.0021, lower limit 0.0018, 95.4% 
confidence level), and D = 2.90 × 10‒7 cm2 s (upper limit 2.93, lower limit 2.86, 95.4% 
confidence level). The electrochemically-determined effective area of the platinum 
disk is 0.08 cm2. 
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Figure S18. Representative experimental (solid line) and simulated (empty symbols) 
cyclic voltammograms at a platinum disk electrode in [BMPyrr][NTf2] containing 1.0 × 
10−3 M ferrocene. The voltage sweep rate is indicated by labels to the figures. The 
best-fit parameters are (E mechanism) E0 (Fc/Fc+) was 0.3377 V (vs. Ag/AgCl 
“leakless”, upper limit 0.3382, lower limit 0.3373, 95.4% confidence level), ket = 
0.0046 cm s−1 (upper limit 0.0052, lower limit 0.0042, 95.4% confidence level), and 
D = 2.37 × 10‒7 cm2 s‒1 (upper limit 2.41, lower limit 2.33, 95.4% confidence level).The 
electrochemically-determined effective area of the platinum disk is 0.08 cm2 
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Figure S19. Representative experimental (solid line) and simulated (empty symbols) 
cyclic voltammograms at a platinum disk electrode in [BMPyrr][NTf2] containing 1.0 × 
10−3 M cobaltocenium hexafluorophosphate. The voltage sweep rate is indicated by 
labels to the figures. The voltage sweep rate is indicated as labels to the figures. The 
best-fit parameters (E mechanism) are E0 (Cc/Cc+)   −0.9978 V (vs. Ag/AgCl 
“leakless”, upper limit −0.9973, lower limit −0.9983, 95.4% confidence level), ket = 
0.0131 cm s−1 (upper limit 0.0136, lower limit 0.0126, 95.4% confidence level), and 
D = 1.92 × 10‒7 cm2 s‒1 (upper limit 1.94, lower limit 1.90, 95.4% confidence level). 
The electrochemically-determined effective area of the platinum disk is 0.08 cm2. 
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Figure S20. Representative experimental (solid line) and simulated (empty 
symbols) cyclic voltammograms at a platinum disk electrode in an acetonitrile 
solution containing 1.0 × 10−3 M decamethyl cobaltocenium hexafluorophosphate 
(Me10(Cc)+ hereafter) and 1.0 × 10−1 Bu4NPF6. The voltage sweep rate is indicated 
by labels to the figures. The best-fit parameters (E mechanism) are E0 
(Me10(Cc)/Me10(Cc)+)   −1.300 V (vs. Ag/AgCl “leakless”, upper limit −1.299, lower 
limit −1.301, 95.4% confidence level), ket = 0.016 cm s−1 (upper limit 0.017, lower 
limit 0.014, 95.4% confidence level), and D = 1.65 × 10‒5 cm2 s‒1(upper limit 1.67, 
lower limit 1.63, 95.4% confidence level).The electrochemically-determined effective 
area of the platinum disk is 0.08 cm2. 
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Figure S21. Representative experimental (solid line) and simulated (empty 
symbols) cyclic voltammograms at a platinum disk electrode in [EMIM][EtSO4] 
containing 1.0 × 10−3 M Me10(Cc)+. The voltage sweep rate is indicated by labels to 
the figures. The best-fit parameters (E mechanism) are E0 (Me10(Cc)/Me10(Cc)+) = 
−1.2729 V (vs. Ag/AgCl “leakless”, upper limit −1.214, lower limit −1.2724, 95.4% 
confidence level), ket = 0.0023 cm s−1 (upper limit 0.0027, lower limit 0.0019, 95.4% 
confidence level), and D = 0.805 × 10‒7 cm2 s‒1 (upper limit 0.816, lower limit 0.794, 
95.4% confidence level).The electrochemically-determined effective area of the 
platinum disk is 0.08 cm2. 
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