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Résumé

Les interfaces sont omniprésentes dans la Nature. Parmi elles, les inter-
faces entre fluides sont des constituants essentiels des tissus biologiques.
C’est à ces interfaces qu’ont lieu de nombreux phénomènes et réactions
électrochimiques. A cet égard, les interfaces entre deux solutions d’électrolytes
non miscibles (Interface Between Two Immiscible Electrolytes Solutions
(ITIES)) constituent des modèles intéressants pour étudier ces phénomènes
car elles sont notamment plus faciles à mettre en place du point de vue
expérimental. Néanmoins, certains aspects théoriques régissants leur com-
portement restent à clarifier avant de pouvoir éventuellement les extrapoler
aux systèmes biologiques. Ainsi, la présente thèse se propose de faire
bénéficier l’étude des ITIES des progrès techniques réalisés dans le domaine
de la spectroscopie de génération de seconde harmonique en temps résolu
et dans le domaine des simulations de mécanique moléculaire.

Dans un premier temps, une étude par simulation moléculaires de la
structure des ITIES est présentée. On y montre que, contrairement aux
prédictions des modèles classiques de type “Goüy-Chapman” , les ITIES
sont dépourvues de couches diffuses et que l’essentiel de la chute de potentiel
se fait à l’interface, sur quelques nanomètres. En se basant sur ces résultats,
une approche qualitative des courbes de capacitance de ces interfaces est
proposée et montre qu’elles peuvent être vues essentiellement comme des
condensateurs plans, à condition de prendre en compte le profile d’énergie
des ions organiques proches de l’interface.

Dans un deuxième temps, la possibilité de réaliser des réactions de
transfert d’électron aux ITIES est revisitée à l’aune des conclusions du
premier chapitre expérimental. Il est montré que de telles réactions sont en
effet possibles mais que la structure de l’interface impacte significativement
leur cinétique. Ici, la possibilité de contrôler directement un transfert
d’électron inter-moléculaire est discutée et proposée comme étant une
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nouvelle manière de réaliser des réactions chimiques.
Enfin, le dernier chapitre présente une étude originale d’une réaction

bimoléculaire contrôlée par la diffusion entre molécules adsorbées dans
le plan de l’interface. La cinétique de cette réaction a la particularité
d’être influencée par le changement de type de diffusion en fonction de la
concentration interfaciale en molécules adsorbées. Ainsi, à faible couverture
de l’interface, la diffusion dans le plan est normale et la cinétique peut
être décrite par le modèle de Smoluchowski transposé aux systèmes bi-
dimensionnels. Néanmoins, avec l’augmentation de la densité de couverture
de l’interface, la diffusion devient “anormale”, et la cinétique ne peut plus
être décrite par une approche classique. L’évolution du type de diffusion
est aussi observée dans des simulations de mécanique moléculaire conduites
sur des échelles de temps comparables.

Ainsi, nous pensons que cette thèse présente des résultats intéressants,
qui éclairent certains aspects de l’électrochimie des ITIES. Aussi, elle devrait
constituer une base utile pour la poursuite de l’étude de ces interfaces et,
ultimement, de celles des interfaces biologiques.
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Abstract

Interfaces are ubiquitous in Nature. Among them, soft interfaces are
essential constituents of biological tissues. Indeed, many electrochemical
reactions and phenomena take place at these interfaces. In this respect,
ITIES are an interesting model to study such phenomena because they
are notably easier to experimentally setup. Nevertheless, some theoretical
aspects governing their behaviour are still to be clarified before they can be
possibly transposed to biological systems. Thus, the present thesis aims at
bringing the progress accomplished in the domains of Time-Resolved Second
Harmonic Generation (TRSHG) and molecular mechanics simulations to
the study of ITIES

First, we present a molecular mechanics study of the structure of the
polarised soft interfaces. It is shown that, contrary to the predictions of
classical Goüy-Chapman type models, ITIES are devoid of diffuse layers
and that the main part of the potential drop occurs at the interface, over
few nanometres. Based on these results, a qualitative description of the
capacitance curves of these interfaces is proposed and shows that they can
be essentially seen as a plan capacitor, given that account is taken of the
free energy profile of the ions close to the interface.

Secondly, based on the conclusions of the first experimental chapter,
we revisit the possibility to carry out electron transfer reactions at ITIES.
It it shown that such reactions are indeed possible but that the interface
structure significantly impact their kinetic. Here, the possibility to directly
control an intermolecular electron transfer is discussed and proposed as a
novel way to realise chemical reactions.

Finally, the last chapter presents an original study of a diffusion-
controlled bimolecular reaction between molecules adsorbed in the plan
of the interface. Interestingly, the kinetic of this reaction is influenced
by the concentration dependent diffusion regime. Thus, at low surface
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coverage, the kinetic can be described within the Shmoluchowski model
transposed to two-dimensional systems. Nevertheless, with the increase of
surface coverage, the diffusion becomes “anomalous” and can no longer be
described with a classical approach. The progressive change of diffusion
regime is also observed in molecular mechanics simulations realised on
similar time-scales.

Thus, we think that this thesis presents interesting results that shed
light on some aspects of electrochemistry at the ITIES. Also, it should
be a useful basis for further studies of these interfaces and, eventually, of
biological interfaces.

Keywords: ITIES, electrolyte solutions, second-harmonic generation,
molecular mechanics, capacitance, electron transfer, anomalous diffusion,
triplet-triplet annihilation
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Introduction

The particularity of liquid-liquid interfaces LLI, in comparison to other
interfaces, is that the two condensed phases they separate are fluid. In this
respect, they can be continuously deformed and allow matter diffusion. One
of the difficulties in studying liquid phases, and therefore liquid interfaces, is
that unlike solids they do not have a crystal order, and unlike vapour phases,
intermolecular interactions are of critical importance. Thus, no assumption
of periodicity or homogeneity of their structure can be made. For these
reasons, the molecular structure of the LLI has long remained controversial.
However, using different experimental approaches like neutron reflectivity
[1], X-ray reflectivity [2] or molecular mechanics simulations [3], their
structure could be elucidated and it is now established that the liquid-
liquid interface is molecularly sharp but roughened by capillary waves, with
an amplitude of approximatively one nanometre [1–3].

The relevance of the LLI to electrochemistry was shown in 1968 by
Gavach et al. who demonstrated that ion transfer could be observed
at the ITIES [4]. Later, Samec et al. reported the observation of an
electron transfer at the polarised ITIES[5]. These two fundamental studies
showed that electrochemistry at the ITIES was actually more diverse than
that at the Electrode-Electrolyte Interface (EEI) since both ionic and
electronic currents are allowed to take place. Since then, many others such
charge transfer phenomena have been reported, however the mechanisms
by which they operate are still open questions. This situation is mainly
the consequence of the absence of accepted models of the polarised ITIES.
Indeed, how can interfacial electrochemical reactions be understood without
a reliable molecular description of the polarised interface?
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Structure of the polarised ITIES

In the early years of the study of the ITIES, their structure was deduced
from surface tension measurments and was found to be well described by
two back-to-back diffuse ionic layers separated by oriented solvent molecules
[6–9]. This model – called the Modified Verwey-Niessen model (MVN) –
was also able to qualitativelly describe the trends of the capacitance curves
of the polarised ITIES [10, 11]. However, these studies were limited mainly
to the water/nitrobenzene interface and to a restrained choice of organic
supporting electrolytes, typically tetraalkylammonium/tetraphenyl borate.
Such systems offer a relatively narrow potential window, which does not
allow to test the validity of the MVN in various experimental conditions or
at large polarisations. Thus, the limitations of the MVN model appeared
clearly when the capacitance of the ITIES was systematically studied with
different organic solvents and various aqueous and organic supporting
electrolytes at different concentrations. In particular, several authors
questioned the relevance of an ion-free layer of oriented solvent molecules
and it became clear that ion penetration inside the solvent layer was
necessary to take account of the experimental results [12–16]. Indeed, they
showed that the surface tension of a non-polarised ITIES was dependent
on the aqueous electrolyte type and concentration [13], which implies that
ions are present at the interface, since they change its physical properties,
but also that the capacitance of the ITIES could not be decomposed in the
sum of diffuse and of compact layer contributions[14, 15].

The importance of the ion–solvent interaction was highlighted by com-
puter simulations of the polarised ITIES. This was first shown using a
lattice gas model. Indeed, despite their crude representation of the inter-
molecular interactions, such models could show that the capacitance of the
ITIES was dependent on the ion Gibbs energy of transfer but also that
there was a significant overlap of the aqueous and organic ionic layers at
the interface [17, 18], in agreement with the experimental results. Then,
molecular mechanics simulations were coupled to the Poisson-Boltzmann
equation in the Poisson-Boltzmann Potential of Mean Force (PB-PMF)
model. This approach was able to successfully describe the electron density
at the polarised ITIES measured by X-ray reflectivity. Compared to the
previous theories based on the MVN model, the PB-PMF predicts sharp
ion densities on both sides of the interface and, similarly to the lattice
gas models, an overlap of the ionic densities [19–23]. Thus, in almost
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fifty years, the representation of the polarised ITIES evolved from that of
two diffuse ionic layers separated by oriented solvent molecules, to that
of sharp ion profiles strongly coupled to the solvent densities. Nowadays,
the PB-PMF model constitutes one of the most accurate representation
of the polarised ITIES. Nevertheless, despite its success for some systems,
this theory sometimes predicts unrealistic ionic profiles at zero or negative
polarisations, implying that it could still be improved [24].

Ion transfer at the ITIES

As mentioned above, the polarised ITIES, contrarily to the EEI, offers
the possibility to observe both electron transfer and ion transfer reactions.
Before the advent of reliable models of the ITIES, ion transfer was studied
mainly from a pure electrochemical point of view, i.e. authors were mainly
interested in the description of the kinetic of the ion transfer in order
to relate it to the observed interfacial currents [25–27]. It was quickly
suggested that the ion transfer was an activated process, although the
origin of the activated step was debated. Indeed, some authors thought
the transfer as a chemical reaction, [28–31], while others considered it
as a mass transport phenomenon [25, 32]· The difference between these
two approaches is that in the former case, a molecular description of the
interface is not necessary, while in the latter case, a good understanding of
the interface structure and ion solvation is needed [33].

Similarly to the studies of the structure of the ITIES, the understanding
of ion transfer beneficiated from the progress of computational chemistry.
Interestingly, in some molecular mechanics simulations, the transfer of
charged species at the LLI appears as a non-activated process, i.e. the
enegy of the ion rises smoothly from one phase to the other [34–37]. These
conclusions are in contradiction with the electrochemical measurements
presented above, but also with the lattice gas models, that indeed clearly
show a potential dependent activation barrier at the polarised ITIES
[38, 39]. Although lattice gas models are simpler than molecular mechanics
simulations, the conclusions they draw are probably more reliable because
firstly they are in agreement with experimental results, and secondly
they take into account the whole ITIES structure (solvents, supporting
electrolytes and counter-ions) and do not simply consider a single ion.
Unfortunately, lattice gas models did not reached the same popularity than
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the molecular mechanics simulations, and they are only a small number of
studies using them to simulate the ITIES. Nevertheless, improvements of the
molecular mechanics methods, in particular simulations using polarisable
force fields [40] or carried out in an external electric field, showed non-linear
energy profiles, with energy minima at the interface, or even activation
barriers, given a different definition of the transfer reaction coordinate
[41, 42].

One of the limits of the molecular mechanics simulations is that they did
not take account of the presence of other ions in the system because of the
limitations of the computational ressources. However, several experimental
results demonstrated later that indeed, supporting electrolytes are of critical
importance in explaining the ion transfer mechanism. Using nanometer-
sized interfaces – an experimental configuration that allows to work without
supporting electrolytes[43] – Laforge et al. showed that organic phase
electrolytes where necessary to “shuttle” the transfer of alkali metal ions
from the aqueous phase to the organic phase [44]. Using the same method,
Sun et al. suggested that the transfer of strongly hydrophilic ions did not
take place from the aqueous to the organic phase, but rather to aqueous
clusters in the organic phase [45]. Therefore, these results highlight that
it is necessary to include all the molecular constituents of the ITIES in
the simulations to properly describe the mechanism of ion transfer at the
ITIES.

Electron transfer at the ITIES

Since its first observation at the nitrobenzene-water interface between
Fe(CN)3−6 and ferrocene by Samec, Marecěk and Weber in 1977 [5], the
electron transfer reaction at liquid-liquid interface has been the object of
numerous debates and questioning. Indeed, this phenomenon had to be ex-
plained while the precise structure of the interface was not precisely known.
Could the kinetics be described by classical Butler-Volmer theory or does
it require a new model? Is the electron transfer actually heterogeneous or
homogeneous, involving therefore subsequent ion transfer? What is the
role of the polarisation of the interface on the kinetics? At the time, all
those questions were difficult to address because of the lack of experimental
methods specific enough to the peculiar nature of the liquid-liquid interface.
Now, almost forty years after the article of Samec et al., there is a better
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understanding of the electron transfer reaction at the ITIES but, neverthe-
less, unambiguous results are still needed to get a complete understanding
of this phenomenon.

Early years

The early years of the study of the electron transfer reaction at the liquid-
liquid interface were mainly devoted to the development of theoretical
models describing the kinetics of the charge transfer. The first theoretical de-
scription was proposed by Samec in 1979 [46] followed by Girault&Schiffrin
in 1988 [33] and Marcus in 1990 [47]. Although they are derived from
different considerations, the models of Samec and Girault&Schiffrin are
quite similar. The main differences being that the model of Samec does
not take account of the work due to the change of chemical potential
and activity coefficient of the reactants as they approach the interface,
nor of the formal redox potential difference between the reagents. Thus,
according to Girault&Schiffrin, the observed second order rate constant
can be expressed as:

kobs = δr νeff e
1
RT

(
−λ

4
−(1−α)w


p −αw

s −zo1F∆

a

1φ−zr2F∆
b

2φ−αzF
(
∆a

bφ−∆φ′

o1/r2

))
(1)

In the equation 1, the first pre-exponential terms, δr and νeff , are respec-
tively the range over which the electron transfer is taking place and a
factor depending on the frequency of the nuclear motion along the reaction
coordinates. The first term in the exponential depends on the vertical
reorganisation energy, the next four terms describe the work necessary to
form the precursor and successor complexes and the last terms take account
of the reaction driving force, both as the difference of Galvani and formal
redox potentials between the reactants. The main conclusion from this
equation is that if the distance separating the reactants is small compared
to the distance over which the Galvani potential drop occurs, or, in other
terms, that only a small fraction of the potential drop acts on the reactive
complex, most of the interface polarization contribution to the kinetics will
be on bringing the reactants to the interface. This highlights one of the
main questions concerning the electron transfer reaction at ITIES: is the
polarisation dependent current due to a change of the driving force or to a
change of the interface reagents concentration?
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Indications concerning the role of the polarisation were published by
Geblewicz&Schiffrin in 1988 [48] in a study of the electron transfer between
a lutetium biphthalocyanine and Fe(CN)4−6 at the DCE-water interface by
voltammetry which concluded that, for this system, the double layer effects
were negligible, and that the reagents were probably relatively far from
each others, explaining therefore an irreversible kinetics. These observa-
tions supported the idea that the work terms in equation 1 were negligible
and that the main factor contributing to the kinetics was the potential
difference between the reagents. Nevertheless, as mentioned by the authors,
more accurate determinations of the rate constant were required to test
their hypothesis. Indeed, this study was carried on by cyclic voltamme-
try, the rate constants being calculated using the Nicholson method[49].
However, this method was developed for the electrode-electrolyte interface.
Its application to liquid-liquid interface was therefore to be considered
carefully. In 1991, Cheng&Schiffrin [50] found results comparable to those
of Geblewicz&Schiffrin[48]. They studied the electron transfer between
ruthenium and iron tetraphenylporphyrins by voltammetry and concluded
that, when the concentration of one of the redox species is high enough, its
respective phase can be considered as metallic, supporting therefore the
validity of the Nicholson method. Like Geblewicz&Schiffrin[48], they found
a rather slow kinetics — compared to what could be expected at a true
metal-electrolyte interface — and explained this difference by the need to
displace the porphyrin ligands before the electron transfer takes place.

The model derived by Marcus [47][51] gives the following equation for
the electron transfer rate constant:

kr = κν exp

(
− 1

kbT

(
wp +

(λ+∆G′
 + ws − wp)2

4λ

))
(2)

The equation 2 contains the same parameters than the equation 1, that
is a pre-exponential factor depending on the nuclear vibrations, the work
terms to bring the reagents to the reaction point and to separate them after
the reaction, the reorganization energy and the reaction free energy. This
expression is however remarkable because it quadratically depends on these
terms. Thus, assuming that wp, ws and λ are independent of the reaction
Gibbs energy, the rate constant will increase with decreasing ∆G′
, reach a
maximum and then start to decrease. This behaviour, signalling the entry
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in the “inverted region”, is characteristic of the electron transfer theory
developed by Marcus.

Using impedance spectroscopy, Cheng&Schiffrin [52] found in 1993 a
quadratic dependence of the rate constant on the applied Galvani potential
difference. Analysing the results with the help of the Marcus theory,
they however found that the observed quadratic dependence was better
explained by a diffuse layer effect than by a true quadratic dependence
of the activation energy on the driving force as expected from the theory.
Indeed, measuring the interface capacitance, they found significant ion
pairing between the organic and aqueous phase that induced a dependence
of the transfer coefficient on the potential difference. This observation is
critical because it shows that a model such as that of Girault&Schiffrin[33]
can also lead to non linear dependence of the rate constant on the driving
force. Thus, observation of a quadratic relation does not necessarily imply
that the Marcus model is applicable and a careful evaluation of the other
parameters and assumptions underlying the models has to be made.

New experimental approaches

The first studies on the electron transfer reaction at the ITIES were lim-
ited to classical electrochemical techniques such as cyclic voltammetry
or impedance spectroscopy. Sometimes, different approaches were pro-
posed like for instance a photoinduced electron transfer between ruthenium
tris-bipyridine and 7,7,8,8-tetracyano-p-quinodimethane (TCNQ) [53]. Nev-
ertheless, the classical tools of electrochemistry were not optimal to study
the redox reactions across a liquid-liquid interface. Indeed, voltammetry
does not discriminate between current due to ion or to electron trans-
fer. Thus, the kinetic parameters derived from those studies were always
plagued by the uncertainty concerning the origin of the current actually
measured.

In 1996, Selzer&Mendler [54] published an article where they showed
that Scanning Electrochemical Microscopy (SECM) could be used in the
study of the electron transfer across the liquid-liquid interface. They
emphasised that the previous methods were limited by the difficulty to
separate ion transfer from electron transfer, as well as by the need to
compensate the large iR drop in the organic phase. Furthermore, the
range of organic solvent that could be used was restricted to those able
to dissolve organic electrolytes. The use of SECM solved these problems
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because the measured current was only the one related to the regeneration
of one of the redox species, while the interface polarisation is ensured
by the presence of a potential determining ion in both phases. Briefly,
SECM consists in the generation of a redox species at the tip of a glass-
coated micro-electrode (either oxidation or reduction). The so-generated
compound then diffuses and reacts at the interface. By approaching the
electrode closer and closer to the interface, the current measured at the tip
of the micro-electrode increases because the reactive species must diffuse
through a shorter distance. The results are then plotted as a current over
distance (to the interface) graph — so-called “approach curves” — that,
when fitted with an appropriate model, provides information on the kinetics
at the interface. This last point is actually one of the weaknesses of the
SECM. Indeed, it relies on the ability to build a theoretical model of the
experiment, as well as to fit the results with this model.

Although Selzer&Mendler[54] were the first to present SECM as a
“new tool” to study the electron transfer at the liquid-liquid interface,
this technique had already been used earlier by Solomon&Bard in 1995
[55] in a short but critical publication where they studied the reaction
between Fe(CN)4−6 (generated at the tip of the electrode) and TCNQ
at the 1,2-Dichloroethane (DCE)-water interface. This experiment was
interesting because, as the authors said, the reaction was “uphill”, i.e.
not thermodynamically spontaneous. Indeed, according to the author, the
formal redox potential between the two species was -190 mV. Therefore, the
reaction needed an extra driving force to proceed. Thus, the measurement
of a current that they reported had two strong implications for this system:
firstly the electron transfer was heterogeneous because a homogeneous
reaction is not thermodynamically possible, and secondly a significant —
significant enough to overcome the thermodynamic limitations — fraction
of the Galvani potential difference was present between the reagents to
allow the reaction to proceed.

The conclusions of Solomon&Bard[55] were nevertheless slightly moder-
ated by another study of Wei et al.[56] claiming that the reaction could not
be only heterogeneous because of a significant partitioning of the reagents.
Indeed, using SECM, they studied the oxidation of ferrocene by the tip-
generated Ru(bpy)3+3 at the nitrobenzene-water interface, they found that
roughly 10% of the current could come from the homogeneous oxidation of
ferrocene. This proportion was however of the same magnitude that the
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experimental error and they did not correct their results for this artefact.
This experiment highlights another problem encountered when studying the
electron transfer at the liquid-liquid interface. Indeed, each system is, at
least to some extent, peculiar, and general conclusions on the mechanism or
kinetics of the reaction can be drawn only if one is sure that the experiment
is generic enough. In the case of Wei et al.[56] the use of ferrocene as elec-
tron donor in the organic phase could be questioned because a significant
partitioning of ferrocene and ferrocenium in the aqueous phase had already
been reported years ago [57].

Apart from the publication of Wei et al.[56] the mechanism of the
electron transfer was assumed to be most of the time heterogeneous and
the main interrogation became the elucidation of the role of the interface
potential difference. Tsionsky et al., in two articles published in 1996[58]
and 1997[59], analysed by SECM the influence of a Galvani potential
difference on the electron transfer between the zinc tetraphenylporphyrin
cation (generated at the tip of the microscope) and various aqueous redox
couples. They found that the kinetics of the reaction was strongly correlated
to the potential difference, with Tafel plots having a slope of roughly 0.5.
Furthermore, based on the incompatibility of their work with that of Katano
et al. [60] they tentatively excluded possible double or inner layer effects.
Nevertheless, they pointed that any correction to the observed kinetics
would be difficult owing to the lack of information concerning the structure
of the interface. For instance, they reported the formation of a film at the
interface by pairing of hydrophobic and hydrophilic ions. Such phenomenon
could obviously influence the kinetics but was hard to include in a model.

Tsionsky et al. also reported for the first time — according to the
authors — the observation of the “Marcus inverted region” at the liquid-
liquid interface by varying the driving force both by changing the formal
redox and Galvani potential differences [59]. They also excluded double
layer effects by working with a neutral organic redox species and with a
high ionic strength in the aqueous phase. This result provided further
evidence that the electron transfer was heterogeneous and dependent on
the driving force. Furthermore, it supported the idea that a theory such as
that of Marcus was necessary to describe the reaction.

In the years following the work of Tsionsky et al.[59] several publications
introduced new techniques to probe the electron transfer at the ITIES,
most of them based on spectroscopy [61–64]. They overall confirmed the
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previous results on the heterogeneous character of the reaction and its
dependence on the Galvani potential. The main interest of those studies
was to show that a specific probing of the reactions taking place at the
interface was possible beyond SECM.

In 1999, Liu&Mirkin [65] and Shi&Anson [66] independently, using
different experimental approaches and systems, reported the observation
of a Galvani potential difference independent electron transfer and even
a redox potential difference independence (for Shi&Anson). Liu&Mirkin
studied the system zinc tetraphenylporphyrin - Ru(CN)3−6 by SECM, while
Shi&Anson used the decamethylferrocene - Ru(NH3)

3+
6 couple with the

thin layer technique. Briefly, this approach consists in depositing a small
drop of organic phase on a graphite electrode and immersing it in the
aqueous phase, where a counter electrode is placed. This method resembles
SECM but avoid the ion transfer following the electron transfer necessary to
maintain the electroneutrality. The advantage is that the electron transfer
kinetic that is measured is free of possible limitations due to ion transfer.
The main argument of Liu&Mirkin[65] compared to Tsionsky et al.[59] was
that their system was truly neutral in the organic phase. Indeed, compared
to Tsionsky et al. their micro-electrode was located in the aqueous phase
and generated Ru(CN)3−6 while in Tsionsky et al. experiment it was
the porphyrin that was oxidized. Therefore, it was concluded that the
measurement of Tsionsky et al. could have been induced by double layer
effects. The conclusions of Shi&Anson[66] are that the limiting step in the
electron transfer is the formation of the precursor complex at the interface.
Both articles supported their conclusions with a new model derived by
Schmickler in 1997 [67]. In his model, Schmickler explicitly made the
assumption that the potential drop between the reagents was small, and
that most of the kinetic effects were due to changes in concentrations.
However, these assumptions were valid only for solutions of low ionic
strength, more precisely as long as the Debye length was shorter than the
width of the interface. Using his model, Schmickler showed that effects
similar to those predicted by Marcus theory — that is the “inverted region”

— could, in some cases, be explained by concentration changes. Indeed, let’s
take as example an electron transfer from a negatively charged donor to a
neutral acceptor. Increasing, the Galvani potential difference will increase
the driving force but also decrease the concentration of the donor, the later
effect can eventually overcome the former and lead to an apparent slower
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kinetic with increasing free energy difference.

The main conclusion that could be drawn from the work of Schmickler[67],
Liu&Mirkin[65] and Shi&Anson[66] was that the electron transfer was prob-
ably more difficult to explain that what could be expected from the work of
Tsionsky et al.[58, 59]. In particular, the role of the ionic strength on the
kinetics was highlighted. In this respect, Zhang&Unwin in 2000 [68], and
Ding et al. in 2001 [69] published studies were, among other parameters,
they studied the influence of the supporting electrolyte concentration on
the rate constant. Both articles showed that the dependence of the kinetics
on the potential difference decreased with the ionic strength. While Zhang-
&Unwin[68] explained this observation by a “salting-out” effect — that
is a decrease of the solubility of the compounds with the ionic strength

— , Ding et al.[69] concluded that it could be due to many phenomena,
and possibly a combination of several of them. Among the possible ex-
planations were specific adsorption of ions, ion transfer-electron transfer
coupling, double layer effect, etc. They, however, refuted the hypothesis of
Zhang&Unwin[68], arguing that the ionic strength dependence could be
observed even when salts not acting as “salting-out agent” were used. The
same year, Shi&Anson [70] also emphasized that the formal redox potential
of the chemical species was dependent on the ionic strength and that it
should always be measured in the experimental conditions. This suggestion
was confirmed a year later when Zhang&Unwin [71] published the results of
a study where they showed that, at least for the ferro/ferricynanide couple,
the change of formal redox potential with the ionic strength could explain
the lower dependence on the polarization.

Thus, it appeared that the electron transfer at ITIES was harder to
describe than what one could expect from the earlier studies. In particular,
it was recognized that contradictory results could be obtained with similar
systems simply by changing some experimental parameters that could seem,
at first sight, of lower importance. Furthermore, the need of more precise
models, taking account of a larger number of parameters was required.
Applying the technique of Intensity Modulated Photocurrent Spectroscopy
(IMPS) to the liquid-liquid interface, Fermin et al. in 1999 [72] and then
Eugster et al. in 2002 [73], published results that could for the first time
discriminate between forward and backward electron transfer. Even if IMPS
relied on data fitting according to a rather crude model of the interface,
they could show a clear dependence of both the electron transfer and back
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transfer on the Galvani potential difference. Nevertheless, Fermin et al.
moderate their conclusions by suggesting that the aqueous redox species —
a negatively charged zinc porphyrin — could have changed the kinetics by
a concentration effect and specific adsorption. This problem was, however,
not present in the experiment of Eugster et al. where both redox species
were neutral. The data that they published were consistent with the Marcus
theory — including the “inverted region” — and they found an average
distance of 8Å between the reagents. This result lead them to question
the generally admitted picture of the liquid-liquid interface where only a
small fraction of the total Galvani potential difference occurs between the
reagents.

In their studies, Fermin et al.[72] and Eugster et al.[73] polarized the
interface with a four-electrode potentiostat and not with a common ion, as
it was usually the case for SECM experiment. This method allowed the
measurement of the kinetics over a wider potential window and with smaller
potential steps. Furthermore, ion transfer-electron transfer coupling is
avoided. This permits the construction of graphs showing the rate constant
recorded at many potential differences while, with the common ion method,
only few points were shown. This lack of data was insufficient to, for
instance, unambiguously highlight a Marcus “inverted regions”. In 2002,
Zhang et al. [74] showed that a similar system could be used to polarise
the interface in SECM studies. Using this modified procedure, Sun et
al. [75] reported in 2003 the measurement of a clear “inverted region” at
the DCE-water interface. Their experiment was carried out with different
organic redox species and at various organic ionic strengths. The Marcus
prediction could be observed in all cases, while it appeared that the organic
electrolyte concentration effect was mainly to level off the kinetics without
significantly change its dependence on the Galvani potential difference.

The years following the work of Sun et al.[75] did not see the emergence
of new conclusions, experimental approaches or models concerning the
electron transfer at the ITIES. One can, however, cite a publication of
Hotta et al.[76] in 2003 claiming that the electron transfer at the liquid-
liquid interface was a homogeneous process. This article jeopardized what
seemed to be a “well admitted” idea, following the work of the past years,
that the transfer was indeed heterogeneous. Hotta et al. studied the
ferrocene - Fe(CN)3−6 system at the nitrobenzene - water interface by
Electron Conductor Separating Oil-Water (ECSOW). This method consist
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in kipping the aqueous and organic phases physicaly sperated but to connect
them with an electron conductor to allow electron transfer. Thus, electron
transfer is allowed between the phases but not ion transfer. The kinetic
parameters are then extracted by fitting the data with an appropriate
model. They showed that their measurements were not compatible with a
model describing an heterogeneous mechanism. They explained that the
disadvantage of a homogeneous reaction — the need to bring the reagents in
the other phase and then transfer the products — was counterbalanced by a
larger reaction volume. Nevertheless, their conclusions could be moderated
by recalling that they worked with high concentrations of ferrocene that
had been shown to significantly partition in the aqueous phase, particularly
with nitrobenzene. One year latter, Osakai et al. [77], using the same
method, published another article where they reported the observation of a
“true” electron transfer, that is an heterogeneous transfer. This time they
worked with the more hydrophobic cadmium tetraphenylporphyrin, still at
the nitrobenzene-water interface.

Scope of the present thesis:

Significant progress has been made over the past decades in the under-
standing of electrochemistry at the ITIES. These developments opened the
way to several applications of charge transfer phenomena at the polarised
LLI. Nevertheless, our representations of these reactions remain imperfect.
The reason for this is that we still lack a complete knowledge of the ionic
structure of the polarised ITIES. Thus, ion transfer and electron transfer
reactions can only be studied by indirect methods, which explains why their
mechanisms are still debated. In the case of electron transfer, the main
question remains that of its dependence on the potential difference at the
interface. In the case of ion transfer, the kinetic aspects and the role played
by the supporting electrolytes continues to be controversial. Molecular
mechanics simulations have been shown to be a valuable tool to understand
the ITIES at the molecular level but, unfortunately, previously published
results using this method did not take account of the whole complexity
of these systems, which somehow limits the range of their conclusions.
Thus, here, we propose to carry out large scale atomistic simulations of the
polarised ITIES in order to shed a new light on the potential dependent
charge transfer phenomena that are observed at these interfaces. Also,
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with the help of surface sensitive time-resolved spectroscopic techniques –
TRSHG – we will show that chemical reactions can take place not only at
the LLI but also in the place of the LLI, i.e. in a formally two-dimensional
medium. The conclusions presented in this work should bring a new vision
on charge transfer reactions at soft interfaces, a subject that has already
puzzled several generations of researchers.
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Chapter 1

Experimental methods

1.1 Time-resolved second harmonic

generation

Spectroscopic setup

SHG data were acquired with the setup presented in Figure 1.1. The pump
and probe pulses (∼30 ps, 50 Hz) were generated each by a parametric gen-
erator Ekspla PG400 series, pumped by a laser Ekspla PL2230 series. The
delay between the pump and probe beams was controlled by a pulse/delay
generator BNC model 575. The time resolution of the setup is limited to
∼11.4 ns by the impossibility of synchronise the master oscillators of the
lasers. Indeed, the oscillators have a frequency of 87 MHz. Nevertheless,
only the opening of the oscillator cavity can be synchronised, not the
oscillations. Therefore, the delay between two pulses (one pulse per lasers)
can vary between 0 and 1/(87 MHz), i.e. 11.4 ns.

The two beams were collinearly aligned with the help of a non-polarising
cubic beam splitter that reflected the probe beam but transmitted the
pump. In practice, the pump and the probe beams were not exactly
collinear: there was a small angle between them in order to compensate
for the dispersion at the glass-solvent interface, ensuring that they were
collinear in the cell. Then, the beams were focused on the interface, in
total internal reflection, by a 100 mm lens (spot size ∼100 µm). The
second harmonic of the probe beam, the signal, was then collected by a
100 mm lens and sent to a Triax 320 spectrophotometre. A short-pass
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Figure 1.1: Schematic representation of the time-resolved second harmonic generation
setup.

interference filter cutting the wavelengths longer than 500 nm was placed
at the entrance of the spectrophotometre to cut the residuals of the pump
beam (565 nm). The signal was then detected by a photomultiplier tube
Hamamatsu R928, sent to a boxcar averager and recorded in a computer.
The polarisation of the pump and probe pulses were made circular with
the help of a quarter-wave plate. The typical pump and pulse energy lied
between 0.1 μJ and 2 μJ, the probe energy ranged from 2 μJ to 10 μJ
depending on the concentration.

Precautions for sample preparation

The strength of SHG is that it is only sensitive to molecules adsorbed at the
LLI. However, this is also a weakness in the sense that small perturbations of
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the interface can disturb the measurements. For instance, in the case of Zinc-
5,10,15,20-(tetra-N-methyl-4-pyridyl)porphyrin (ZnTMPyP), which is used
in Chapter 5, at a bulk concentration of 500 nM, the surface concentration
is 4.7·10–8·mol·m–2. Thus, assuming that SHG is generated in the whole
fundamental beam spot (diameter of 100 μM) it can be concluded that
only ∼2·108 molecules are probed on few molecular layers. Furthermore,
taking into account that LLI are fluid – therefore subject to vibrations
and capillary waves – makes SHG a very delicate method. Therefore, the
following paragraphs aim at listing some advices on the preparation and
manipulation of the spectroscopic cells for SHG measurements at the LLI.

Solvent equilibration

LLI are formed by definition between immiscible liquids. However, they are
not strictly immiscible and there is necessarily a small quantity of water
dissolved in the organic phase and vice versa. Thus, when the aqueous
and organic phases are put in contact, it is necessary to wait a certain
time until the phases are saturated. Nevertheless, it turns out that during
equilibration, spontaneous emulsification of water in organic solvent occurs,
leading to formation of a light white ”veil” on the interface. Such a veil will
usually make SHG measurements impossible. More precisely, SHG signal
can still be detected but its amplitude varies of ±50% on time scales of few
tens of seconds. These fluctuations are very characteristic and help identify
the cause of the problem. Unfortunately, these emulsions are stable and
the only solution is to prepare a new cell with pre-equilibrated aqueous
and organic phases.

Temperature stability

Another problem that can arise is caused by temperature variations. Indeed,
it was said in the previous paragraph that the liquid phases are partly
miscible. Since the solvents are in large excess, the phases are saturated with
each others. However, thermodynamic equilibria – and therefore solubility
– depend on the temperature. Thus, once both phases are equilibrated,
temperature should be kept constant in order to avoid changes of solubility
that would unavoidably lead to formation of the interfacial emulsions
described above. This phenomenon is particularly difficult to manage when
the cells are prepared in a glove box, where temperature is usually higher
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Figure 1.2: One-photon (wavelength: 565 nm) and two-photons (wavelength: 900 nm)
fluorescence of a Rhodamine B solution. The two-photon fluorescence is visible in the
focal point of the fundamental beam while the one-photon fluorescence vanishes as the
beam penetrates into the solution.

than room temperature. As a rule of thumb, a temperature decrease of
5◦C leads of “precipitation” of water in α,α,α-trifluorotoluene (TFT).

The issue of the variations of the solubility of the solvents with the
temperature also arises with gases. However, in this case, it is a temperature
increase that triggers the lowering of the solubility of the dissolved gasses
and formation of bubbles trapped at the interface. Here, again, this problem
can be avoided by keeping the temperature as constant as possible during
the measurements and working with pre-equilibrated solvents. Furthermore,
when working in a glove box, letting the cell in a light vacuum (0.5 atm)
after preparation for few tens of second purges the solvents of excess gases
and avoid bubbles formation. The presence of bubbles at the interface
does not prevent SHG measurements, but considerably increases the signal
noise.

Pump and probe beams alignment

When doing time-resolved experiments, it is of course necessary that the
pump and probe beams are aligned at the interface. Such alignment is
however difficult to obtain with the setup presented in Figure 1.1 for several
reasons. First, the probe (fundamental) beam is not visible and secondly,
both beams cross non-perpendicularly several solid/air interfaces (glass/air,
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cuvette/organic phase) before being reflected on the liquid-liquid interface.
Thus, since the refractive index of a medium is wavelength dependent, the
beams will diverge after having passed through these interfaces. In order
to overcome this problem, pump and probe beams where aligned visually
by filling the optical cell with a solution of rhodamine B in TFT. Indeed,
rhodamine B has a strong fluorescence that is visible after both one and
two-photon absorption. Therefore, the optical path of the pump and probe
beams could be seen by eyes (in the dark). Furthermore, since two-photon
absorption is a non-linear process, it occurs only where the light intensity is
high i.e. where the fundamental beam is focussed. Conversely, the intensity
of the one-photon fluorescence decreases as the beam penetrates through
the rhodamine B solution. Thus, it is still possible to distinguish the beams
even if the fluorescences that they create have the same wavelength. This
is illustrated in Figure 1.2

1.2 Molecular mechanics simulations

Short introduction to molecular mechanics
simulations

Molecular mechanics simulations consist in simulating molecular systems,
assuming that they can be described as simple objects obeying the laws of
classical mechanics. Despite this crude approximation, molecular mechanics
simulations can, on average and with the appropriate set of parameters,
reproduce the physical properties of a system.

Force field

In molecular mechanics, two types of interactions between particules are
considered: bonded and non-bonded interactions.

Bonded interactions describe the intra-molecular dynamics, they are
of four types: bond stretching, angle bending, improper and proper di-
hedral deformations. The first three are usually approximated by an
harmonic potential, while the proper dihedral are described with periodic
functions. All the parameters of these potentials are derived prior to the
simulation and are tuned to reproduce some experimental results. For
instance, the Optimized Potentials for Liquid Simulations (OPLS) force
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field, used throughout the present work, has been derived to reproduce
the density and heat of vaporisation of various organic solvents[78]. Other
common force fields include, for instance the “GROMOS” force field [79]
(parametrised to reproduce solvation enthalpies of small organic molecules),
or the “CHARMM” force field (parametrised to reproduce the binding
energies and crystallographic structures of proteins and nucleic acids)[80].
Thus, the set of parameters of bonded interactions depends on the type of
system that one wants to study.

Non-bonded interactions account for intermolecular forces: the Coulomb
force, the Pauli repulsion and the dispersion forces. The Coulomb force is
obviously described from the Coulomb potential, while Pauli repulsion and
dispersion forces are both modelled with one single function: the Lennard-
Jones potential. Lennard-Jones potential is strongly repulsive at short
range (Pauli repulsion) and slightly attractive at long range (dispersion
forces). Mathematically, the Lennard-Jones potential is the sum of a r−12

term and a r−6 term:

VLJ (r) = ε
( σ

r12
− σ

r6

)
(1.1)

where ε is the depth of the attractive well, while σ is the minimum of the
well. Interestingly, the r−12 term is not based on physical principles but has
been chosen for computational efficiency. Indeed, it is faster to compute
the r−6 term and then square it than to compute two independent terms.

There are actually many more ways to model bonded and non-bonded
interactions but it is beyond the scope of the present report to list them all.
This, however, does not impede the general understanding of molecular
mechanics simulations.

Equation of motion algorithms

Once the system is constructed and its physics described by the appropriate
interaction potentials, the dynamics of the system can be simulated by
applying Newton’s equation of motion i.e.:

r (t) = r0 + v0 · t+
F · t2

2m
(1.2)

where r (t) is the time-dependent position, r0 is the position at t0, v0 the
velocity at t0, F the force applied on the particle and m its mass. Never-
theless, Equation 1.2 cannot be used directly to compute the trajectory
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of the system because v0 and F are not constants but actually depend
on r, which in turn, depends on time. Therefore, Equation 1.2 must be
propagated step by step, assuming that the step size is small enough that
the true physics of the system is conserved. Thus, Equation 1.2 becomes:

r (t+∆t) = r (t) + v (t)∆t+
F (t)

2m
∆t2 (1.3)

One could have also written Equation 1.2 for past times:

r (t−∆t) = r (t)− v (t)∆t+
F (t)

2m
∆t2 (1.4)

Then, summing Equation 1.3 and Equation 1.4 gives:

r (t+∆t) = 2r (t)− r (t−∆t) +
F (t)

m
∆t2 (1.5)

Thus, since r (t) and F (t) are known, the next position can be computed.
Equation 1.5 is called the “Verlet algorithm” and is an efficient way to
propagate Newton’s equation of motion. However, Verlet algorithm does not
explicitly compute particle velocity (though it can be computed afterwards).
This quantity is however important to control the kinetic energy – therefore
the temperature – of the system. Consequently, another version of the
Verlet algorithm, that explicitly calculates the velocity and the position
at the same step has been derived. The update of the particle position is
done as follows. First, one calculates the velocity of the next half-step:

v

(
t+

1

2
∆t

)
= v (t) +

∆t

2m
F (t) (1.6)

then the next position:

r (t+∆t) = r (t) + v

(
t+

1

2
∆t

)
∆t (1.7)

and finally the velocity of the full step:

v (t+∆t) = v

(
t+

1

2
∆t

)
+
∆t

2m
F (t+∆t) (1.8)

Since this algorithm is based on the Verlet algorithm and computes the
velocity, it is called “velocity Verlet” [81]. Another common scheme it the
“Leapfrog algorithm” it is however equivalent to the velocity Verlet.
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Simulations in NVT and NPT ensembles

Simulating an ensemble with only the equations of motion would produce
a system whose energy, number of particles and volume are constant i.e.
a microcanonical or “NVE” ensemble. Nevertheless, one rarely works in
such conditions in “real” experiments and it would be interesting to have
a way to simulate systems with constant temperature or pressure. Thus,
thermostats and barostats have been implemented in molecular mechanics
to allow simulations in the canonical (NVT) or the isothermal-isobaric
(NPT) ensembles.

A very naive way – but still efficient – to control the temperature of a
simulation is to rescale the velocities of the particle after each steps (or n
steps). This can be done by computing the temperature from the kinetic
energy of the system, using the equipartition theorem – that states that
every quadratic degree of freedom contribute to 1/kT of the energy – and
the definition of the kinetic energy:

Ekin =
m · v2

2
=

1

2kT
(1.9)

Then, the velocities of the next step are rescaled by a factor proportional
to the deviation of temperature from that of the thermostat:

dT

dt
=
T0 − T
τ

(1.10)

where T0 is the temperature of the thermostat and τ a coupling constant
that controls the strength of the damping at each step. This algorithm is
called “Berendsen thermostat” and is one of the most basic approach to
simulate a NVT ensemble[82]. However, since the velocities are rescaled
every step, the fluctuations of the kinetic energy over time are not physical
and therefore this thermostat does not sample a true canonical ensemble
and using this thermostat is actually not recommended[83]. Nevertheless,
a true sampling of the canonical ensemble can be recovered with a slight
modification of the Berendsen thermostat. This approach is called “velocity-
rescaling” algorithm[84]. Here, the kinetic energy of the system is coupled
to that of the thermostat according to the following equation:

dK = (K0 −K)
dt

τ
+ 2

√(
KK0

Nf

)
dW√
τ

(1.11)
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where τ is the coupling constant, K0 the kinetic energy at the desired
temperature, Nf the number of degrees of freedom and dW a Wiener
process, i.e. a stochastic process with zero mean and whose steps are
independent. The key modification of Equation 1.11, compared to Equation
1.10, is the addition of the stochastic Wiener process that guarantee realistic
fluctuations of the velocities.

System pressure can be controlled similarly to the temperature using
the Berendsen barostat. However, in this case, it is not the velocities that
are rescaled at each steps but the simulation box dimensions. Indeed, the
instantaneous pressure of the system is given by:

P = ρT +
1

3V

∑
i>j

F (rij) · rij (1.12)

where ρ is the system density, V the box volume, T its temperature and
the last term is the virial. Therefore, the pressure depends on the distance
rij between the particles i and j and on the box volume. Thus, P can be
controlled by rescaling both particle position and box length.

r′ = µ · r (1.13)

L′ = µ · L (1.14)

where ri is the position of the particle i and L a dimension of the box. The
scaling factor µ is given by:

µ =

[
1 +

∆t

τP
(P − P0)

]1/3
(1.15)

where τP , alike Berendsen thermostat, controls the strength of the coupling
of the system to the barostat.

Umbrella sampling

In molecular mechanics simulations, one is usually interested in measuring
the most probable configurations of a system, that is, low energy configu-
rations. This is the reason why simulated systems are energy minimized
prior to any experiments. However, it might be interesting in some cases
to study higher energy configurations i.e. less probable configurations. In
principle, if a simulation is carried out during a sufficiently long time, all
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the accessible configurations will be sampled with a frequency proportional
to their Boltzmann weight. It it then possible to simply wait long enough
to observe these rare configurations. Nevertheless, computational time
is expensive and some configurations might be extremely rare. Thus, it
could be convenient to “help” the simulation go in the configurations one is
interested by. However, the “help” must be brought in such a way that it
does not affect the true properties of the system or, at least, that its effect
on the experiments can be cancelled out after the simulations. There are
several options to solve this problem, one of them is “umbrella sampling”.

Umbrella sampling consists in biasing the true potential energy profile
of a simulation, U(x) with an external and artificial potential, w(x), that
will push the system in the desired configuration. Doing so, the biased
probability distribution of finding the system in the configuration x is:

Pb (x) =
exp (−β (U (x) + w (x)))∫
exp (−β (U (x) + w (x))) dx

=
exp (−β (U (x) + w (x)))

Z
(1.16)

where Z is the partition function of the system. Thus, the true, i.e unbiased,
distribution P (x) is connected to the biased one by the following relations:

P (x) ∝ Pb (x) exp (βw (x)) (1.17)

Since the biased distribution is simulated and the external potential is
known, the real distribution can be recovered. In practice, however, more
than one biasing function is used. Indeed, the system is divided in small
regions and each region has its own biasing function. In this case, the
probability distribution Pi(x) of finding the system in the configuration x
in the region i is:

Pi (x) =
exp (−β (U (x) + wi (x)))

Zi
(1.18)

and the probability distributions in two regions are related by:

Pi(x) = Pj(x)
exp [−wi (x)]Zj
exp [−wj (x)]Zi

(1.19)

Here, again, as the probability distributions in every regions are simulated
and the biasing functions are known, the whole probability distribution
can be reconstructed.
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Figure 1.3: Left: Position probability distribution function of a particle in a quadratic
potential well simulated by Monte-Carlo sampling. Right: Probability distribution
function of a particle in three biased potential wells simulated by Monte-Carlo sampling.
Note that the intervals slightly overlap.

Example with a quadratic potential

Let’s consider a particle moving in a quadratic potential centred in x0:

U (x) = k (x− x0)2 (1.20)

Since this potential is non-bounded, the configurations at large x will be
hard to sample. Indeed, as the Boltzmann weight of the position x = x0 is
1 it can be easily concluded that the probability of finding the particle at
position x will be:

P (x) = exp
[
−βk (x− x0)2

]
(1.21)

i.e. it decreases exponentially fast with the distance from the minimum.
Figure 1.3 (left) shows P (x) computed by Monte-Carlo simulation for
an arbitrary value of k. As expected, the distribution is a Gaussian
function and the high energy regions are rarely sampled. Consequently, the
uncertainty of P (x) in these regions is high. The umbrella sampling solution
to this problem is to divide the x-axis in three intervals [0, x1],[x1, x2] and
[x2, x3] and to modify the potential in these regions with the following
biasing function:

wi(x) =


∞ x < xi

0 xi ≤ x ≤ xi+1

∞ x > xi+1

(1.22)

that is, an infinite potential wall at the intervals boundaries. Figure 1.3
(right) shows the probabilities in each intervals defined as in Equation 1.22,
again computed by Monte-Carlo sampling.
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Figure 1.4: Probability distribution functions computed by Monte-Carlo simulations
with (blue) and without (brown) biased potential.

Finally, using Equation 1.19 the total distribution can be reconstructed.
The result is presented in Figure 1.4 on a logarithmic scale. The advantage
of umbrella sampling clearly appears at large values of x, when the potential
is large. Indeed, for such values the precision of the distribution is much
better than with the simple Monte-Carlo scheme. Furthermore, some high
energy configurations have even never been sampled with the classical
scheme while they appear in the umbrella sampling.

1.3 Fractional derivatives

Fractional derivatives are an extension of the theory of integer-order deriva-
tions to derivations of any real order. This section does not aim at providing
a mathematically rigorous introduction to fractional calculus but rather to
show how non-locality arises from fractional derivation.

By definition, the first derivative of a function f(x) is:

df(x)

dx
= lim

ε→0

f(x)− f(x− ε)
ε

(1.23)

Thus, the first derivative of f(x) in a particular point x0 only depends on
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f(x0) and its immediate neighbourhood. In this respect, this derivation is
local.

The derivation scheme of Equation 1.23 can be extended to higher order
integer derivatives. For instance, the second-order derivative of f(x) can
be found iteratively from Equation 1.23 and yields:

d2f(x)

dx2
= lim

ε→0

f(x)− 2f(x− ε) + f(x− 2ε)

ε2
(1.24)

Similarly to Equation 1.23, Equation 1.24 shows that the second derivative
of f(x) is also local. From Equation 1.24 it is possible to deduce the general
pattern of arbitrary integer-order derivation. Indeed, the numerator of
the n-order derivative of f(x) will contain n+ 1 terms representing f(x)
shifted by increasing numbers of ε, while the denominator will be εn. The
coefficients of the terms in the numerator will be the binomial coefficients.
This yields:

dnf(x)

dxn
= lim

ε→0

1

εn

n∑
i=0

(−1)i
(
n

i

)
f (x− iε) (1.25)

where the binomial coefficients are given by:(
n

i

)
=

n!

i! (n− i)!
(1.26)

It is possible to define non-integer order derivatives from Equation 1.25.
However, in order to do so, this equation has to be slightly modified. Firstly,
if n in not an integer, the binomial coefficients can no longer be given by
Equation 1.26 since the factorial function is defined only on N. Therefore,
the factorial function must be replaced by the gamma function Γ (n), i.e.
its extension on R∗+. Γ (n) has the following property:

Γ (n) = (n− 1)! ∀n ∈ N (1.27)

Thus, Equation 1.26 becomes:(
n

i

)
=

Γ (n+ 1)

i!Γ (n+ 1− i)
(1.28)

Similarly, the summation in Equation 1.25 is no longer valid if n in not
an integer number. In order to solve this issue, one has to realise that in
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Equation 1.25, the summation did not necessarily had to stop at n but
could have been extended to infinity. If one had done so, the result would
have been the same since the binomial coefficients would have been zero
for all i larger that n. However, since now the binomial coefficients are
defined with Γ (n), this is no longer true, and the summation must contain
an infinite number of terms instead of being stopped at n. Thus, Equation
1.25 becomes:

dnf(x)

dxn
= lim

ε→0

1

εn

∞∑
i=0

(−1)i
Γ (n+ 1)

i!Γ (n+ 1− i)
f (x− iε) (1.29)

Equation 1.29 is still not totally valid. Indeed, since now the summation
contains an infinite number of terms, the interval over which the summation
is done must be specified. Thus, on the interval [x, x0], the n-order derivative
of the function f(x) is:

dnf(x)

dxn
= lim

ε→0

1

εn

(x−x0)
ε∑
i=0

(−1)i
Γ (n+ 1)

i!Γ (n+ 1− i)
f (x− iε) (1.30)

Equation 1.30 is a generalisation of the derivation to any real order. This
scheme is non-local, compared to classical integer-order derivation. In-
deed, now, the value of the derivative of f(x) in a particular point x0
depends on all the values of f(x) on the interval [x, x0], and not only on
its neighbourhood. This also emphasises that fractional derivatives, alike
integrals, depend on an interval. The interest of fractional derivatives in
the description of physical phenomena is that since they are non-local, they
are convenient to describe correlated systems, hysteresis[85] or memory
effects[86, 87]. As an illustration Figure 1.5 shows some fractional deriva-
tives of the function f(x) = x for various values of the fractional order.

1.4 Electrochemistry at the liquid-liquid

interface

Interface polarisation

The LLI can be polarised if electrolytes are present in both phases. The
influence of electrolytes on the system can be rationalised using a thermo-
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Figure 1.5: Some fractional derivatives of the function f(x) = x on the interval [0, 2].
The fractional orders are 0.33, 0.66, 0.9 and 1.

dynamic implication that, at equilibrium, the electrochemical potential of
an ion i is the same in both phases. The electrochemical potential is the
sum of the standard chemical potential and two correction terms:

µ̃iα = µ

iα +RT ln(aiα) + ziFφα (1.31)

where µ

iα

is the standard chemical potential of the ion i in the phase α,
ai is the activity of the ion i, φα is the inner potential of the phase α
and zi is the net charge of the ion i. The first correction accounts for
the solute-solute short-range interactions and depends therefore on the
concentration, while the second term takes into account that the species
that we are considering are charged and will therefore feel the inner, or
Galvani, potential of the phase α. The equality of the electrochemical
potential in both sides of the interface leads to the Nernst equation of
ITIES :

∆φαβ = φα − φβ =
µ

iβ
− µ


iα

zi F
+
RT

ziF
ln

(
aiβ
aiα

)
(1.32)

where aiα and aiβ respectively stand for the activities of the ion i in the
phase α and β. This expression can be further simplified by introducing
the standard transfer potential which is the Gibbs free energy of transfer
of an ion i divided by the Faraday constant and the charge of the ion:

∆
α→β

φ

i =

∆
α→β

G

i

ziF
=
µ

iβ
− µ


iα

ziF
(1.33)
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Finally one gets:

∆φαβ = ∆
α→β

φ

i +

RT

ziF
ln

(
aiβ
aiα

)
(1.34)

The variation of the inner potentials arises from the intrinsically different
chemical composition of the phases. The absolute value of the inner
potential of one phase is not an experimentally accessible observable and
only a difference of potential can be measured. Now that we have defined the
Nernst equation of ITIES we can continue further and rewrite it differently
by using the decomposition aiα = γiαciα and by taking into account firstly
the conservation of mass:

Vα ciα + Vβ ciβ = mi (1.35)

where Vα and Vβ are the volumes of the phases α and β and mi is the total
amount of the ion i, and secondly the electroneutrality of both phases:∑

i∈α

zi ci =
∑
i∈β

zi ci =
∑

i∈(α+β)

zimi = 0 (1.36)

Indeed, using the equation 1.35 one can rewrite and rearrange the equation
1.34 like that:

ciα =
mi

Vα + Vβ
γiα
γiβ

exp

(
ziF

∆φαβ− ∆α→βφ


i

RT

) (1.37)

Finally, using the equations 1.36 one gets:∑
i∈(α+β)

zimi

Vα + Vβ
γiα
γiβ

exp

(
ziF

∆φαβ− ∆α→βφ


i

RT

) = 0 (1.38)

The equation 1.38 is true for all the systems of ions distributed among
immiscible solvents [88]. Taking the example of the salt C+A− dissolved in
both phases, the equation 1.38, with the help of the equations 1.36, gives:

∆φow =
∆
w→o

φ

C+
i

+ ∆
w→o

φ

A−i

2
+
RT

2F
ln

(
γA−w γC+

o

γA−o γC+
w

)
(1.39)
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Thus, the inner potential difference is independent of the ion concentration
in each phase: the interface cannot be polarised. More precisely, modifying
the potential difference implies to change the transfer potential and the
activity coefficient of one of the ions, i.e. to change the chemical composition
of the system.

Now consider a system where the phases are composed of a common
ion, C+, and different counter-ions, W− in the water phase and O− in the
organic phase. Following the same argument than for the previous case,
we simply obtain the Nernst equation of the ITIES for the common ion:

∆φwo = ∆
w→o

φ

C+ +

RT

zC+F
ln

(
aC+

o

aC+
w

)
(1.40)

The interface of such a system is still not actively polarisable. Nevertheless
this time the inner potential difference is controlled by the activity of the
cation C+.

The last example consists of a system in which two different salts
are dissolved in the aqueous and organic phases. Let’s call S+T− the
hydrophilic salt and U+V− the hydrophobic salt. Once again, using the
equation 1.38 and translating the hydrophilicity and hydrophobicity of the
salts into assumptions on the transfer potentials of the ions, i.e.:

∆
w→o

φ

S+ � 0, ∆

w→o
φ

T− � 0, ∆

w→o
φ

U+ � 0, ∆

w→o
φ

V − � 0 (1.41)

one gets the following equation:

∆φwo =
RT

2F
ln

 cw exp

(
F
∆
w→o

φ

T−

RT

)
+ co exp

(
F
∆
w→o

φ

U+

RT

)
cw exp

(
−F

∆
w→o

φ

S+

RT

)
+ co exp

(
−F

∆
w→o

φ

V−

RT

)
 (1.42)

The equation 1.42 shows that the potential difference across the interface
is a function of the standard transfer potentials of all the species as well as
their concentrations. The assumptions of the equations 1.41 imply that over
a certain potential range only a small fraction of the hydrophilic electrolytes
will be present in the organic phase, and vice versa for the hydrophobic salt.
Thus, the applied potential only induces a polarisation of the interface,
without modifying the chemical composition of the organic and aqueous
phases. Therefore, this system is said to be an ideally polarisable interface
[89].
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Figure 1.6: Cyclic voltammogram at the water/TFT interface. Supporting electrolytes:
LiCl 10 mM, BATB: 10 mM, scan rate: 10 mV/s.

Potential window

As demonstrated in the previous paragraph, given a proper choice of
supporting electrolytes, the ITIES can be polarised by applying an external
potential difference. Throughout this thesis, except otherwise stated,
the supporting electrolytes are lithium chloride (LiCl) in the aqueous
phase, and BATB (Bis (triphenylphosphoranylidene) ammonium tetrakis
(pentafluorophenyl) borate). At the water/TFT interface, these electrolytes
give a potential window of roughly 1 V, limited at positive potentials by
the transfer of Li+ from the aqueous phase to the organic phase, and at
negative potentials by the transfer of Cl–. A typical cyclic voltammetry is
presented in Figure 1.6:

Four-electrode potentiostat

Interface polarisation and current measurement are realised by a four-
electrode potentiostat. This device was used for the first time in the study
of ion transfer at the ITIES by Samec et al. in 1977 [90]. It has then
been improved by the same authors to automatically compensate the IR
drop between the Luggin capillaries [91]. It is now commonly used in
experiments requiring polarisation of ITIES.

Figure 1.7 shows a simplified version of a four-electrode potentiostat
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[92] that aims at applying the voltage Vin between the reference electrodes.
This device relies on Operational Amplifier (OA). An OA is an electric
component that produces an output potential proportional the voltage
applied on its inputs, the proportionality constant being the gain of the
amplifier. Thus, on the figure 1.7, OA1 will induce a tension on R1 and OA2
until the output tension of OA3 is Vin, i.e. until the potential difference
between the reference electrodes is Vin. This retroactive feedback allows to
precisely tune the potential difference between the reference electrodes and
set it to the desired tension Vin. OA2 has one of its input connected to
the ground and ensures that the potential applied on CE2 is the opposite
of that applied on CE1. Finally, the resistance R1 is used to measure the
current inside the circuit.

Figure 1.7: Simplified electronic circuit of a four-electrode potentiostat. Feedback
circuit (red), current measurement circuit (blue), potential applying circuit (yellow).

Capacitance measurements

The capacitance of an electronic component is defined as the ratio between
the charge carried by the component over the voltage applied on the
component, i.e.:

C =
Q

V
(1.43)

where Q is the charge, V the voltage and C the capacitance. If the response
of the component to the voltage is not linear, the capacitance is defined as
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Figure 1.8: Example of a current step chronopotentiometry recorded at the water-TFT
interface. Aqueous phase supporting electrolyte: LiCl 100 mM, organic phase supporting
electrolyte: BATB 10 mM, current step: 1 μA, potential: 0.75 V. The potential step at
0.1 s is proportional to the resistance of the interface.

the variation of stored charge over the variation of polarisation, i.e:

C =
dQ

dV
(1.44)

Equations 1.43 and 1.44 are however equivalent if the electronic component
behaves as a linear capacitor.

Capacitance at the ITIES is usually measured by impedance spec-
troscopy, assuming that the interface can be modelled with an equivalent
circuit, usually a Randles circuit. However, the capacitance can also be
measured more conveniently by current step chronopotentiometry. This
method relies in polarising the interface at a certain potential and, when
equilibrium is reached, apply a fast current step of few micro-amperes per
centimetre squared. Because of the current step, the interfacial potential
difference immediately rises. The slope at the origin gives the capacitance.
Indeed:

I =
dQ

dt
= C

dV

dt
(1.45)

where I is the imposed current, V the potential difference between the ref-
erence electrodes and C the capacitance. The capacitance curves presented
in Chapter 3 have been obtained as follows. The interface was polarised
at a given potential by chrono-amperometry for 60 s. Then, immediately
after the end of the chrono-amperometry, a current step of 16 μA·cm-2

was applied during 100 ms. The capacitance was obtained from slope of
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the potential vs. time plot as presented above. The procedure was then
directly repeated for the next potential step in order to keep the interface
always polarised. The whole potential range was measured with increasing
steps of 25 mV. When the positive end of the polarisation window was
reached, the procedure was continued with steps of -25 mV, down to the
negative end of the potential window. A typical capacitance curve was
obtained by averaging five such measurements series (five times increasing
potentials and five times decreasing potentials).

Electron Conductor Separating Oil-Water (ECSOW)

ECSOW is an electrochemical setup designed to observe biphasic electron
transfer reactions without the effects of ion transfer reactions[77]. The
principle is the same than for a regular ITIES. Nevertheless, the phases are
physically separated and only connected by an electron conductor, typically
glassy carbon electrodes.

Figure 1.9 shows a scheme of a typical ECSOW setup. Similarly to a
ITIES, the Galvani potential difference between the aqueous and organic
phases is varied with the counter electrodes while the potential difference
is measured by the reference electrodes. In this respect, the glassy carbon
electrodes where placed as close as possible to the reference electrodes in
order to lower the IR drop, which can be non-negligible in the organic
phase, particularly at low supporting electrolyte concentrations.

Figure 1.9: Schematic representation of an ECSOW setup.
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1.5 Chemicals

Anhydrous lithium chloride (LiCl, >99 %) and α,α,α-trilfuorotoluene >99 %
were purchased from Sigma. Lithium tetrakis – (pentafluorophenyl) borate
ethyl etherate (LiTB) was purchased from Boulder Scientific. Bis (triph-
enylphosphoranylidene) ammonium chloride (BACl, 98%) was purchased
from Fluka. Dry acetonitrile (99,9%), 1-chloro-2,4-dinitrobenzene (99%)
and sulfanilic acid (99%) were purchased from Acros. 4,4’-bipyridine (98%)
and bis(η5 pentamethylcyclopentadienyl)iron (DMFc, 99%) were purchased
from AB. All porphyrins were purchased from Porphychem. The compound
5,15-(di-4-sulfonatophenyl) -10,20- (di-N-methyl-4-pyridyl) porphyrin (Zinc
II) was a custom synthesis of Porphychem. All chemicals were used as
received except DMFc that was purified by vacuum sublimation (150◦C, 5
Pa) and then stored in a glove box under N2.

Synthesis

BATB:

Bis (triphenyl-phosphoranylidene) ammonium tetrakis (pentafluorophenyl)
borate) (BATB) was synthesised by methathesis of LiTB and BACl as
follows. A solution of 1.4 g of LiTB dissolved in 30 mL of a 30% ethanol
and a solution of 920 mg of BACl in 30 mL of 30% ethanol where prepared.
Then, the solution of BACl was slowly added to the solution of LiTB, under
stirring. The precipitation of BATB is immediate. The thus-obtained
solution was left under stirring for ten minutes and filtered on Büchner.
The organic salt was then dried one hour in an oven at 80◦C. Finally,
BATB was purified by recrystallisation as follows. Dry BATB is dissolved
in a minimum amount of acetone. Then, water is added drop-wise under
stirring to the acetone solution until complete precipitation of BATB. The
salt is then recovered by filtration on Büchner and washed with water. This
procedure is repeated twice.

Viologen derivatives

1,1’-bis(4-sulfophenyl)-[4,4’-bipyridine]-1,1’-diium (1,1’-bis(4-sulfophenyl)-
[4,4’-bipyridine]-1,1’-diium (BSPBPy)) was synthesised in two steps from
bipyridine according to the procedure presented in Figure 1.10. The
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Figure 1.10: Synthesis scheme of 1,1’-bis(4-sulfophenyl)-[4,4’-bipyridine]-1,1’-diium
BSPBPy.

intermediate 1 1,1‘-bis(2,4-dinitrophenyl)-4,4‘-bipyridiinium dichloride was
synthesised according to a published procedure [93]. Then, BSPBPy was
synthesized as follows. In a round bottom falsk, 750 mg (1,34 mmol)
of 1, 694 mg (4 mmol) of sulfanilic acid and 168 mg (4 mmol) of LiOH
monohydrate were added to 100 mL of water and refluxed for 24h. After
the reaction, 90% of the solvent were evaporated and 50 mL of acetone
were added to the solution. The precipitate was filtered and washed with
acetone. The filtrate was then recovered, added to 80 mL of water and the
mixture was warmed at 80◦C, until complete dissolution of the compound.
The solution was then acidified to a pH of 2 with hydrochloric acid, let to
cool down to room temperature and finally cooled to 4◦C for two hours.
The precipitate was filtered on Büchner, washed with water and dried at
80◦C in an oven. 1H NMR (D2O): δ 9.36 (d, 4H), δ 8.72 (d, 4H), δ 8.05
(d, 4H), δ (d, 4H).
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Chapter 2

Theory

Theory of surface second harmonic generation

The polarization induced in a medium as a response to an external electric
field can be described, to first order, by the following equation:

Pi =
1

ε0
χEi (2.1)

where P is the induced polarization vector, E the external electric field, ε0
the vacuum relative permittivity and the index i runs over the Cartesian co-
ordinates. The constant χ is called “polarisability” and is a proportionality
constant between the induced polarisation and the electric field. The equa-
tion 2.1 is only an approximation and, for lack of exact relation between
the polarisation and the electric field, assuming that the polarisation is
analytic, one can expand it as a Taylor series of the electric field. Because
the equation 2.1 links vectors, the polarisability needs to be a tensor, whose
order increases with the powers of the series. Thus, to the nth order, the
equation 2.1 becomes:

Pi =
1

ε0

(
χjiEj + χjki EjEk + . . .+ χj...ni Ej . . . En

)
(2.2)

Where we have used the Einstein summation (implicit summation over
repeated indices). As the SHG is a second order process, we will only work
with the equation 2.2 developed to the second order, that is:

Pi =
1

ε0

(
χjiEj + χjki EjEk

)
(2.3)
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The equation 2.3 shows that by expanding the induced polarisation as a
function of the field, we have also increased the number of parameters
defining χ. Indeed, now χjki is a rank three tensor on R3 (χjki is real
for parametric non-linear processes, it can however be complex for non-
parametric processes) and possesses therefore 27 components. Each of
these components describes how the polarisation in one Cartesian direction
depends on the intensity of the fields in other directions. Nevertheless,
when doing SHG at the LLI, this tensor can be greatly simplified by taking
account of the symmetries of the interface. Doing so yields only three
independent tensor elements, namely:

χzxx = χzyy χxxz = χyyz χzzz (2.4)

The process of SHG can be highlighted by using the equation 2.3 with
an explicit expression of the field. Indeed, taking a general form of a
time-dependent oscillating electric field as:

E(t) = E exp (ıωt) + E∗ exp (−ıωt) = E exp (ıωt) + c.c. (2.5)

and putting it in the equation 2.3 (taking only the purely second order
contribution) one gets:

P
(2)
i = χjki (EjE

∗
k + EjEk exp (2ıωt) + c.c.) (2.6)

Thus, it appears that the total induced polarisation (first and second
order) contains three components: a time-independent contribution, a
contribution depending on the frequency of the incoming field ω (the first
order response), and a contribution depending on twice the frequency of
the electric field 2ω. Therefore, if the intensity of the incoming field is high
enough, it is possible to generate a new electric field oscillating at twice the
frequency. This process is what is called “second harmonic generation”.

As said previously, the possibility to generate the second harmonic of
an incoming beam depends on the geometry of the medium. Indeed, for
a system with an inversion symmetry, the following identity holds for all
vector quantities V, and in particular for the polarisation:

V (xi) = −V (−xi) (2.7)

The equation 2.7 implies that the Taylor series of a vector function in
a system possessing an inversion symmetry cannot contain even powers
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contributions. This means that the SHG is not possible in such systems.
Thus, if an oscillating electric field interacts with an interface and that
afterwards a second harmonic signal is detected, it can be said that this
signal originates only from the interface. This is this property that makes
the SHG interesting in the study of interfaces and interface phenomena.

The theory briefly introduced above also holds at the molecular level.
Indeed, as macroscopic media, molecules can be polarised and posses
a polarisability. The convention is to call the second order molecular
polarisability “first hyperpolarisability” and to write it “β”. This quantity
has however the same properties as the macroscopic polarisability. If
molecules are present at an interface where an oscillating electric field
interacts, some molecular properties can be obtained by measuring the
generated second harmonic signal. Indeed, the signal can be enhanced
by resonance with a transition dipole of the molecules. In this case,
the second order polarisability can be expressed from the molecular first
hyperpolarisability as:

χ =
N〈T 〉β
ε0

(2.8)

where N is the number of molecules present at the interface and T a tensor
transforming the coordinates of the molecules to those of the laboratory.
Thus, since the second harmonic intensity is proportional to the square of
the second order polarisation, the SHG signal is proportional to the square
of the molecule number, i.e to the square of the concentration:

Ishg ∝
∣∣P (2)

∣∣2 ∝ ∣∣χ(2) : E1E2

∣∣2 ∝ ∣∣∣∣∣N〈T 〉β : E1E2

ε0

(2)
∣∣∣∣∣
2

(2.9)

Since a second harmonic signal can be generated by resonance with the
transition dipole of a molecule, the SHG spectrum is similar to a UV-vis
spectrum. Furthermore, by changing the polarisation of the incoming
and outgoing beams, it is possible to measure the components of the first
hyperpolarisability tensor listed in Equation2.6. For instance, the element
χzzx describes the dependence of the induced polarisation in the x direction
as a response to the field in the z direction. This tensor element could
therefore be measured by polarizing the incoming field in the z direction —
let’s say perpendicular to the interface — and recording the SHG signal
that has a perpendicular polarization.

41



The technique of SHG can be extended to the study of time-dependent
systems. Indeed, as other spectroscopic approaches like transient absorp-
tion it can be used to probe photo-excited molecules. Nevertheless, while
transient absorption probes the electronic transitions, SHG probes the
polarisability. This is an important difference because an electronic tran-
sition is bleached by excitation, while the polarisability changes in both
intensity and direction. Thus, TRSHG provides information on the ground
state population recovery as well as on the reorientation of the transition
dipole upon excitation. Therefore care must be taken in the interpretation
of the kinetic traces of TRSHG because their time constant do not only
reflect a change of excited state population but also a change of orientation
population.

2.1 Review of surface second harmonic

generation at the LLI

The development of non-linear optical spectroscopy has enriched the ex-
perimental approaches available to the study of chemical systems. Among
them, SHG offers both an intrinsic sensitivity to interfaces as well as the
possibility to measure the magnitude and the direction of dipoles present
at these interfaces. This later aspect is critical because in comparison to
linear optical spectroscopy SHG provides information on the orientation of
the system under study.

SHG as been observed for the first time at the liquid-air interface by
Wang in 1969 [94]. Following the work of Bloombergen&Pershan [95], Wang
established the theoretical framework of non-linear optics at interfaces,
and in particular the theory of SHG of such systems. Since then, the
evolution of SHG at soft interfaces has followed the technical development
of optical spectroscopy — particularly in time-resolved spectroscopy —
where resolutions of few tens of femtoseconds became accessible.

Time-independent second harmonic generation

After the work of Wang[94] at the bare air-liquid interface that were Eisen-
thal and co-workers, who for the first time, studied the adsorption of
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molecular species — phenol and cresol — at the air-water interface [96].
They could measure the average orientation of the adsorbed molecules as
well as estimate the Gibbs energy of adsorption, assuming a Langmuir
isotherm. In the same group, Castro et al.[97] reported in 1989 the mea-
surement of adsorption kinetics of p-nitrophenol in water droplets and
showed that the orientation equilibrium of the adsorbates was reached
faster than the adsorption equilibrium. Similar studies about the orienta-
tion and adsorption of molecules were reported but only at the air-liquid
interface[98]. That was in 1988 that the first SHG measurement at the
liquid-liquid interface was published by Grubb et al. [99]. Nevertheless,
the liquid-liquid interface was only one of the systems that they analysed
and the first real systematic studies were reported in the early 90’s by
Higgins et al. [100, 101]. They actually worked at the ITIES and reported
for the first time the measurement of the potential dependent adsorption
of charged species at the liquid-liquid interface. Furthermore, is was suc-
cessfully shown that, as the molecules were charged, the Frumkin isotherm
was more relevant than the Langmuir isotherm in the description of the
adsorption process. Furthermore, they showed that the phase of the second
harmonic field was dependent on the the orientation of the dipoles at the
interface. Thus, by creating monolayers of molecules whose dipoles tend to
orient in opposite senses at the interface, and changing the adsorbed ratio
of these molecules, they could generate – with an excess of one molecule –
or cancel – using equimolar amount – the signal. Obviously, this required
the two molecules to have similar resonances at the same wavelengths.

An interesting aspect of SHG in the study of ITIES is that it is sensitive
to electric fields at interfaces. Thus, if one usually looks for a resonant
enhancement of SHG signal in the case of molecular species, this is actually
not necessary and some adsorbed organic ions, because of their intrinsic
dipoles, can be detected at the liquid-liquid interface. In this respect,
Conboy&Richmond showed in two publications in 1995 [102] and 1997[103]
that the polarised ITIES could generate a second harmonic response,
and that this response was directly proportional to the polarisability of
the electrolytes. Similarly, Petersen et al.[104] studied the behaviour of
small ions at the air-water interface and showed that, according to their
polarisability, ions were preferentially present at the interface or slightly
below it. Thus, it was shown that “soft” anions had a stronger affinity
for the interface than “hard” anions. Using the same approach, they also
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demonstrated that the concentration of hydronium cations was larger at the
interface than in the bulk, supporting the hypothesis that the water surface
is acidic [105]. Nevertheless, contrary to Conboy&Richmond[102, 103], the
SHG signal that they measured in their experiments was resonant with
an ion-to-solvent charge transfer band. The conclusions of Petersen et
al.[105] concerning the acidity of the interface are somewhat in opposition
of the observations of Tamburello-Luca et al.[106] on the pH equilibrium
of “eosin B” at the air-water interface. Indeed, Tamburello-Luca et al.[106]
showed that the protonated form of the dye was favoured at the interface
compared to the bulk. If this seems to agree with Petersen et al.[105] – a
larger concentration of hydronium favouring the protonation of “eosin B”
– it must be recalled that the oxonium ion is more stable at the interface
than in the bulk. Thus, its ability to protonate “eosin B” is in principle
lower. Nevertheless, the acid form of the dye being also more stable at the
interface, the overall equilibrium might be pushed towards the protonation
of “eosin B”.

In addition to orientation or adsorption at soft interfaces, SHG has
been used to record spectra — actual SHG spectra but comparable to
absorption spectra — of molecular species. Such studies usually used the
observed red or blue shifts of the spectra to show a particular property
of the interface with respect to the bulk. Using this approach, Wang et
al.[107] in 1997 measured the polarity of the air-water interface with the
help of a solvatochromic dye. They showed that the spectrum of the dye at
the interface was in between that of its vapour phase and that of its bulk
phase. Overall, they concluded that the polarity of the air-water interface
was comparable to the polarity of tetrachloromethane or butyl-ether; i.e.
non polar. Soon after this first publication, Wang et al.[108] published a
second article where the study of soft interfaces polarity was extended to
the liquid-liquid interface. Using the same experimental approach than that
of their first publication, they found that the polarity of a soft interface
was simply the average of the polarity of the two phases, suggesting that
the solute-solvent interactions responsible of the solvatochromism were
probably long-range interactions. Following the work of Wang et al.[108],
Steel&Walker[109] published in 2003 the conclusions of their attempt to
measure the liquid-liquid interface thickness by varying the distance between
the acceptor and donor groups of a solvatochromic dye. They showed that
for poorly miscible solvents, the interface polarity changed over less than
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one nanometre, suggesting that the thickness of the interface was of the
same order. Nevertheless, they also emphasised that there could be specific
organizations of the solvents at the interface leading to sharp changes of
the polarity.

Shifts of absorption spectra can be caused by solute-solvent but also
by solute-solute interactions. In this respect, studies by SHG on the
formation of molecular aggregates at the liquid-liquid interface have been
reported. In two publications, in 2002 [110] and 2003[111], Nagatani et al.
showed that excitonic transitions in porphyrin aggregates explained the
strong SHG signals of these molecules that, in principle, should not exhibit
second order non-linear properties because of their inversion symmetry.
By varying the Galvani potential difference between the two phases they
could change the concentration of the porphyrins at the interface – the
porphyrins were charged – and subsequently record SHG spectra. Thus,
they observed that when the molecules were “pushed” towards the interface
the spectrum shifted to the red suggesting the formation of “J” aggregates.
These findings were confirmed in 2004 by Fujiwara et al.[112] who also
observed the formation of “J” aggregates at the liquid-liquid interface.
Furthermore, by analysing the light polarisation dependence of the second
harmonic response they could conclude that the aggregates were chiral
and actually had a “helical” structure. In 2012, Olaya et al.[113, 114] took
advantage of the ability of porphyrins to form aggregates to catalyse the
oxygen reduction at the liquid-liquid interface. Here, similarly, they used
SHG to show that the active species in the catalytic reaction were the
“J” aggregates and that the aggregation could be controlled by tuning the
Galvani potential difference.

Time-resolved second harmonic generation

The experimental approaches available to time-independent SHG can be ex-
tended to time-dependent systems. What is meant here by “time-dependent”
is that it is the evolution of a system after a light induced perturbation that
is followed. Indeed, measuring the adsorption of a molecule at an interface
over time is already formally “time-resolved” second harmonic generation.
The TRSHG is actually a sub-set of the larger domain of pump-probe
spectroscopy.

One of the first TRSHG measurement was reported by Sitzmann&Eisenthal
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in 1988[115]. They measured the change of excited state lifetime of “rho-
damine 6G” by energy transfer to an acceptor at the air-water interface. It
was found that “rhodamine 6G” was deactivated faster at the interface than
in the bulk. This observation was explained by a shorter donor-acceptor
distance at the interface due to adsorption of “rhodamine 6G”. The excited
state lifetime and deactivation pathways of dyes adsorbed at liquid-liquid
interfaces were then further explored by Shi et al. who studied the dy-
namics of malachite green at various interfaces. They showed that the
mechanism of the barrierless isomerisation of this dye mainly involved a
twist of the aminophenyl groups more than the phenyl groups. This could
be concluded because no influence of the viscosity of the organic phase on
the excited state lifetime was observed, while the phenyl ring is supposed
to be projected in this phase. Following the same approach Fita et al.[116]
moderate these conclusions by showing that all rings were involved in the
deactivation pathway. Nevertheless, their observations agreed with those of
Shi et al.[117] in that, in very viscous aqueous environments, the twisting
of the aminophenyl ring becomes the rate limiting step of the decay. It
is interesting to note that these publications did not aim at studying the
liquid-liquid interface but actually used it to measure a general property
of a molecule. Such experiments would not have been possible without
TRSHG and showed that this technique could be used beyond the study
of purely interfacial phenomena.

In their article, Fita et al.[116] reported the observation of a biexpo-
nential decay and explained it by the formation of molecular aggregates at
the interface. This particular effect was explored by Punzi et al.[118] who
studied the effect of salts addition in a solution of malachite green. They
found that this lengthened the excited state lifetime of the dye molecules
adsorbed at the interface. This effect was explained by an increase of the
interfacial concentration with larger ionic strength that lead to formation
of “H” aggregates. Interestingly, the influence of several salts was tested
and it was found that the order of the most active salts was almost the
opposite of that of the Hofmeister series (see [119] for a detailed review of
on the Hofmeister series and its effects) of “salting-in” “salting-out” agents.
The authors had however no explanations to these observations.

The ability of SHG to measure the orientation of dipoles at interfaces
was used to study the reorientation dynamics of molecular species adsorbed
at air-liquid or liquid-liquid interfaces. One of the first observations of

46



such phenomena was reported in a short communication by Castro et al.
in 1991 with the dye “rhodamine 6G” [120]. By varying the polarisation
of the fundamental and second-harmonic beam they could show that the
different second-order polarisability tensor elements had different kinetics
after excitation. This observation was critical because it proved that the
population evolution that was probed was that of oriented molecules and not
that of excited molecules. It is therefore the motion of the molecules that is
seen and not their de-excitation, although their motion is the consequence
of the excitation. Because in such experiment it is the orientation of the
molecules that is followed, the polarization of the pump beam must be
carefully selected. Indeed, by choosing a linearly polarized pump light only
a subset of an oriented population will be excited, therefore biasing – on
purpose or not – the experiment. In their publication, Castro et al.[120]
varied the polarisation of the pump but did not observe any difference on the
resulting kinetics. In 1998, Antoine et al.[121] reported similar observations
but with the dicationic form of the dye “eosin B”. They however observed a
faster kinetic than what was observed with “rhodamine 6G” and explained
it by a lower friction at the interface. A polarisation-dependent kinetic
was reported the same year by Zimdars et al. with the dye “coumarin
314” [122]. They showed that using a circularly polarized pump pulses –
perpendicularly hitting the interface – evenly excited the dye molecules
with respect to their in-plane orientation, creating therefore an excited
population only dependent on the out-of-plane orientation of the ground
state molecules. On the opposite, using linearly polarized pulses created
an excited population dependent on the in-plane orientation of the ground
state. Overall, these studies showed that TRSHG could be used to measure
the time dependent orientation of molecules at an interface, and that the
reorientation kinetics were relatively fast processes, taking place in time
scales of the order of tens to few hundreds of picoseconds.

TRSHG was used to study the solvation dynamics of molecules at soft
interfaces. The first observation of such phenomena was reported by in 1999
by Zimdars et al. [123] who measured a solvation dynamics of the order of
few hundreds of femtoseconds for the dye “coumarin 314” at the air-water
interface. Their experiment consisted in exciting the dye and then record
the evolution of the second harmonic signal resonant with the S0 ← S1

transition, the wavelength of this transition being red-shifted as the excited
state solvation reaches equilibrium. The same year, they showed that the
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time taken by the solvent molecules to rearrange after excitation was also
dependent on the pump pulse polarization, that is on the orientation of
the dye dipole at the interface [124]. This observation was consistent with
was had been previously reported concerning the interfacial reorientation
dynamics, i.e. the solvation environment of molecules adsorbed at an
interface significantly changes with their orientation.

In conclusion, SHG and TRSHG offers similar possibility than conven-
tional spectroscopy techniques in probing empty or occupied electronic
states of molecules. Nevertheless, it has the advantage of the sensitivity to
interfaces and dipole orientations. Furthermore, as it is only resonantwith
a transition the molecules are not excited by the probe pulses. The trade-
off is that, as many properties of the molecules are measured, a greater
attention must be taken to experimental conditions and data interpreta-
tion. Furthermore, because of the interface specificity of SHG only a small
number of molecules is probed, implying therefore weak signals. Finally,
SHG is only limited to species having significant Non-Linear Optical (NLO)
properties.

2.2 Diffusion in solution

Microscopic picture

This section presents an overview of the fundamental description of the
motion of particles in the perfect gas model. In this model, the particles are
considered as non-interacting hard spheres whose kinematics is described
by classical mechanics. These particles are freely moving in an imaginary
box with hard walls. The collisions between the particles or between the
particles and the walls are assumed to be elastic.

The most simple form of this model is that where there is only one
particle in an infinitely large box. In this case, position r(t) of the particle
at time t is precisely known and is given by:

r(t) = r0 + vt (2.10)

where r0 is the initial position and v the velocity of the particle. Thus, the
squared displacement, with respect to r0, at time t is given by:

(r(t)− r0)2 = (vt)2 (2.11)
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this quantity obviously scales like the square of the time.
A more interesting case is that where the box contains N particles.

However, it is still assumed that the box is large enough – or the particle
density low enough – to neglect collisions between the particles. In this
case, Equation 2.11 is still valid but, as the particles can have different
velocities, the squared displacement must be averaged over all the particles.
This quantity is thus called Mean Squared Displacement (MSD) and is
given by:

i=N∑
i=0

(ri(t)− r0i)2

N
= 〈ri(t)− r0i)2〉 =

i=N∑
i=0

(vit)2

N
= 〈vi〉2t2 (2.12)

where the square brackets 〈〉 indicate the average value of the considered
variable.

If the number of particle increases – or if the box size decreases –
collisions become unavoidable and the displacement of a particle is no
longer a linearly increasing function of time. Its trajectory will thus consist
in rectilinear motions interspersed by collisions with the other particles,
forming an overall zigzag pattern. If the number of collisions is large and
the trajectory is long, it can be assumed that the rectilinear parts are short
and of the same (short) length. Thus, the particle motion can be described
using random walks. In this model, the particle is assumed to move in small
steps of equal length l but random direction. Thus, the average position of
a particle after N steps of the walk is:

〈rN〉 =
√
Nl (2.13)

The equation 2.13 can be related to real time by making physical assump-
tions on l and N . Indeed, lets call τ the total time of the walk, and t the
time between two collisions, then:

N =
τ

t
(2.14)

and
l = 〈v〉t (2.15)

thus, equation 2.13 becomes:

〈rN〉 = 〈v〉
√
τt (2.16)
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Equation 2.16 implies that the MSD of a particle scales linearly with the
time when account is taken of the collisions with the other particles. This
is a remarkable difference with the free motion described in Equation 2.11.
It is explained by the stochastic nature of the process. Indeed, in deriving
equation 2.13, it is assumed that the direction of each steps is independent
of the other ones and that the number of steps is large. Thus, this result is a
direct consequence of the central limit theorem. However, these supporting
hypothesis are not necessarily verified in real physical systems and this can
lead to different scaling of the MSD with time.

Langevin has proposed an equation that shows that classical mechanics
can be used to describe the motion of colliding particles. This approach
has the advantage of unifying the two formalisms presented above. The
Langevin equation describes the motion of a particle undergoing random
collisions in a viscous medium. It has the following form (in one dimension):

m
d2x(t)

dt2
= a

dx(t)

dt
+ F (t) (2.17)

where the first term of the right hand side describes the damping of the
particle motion in a fluid of viscosity a and the second term is the random
force accounting for the collisions. This equation can be solved to yield the
following result for the MSD:

〈x2〉 =
2kT

a

(
t− 1

γ

(
1− eγt

))
(2.18)

where γ is the ratio of the mass over the damping parameter. Equation 2.18
shows that for large values of t, the exponential term becomes negligible and
the MSD scales linearly with the time, as expected from the random walk
approach. On the opposite, for small values of t, the exponential cancels
the factor t in the parenthesis (expanding the exponential to the second
order) and the remaining leading term is of second order in t, in agreement
with the free moving particle. However, like the random walk approach, the
resolution of equation 2.17 relies on the hypothesis that the random force
acting on the particle follows a normal law. It can therefore only be applied
to uncorrelated particles. In order to go beyond this limitation the Langevin
equation can be modified to include time-correlation of the particle. The
resulting equation is the Fractional Langevin Equation (FLE)[125]:

m
d2xα(t)

dt2
= a

∫ t

0

dt′|t− t′|−αdxα
dt′

+ ηξ(t) (2.19)
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Alike Equation 2.17, Equation 2.19 describes the motion of a particle
undergoing two forces, friction with the surrounding fluid and random
collisions. However, the friction in the FLE is replaced by the Boussinesq-
Basset force, while the random collisions are accounted for with a fractional
Gaussian noise. On one side, the Boussinesq-Basset force includes the
retardation of the fluid adaptation to the particle displacement and therefore
brings memory effects in the diffusion of the particles. On the other side,
the fractional Gaussian noise includes correlation between the collisions
undergone by the particle. Thus, the FLE allows a more subtle description
of the diffusion, to the cost of a substantial complication of the theory. The
MSD associated to the FLE is[125]:

〈x2α(t)〉 =
2t2

βm
E2−α,3

[
Γ(1− α)

γ

m
t2−α

]
(2.20)

where Ea,b is the Mittag-Leffler function and Γ(x) the usual gamma function.
The interesting result of equation 2.20 is that now, compared to equation
2.18, the MSD of the particle can have a continuous range of scaling with
time, depending on the value of the parameter α. Thus, at long times,
FLE can describe the so-called anomalous diffusion regime.

Normal and anomalous diffusion

As seen in the previous paragraphs, the MSD is an important value that
characterises the diffusion regime of a system. Formally, MSD is the
variance of the position of a system of N particles with time:

MSD(t) =
1

N

N∑
i

(ri(t)− ri(t0))2 (2.21)

In principle, MSD scales linearly with time, except for very short times –
between collisions – where it scales quadratically, according to Newtonian
mechanics. This diffusion regime is called “ballistic diffusion”. However,
MSD can present deviations from this behaviour which are characteristic
of anomalous diffusion regimes.

Anomalous diffusion is formally any deviations of MSD from linearity.

〈(ri(t)− ri(t0))2〉 ∝ tα α 6= 1 (2.22)
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super-linear trends (α > 1) are called “super-diffusive”, while sub-linear
trends (α < 1) are called “sub-diffusive”.

In addition to the anomalous trends with time, MSD can also be
dependent on the way the averaging is done. Thus, there are three type of
MSD: time-averaged MSD (tMSD), ensemble-averaged MSD (eMSD) and
time-averaged ensemble-average MSD (teMSD). For discrete time steps ∆t,
the various MSD are calculated as follows[126]

tMSD(t = m∆t) =
1

N −m

N−m∑
i=1

[xj (ti +m∆t)− xj (ti)]
2 (2.23)

eMSD (t = m∆t) =
1

J

J∑
j=1

[xj (ti +m∆t)− xj (ti)]
2 (2.24)

teMSD (t, T ) =
1

J

1
T

∆t
−m

(T/∆t)−m∑
i=1

J∑
j=1

[xj (ti +m∆t)− xj (ti)]
2

(2.25)

where N is the total number of time steps in the trajectories, and J the
number of particles. It has to be emphasized that the time variable of MSD
is not the real time of the experiment but the lag time at which the MSD
is computed. For instance, with a 100 ns trajectory where the positions
of the particles are saved every 1 ns, tMSD(20 ns) would be the average
value of the MSD between 0 ns and 20 ns, 1 ns and 21 ns, and so on until
80 ns and 100 ns.

In well behaved systems, these three quantities are equal and conse-
quently teMSD is preferred because it is calculated from a larger set of
data and consequently more accurate. However, some cases of sub-diffusive
media present a weak ergodicity breaking, i.e. the time-averaged and
ensemble-averaged thermodynamic quantities are different [126–128].

Macroscopic picture

The previous section has shown how diffusion was modelled at the molecular
level, that is, considering the motion of particles in an homogeneous
environment. However, it is sometimes more convenient to describe diffusion
at a larger scale, assuming a continuous picture of matter. In this respect,
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the basic equation of diffusion is Fick’s second law given by:

∂C(x, t)

∂t
= D∆C (2.26)

This equation simply states that the concentration of a compound changes
over time according to its second space derivative. It has to be noted that
compared to the molecular picture of diffusion, Equation 2.26 predicts that
there will be no diffusion in absence of concentration gradient, in other
words, diffusion stops when the system is at equilibrium. The Fick’s second
law is thus applied to non-equilibrated environment, while a stochastic
approach usually assumes thermodynamic equilibrium. Indeed, in the cases
where particles diffuse as a consequence of a concentration gradient, a
preferred diffusion direction appears – the direction that tends to decrease
the gradient – this is therefore in contradiction with the assumption of
equiprobability of the steps direction in the random walk description, or
with the assumption of a normal probability distribution.

The macroscopic Fick’s second law can also be extended to allow descrip-
tion of anomalously diffusing particles. This, similarly to the microscopic
description, involves fractional derivatives that include non-locality and
correlation in the motion of the particles. Doing so results in the space-time
fractional Cattaneo equation[129]:

∂γC(x, t)

∂tγ
+ τ γ

∂2γC(x, t)

∂t2γ
= D

∂µC(x, t)

∂|x|µ
(2.27)

Equation 2.27 is similar to Equation 2.26, except that it allows fractional
order space and time derivatives. Furthermore, the second term of the left
hand side aims at avoiding the infinite diffusion speed of the concentration
by introducing a “relaxation” of the concentration flux. Indeed, the solution
of 2.26 is a gaussian function whose width spread with time. Thus, this
solution allows in principle a non-zero concentration at large distances after
short times, which implies an infinite diffusion velocity.

Here, alike FLE, taking account of the correlation between the diffusing
particle introduces complication in the models. However, it can be shown
that the MSD predicted by equation 2.27 indeed present a quadratic
dependence at short times and a linear dependence at large times in the
case of normal diffusion (γ = 1), and a power law dependence for γ > 0[129].

〈|x2|〉 =
2Dt2γ

τ γ

[
tγ

τ γ
Eγ,1+2γ

(
− t

γ

τ γ

)
+ Eγ,1+γ

(
− t

γ

τ γ

)]
(2.28)
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Reaction - diffusion equation

In unstirred media, diffusion of the chemical reagents towards each others
plays a critical role. Therefore, diffusion equations can be coupled to
reaction kinetic equations to describe the time and space evolution of the
reagents and products. Coupling Fick’s second law (Equation 2.26) to chem-
ical kinetics gives the well-known Smoluchovki equation for diffusion-limited
reactions. In this equation, it is assumed that the reaction probability
is one when the reagents are close enough. Therefore, the apparent rate
constant of the reaction is simply given by the flux of reagents towards a
target molecule. This flux can be directly obtained from Equation 2.26 in
spherical coordinates:

∂C(r, t)

∂t
= D

1

r2
∂

∂r

(
r2
∂C(r, t)

∂r

)
(2.29)

Solving Equation 2.29 with the boundary conditions:

lim
r→∞

C(r, t) = Cbulk (2.30)

C(r, t)|r=r0 = 0 (2.31)

gives the diffusion limited rate constant of the Smoluchovski theory:

k = 4πDr0 (2.32)

where r0 is the radius of the particle.
The same approach can be used to describe diffusion limited reaction

in two-dimensional media as proposed independently by Razi-Naqvi and
Owen [130, 131]. In principle Equation 2.29 has to be solved in cylindrical
coordinates:

∂C(r, t)

∂t
= D

(
∂2C(r, t)

∂r2
+

1

r

∂C(r, t)

∂r

)
(2.33)

The solution of equation 2.33 is however more involved than its three-
dimensional counterpart. It was proposed by Carslaw and Jaeger in
1939[132] and yields:

C(r, t) =
2C0

π

∫ ∞
0

exp(−Du2t)J0(ur0)Y0(ur)− J0(ur)Y0(ur0)du
u(J2

0 (ur0) + Y 2
0 (ur0))

(2.34)

where C0 is the bulk concentration, u a dummy integration variable, J0
and Y0 the Bessel functions of the first and second kind, and r0 the radius
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Figure 2.1: Two-dimensional rate coefficient calculated with Equation 2.35 for different
values of the particle radius and diffusion coefficient.

of the particle. Following the same procedure than the three-dimensional
case gives the two-dimensional diffusion-limited rate constant[130, 133].

k(t) =
16DC0

π

∫ ∞
0

exp(−Du2t)du
u [J2

0 (ur0) + Y 2
0 (ur0)]

(2.35)

The remarkable difference between the two-dimentional and three-dimensional
results is that the rate constant is actually time-dependent – and therefore
no longer a constant – in two-dimensional media. Furthermore, Equation
2.35 has no asymptotic value at long times and therefore diffusion limited
reactions in plans never formally reach a steady state[130, 134]. Several ex-
ample of the the rate constants calculated with equation 2.35 are presented
in Figure 2.1
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Chapter 3

Structure of the ITIES

This chapter first presents an overview of the actual theories
of the ionic structure of the polarised ITIES, from the Goüy-
Chapman model (GCM) to the PB-PMF. The hypothesis and
assumptions from which they are derived are introduced and
their limitations are discussed. Then, a new model of the ITIES
based on our experimental results is presented. This model is
called the Double Ionic Monolayer Model (DIMM) and its par-
ticularity is that it is based on a molecular representation of
the polarised interface, from which macroscopic properties are
derived. Thus, it assumes that the interface can be represented
as a plan capacitor and that the dependence of the capacitance
on the potential difference actually reflects the variation of the
distance between the ion layers at the interface. Thus, inverting
the capacitance curves gives insight in the free energy profile of
the ions at the interface. The DIMM presents a picture of the
ITIES that is in agreement with electrochemical and SHG mea-
surements and provides a theoretical framework in which the
mechanisms of charge transfer phenomena at the ITIES can be
analysed.
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3.1 Introduction: electrified soft interfaces,

the Goüy-Chapman model and beyond

One of the most basic approach in the description of ions at soft interfaces
consists in transposing the GCM from electrode/electrolyte interfaces to
electrolyte/electrolyte interfaces. This model relies in five main assump-
tions:

• The ions behave as point charges

• The ions interact only through electrostatic interactions

• The solvent can be approximated by a continuous medium of constant
permittivity

• The electrode can be seen as a homogeneous distribution of charges.

• The ions follow a Boltzmann distribution

Then, the potential profile at the polarised electrolyte solution can be found
by solving the Poisson-Boltzmann equation (in one dimension):

ε0εr
d2φ (z)

dz2
= −

∑
i

zieN
∞
i exp

[
−zie

φ (z)− φ∞

kBT

]
(3.1)

where N∞i and φ∞ are the number of ions and the potential far from the
electrode surface. The GCM was successful in explaining some experimental
results at the electrode/electrolyte interface like, for instance, the potential
dependence of the capacitance of the electrodes or the “electrowetting”
effect. Nevertheless, its direct application to ITIES, despite some success,
often showed qualitative agreement with the experimental results, but
only poor quantitative predictions. Indeed, using impedance spectroscopy,
Melo-Pereira et al. concluded already in 1994 that their observations could
“hardly be explained by a model consisting of two “back to back” diffuse
layers even after the introduction in Goüy-Chapman theory of image forces
and ion size” [16]. Indeed, their results showed a marked dependence of
the differential capacitance on the supporting electrolyte, which is not
predicted by the GCM. For instance, the differential capacitance curves
presented a marked asymmetry between positive and negative polarisations
or a shift of the minimum that depended on the salt used as supporting
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Figure 3.1: BA+ left and TB– right electron density computed at the def2-
TZVP/ωB97X-D level of theory. Electron rich regions are represented in green. Both
pictures show that the formal charge of the ions is distributed over the whole molecule
and not carried by only one atom. Consequently, such ions cannot be approximated by
point charges.

electrolyte. More significantly, it was found that the important variable
that determined the shape of the potential-capacitance curves was the
nature of the ions present in excess at the polarised interface. Indeed,
at positive polarisations, it is expected that the surface concentrations
of the aqueous cation and organic anions are in excess (and vice versa
at negative polarisation). Thus, changing the aqueous anion and organic
cation should not change the trends of the curves on the positive side of
the potential window, since the concentration of these species is reduced at
the interface. That was indeed what Melo-Pereira et al. found and it was
therefore suggested that ion pairs could be formed at the ITIES and that
the extend of the apairement depends on the ion size, solvation energy and
permittivity of the interface. Somehow surprisingly, they also concluded
that the charges of the ions in the pairs would compensate each others and
consequently have no impact on the interfacial potential drop, that was
assumed to be mainly occurring in the space charge layer[17].

The conclusions of Melo-Pereira et al. are however not totally unex-
pected since two of the hypothesis supporting the GCM are not satisfied at
the ITIES. Indeed, large organic ions, unlike alkali and halide ions, cannot
be approximated by point charges since the charge is distributed over the
whole molecule. Indeed, Figure 3.1 shows the electron density of the BA+
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and TB– ions calculated by Density Functional Theory (DFT). It clearly
appears that for both ions the electric charge is not carried by one atom but
rather shared by the different functional groups. Furthermore, unlike EEI,
ions do not interact with an homogeneous surface but with localised charges.
It is this later point that is less compatible with the model. Indeed, in
order to apply the GCM to the ITIES, it must be assumed that one phase
is composed of point charges interacting with a plane and, at the same
time, that the other phase is also made of point charges interacting with
a plane surface. Thus, to satisfy the model, the two immiscible solutions
should be both an electrode and an electrolyte solution. This paradoxical
situation is well illustrated when the GCM equations are applied. Indeed,
the potential profiles in each phase are given by the following equations:

φx>0 = φw +
4RT

F
arctan

[
exp

(
F

√
2Cw

RTεwε0

)
x

]
tanh

[
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4RT
(φ2 − φw)

]
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for the aqueous phase, and

φx<0 = φo +
4RT
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tanh
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4RT
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(3.3)

for the organic phase. Here, the indices w and o stands for the water
and organic phases, C denotes the electrolyte concentration and ε is the
solvent permittivity. It appears that both equations depend on a common
parameter, φ2, the potential at the interface with respect to the bulk of
the aqueous phase. In an electrode/electrolyte system, φ2 would be the
electrode potential, i.e. one of the important parameters that affects the
shape of the profile. However, at the ITIES, φ2 is imposed by the equality of
the charge densities in each side of the interface. This leads nevertheless to
non-continuous potential profiles and electric fields [135]. This is illustrated
in Figure 3.2. This problem originates from the boundary conditions chosen
in the solution of the Poisson-Boltzmann equation and could be solved by
imposing the continuity of the potential and that of its first derivative at
the interface. However, this would not greatly improve the model because,
anyway, it inherently lacks a description of the ion-solvent interactions and
ion-ion correlations.

The conclusions of Melo Pereira et al. where then corroborated by a
series of publications from the group of Mark Schlossman. Using X-ray
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Figure 3.2: Potential profile at the ITIES calculated with Equations 3.2 and 3.3, for
various supporting electrolytes concentrations.

reflectivity, they measured the electron density at the LLI and compared
the results with a modified Poisson-Boltzman equation that accounted
for ion-solvent interaction. In this model, called PB-PMF, the electric
potential is defined by the following equation [19]:

d

dz
ε (z)

d

dz
φ (z) = −

∑
i

eic
o
i exp

[
−∆Ei (z)

kBT

]
(3.4)

where Ei (z) is the sum of the electrostatic potential energy and the free
energy profile of the supporting electrolyte in the solvents, approximated
by the function fi (z).

Ei (z) = e φi (z) + fi (z) (3.5)

The function fi (z) was obtained independently from molecular mechanics
simulations. Nevertheless, in the cases where such simulations are not
available, fi (z) can be approximated by an error function [20]:

fi (z) = (fi (0)− fpi )

erfc

[
(|z|−δpi )

Lpi
)

]
erfc

(
− δpi
Lpi

) + fpi (3.6)

Using this approach, a remarkable agreement between the experimental
data and the theory was found and only small corrections to this model were
necessary to describe more correlated systems [21, 23]. Indeed, Laanait et
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al. found that the surface density of electrolytes becomes so large at high
polarisation that ion-ion repulsion can no longer be ignored, giving rise to
a “correlation”. The correlation was accounted for by an excess chemical
potential dependent on the distance from the interface. Unfortunately,
this quantity could not be estimated a priori and was let as a free fitting
parameter. Nevertheless, alike Melo-Pereira et al., these results suggested
that the electrical double layer at the interface was “sharply defined”. The
conclusions of several authors presented in the previous paragraphs thus
show that the structure of the ITIES pictured by the Goüy-Chapman model
is not fully consistent with many experimental results.

Interestingly, and somehow surprisingly, the quasi-linear dependence of
the capacitance over the interfacial potential difference was often overlooked
in the many publications dedicated to the ionic structure at the ITIES.
In the early years of electrochemistry at soft interfaces, this could be
explained by the experimental limitations of the apparatus, as well as a low
number of available solvents or organic supporting electrolytes. However,
with the improvement of the experimental methods, the linear trend of
the capacitance became more easily noticeable. For instance, Hou et al.
applied the PB-PMF model to explain the capacitance curves of various
alkali halide solutions in contact with DCE [23]. They could reproduce
relatively well the linear dependence of the capacitance, but in some cases
the capacitance was approximately 20% lower than the measured values,
particularly at positive potentials.

The structure of the polarised ITIES is usually studied with two ex-
perimental methods: impedance spectroscopy and surface tension mea-
surements. These two techniques are both dependent on the interfacial
charge density. Indeed, differential capacitance (measured by impedance
spectroscopy) is the derivative of the surface charge density with respect
to the potential, while it can be shown that surface tension is the integral
of charge density with respect to the potential. In the framework of GCM,
Equations 3.7 quite nicely relate C, σ and γ with hyperbolic functions, i.e.
C and γ depend on V like and hyperbolic cosine while σ depends on the
potential like an hyperbolic sine.

γ (E) ∝ cosh (E)
d
dE−→ σ (E) ∝ sinh (E)

d
dE−→ C (E) ∝ cosh (E) (3.7)

This relation is qualitatively followed at low potential differences [136], but
discrepancies have been reported at large polarisations. Indeed, Trojánek et
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al. [137] and Lhotský et al [138] showed that surface tension measurements
where reliable at high potential differences, but that impedance results
where more affected by residual faradaic currents at the edges of the
polarisation window, leading to significant overestimations of the differential
capacitance. For instance, Daikhin&Urbakh reported values of C as high
as several hundreds of microfarad per centimetre squared for the water/2-
heptanone interface[139]. Such capacitances correspond to surface charge
densities of hundreds of charges per nanometre squared, which is unrealistic.
In conclusion, the following points summarise the actual knowledge on the
structure of the polarised ITIES:

• The electrical double-layer is sharp, of the order of one nanometre.

• The GCM is qualitatively correct, but lacks ion-solvent and ion-ion
correlation.

• Capacitance and surface tension measurements agree at small polari-
sations.

• Capacitance curves are asymmetric and dependent on the organic
phase supporting electrolyte.

3.2 Molecular mechanics simulations of

ITIES

As presented in the previous paragraphs, the structure of the polarised
ITIES has often been deduced from macroscopic measurements. In this
section, we would like to derive a coherent picture of this interface starting
from a molecular description. In order to do so, we conducted a series
of molecular mechanics simulations of the water/TFT and water/DCE
interfaces at different Galvani potential differences. The potential difference
was not imposed as an external electric field but by creating an excess
of positive (negative) ions in one phase, counterbalanced by the same
excess of negative (positive) ions in the other phase. This situation is
thermodynamically equivalent to applying an external potential difference
(Equation 1.40) and allows a faster equilibration of the ions in the simulation
box.
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Figure 3.3: Excess charge density profiles simulated at the water/TFT interface.
Aqueous electrolyte: LiCl 200 mM (blue). Organic electrolyte: BATB 20 mM (red).
Top: positive polarisation. Bottom: negative polarisation. The black curves shows the
water and TFT density profiles in arbitrary units.

Figure 3.3 shows the ion density profiles of a water/TFT interface for
various positive (top) and negative (bottom) polarisations. The aqueous
phase supporting electrolyte is LiCl, at a concentration of 200 mM, while
the organic phase supporting electrolyte is BATB, at a concentration of 20
mM. It has to be noted that this concentration is slightly larger than the
saturation concentration of BATB in TFT at room temperature (∼18 mM).
However, we think that since the ion concentration is significantly larger at
the interface than in the bulk (vide infra), a locally supersaturated solution
is reasonable. It clearly appears in Figure 3.3 that, as observed by Luo
et al, the interfacial double layer is sharp, extending over two nanometres.
Furthermore, even at high polarisations, no diffuse layer is observed, in
contradiction to the GCM. This results is however consistent since the
charge density in one phase is exactly compensated in the opposite phase
within one ionic layer.
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At positive polarisations, the charge density of the excess organic anion
presents two peaks. These peaks are each due to the pentafluorophenyl
groups of the TB– anion (two groups directed towards the interface and two
directed towards the organic phase), while the well in between corresponds
to the boron atom. Thus, the TB– density is represented by the whole
curve. Also, these shows that the negative charge is actually carried by the
fluorine atoms rather than by the boron.

The profiles presented in Figure 3.3 show that the organic ions markedly
penetrate into the aqueous phase, contrary to the aqueous ions that stay
solvated in their respective phase. This trend is more pronounced with BA+,
i.e. at negative polarisations, which reflects the lower transfer potential of
BA+ with respect to that of TB–. Furthermore, it appears that the double
layer position with respect to the interface is controlled by the penetration
of the organic ions in the aqueous phase. Indeed, at negative polarisations,
the excess Cl– density decreases before that of water, implying that some
water molecules are present between Cl– and TFT. Thus, in principle, Cl–

could penetrate further in the organic phase. Nevertheless, these ions do
not go deeper than half the charge density of BA+, because otherwise this
would result in formal transfer of Cl– into the organic phase. Thus, Cl– is
blocked by the layer of BA+. For the same reason, Li+ density stops where
that of TB– begins but, however, since TB– extends less in the aqueous
phase, Li+ can reach the surface of the aqueous phase.

Interpenetration of the ionic layers was hypothesised by some authors
in order to explain capacitance-potential curves at the ITIES[139]. Here,
however, the extend of interpenetration appears virtually independent of
the surface charge density. This suggests that ion pairs are formed at the
interface and that the interpenetration width is actually dependent on the
cation-anion equilibrium distance.

Figure 3.4 (top) shows the electric potential profiles corresponding to
the charge densities presented in Figure 3.3. The potential is calculated
by integrating the charge densities of the ions and solvent molecules with
respect to the z-axis, i.e.

φ (z) = −
lzx

0

ρ (z)

4πε0
dz (3.8)

Here, the permittivity is only that of the vacuum since the permittivity of
the solvents is accounted for by partial charges of the solvent molecules.
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Figure 3.4: Top: electric potential profiles along the simulated water/TFT interface.
Bottom: electric potential profiles along the simulated water/TFT interface corrected
for the contribution of the solvent dipoles. The inset shows the potential difference as a
function of the charge difference. Aqueous electrolyte: LiCl 200 mM. Organic electrolyte:
BATB 20 mM.

The potential calculated according to Equation 3.8 represents the Galvani
potential difference between the two phases. This difference can be sep-
arated in two contributions, that of the solvent dipoles and that of the
charges[140].

∆β
αφ = φβ − φα = ∆β

αg(dip) +∆β
αg(charge) (3.9)

Figure 3.4 (top) shows that the solvent dipolar contributions represents
a significant part of the total Galvani potential difference. Indeed, at
zero charge density i.e at zero polarisation, the potential difference is 450
mV. This value has already been reported at the water/nitrobenzene by
Michael&Benjamin[3]. Despite such a large magnitude, these dipoles do
not influence ion properties at the ITIES in the simulations. Furthermore,
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in a four-electrode cell, since the organic phase reference electrode is also a
water-TFT interface, any dipolar contributions cancel out and it is only
the Galvani potential difference due to the charges that is measured. Thus,
in order to analyse only the potential drop due to the ion double layer, the
profiles of Figure 3.4 (top) where fitted with two “error functions”, one
of which was kept constant, accounting for the surface potential. Figure
3.4 (bottom) shows the ion-only electrostatic potential for each surface
density, i.e. the error function that was let free in the fittings of Figure 3.4
(top). There are two notable features in this Figure. Firstly, the potentials
drop entirely at the interface, over less than one nanometre, which is much
sharper that what predicts the GCM. Secondly, their is a quasi-linear
dependence between the total Galvani potential difference and the surface
charge density.

Working at the water/TFT interface has the inconvenient that the
concentration of BATB is limited to few tens of millimolars. Nevertheless,
this limitation can be overcome by working at the water/DCE interface,
where BATB is soluble up to at least 100 mM. The advantage of this system
over the water/TFT interface is that as the ion concentration is larger, a
good sampling of their properties can be faster achieved. Furthermore, the
ratio between the total number of organic anions and cations is closer to
one, which is a more realistic situation. Indeed, since the polarisation is
imposed by a neat charge difference between the two phases, at low ion
concentrations and large polarisations the organic phase contains almost
only one ionic species. Figure 3.5 shows the interfacial ion density simulated
at the water/DCE interface. However, here, the charge density is presented
for every ion while only the excess charge is shown in Figure 3.3. These
results are similar to those observed at the water/TFT interface, i.e the
potential drops entirely between ions pairs at the interface. Nevertheless, a
small excess of counter-ion behind the double layer ion is visible in each
phase. The excess of Li+ behind the Cl– can be explained by the need to
balance the Cl– that is adsorbed at the interface even when no polarisation
is imposed. Indeed, halide ions are known to be present in excess at the
liquid liquid interface [141]. The explanation is also supported by the fact
that this situation is not observe at positive polarisation, i.e. when Li+

is in excess at the interface. On the other hand, the slight increase of
counter-ion concentration in the organic phase can be explained by the
electrostatic interaction with the double layer.
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Figure 3.5: Ion density profiles simulated at the water/DCE interface. Aqueous
electrolyte: LiCl 200 mM. Organic electrolyte: BATB 100 mM (red). Top: positive
polarisation (8 charges). Bottom: negative polarisation (-8 charges). The inset show
the slight counter-ion excess.

3.3 Surface charge density measured by

SHG

The dependence of the surface change density on the potential difference
can be experimentally measured by SHG. Indeed, as already shown by
Conboy&Richmond[102, 103], it is possible to observe a non-resonant second
harmonic signal from the organic supporting electrolytes of a polarised
ITIES. Since the second harmonic signal intensity is proportional to the
square root of the surface dipole concentration (from Equation 2.9), this
spectroscopic method offers a direct way to probe the ionic layer.

Figure 3.6 shows the normalised square root of the second harmonic
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Figure 3.6: Normalised square root of the non-resonant second harmonic signal of
the polarised water/DCE interface. Fundamental wavelength: 910 nm (p polarised).
Aqueous electrolyte: LiCl 10 mM. Organic electrolyte: BATB 1 mM (red) and 10 mM
(blue). The black plain curves show fitting with Equation 3.10, while the dashed curves
show the prediction of Equation 3.10 assuming that 30% of the potential drops in the
organic phase.

signal measured at the water/DCE interface. The supporting electrolytes
are 10 mM LiCl and 1 mM BATB or 10 mM BATB. Clearly, at 10 mM, the
surface concentrations of TB– at positive polarisations, and that of BA+ at
negative polarisations increase linearly with the potential difference. These
results are similar to those of Conboy&Richmond, on an larger potential
window. These authors applied the GCM and the modified Verwey-Niessen
model[6] to explain these trends and concluded that less than 10% of the
potential difference dropped in the organic side of the interface. Indeed,
in the modified Verwey-Niessen model, the interface is divided in three
regions, an aqueous side, an organic side and an ion-free layer in between.
The potential drop is allowed to vary independently is each phase, while the
total potential difference is recovered with the contribution of the solvent
dipoles in the ion-free region. In each phases, the GCM applies and predict
the following trend of the surface charge density:

σ (φ) = −
√

8RTε0εrcα sinh

[
F

2RT
(fα · φ)

]
(3.10)

where fα is the fraction of the total potential difference in the phase α and
cα the concentration of supporting electrolyte in the same phase. The other
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symbols have their usual meaning. Here, fitting the data with Equation
3.10 implies that 8% and 20 % of the total potential difference drops in
the organic phase at 10 mM and 1 mM. Such results are nevertheless
difficult to explain in light of the simulations presented in the previous
section. Indeed, the simulations did not show the existence of the three
regions presupposed by the modified Verwey-Niessen model. Consequently,
separating the potential profile in an aqueous and organic contributions
is no longer relevant. Indeed, since the potential drops only between the
ion layers, it is not necessary to distinguish aqueous and organic sides.
Thus, we hypothesise that low values of the parameter f are found because
the trends actually do not follow an hyperbolic sine, at least at 10 mM.
Therefore, in fitting the data, a low value of f is found because then the
argument of the hyperbolic sine is small, and this function actually becomes
linear. However, at low BATB concentrations and low polarisations, the
electrolyte surface concentration significantly deviate from the quasi-linear
trend observed in the simulations. This result suggest that at the GCM
is valid at low electrolyte concentrations, which is to be expected since in
these conditions the hypothesis of the model hold.

3.4 Capacitance of the ITIES

As presented in introduction, the capacitance of the polarised ITIES has
been discussed in many publications in the past and several models have
been proposed to explain the experimental results. In the following section,
we would like to show how the conclusions drawn from the molecular
mechanics simulations and SHG can be used to develop a simple qualitative
description of the capacitance at the ITIES.

Figure 3.7 shows the capacitance of the water/DCE interface at var-
ious organic electrolyte concentrations (left) and the capacitance of the
water/DCE, water/TFT and water/nitrobenzene interfaces for the same
organic electrolyte concentrations (right). As already reported by many
authors, the capacitance curves are asymmetric with respect to the Point
of Zero Charge (PZC)[16, 17]. This asymmetry reflects the change of
interfacial population with the polarisation. Indeed, since the interface
is covered by BA+ at negative polarisation and by TB– at positive po-
larisations, it is reasonable to assume that these ions are responsible for
the trends of the capacitance. However, an interesting feature is that,
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Figure 3.7: Left: capacitance of the water/DCE interface at various BATB concen-
trations. From bottom to top: 1 mM, 10 mM, 100 mM. Right: capacitance of the
water/TFT, water/DCE and water/nitrobenzene interfaces. BATB concentration: 10
mM. The error bars show the standard deviation over ten measurements.

at positive polarisations, the asymmetry is more pronounced when the
organic solvent is TFT rather than DCE (Figure 3.7, right). Therefore,
it is not only the ions in excess that control the slope of the capacitance
but rather the solvent-ion interaction. This suggests that the slopes of the
capacitance curves are dependent on the standard Gibbs free energies of
transfer of the organic supporting electrolytes. In this respect, Figure 3.8
shows cyclic voltammetries measured at the water/DCE and water/TFT
micro-interfaces. It appears that the transfer potentials of BA+ and TB–

are –0.58 V and 0.55 V at the water/DCE interface, and –0.48 V and 0.71
V at the water/TFT interface. Thus, these values are consistent with the
more pronounced asymmetry of the capacitance curves at the water/TFT
interface (compared to water/DCE) since the standard transfer potentials
of the organic supporting electrolytes is also assymetric.

Another remarkable feature in Figure 3.7 (left) is that at same elec-
trolyte concentrations, the capacitance at the PZC increases with the
solvent dielectric constant (εtft=9.18, εdce=10.36, εnb=34.82). Nevertheless,
the capacitance variations with the organic solvents are not directly propor-
tional to their dielectric constants. Indeed, the capacitance in nitrobenzene
is not three times that in TFT or DCE. However, it seems reasonable
to assume that the interface dielectric constant is the average of that of
the two solvents. Indeed, the polarity of the LLI has already been found
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Figure 3.8: Micro-hole supported cyclic voltammetry at the water/DCE (red) and
water/TFT interfaces. No aqueous supporting electrolyte. Organic supporting electrolyte:
BATB 5 mM. The zero of the potential window has been determined assuming a half-wave
transfer potential of tetraethylammonium ion of 0.05 V of the water/DCE interface and
0.17 V for the water/TFT interface.

to follow this simple rule [108]. Furthermore, the relative permittivity of
miscible solvents mixtures is also proportional to their molar fractions [142].
Consequently, taking the dielectric constant of water equal to 80, one finds
for the three interfaces: εh2o/tft=44.6, εh2o/dce=45.2 and εh2o/nb=57.4. With
these values, is appears that the capacitance curves, at equal concentrations
and low polarisations, are simply proportional to the interface dielectric
constant. This observation is indeed valid mainly at low polarisations,
where the asymmetry of the curves is not pronounced.

The conclusions of the previous paragraphs and the interface structure
pictured by the molecular mechanics simulations suggest that the polarised
ITIES could be simply described as a planar capacitor. This simple
electronic component is described by the following equations:

Epc =
σ

ε0εr
Vpc =

σd

ε0εr
Cpc =

ε0εr
d

(3.11)

where σ is the charge density on the plates of the capacitor, d is the
distance between the plates, ε0 the vacuum permittivity and εr the relative
permittivity of the medium between the plates. Epc, Vpc and Cpc are the
electric field, the potential difference and the capacity of the capacitor.
Therefore, Equation 3.11 suggests that the increase of capacitance with
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the polarisation visible on Figure 3.7 is due to a shortening of the distance
between the ion layers.

A theory of the capacitance at the ITIES must include the features
presents on Figure 3.7 in the capacity Equation 3.11. It thus naturally
follows that d must be a function of the potential difference, that takes the
transfer potential of the supporting electrolytes as parameters; the inverse
of the ion transfer free energy profiles fulfil these requirements. In a simple
approach, this function can be assumed to be linear, in agreement with
Markin et al. [143]. Thus, the free energy Ui (x) of an ion crossing the
interface is:

Ui(x) = ∆φi


0 x < −ri
0.5 · (1 + x

ri
) −ri ≤ x ≤ ri

1 x > ri

(3.12)

where Ui(x) is the free energy of the ion i, ∆φi its transfer potential and
ri its radius. Thus, the inverse of function 3.12 is:

x(Ui) =


]−∞,−ri[ Ui = 0

2U ri
∆φi
− ri 0 ≤ Ui ≤ ∆φi

]ri,∞[ Ui = ∆φi

(3.13)

Inserting Equation 3.13 in Equation 3.11 and identifying the free energy
Ui with the potential difference E yields:

Ci(E) =
ε0εr

w + ri − 2E ri
∆φi

(3.14)

where Ci(E) is the capacitance at polarisations where the organic ion i
is in excess at the interface and w is a constant such that Ci(E) does
not diverge when the distance is zero. By construction, Equation 3.14
possesses the features observed on the experimental capacitance curves,
i.e. the slope of the capacitance is asymmetric and depends inversely on
the standard transfer potential. Then, a plot of 1/C vs. E should give
approximately two linear functions whose slopes are proportional to the
ionic diameter divided by their transfer potentials. Figure 3.9 shows ε0εr/Ci
for the water/TFT, water/DCE and water/nitrobenzene interface (results
are given in caption). It can be seen that at high concentrations and large

73



Figure 3.9: Distance (according to the capacitor model) between the ion layers as
function of the potential difference. Data are the same than in Figure 3.7. Fitting these
results with Equation 3.14 gives the following radii for BA+: 1.9 nm (TFT), 1.1 nm
(DCE) 3.9 nm (NB), and for TB–: 0.9 nm (TFT), 1.1 nm (DCE), 0.9 nm (NB).

polarisations the inverse of the capacitance actually behaves as expected
from equation 3.14. Nevertheless, there is only a relative agreement at low
concentrations. Here, however, the GCM gives satisfactory results.

3.5 Summary and conclusions

The results presented here are encouraging, kipping in mind the simple
model used to derive Equation 3.14. There is no doubts that a more
sophisticated description of the free energy profiles would produce better
results. In this respect, the model of equation 3.14 is mainly valid at short
distances (large polarisations), when the free energy profile is dominated
by the contribution of the aqueous phase and thus almost linear. Thus, at
low concentrations and polarisations, the free energy is dominated by elec-
trostatic repulsion from the interface, which explains why the capacitance
curves are similar for all solvents. Furthermore, the aqueous supporting
electrolyte is not taken into account in this simple model while it must
necessarily contribute to the capacitance, even for a smaller part. Finally,
another limitation of this model arises from the difficulty to estimate the
relative permittivity to be used in Equation 3.14. Indeed, the distances
calculated from equation 3.14 are directly proportional to the dielectric
constant of the medium between the plates of the capacitor. However, this
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Figure 3.10: Schematic representation of the organic ion energy profile at the ITIES.

value varies significantly whether one assumes water, the interface or the
organic solvent as the relevant medium. It has been shown that these could
have a significant impact on the capacitance curves at the ITIES [144].

The important contribution of this model is to show that the capacitance
of the ITIES mainly reflects the free energy profile of the organic supporting
electrolytes, which explains the asymmetry, the solvent dependence and
the concentration dependence. This is illustrated in Figure 3.10. At low
concentrations and low polarisations, since the ions are in the flat part
of the free energy profile, it is energetically easy to decrease the distance
between the ion layers. This is what is seen in Figure 3.9 where the distance
sharply decreases over the first hundreds of millivolts, and in Figure 3.6,
where the surface charge density increases slowly. In this conditions, the
relevant dielectric constant is that of the organic solvent since the charges
are far from the interface. Oppositely, at large polarisations and large
concentrations, since the ions are close to the interface – therefore in the
sharp part of the energy profile – the polarisation has little impact on the
distance. This is what is seen in Figure 3.9 where the distance is almost
constant and in Figure 3.6, where the surface charge density increases
linearly with the potential. Here, the relevant dielectric constant is that of
the interface, i.e. the average of those of the water and the solvent. The
role of the concentration is to shift up the ion electrochemical potential
since it is given by Equation 1.31. Thus, as the concentration increases,
the ions are closer to the interface, and therefore already in the sharp
part of the free energy profile. This is translated in Figure 3.9 by curves
shifted towards the PZC. Finally, the distance vs. potential curves do
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not exactly converge at large polarisations because the dielectric constant
of the organic phase is changed by the ion concentration. Indeed, in the
case of chlorinated solvent, the permittivity of the solvent is increased by
roughly 30% at salt concentrations of 100 mM [145]. To conclude, the free
energy profile of the organic ions is obtained, to some extent, by “rotating”
Figure 3.9 of 90◦, i.e. by expressing the potential difference as a function
of the distance.

3.6 Computational details

The molecular mechanics simulations were all carried out using GROMACS
2018.1.
Topologies:
The simulations contain six types of chemical species: water, TFT (or
DCE), BA+, TB–, Li+ and Cl–. The water was simulated with the TIP4P
model while the TFT molecules used the standard OPLS force field parame-
ters. Li+ and Cl– were simulated with the parameters of Jensen&Jorgensen
[146]. The geometries and partial charges of the organic ions were calcu-
lated from DFT simulations using the GAMESS 2018. The exchange and
correlation functional was the ω-B97XD while the basis set was a triple
zeta plus polarisation of Ahlrichs et al. [147] for both the geometries and
charges. The charges were obtained by fitting the electrostatic potential
using the CHELPG algorithm under the constraint that the sum of the
partial charges should reproduce the total molecular charge. The thus
obtained values were then averaged over all symmetry equivalent atoms in
order to have an homogeneous distribution.
Electrostatic potential profile simulations:
The dimensions of the simulations boxes were 5x5x40 nm, with 20 nm ded-
icated to each phase (aqueous and organic). The aqueous phase contained
pA positive ions (Li+) and nA negative ions (Cl–) such that pA+nA=120
and pA-nA=c, where c is the desired charge difference. This gives a LiCl
concentration of ∼200 mM. Similarly, the organic phase contained pO

positive ions (BA+) and nO negative ions (TB–) such that pO+nO=12 and
pO–nO=c. This gives a BATB concentration of ∼ 20 mM. The electrostatic
interactions were calculated using PME summation. However, in order to
avoid artefacts due to the three dimensional periodic boundary conditions,
the simulations were periodic only the x and y directions. Consequently, a
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pseudo two-dimensional Ewald summation was used. Walls where there-
fore placed at z=0 nm and z=40 nm to contain the system. The system
energy was then minimized until a force threshold of 100 kJ·mol–1·nm–1

was reached. Then, the box was quickly equilibrated for 1 ns in the NVT
ensemble at 293 K using the “V-rescale” thermostat with a time constant
coupling of 0.5 ps and a time step of 2 fs. Finally, the simulations were run
in the NPT ensemble for 60 ns, with a time step of 2 fs, at 293 K and 1 bar
using the “V-rescale thermostat” (time constant coupling of 0.5 ps) and
Berendsen barostat (time constant coupling of 1ps). The semi-isotropic
pressure coupling was used with a compressibility of 0 bar–1 in the x and y
directions and of 4.5·10–5 bar–1 in the z direction. The last 20 ns of each
simulations where used for analyses.
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Chapter 4

Electron transfer reactions at
the liquid-liquid interface

This chapter first presents a summary of the study of elec-
tron transfer reactions at the polarised ITIES over the past
decades. Then, a truly potential-dependent heterogeneous elec-
tron transfer reaction is presented. The reaction is studied by
cyclic voltammetry at the ITIES and in an ECSOW configu-
ration. Thus, it is shown that the mechanism of the reaction
at the ITIES is different than that at the EEI, which supports
the conclusions of the previous chapter, i.e the ITIES cannot
be described as an EEI. In particular, the separation of the for-
ward and reverse electron transfer peaks is larger at the ITIES.
This observation is tentatively explained by preliminary results
of molecular mechanics simulations of ion energy profiles at
the ITIES.

4.1 Introduction

The evolution of the understanding of the electron transfer at the polarised
ITIES has followed, to some extend, the same path than that of the ion
transfer. Indeed, the first publication dedicated to this subject attempted
to apply the theories of the EEI to the ITIES in order to understand
the potential dependence of the kinetics of the reaction [33, 46, 47, 51].
Nevertheless, the lack of understanding of the ITIES at the molecular level
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Figure 4.1: Schematic representation of the homogeneous vs. heterogeneous current
mechanisms. The phenomena responsible for the interfacial current are represented with
green arrows. In the homogeneous mechanism, the low solubility of the donor in the
acceptor phase is compensated by a larger reaction volume.

brought several questions regarding the mechanism of the electron transfer.
In particular, the role of the potential difference on the kinetics was debated.
Indeed, some authors reported that the rise of the interfacial current with
the polarisation was due to an increase of the reaction driving force [48, 50],
while other claimed that this could be explained by a concentration change
of the reagents [52, 67].

An interesting aspect of electron transfer reactions, compared to ion
transfer reactions, is that the former can be studied with a larger range of
experimental tools. Thus, the question of the role played by the polarisation
on the kinetics of the electron transfer reaction could be tackled by SECM
[55], in situ UV-vis spectroscopy [61], fluorescence spectroscopy [62] or
time-resolved UV-vis spectroscopy [63]. Nevertheless, despite this larger
range of experimental approaches, contradictory results concerning the
dependence of the current on the polarisation were published with claims of
a potential dependent [58, 59] and potential independent [65, 66] electron
transfer.

In addition to the question raised by the potential dependence of the
electron transfer, the mechanism of the current generation was also de-
bated. Thus, comparing experimental results to finite elements simulations
[148], some authors suggested that the observed charge transfer was not a
true electron transfer but actually an interfacial ion transfer following a
redox reaction in one of the phases [76, 149]. This mechanism was called
“homogeneous” electron transfer as opposed to the “heterogeneous” electron
transfer, i.e. a truly interfacial electron transfer (see Figure 4.1. The
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possibility of a homogeneous mechanism was actually envisaged earlier [56]
but without a dedicated study.

The necessitiy of carefully defining the experimental conditions to study
electron transfer reactions is illustrated in the publications of Hotta et
al.[76] and Osakai et al.[150]. Indeed, using identical experimental methods,
they draw different conclusions on the electron transfer mechanism, at the
ITIES, because they worked with different reagents [76, 150], whose partial
solubility in the opposite phase varied. In this respect, as a recommendation
to avoid confusion, authors should always specify whether they measured
an interfacial current, which can be homogeneous or heterogeneous, or
directly an electron transfer, which by definition can only be heterogeneous
at the ITIES.

4.2 Heterogeneous electron transfer

reaction at the ITIES

System characterisation

As presented in the introduction, electron transfer reactions at the ITIES
can be parasitised by several factors. One of these factors is the use of
charged donors and acceptors. Indeed, such compounds are not ideal, firstly
because their concentration at the interface depends on the polarisation and
secondly because they can transfer with the polarisation, limiting therefore
the potential window. In order to avoid these limitations, we will work with
BSPBPy as electron acceptor (see Section 1.5) and Decamethylferrocene
(DMFc) as electron donor. Indeed, these two molecules are neutral.

Another frequent problem encountered in the literature dedicated to
the electron transfer at the ITIES is the use of donor/acceptor couples
whose reactivity was thermodynamically spontaneous, i.e that, in principle,
did not require an over-potential to react. This problem is that prensented
by Hotta et al.[76], Osakai et al.[77] and Peljo et al.[149] where Fe(CN)63-

can homogeneously oxidise the electron donor. In these cases, it becomes
difficult to rule out whether the observed current presents a significant
contribution from homogeneous redox reactions followed by ion transfer.

Figure 4.2 shows cyclic voltammograms of BSPBPy recorded in water.
It appears that BSPBPy presents three reduction peaks located at -170
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Figure 4.2: Cyclic voltammetry of BSPBPy 100 μM in water (LiCl 100 mM, glassy
carbon electrode).

mVshe, -380 mVshe and -570 mVshe. Such results are unusual for a viologen
derivative that in principle present only two reduction peaks [151]. We
think that the extra peak is due to dimerisation of BSPBPy which is
commonly encountered with viologens. On the other side, the redox
potential of DMFc was found to be +118 mV in TFT [152] and +101 mV
in water [153]. Therefore, the interfacial oxidation of DMFc by BSPBPy
requires an over-potential of at least 288 mV (27.8 kJ·mol-1 while the
homogeneous oxidation requires 271 mV (26.1 kJ·mol-1). For such Gibbs
energy differences, the corresponding equilibrium constant is of the order of
1·10-5. Thus, because of the strict insolubility of the donor/acceptor couple
in the their opposite phase, their large redox potential difference and their
neutrality, we expect to see a faradaic current only due to heterogeneous
charge transfer.

Results

Figure 4.3 shows cyclic voltammetries recorded at the water/TFT interface
with, and without the above-mentioned redox couples under N2 atmosphere.
The supporting electrolytes are LiCl 10 mM in water and BATB 5mM
in TFT. In can be seen on Figure 4.3 (top) that the blank experiments,
i.e. cyclic voltammetries in presence of only the electron donor or electron
acceptor, do not feature any faradaic currents, except the transfer of the
supporting electrolytes at the edges of the potential window. However,
Figure 4.3 (bottom) shows that when both donor and acceptor are present,

82



Figure 4.3: Cyclic voltammetry of BSPBPy and DMFc at the water/TFT interface
(LiCl 10 mM, BATB 5 mM). Top: blank experiments with only the donor or only the
acceptor in their respective phases. Bottom: experiments with both donor and acceptor
at neutral and basic pH.

a clear current response is visible at positive and negative polarisations.
The current at negative polarisations can be explained by the transfer
of DMFc+ from the organic to the aqueous phase, indeed, the standard
transfer potential of DMFc+ from TFT to water is -260 mV[154], while the
peak at positive polarisation is attributed to interfacial electron transfer
reaction. Indeed, the experimental precautions presented in the previous
section makes the homogeneous mechanism unlikely.

DMFc has been reported to reduce protons and oxygen at the LLI [152].
In the present experiment, oxygen reduction can be excluded as a possible
explanation of the current response at positive polarisations since the
experiments are conducted under N2 atmosphere. Concerning the hydrogen
evolution, Figure 4.3 (bottom) shows that the cyclic voltammetries recorded
at a pH of 10 are similar to those at neutral pH, within experimental
variations. Consequently, we also exclude hydrogen evolution as a possible
side-reaction. Whatsoever, as previously emphasised, blank experiments
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Figure 4.4: Cylcic voltammetries of BSPBPy 250 μM in water, pH 10, LiCl 10 mM
and DMFc in TFT, BATB 10 mM. Left: Liquid-liquid interface Right: ECSOW (glassy
carbon electrodes).

did not show any faradaic current within the polarisation window. Thus,
we conclude that this current is indeed an heterogeneous electron transfer.

The absence of electron back transfer peak in Figures 4.3 (bottom)
and the transfer of DMFc+ suggests that BSPBPy reduction is irreversible
either chemically or electrochemically. The chemical irreversibility could be
explained by BSPBPy– disproportionation, as suggested by the bulk cyclic
voltammetry presented in Figure 4.2. On the other hand, an electrochemical
irreversibility indicates a sluggish kinetic of the back electron transfer. In
order to get insight into the electron transfer mechanisms between BSPBPy
and DMFc, we conducted a series of ECSOW experiments with the same
system. The fact that in ECSOW no ion transfer currents can take place
has a twofold interest: firstly only electron transfer is seen and secondly
the potential window is only limited by the solvents oxidation/reduction.
Figure 4.4 compares cyclic voltammetries of BSPBPy in water and DMFc
in TFT when the phases are in direct contact (left) or connected by
glassy carbon electrodes (right). The electron transfer peak visible in
the ECSOW corresponds to the first reduction of BSPBPy. The peak
separation is 150 mV, in relative concordance with the 123 mV predicted
for a reaction involving two redox couples in equimolar concentrations,
located in separated phases [155]. Furthermore, the forward and backward
peak currents depends linearly on the square root of the scan rate. Thus,
in agreement with Stewart et al., the midpeak potential as been set to the
formal potential of the reaction: 288 mV.

Comparing the cyclic voltammetries at the LLI and those of the ECSOW
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Figure 4.5: Cyclic voltammetries of Fe(CN)3−6 30 μM/Fe(CN)4−6 1mM in water, LiOH
10 mM and Decamethylruthenocene (DMRc) in DCE, BATB 10 mM. Left: Liquid-liquid
interface Right: ECSOW (glassy carbon electrodes).

system, it appears that the reduction peak is shifted to more positive values
at the liquid interface (480 mV at the ITIES vs 370 mV with ECSOW.
This is consistent with the simulated potential profiles presented in Figure
3.4. Indeed, in the case of a species adsorbed at the interface, like BSPBPy,
the effective part of the potential applied between the reagents is smaller
than the total potential difference. Thus, a polarisation larger than the
formal potential is necessary to observe an neat electron transfer. Another
remarkable difference between the two systems is the much larger peak
separation at the LLI. Indeed, the back electron transfer is only visible
between 100 mV and 200 mV, depending on the scan rate. This observation
suggests that the back transfer is impeded at positive polarisations. This can
be explained by the the interface structure presented in Chapter 3. Indeed,
Figure 3.5 shows that at large polarisations, only one type of ion is present
at the interface, i.e. the counter-ions concentration is very low. Thus, when
transposed to the electron transfer between BSPBPy and DMFc, since
TB– is in excess at positive polarisations, one can conclude that DMFc+ is
repealed from the interface, preventing therefore any recombination with
BSPBPy–. Thus, the back transfer is only possible when the excess ion
surface concentration is low, i.e. at low polarisations.

The prevention of the back electron transfer can be emphasized by
working with a more reversible donor/acceptor couple: Fe(CN)3−6 /DMRc.
This system is not ideal for an ITIES since the electron acceptor is charged
and is therefore subject to polarisation dependent concentrations. Never-
theless, these two couples are standard in electrochemistry and reversible
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compared to the more versatile BSPBPy. Figure 4.5 shows cyclic voltam-
metries of Fe(CN)3−6 /Fe(CN)4−6 in water at various concentration ratio,
and DMRc in DCE, in direct contact or in ECSOW configuration. The
aqueous supporting electrolyte in both cases is LiOH 10 mM in order to
avoid hydrogen evolution from DMRc[156, 157]. The redox potential of
the couple Fe(CN)3−6 /Fe(CN)4−6 in these conditions is 412 mVshe while
that of DMRc in DCE has been reported to be 750 mVshe[156]. Thus, the
oxidation of DMRc by Fe(CN)3−6 requires an over-potential of at least 338
mV to proceed, i.e. the reaction is not spontaneous and needs a positive
polarisation. Consequently, as expected, only a small faradaic current is
observed in Figure 4.5 at the positive side of the polarisation window with
only an equimolar ratio of Fe(CN)3−6 and Fe(CN)4−6 . However, when the
concentration of oxidant is increased by one decade – which, according to
Nernst equation, implies that the redox potential is 59 mV more positive –
a clear current is visible at positive polarisation and a small back transfer
peak is visible in the middle of the potential window. If the oxidant concen-
tration is further increased, the electron transfer current clearly dominates
the ion transfer current. Here, alike the BSPBPy/DMFc couple, the peak
separation at the ITIES is large compared to that of the ECSOW, roughly
350 mV vs. 150 mV. However, since the two redox couples are reversible,
the shift of the electron back-transfer peak cannot be ascribed to a slow
kinetics. This observation thus supports the hypothesis that the excess
ions prevent the reverse electron transfer reaction. This point is discussed
in the next section.

4.3 Ions energy profile at the ITIES

This section introduces a simple model explaining the depletion of the
non-polarising ions at the interface and presents preliminary results of
molecular mechanics simulations that supports this model.

A important difference between a polarised electrode and a polarised
ITIES is that, in the later case, the polarisation is carried by the ions
and not by electrons in a solid conductor. Thus, in potentiostatic condi-
tions, the ionic population of the interface must remain constant. This
necessarily leads to counter-ion exclusion at the interface. This situation
is schematically presented in Scheme 4.6. The mechanism is divided in
three steps, for clarity, but the overall process is continuous. The situation
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Figure 4.6: Schematic representation of the mechanism of ion repulsion at the ITIES.
The supporting electrolyte ions are represented in red and blue while the redox active ion
is represented in green.

at the left of Figure 4.6 shows the electrostatic interaction between the
ion layer and the counter-ions in solution. Here, the polarised interface
can be seen as a dipole layer, therefore, the corresponding electrostatic
potential has a shorter range than that of a point charge. If a counter-ion
comes close enough to the interface, it is possible that it forms an ion pair
with one of the polarising ions. Then, either the pair is unstable and the
counter-ion returns in the bulk phase, either it is stable and the pair leaves
the interface. In the former case, nothing changed from the initial situation.
However, in the later case, the interface polarisation is changed by the
departure of a polarising ion. Nevertheless, since the system operates in
potentiostatic conditions, the ion that left the interface will be replaced by
a anion from the bulk. This process however has an energy cost since an
interfacacial pair is broken. Overall, the equilibrium situation is a balance
between the attraction from the dipole layer and the necessity to maintain
the interface polarisation. Therefore, we suggest that this leads to the slight
counter-ion concentration bump visible in Figure 3.5 behind the polarising
ion layer. Furthermore, this phenomenon also explains the lack of electron
back transfer presented in the previous section. Indeed, in Figure 4.6, the
positive ion appears as “repelled” from the interface.

In order to confirm the theory presented above, we simulated by umbrella
sampling the free energy profile of the transfer of tetraethylammonium
(TEA) at polarised the water/DCE interface. The results are presented in
Figure 4.7. The supporting electrolytes are LiCl ∼200 mM in water and
BATB ∼100 mM in the organic phase. The polarisation was imposed by a
charge difference of 2 charges. In Figure 4.7, it appears that the energy
profile of TEA is not monotonic. Starting from the bulk of the aqueous
phase, the ion first faces an energy barrier of ∼ 5 kJ·mol-1 due to the
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Figure 4.7: Potential of mean force of the tetramethylammonium ion at the polarised
waterDCE interface. Supporting electrolytes: LiCl 200 mM, BATB 100 mM. Charge
difference: 2.

repulsion of the Li+ ion layer. Then, the ion energy is significantly lowered
by formation of a pair with TB–. This configuration is the global minimum
of the simulation and reflects the favourable electrostatic interaction as
well as the greater stability of the TEATB pair with respect to LiTB.
Interestingly, as already reported in Chapter 3, since the organic ions
protrude in the aqueous phase, the minimum of the interaction is located
before the organic phase. Finally, as the TEA cation progresses deeper in
the organic phase, it faces a second energy barrier corresponding to the
breaking of the TEATB pair and solvation of TEA in the bulk.

The simulations results presented in Figure 4.7 are preliminary and
requires confirmation with other potential differences, ions and supporting
electrolyte concentrations. Unfortunately, such simulations, especially
at low electrolytes concentrations, are time consuming, if not technically
impossible. Nevertheless, similar energy profiles have already been proposed
by Schmickler [39, 67], with however a much simpler description. This,
nevertheless, supports the results presented here. However, this model, was
only concerned with the energy profile of an ion crossing the interface and
did not describe the equilibrium configuration of the polarised ITIES.

4.4 Conclusion

This chapter discussed experimentally and with simulations the conse-
quences of the ITIES structure presented in Chapter 3 on charge transfer
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phenomenon at soft interfaces. Thus, it was shown that intermolecular
potential dependent electron transfer could be indeed measured at the LLI.
An interesting implication of this observation – often overlooked in dedi-
cated publication – is that this is formally a novel approach to control the
reactivity of molecular species. Indeed, on the two paradigms controlling
a chemical reactions – kinetics and thermodynamics – chemists can only
act on the kinetics by helping the reagent passing activation energy barri-
ers by, for instance, thermal activation, photo-excitation, ultra-sonication,
etc. Nevertheless, in electrochemistry, the thermodynamic equilibrium and
the kinetics of a reaction can be controlled. This, however, requires the
intermediation of a solid electrode between the reagents. Thus, the results
presented here demonstrate that the polarised ITIES can be used to observe
a direct intermolecular electron transfer and to control the thermodynamic
and kinetic of the reaction.
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Chapter 5

Anomalous reaction kinetics at
the liquid-liquid interface

This chapter presents a reaction that takes place in the plan of
the interface and not at the interface, as was the case in the
previous chapter. Here, we study the kinetics of a diffusion-
controlled Triplet-Triplet Annihilation (TTA) reaction between
zinc porphyrins adsorbed at the LLI by TRSHG. The decays
show that the excited triplet population half-life at the interface
is four orders of magnitude shorter than in the bulk at similar
concentrations. This behaviour is due to the adsorption of the
molecules at the interface that locally increases their density.
The close packing of the molecules has two opposing effects:
it favours the TTA pathway between neighbour molecules, but
at the same time, hinders the diffusion of the molecules and
consequently lowers the reaction kinetics. The reaction is then
further studied by molecular mechanics simulations on similar
time-scales. We thus observe that at low surface concentra-
tions, the two-dimensional diffusion is normal and the kinet-
ics can be described with the Smoluchowksi diffusion-reaction
equation adapted to two-dimensional systems. However, at high
surface concentrations, because the viscoelasticity of the inter-
face changes, the kinetics becomes anomalous and the motion
of the reagents is described by the FLE.
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5.1 Introduction

Following the very early work of Benjamin Franklin, studying the spreading
of a spoon of oil on water, Lord Rayleigh was able to show that this
spreading forms a molecular film and from simple geometric considerations
was able to measure the thickness of a molecule. Pockels[158] and later
Langmuir[159] improved the methodology to study molecules on a planar
soft interface. So, if purely two dimensional monolayer molecular films
have been observed for more than a century, very few studies have been
concerned with reaction kinetics within these monolayers, and were often
limited to unimolecular reactions [160, 161].

As seen in Chapters3 and 4, the LLI is a medium with physical properties
that significantly differ from that of the two bulk phases. It has been
shown, for instance, that in such systems the polarity of the interface is
the average of that of the two liquids [107, 108, 162] and that it changes
on a subnanometer length scale across the interface[109]. Likewise, the
viscosity of the interface is different from that of the contacting solvents,
which leads, for example, to peculiar non radiative de-excitation pathways
of adsorbed malachite green molecules [116]. The reduced dimensionality
of the interface is another difference when compared to the bulk solutions.
The consequences of the dimensionality on the way a particle trapped at
an interface can explore its surrounding space are commonly treated using
random walks (see 2.2). One of the well-known results of this approach is
that two-dimensional walks are recurrent while higher dimensional walks
are transient. Such models, applied to simulated chemical reactions, have
shown surprising dimension-dependent kinetics, with consequences on
the survival probability over time of the reacting particles[163, 164], as
well as segregation effects of the reagents [165–167]. Consequently, the
experimental study of diffusion-influenced chemical reactions occuring
within the plane of soft surfaces requires a dedicated approach. Section
2.2 presented some specific models designed to treat such systems. It was
shown that compared to three-dimensional cases, two-dimensional rate
constants – or coefficient, as they are no longer constant[168] – never reach
an asymptotic value, implying that the reactions do not formally attain a
steady state [130, 133, 168, 169]. As demonstrated by Bénichou et al., many
diffusion schemes actually belong to a same universality class[170], and
an important parameter to classify the diffusion processes is the compact
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Figure 5.1: Left: ZnTMPyP surface coverage measured by TRSHG as function of bulk
concentration. The data have been fitted assuming a Langmuir isotherm. Adsorption
energy: −31±0.3 kJ·mol–1 Right: Free energy profile of the transfer of ZnTMPyP from
the aqueous phase to the organic phase simulated by molecular mechanics. Adsorption
energy: −33±1 kJ·mol–1

versus non-compact exploration schemes. These schemes depend on the
dimensions of the walk and of that of the surrounding medium. Such
peculiar reactions are not only interesting at the fundamental level but
have also practical applications for chemical reactions taking place in
biological membranes[171–173]. However, there are only a few examples
where this formalism has been applied to two-dimensional media[174–176],
and these examples measured reaction kinetics in modified lipid films which,
although more similar to biological systems, are not truly two-dimensional
as the motion of the probes are, to some extent, independent of the lipid
motion.

5.2 System characterisation

Surface concentration

Relative surface coverage

Figure 5.1 shows the surface concentration of ZnTMPyP as a function of the
bulk concentration measured by surface second harmonic generation. The
concentration was determined as follows. A custom cell of ∼ 20 cm3 was
filled with 6.5 cm3 of TFT and 6.5 cm3 of water. Then, the concentration
of ZnTMPyP was varied by addition of the appropriate volume of a 100
μM solution of ZnTMPyP. For each concentration, the intensity of the
second harmonic signal of an incoming 880 nm pulse, resonant with the
Soret band of ZnTMPyP, was measured during 20 minutes (average over
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Figure 5.2: Left: water/TFT surface tension measured by the pendant drop method
as function of the ZnTMPyP bulk concentration. The data have been fitted assuming
a Langmuir isotherm. Area per molecule at full surface covergage: 4.6 nm2. Right:
dimensions of a box containing ZnTMPyP. The box edges stop exactly at the atomic
positions, therefore, taking account of the van der Waals radii, the molecule is slightly
larger.

6·104 pulses) after ∼ 1 h of equilibration, increasing the concentration from
500 nM to 50 μM. This procedure was repeated five times. The data where
then fitted assuming a Langmuir isotherm:

Γ (c)

Γmax
=

cβ

1 + cβ
(5.1)

where Γ(c) is the surface concentration of ZnTMPyP, Γmax the maximum
surface concentration, c the bulk concentration and β the Langmuir param-
eter. Fitting the data with a Frumkin isotherm did not improve the quality
of the fit and the interfaction paremtre was close to zero, which implies
that the interaction between the adsorbed molecules is weak. The value
found for the adsorption Gibbs free energy is −31.0±0.3 kJ·mol–1, which
indicates a strong affinity of the porphyrin for the interface. This value is in
concordance with that obtained by molecular dynamics, −33±1 kJ·mol–1,
as well as with previously published values [110]. Using the experimental
results, the surface coverage of ZnTMPyP at bulk concentrations used in
this chapter, 500 nM, 5 μM and 50 μM, is estimated to be 12±1%, 58±1%
and 93±1%.
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Figure 5.3: Left: Z-coordinate of ZnTMPyP over time and Right: tilt angle of
ZnTMPyP over time simulated by molecular mechanics

Maximum surface concentration

The data presented in Figure5.1 only allow determination of the relative
surface coverage, but not the absolute surface concentration. Thus, the
maximum surface concentration was obtained by measuring the surface
tension of the water/TFT interface as a function of the bulk concentration
of ZnTMPyP by the pendant drop method [177]. As in the case of the
isotherms, the concentration of ZnTMPyP was varied by addition of the
appropriate volume of a 100 μM solution of ZnTMPyP. The values were
reported after ∼ 1 h of equilibration. The data have been fitted using the
Gibbs adsorption equation, assuming again a Langmuir isotherm. The
results are presented in Figure 5.2. Thus, the maximum surface coverage
was found to be 3.6·10–7 mol·m–2, which implies a molecular surface of ∼4.6
nm2, in good concordance with the approximate size of ZnTMPyP, i.e. a
square of 1.5 nm sides (Figure 5.2 right). Consequently, at full surface
coverage, the adsorbed molecules form a closely packed film.

Porphyrin orientation at the LLI

Molecular mechanics simulations allow to easily measure the position and
orientation of the simulated molecules over time. Figure 5.3 left shows the
coordinate perpendicular to the interface (z-axis) of the centres of mass
of the pophyrins over time. The standard deviation is 180 pm, meaning
that the molecules are indeed segregated in a two dimensional environment,
altough the interfacial capillary waves tends to roughen the surface on a
larger scale [19]. Figure 5.3 right shows that the molecules are slightly tilted
at the interface, with an average normal angle of 16◦ ± 8◦, in agreement
with the previously reported value [110]. Assuming an extreme value of 24◦
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and a length of 1.5 nm for the porphyrin, the z -coordinates of the highest
and lowest atoms is 0.6 nm. Thus, adding the fluctuations of the centre of
mass and that due to the tilting, the total variation of the z -coordinates is
of the order of 0.8 nm.

Photophysical properties of ZnTMPyP

Ground state properties

Figure 5.4 (top left) shows the visible absorption spectrum of ZnTMPyP.
This spectrum is typical of that of metaloporphyrins, with a strong ab-
sorption band – the Soret band – situated around 450 nm, and two lower
intensity absorption band – the Q bands – around 650 nm. The presence of
two well separated absorption regions simplify the TRSHG studies of these
molecules. Indeed, their concentration can be probed using the Soret, while
the Q bands can be used for excitation. Thus, their is a large wavelength
difference between the pump and the probe beams, which avoid detector
saturation. Figure 5.4 (top right) shows the SHG spectrum of ZnTMPyP.
As expected, since the SHG signal is resonant with the Soret transition,
the SHG spectrum is similar to the visible absorption spectrum.

Triplet state properties

Figure 5.4 (bottom left) shows the time evolution of the optical density
at 440 nm of a 2.5μM solution of ZnTMPyP after excitation at 565 nm,
under N2 atmosphere. The ground state recovery can be well fitted by a
simple exponential whose time-constant is 261.0±0.3 s –1, thus the first
triplet lifetime is 3.831±0.004 ms. Figure 5.4 (bottom right) shows the
transient absorption spectrum of ZnTMPyP 100 ns after excitation at 565
nm. This spectrum shows a bleaching of the Soret band and the apparition
of a distinct, weaker, absorption band at 476 nm. Thus, in principle, it is
possible to separately follow the time evolution of the triplet and ground
states.

5.3 Triplet states lifetimes at the LLI

The left column of Figure 5.5 shows the second harmonic intensity of
a 880 nm pulse – resonant with the Soret band of ZnTMPyP – as a
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Figure 5.4: Top left: UV-vis absorption spectrum of ZnTMPyP, 20 μM in water. Top
right: normalised SHG spectrum of ZnTMPyP at the water/TFT interface compared
to the UV-vis spectrum. Bottom left: Transient absorption at 440 nm of ZnTMPyP
2.5 μM in water, after excitation at 565 nm. Bottom right: Transient absorption
spectrum of ZnTMPyP 100 ns after excitation at 565 nm, 2.5 μM in water.

function of the time delay with the excitation pulse at 565 nm, at various
surface concentrations and excitation intensities. No second harmonic signal
specific to the triplet state of ZnTMPyP was observed in the experimental
conditions by varying the probe wavelength from 400 nm to 500 nm. Thus,
the decays presented in Figure 5.5 correspond to the repopulation of the
ground state and therefore, the depletion is directly proportional to the
concentration of the triplet excited state. The triplet concentration was
controlled by varying the excitation intensity. It has to be noted that the
excitation pulse actually populates the first excited singlet, however, due to
the high intersystem crossing quantum yield of this porphyrin (90%)[178],
and because this phenomenon is fast, only the lowest triplet can be detected
in the time scale of this experiment.

The traces presented in Figure 5.5 show that the half-life of ZnTMPyP*

(triplet state of ZnTMPyP) at the liquid-liquid interface is of the order of
hundreds of nanoseconds to few microseconds. These half-lives are short
compared to values in the bulk at similar concentrations (see Figure5.4
bottom left), indicating that the interface is remarkably different. Experi-
ments conducted at the water/DCE or water/dichloromethane interfaces
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Figure 5.5: Ground state recovery of ZnTMPyP after excitation at 565 nm at various
intensities (from brown to blue: ∼125 nJ, ∼250 nJ, ∼500 nJ, ∼1μJ) under N2 atmo-
sphere. The bulk concentrations are, from top to bottom : 500 nM, 5 μM and 50 μM.
The left column data were fitted using equation 5.2 in order to obtain the rate constant,
while the right column data where fitted using the model of Razi-Naqvi [130] and Owen
[131] in order to obtain the diffusion coefficients.

produced identical results, meaning that the solvent is not responsible
for the fast decay. Another explanation of a shorter half-life could be
aggregation of the porphyrin. Indeed, if dimerisation of ZnTMPyP occured
at the interface, one could observe the decay of a supramolecular assembly
instead of that of ZnTMPyP*. For instance, Nagatani et al. observed a red
shift of the second harmonic spectrum of ZnTMPyP, which was tentatively
explained as J-aggregation[110]. However, the spectra that we measured
could be fitted with only one Gaussian peak, implying that there is no
aggregation.

The arrows on the traces presented in the left column of Figure 5.5
show the actual half-lives of the excited porphyrin populations. It can
be seen that these times are inversely proportional to the initial triplet
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Figure 5.6: Illustration of the interface population and dynamics. Examples
of trajectories and corresponding interfacial population from the molecular mechanics
simulations at 10 percent left and 100 percent right surface coverage. At high concen-
tration the molecules explore a smaller part of the interface. The blue squares show the
limits of the simulation box, solvent molecules and counter ions have been removed for
clarity. The trajectories are plotted without periodic boundary conditions.

concentrations, which were controlled by varying the excitation intensities.
Such a behaviour is typical of a second order reaction. Indeed, the kinetics
of the TTA can be described by the following equation:

dT ∗

dt
= −k · T ∗2 ⇒ T ∗(t) =

T ∗0
1 + k · T ∗0 · t

(5.2)

where T ∗ (t) is the concentration of porphyrins in the triplet state at time t,
T ∗0 the triplet concentration at t = 0 and k is the TTA rate constant. Thus,
the half-life is: t1/2 = (k ·T ∗0 )−1. The fact that the kinetics traces presented
in Figure 5.5 follow this trend further support the conclusion that the
phenomenon responsible for the shorter lifetime at the interface is indeed
TTA. Because of the time resolution of our setup (∼20 ns), any events
taking place on and below this time scale cannot be probed. However,
it is consistent with the TTA mechanism to suppose that all the excited
porphyrins in close contact annihilate in the first tens of nanoseconds,
leaving only a population of triplets too separated to react and whose
reactivity is therefore limited by mass transport. Figure 5.6 presents
pictures of the simulated systems at 10 percent (left) and 100 percent
(right) surface coverages, as well as typical trajectories of the adsorbed
molecules. These graphs illustrate the change of surface compactness with
the bulk concentration and its influence on the diffusion. Indeed, at full
coverage the trajectories are more hindered and compact, implying a less
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efficient exploration of the interface. By contrast, at low surface coverage,
the molecules explore a larger portion of the interface.

5.4 Fitting of the spectroscopic results

In a first approach, the rate constant of the TTA at the liquid-liquid
interface can be obtained by fitting the results presented in Figure 5.5 with
equation 5.2. The first-order decay can be neglected as its time scale is four
orders of magnitude longer than that of the experiment. The rate constants
thus obtained are presented in Table 5.1. It appears that the TTA rate
constant is smaller at higher porphyrin concentrations, when the interface
coverage increases. This observation suggests that the surface compactness
changes the kinetics of the reaction. Such an effect of the compactness
of the reaction medium on the kinetics has already been observed in the
bulk, both experimentally and theoretically for biologically relevant systems
[179, 180], introducing the concept of geometry-controlled kinetics[170]. In
such systems, the large concentration of macromolecules or the presence
of obstacles are thought to impede the diffusion of the reacting species,
leading to anomalous diffusion and impacting therefore on the kinetics
of the reactions. The hypothesis made in the present report is that at
high surface coverages the adsorbed molecules in their ground state act
as obstacles to the diffusion of the excited triplets, limiting their diffusion
and therefore the triplet-triplet annihilation. We propose to rationalise
the change of kinetics with the crowding of the interface by extracting the

Table 5.1: Triplet-triplet annihilation rate constant and diffusion coefficient.
The TTA rate constants have been obtained by fitting of the data with the equation 5.2,
while for the diffusion coefficients the equations 5.2 and 5.3 were used. At high surface
coverage the experimental diffusion coefficients are no longer in agreement with the
simulated values. kTTA (1013 m2·mol–1·s–1), D (10–11 m2·s–1)

CInt 500 nM 5 μM 50μM

kTTA 30.5±0.1 2.46±0.02 1.11±0.01

DInt 5.5±0.1 0.3±0.3 0.08±0.01

DSim 24±6 23±2 18±2
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lateral diffusion coefficients of ZnTMPyP from the kinetic traces and by
simulating the diffusion of the porphyrin at the liquid-liquid interface by
molecular dynamics.

As independently demonstrated by Razi-Naqvi[130] and Owen[131], due
to the two-dimensional nature of the interface between the organic and
aqueous phases, conventional diffusion-influenced quenching equations like
that of Smoluchowski cannot be directly applied to the present case, as
they are derived in spherical coordinates, that is, for three-dimensional
systems. The above-mentioned authors have thus developed a model based
on the Smoluchowski approach, but derived in cylindrical coordinates,
that yields an expression for the apparent time-dependent rate constant
of diffusion-controlled reactions. In this model, the time-dependent rate
constant is given by :

k (t) =
16DNc0

π

∫ ∞
0

exp
(
−tu2 D

R2

)
du

u
(
J0 (u)2 + Y0 (u)2

) (5.3)

where D is the diffusion coefficient, R the reaction radius, c0 the initial
concentration of quencher, J0(u) and Y0(u) the zero order Bessel functions
of the first and second kind and u a dummy integration variable. Here,
we use the same expression for the rate constant, but we insert it in
the differential equation 5.2. The resulting equation no longer has an
analytical solution and therefore, the differential equation and the integral
in equation 5.3 were solved numerically in order to make the fitting. In
the case of a triplet-triplet annihilation, the quencher concentration, c0,
is replaced by the time dependent concentration, i.e. T ∗(t). We use
value of 1.5 nm for the reaction radius, which is the approximate size
of the core of ZnTMPyP, and is consistent with the mechanism of the
TTA that involves the transfer of electrons and therefore orbital overlap
of the reacting species. The obtained diffusion coefficients are presented
in Table 5.1. At low surface concentrations, these values have orders of
magnitude that could be expected for such systems and in concordance
with the simulated diffusion coefficients. Nevertheless, the two-dimensional
model does not appropriately fit the data at large surface coverage, and
the resulting diffusion coefficients are far from the simulated values. As
this model essentially relies on the resolution of the Fick diffusion equation
in two-dimensions, we conclude that the observed discrepancies between
the data and the model imply that in such conditions the diffusion of the
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species is no longer Fickian, which support the hypothesis of anomalous
diffusion.

5.5 Molecular mechanics simulations

As presented is section 2.2, anomalous diffusion is characterised by a non-
unity power law scaling of the mean squared displacement of a particle
with time [181, 182]:

〈(xi(t)− xi(t0))2〉 = Di · td (5.4)

When the exponent of the time variable is less than one, the diffusion
regime is said to be sub-diffusive. Figure 5.7 (left) shows the time-averaged
ensemble-averaged mean squared displacements (teMSD) of the porphyrin
simulated by molecular dynamics over 150 ns at 10 percent and 100 percent
surface coverages. These results show that the diffusion of the porphyrins
at full surface coverage scales like t0.8 in the first tens of nanoseconds,
while at longer times the system recovers a linear scaling. In contrast, the
dependence is always linear at low surface coverage. Thus, the transport
regime becomes sub-diffusive as the surface concentration of adsorbed
porphyrins increases. Although anomalous diffusion is observed only in the
time scale of few tens of nanoseconds, this still has consequences at every
moments of the reaction because the transient regime is independent of
the starting time of the experiment. Indeed, the first tens of nanoseconds
of transport are abnormal independently of the absolute starting time of
the observation. Thus, the overall reaction and equilibrium properties of a
system can be affected by a transient anomalous regime [183]. Furthermore,
it can be seen that the mean squared displacement of a porphyrin after ∼30
ns is ∼20 nm2, which means a displacement of ∼4.5 nm. Such diffusion
distances still allow triplets to react even at low surface concentrations,
implying that indeed, the sub-diffusion regime impacts on the kinetics of
the tails of the traces presented in Figure 5.5.

There are different mechanisms underlying a sub-diffusive regime, like
diffusion in fractal environments [168] or in crowded or obstructed media
[165]. The latter mechanisms are usually treated using the continuous
time random walk (CTRW) or the fractional Brownian motion (FBM)
formalisms[167]. One of the main consequences of the CTRW model is the
weak ergodicity breaking, that is that the time and ensemble averages of
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Figure 5.7: Results of simulated interfacial diffusion. Left: Time-averaged
ensemble-average mean square displacement of the porphyrin simulated over 150 ns at 10
percent coverage (brown) and full coverage (blue). The black lines indicate scaling pro-
portional to t0.8, t0.9 and t. Right: Individual time-averaged mean squared displacement
of the porphyrin at full surface coverage. The black lines indicate scaling proportional to
t0.8, t0.9 and t.

thermodynamic quantities are no longer identical[184]. Simulations of lipid
bilayers have shown however that such systems were better described by
fractional FLE because these systems were found to be ergodic [125]. Figure
5.7 (right) shows the time-averaged mean squared displacement (tMSD)
of the individual porphyrins adsorbed at the liquid-liquid interface at full
surface coverage. It appears that the sublinear scaling of the teMSD is also
observed with the tMSD. This proves that there is no ergodicity breaking
and that alike lipid bilayers, the system is governed by FLE dynamics.
This conclusion is also supported by the calculation of the displacement
autocorrelation function (Figure 5.8, left) which again corresponds to what
can be expected from FLE dynamics [125]. A sub-diffusive motion described
by a FLE suggests the presence of a memory effect in the motion of the
particles. Thus, it appears that as the interfacial concentration increases,
the displacements of the porphyrins become correlated in time, impacting
therefore on their reactivity.

5.6 Simple model of anomalous

reaction-diffusion

Different models have been derived to analyse the diffusion controlled reac-
tions using the formalism of CTRW or FBM [185–188], giving interesting
theoretical insights into these mechanisms. Nevertheless, these models are
most of the time too involved to be applied to experimental data. Thus,
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Figure 5.8: Left: displacement autocorrelation function calculated according to Jeon
et al.[125]. The result is consistent with a FLE dynamics as shown by the fitting. The
time interval was set to 200 ps. Right: simulated average number of new encounter for
a poprhyrin at full surface coverage as a function of time. The black line is a fitting
with a power law.

in order to relate the simulated and experimental results, we decided to
estimate the triplet collision frequency from the simulations and to compare
it to the experimental data. Then, using the collision theory, we relate this
quantity to the reaction rate constant. Indeed, the collision theory states
that the rate constant is proportional to the collision frequency:

k ∝ Z (5.5)

where k is the rate constant and Z the collision frequency. Thus, the time
dependence of k is directly proportional to that of Z.

Figure 5.8 (right) shows the average number of new molecules that a
porphyrin (ground state and triplet) encounters over time, for a full surface
coverage (the data were truncated at 100 ns in order to limit finite size
effects). The number of new molecules was calculated from the trajectories
of the simulations. This quantity represents the total number of porphyrins
that came in the neighbourhood of one peculiar porphyrin at a time t.
However, one molecule cannot be counted two times. The “neighbourhood”
being arbitrarily defined by a certain radius. In the present case this radius
was set to 1.5 nm, as it is the approximate size of the porphyrin core. The
calculation is done as follow. At t0 and for one porphyrin, the number of
neighbours is listed. Then, as the simulation proceeds, the neighbours list is
updated each time the porphyrin comes closer than 1.5 nm from the center
of mass of another porphyrin that is not already in the list. At the end of
the simulation, the number of elements in the list gives the new encounter
number. This number is then averaged over all the porphyrins. Once the
new encounter number is known, the reaction rate over the first 100 ns can
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be estimated by multiplying it by the square of the surface concentration
of triplets in the considered time slice. For instance, in the first 100 ns of
reaction at full surface coverage, 15 % of the molecules are triplets, the
new encounter number will thus be multiplied by 0.0225. The obtained
value is the number of reaction events on a surface of 225 nm2 in 100 ns.
It must then be converted to mol·m–2 by simple arithmetic operations.

Interestingly, the number of new encounter is proportional to t0.87,
which is consistent with the sub-diffusion observed in the simulation and
experimental results. The time derivative of the new encounter number is
the new encounter frequency and is proportional to t−0.13. This quantity is
the average number of new porphyrins that come in close contact per unit
time (here porphyrin means triplet and ground state). The probabilities
that the contacting molecule and the considered porphyrins are both triplets
is also proportional to the triplet relative concentration. Furthermore, two
triplets T ∗ that encounter will react. Thus, if one calls the new encounter
frequency f , the number of reaction events per unit time, that is the
reaction rate, will be:

rate = f · T ∗2 (5.6)

Identifying this equation with equation 5.2 shows that there is a direct
equivalence between the rate constant and the new encounter frequency.
Thus, as this latter quantity scales proportionally to t−0.13, the rate co-
efficient should scale similarly (from equation 5.5). The validity of this
approach is confirmed by fitting the full surface coverage decays with the
phenomenological reaction rate equation on fractals[167, 168]:

dT ∗(t)

dt
= −k0 · t−h · T ∗(t)2 (5.7)

Doing so gives a value of 0.13±0.01 for the h parameter, in excellent
agreement with the simulated value. Thus, we show that the effects of
the complex physics underlying anomalous diffusion can be recovered in a
more intuitive expression that provides a phenomenological description of
a reaction presenting anomalous kinetics.

To conclude, we report the first experimental observation of a diffusion-
controlled triplet-triplet annihilation reaction in a soft planar environment,
and the appearance of an anomalous diffusion regime at high surface
converge. This phenomenon is a unique example of a truly diffusion-
controlled two-dimensional bimolecular chemical reaction and presents
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the property of having kinetics that depends on the compactness of the
adsorbed molecular layer. At low surface concentrations, the diffusion
is Brownian and the reaction can be described with a two-dimensional
Smoluchowski model. However, as the concentration increases, the diffusion
becomes anomalous and follows a fractional Langevin equation motion.
Consequently, the Smoluchowski model fails to adequately account for the
experimental results. This behaviour shows similarities with the motion of
lipids in biological membranes, and suggests that the anomalous diffusion of
these species originates from their high density rather than from a motion
in a low-dimensional medium. With the help of molecular mechanics
simulations, we have shown that, under simple assumptions, the rate of
the TTA could be related to the triplet encounter frequency. This work is
an experimental realisation of models usually verified by simulations and
opens the way to the exploration of others kinetic schemes, involving for
instance macromolecular crowding or obstructed diffusion.

5.7 Computational details

The molecular mechanics simulations were all carried out using GROMACS
2018.1. [189–195]
Topologies.
In order to simplify the topology, the porphyrin that was simulated was
the free base TMPyP instead of the metallated ZnTMPyP (the one that
is used in the experiments). We believe that this has no influence on the
diffusion properties of the molecule.

The charges of the porphyrin core were taken from the coresponding
atoms of the OPLS force field, while the charges of the four methylpyri-
dinium ligands were taken from Sambasivarao et al.[196]. Doing so, the
total charge of the molecule is only 3.32. Thus, the missing charge was
evenly dispatched on all the atoms of TMPyP (0.008 charge per atom) in
order to reach a total charge of 4. Finally, the polarisation effects at the
interface were effectively taken into account by rescaling all the charges of
the porphyrin by 0.75 (and counter ions, i.e. chloride ion), as suggested
by Leontyev and Stuchebrukhov [197, 198]. This method provides reliable
adsorption behaviour of charged species at liquid-liquid interfaces [141].
All the bonded parameters were those of the OPLS force field.
The water was simulated using the TIP4P model. The TFT molecules and
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chloride ions were simulated with the parameters of the OPLS force field.
Box construction and simulation.
The simulated systems consisted in a 15 nm by 15 nm by 7 nm boxes
divided in two phases of equal volumes. Periodic boundary conditions
were used in all directions. The porphyrins molecules were directly added
at the interface. The total charge of the system was neutralised by addi-
tion of four times more chloride atoms than porphyrins molecules. Once
constructed, the energy of the boxes was minimised using the steepest
descent algorithm until a force threshold of 100 kJ·mol–1·nm–1 was reached.
Then, the system was equilibrated for 1 ns, with a time step of 1 fs, in the
NVT ensemble using the V-rescale thermostat [84] at 293 K. Finally, the
production simulations were carried out in the NPT ensemble, using the
V-rescale thermostat and the Berendsen barostat [82] at a temperature
of 293 K and pressure of 1 bar, using a time step of 2 fs. During the
simulations the LINCS algorithm [199] was used to constrain all the bonds.
Adsorption energy.
The adsorption energy of the porphyrin was simulated by constructing
by umbrella sampling the potential of mean force required to transfer the
molecule from the aqueous to the organic phase (see SI). The starting
configurations were generated by placing the molecule under study at the
centre of a 4 nm by 4 nm by 4 nm box. The molecule was then solvated
in TIP4P water and the box was placed in contact with a 4 nm by 4 nm
by 8 nm box, filled with TFT molecules, forming an overall 4 nm by 4
nm by 12 nm box. The energy of the system was then minimized using
the steepest descent algorithm until a force threshold of 100 ·mol–1·nm–1

was reached. The system was subsequently equilibrated for 1 ns in the
NPT ensemble. During the equilibration procedure the molecule under
study was constrained at its initial position. After the equilibration, the
solute was pulled 4.5 nm across the interface, while being constrained in
the directions parallel to the interface, still in the NPT ensemble. Finally,
the potential of mean force was reconstructed using the umbrella sampling
technique (g wham[200]) on several configurations of the solute with respect
to the interface. The spacing between two configurations was roughly 0.15
nm along the perpendicular to the interface. However, when necessary,
additional configurations were included in order to get a sufficient overlap of
the configurations histograms. Each umbrella sampling run was performed
for 2.5 ns in the NPT ensemble at 293K and 1 bar using a harmonic biasing
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force, with a force constant of 2000 mol–1·nm–2. In the simulation of the
transfer the charges of TMPyP were not scaled by 0.75 as in the diffusion
simulation, as this is required only to simulate ions at the interface and
not in bulk phases.
Sample preparation an measurements
All time-resolved measurements were done in an air-tight optical cell. The
cell was prepared in a glove-box under nitrogen atmosphere (concentration
of dioxygen ∼4ppm) and was then placed in an air-tight box equipped
with optical windows and kept under a constant nitrogen flux during the
measurements. A typical cell was made of 1.5 mL of TFT and 1 mL of
aqueous phase containing various concentrations of ZnTMPyP. The cells
were prepared at least one hour before the measurements in order to let
the interfacial concentration reach its equilibrium value. The temperature
of the room was kept constant at 20.1◦C.

The traces were obtained by averaging 250 to 500 measurements. One
measurement consists in scanning the pump-probe delay from -0.3 μs to 4
μs by steps of 20 ns (215 steps). Each step is an average over 50 pulses (1
s). Thus, one measurement last 4 minutes and consequently getting one
trace required 15 to 30 hours. As the second-harmonic intensity depends on
the square of the surface concentration of adsorbed species, all the traces
presented in this work are the square-root of the measured data.
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Conclusion and outlook

The results presented in this thesis have shown how atomistic simulations
could be coupled to experimental methods to provide a better understanding
of electrochemical reactions at LLI and ITIES. Thus, it was shown that
when such interfaces are polarised, the supporting electrolytes form a
compact ion double-layer, even at moderate concentrations or voltages.
Since all the potential difference drops between the ions, the interface is
devoid of diffuse layers. This observation is a significant improvement of
the classical picture of the ITIES relying on the GCM. This model, however,
was already questioned by several authors over the past decades. One of
the consequences of the new picture of the interface is that since the ions
responsible for the polarisation lies at the interface, polarisation-dependent
properties of the system had to be correlated to interfacial properties of
the ions. Thus, we derived a simple model explaining the trends of the
capacitance curves of different ITIES by relating them to the standard
transfer potential of the supporting electrolytes. The model presents the
interface as a plan capacitor therefore the distance between the ions is the
only variable of the model, and this distance is the penetration depth of
the organic ions into the aqueous phase.

The fact that the totality of the potential difference drops over less than
one nanometre at the ITIES naturally leads to the idea that the interface
could be used to carry out redox reactions. This is, however, an old debate
in electrochemsitry and numerous contradictory publications can be found
on this subject. Nevertheless, the originality of our contribution to this
topic is that our results are based on a molecular description of the interface
that was corroborated with different experimental observations presented
in Chapter 3. Thus, we have been able to show a clear heterogeneous
electron transfer reaction at the ITIES. Our experimental approach was
carefully designed to avoid the flaws reported by the authors who already
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cleared the question in the past. These results further supported the
conclusions of the chapter dedicated to the structure of the ITIES. Also,
we presented preliminary evidences that the interfacial ion layers could
significantly impact the kinetics of the heterogeneous electron transfer
reaction. This leads to significantly different cyclic voltammetries where
a same electrochemical reaction is carried out on the solid electrode or at
a soft interface. Thus, this observation further highlights the difference
between these two types of interfaces. Finally, the possibility to observe
and control a direct intermolecular electron transfer was discussed and
presented as a novel way to carry out electrochemical reactions without an
electrode.

Molecular mechanics simulations were also applied to the study of
diffusion-controlled reactions in two-dimensional media. Here, however,
the reaction was not a charge transfer but an energy transfer reaction:
triplet-triplet annihilation. Using TRSHG in the microsecond domain, we
could measure for the first time the triplet-triplet annihilation kinetics of a
zinc porphyrin in a two-dimensional environment. In addition to its low
dimensionality, this system presented the interesting property of changing
of diffusion regime with the concentration. Indeed, at low surface coverage,
the motion of the adsorbed reagents is free and the diffusion is therefore
normal. However, as the concentration approaches the saturation limit, the
diffusion regime becomes anomalous, i.e. the mean square displacement
of the porphyrins no longer linearly scales with time. Here, again, we
could corroborate the experimental results to simulations performed over
a similar time-scale. These results are, to the best of our knowledge, a
unique example of a complex chemical kinetic studied both experimentally
and by simulations on such a long time-scale.

Overall, this thesis aimed at presenting a coherent picture of liquid-
liquid interfaces based on molecular simulations, time-resolved spectroscopy
and electrochemistry. The primary objective of this work was to apply
TRSHG to the study of photoinduced electron transfer reaction kinetics
at soft interfaces. Nevertheless, it turned out that many theoretical and
technical difficulties had to be solved before tackling this question. These
difficulties were, among others, the need for a precise understanding of
the nature of the ITIES as well as a theoretical description of reaction
kinetic in two-dimensional media. In this respect, we think that the
results presented here bring solutions to these difficulties and offer solid
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bases to eventually answer the initial question. Furthermore, because
of the obvious similitude between glslli and biological membranes, the
conclusions presented in this thesis necessarily imply the questioning of our
understanding of charge transfer and potential profiles at such interfaces.
We think that our findings constitute an interesting basis for future work
in the domain a electrochemistry at soft interfaces.
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