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Abstract 
 

The interface between two immiscible liquids, i.e. oil and water, is an 
extremely attractive scaffold to self-assemble nanoparticles (NP) in arranged films. 
Such interfaces are defect-free and pristine by the nature (facilitating reproducibly), 
they are transparent (advantageous for optical applications), and self-healing 
(allowing correction of self-assembly errors) as well as mechanically flexible 
(permitting planar, curved or 3D deformations). Therefore, generally, the present 
thesis is devoted to self-assembly of gold nanoparticles into nanoparticles films at 
various liquid-liquid interfaces (LLIs) and further investigation of their optical, 
mechanical and electrochemical properties. The thesis consists of two large parts: 
one is mainly devoted to self-assembly of gold nanoparticles into Metal Liquid-Like 
Droplets (MeLLDs) and the other one is devoted to electrocatalytic capability of 
nanoparticles placed at the interface. 

In the first part we showed that the irreversible adsorption of AuNPs at LLIs 
was achieved by charging nanoparticles with a lipophilic electron donor, 
tetrathiafulvalene (TTF). The established roles of TTF were: (i) to charge directly the 
gold core of citrate stabilized AuNPs, reducing the Coulombic repulsion between 
separate NPs; and (ii) to “glue” nanoparticles together, providing the mechanical 
stability of the film. The present process was facile and required only vigorous 
shaking of organic phase containing TTF with aqueous phase containing AuNPs. 
This method resulted in a stable for years gold MeLLD. 

Detailed study of optical properties with help of the integration sphere 
revealed that MeLLDs can be used as liquid mirrors and filters with tuned optical 
response by varying nanoparticles size, concentration and the solvent’s nature. This 
study opens a new way to understand requirements for voltage-induced 
nanoparticles self-assembly at the interface of two immiscible electrolyte solutions 
(ITIES). 

Further, we investigated ion and electron transfer properties of nanoparticle 
assemblies. A new method was developed to prepare nanoparticle film in four-
electrode electrochemical cell. It consisted in precise microinjection of pre-
concentrated solution of AuNPs in methanol directly at the ITIES. Primary 
achievement of this technique was prevention pollution of aqueous and organic 
compartment of the cell. Obtained results demonstrated that nanoparticles film 
occupied roughly 30% of available surface area and did not interfere with the ion 
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transfer across the ITIES. However, these films showed a capability to be charged by 
electron donors in organic phase with subsequent formation of the corresponding 
ions. 

In the second part we focused on electron transfer (ET) reactions at ITIES 
between redox couple in organic and aqueous phases and interfacial redox 
electrocatalysis phenomenon at AuNPs film modified ITIES. 

Firstly, we distinguished the difference between pure heterogeneous electron 
transfer (HET) reactions and, so-called, ET-IT mechanism by numerical simulation. 
In the latter case, homogeneous ET reaction between the neutral species, partitioning 
between organic and aqueous phases, and the aqueous redox couple was followed 
by ion-transfer (IT). The model system consisted of ferrocene (Fc) in organic phase 
and ferry/ferro-cyanide (Fe(CN)6) in aqueous phase illustrated co-existence of HET 
and ET-IT mechanisms, but the main contribution to the overall observed current 
belonged to the ion-transfer across ITIES.  

Secondly, we developed a concept of Fermi level equilibration to describe 
observed interfacial ET for the model system with and without AuNPs at ITIES. 
Functionalization of the interface with metallic nanoparticles significantly improves 
kinetics of the interfacial reaction by changing reaction mechanism to a bipolar 
pathway, where NP provided electrical conductance between two phases. Therefore, 
we highlighted the interfacial redox electrocatalitic property of a metal nanoparticle 
film towards heterogeneous electron transfer reactions and explained this property 
from the point of view of the Fermi level equilibration theory. 

Finally, we used interfacial redox electrocatalysis to perform the biphasic O2 

reduction by a strong electron donor, decamethylferrocene, dissolved in α,α,α-
trifluorotoluene. Meanwhile, weaker lipophilic reductants (Fc and TTF) were 
capable only to charge the interfacial gold nanoparticle nanofilm, but did not have 
sufficient thermodynamic driving force to significantly elicit biphasic O2 reduction. 

 

Keywords: Gold Nanoparticles; Self-Assembly; Gold Metal Liquid Like 
Droplets; Liquid Mirrors and Filters; Liquid-Liquid Interfaces; Electrochemistry; 
Fermi Level Equilibration Concept; Interfacial Redox Electrocatalysis 
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Résumé 
 

L’interface entre deux liquides non miscibles, comme l’huile et l’eau, est un 
environnement extrêmement intéressant pour l’auto-assemblage de films structurés 
à partir de nanoparticules (NPs). Ces interfaces sont exemptes de défauts (facilitant 
ainsi la reproductibilité), elles sont transparentes (ce qui est avantageux pour des 
applications optiques) et ont une capacité d’auto-régénération (permettant de 
corriger les erreurs d’auto-assemblage). De plus, elles sont aussi mécaniquement 
flexibles (autorisant ainsi des déformations planes, courbes ou en 3D). Ainsi, la 
présente thèse est principalement consacrée à l’auto-assemblage de nanoparticules 
d’or dans des films à la surface de différentes interfaces liquide-liquide (LLI) et à une 
étude plus approfondie de leurs propriétés optiques, mécaniques et 
électrochimiques. La thèse se compose de deux grandes parties: l’une est consacrée à 
l’auto-assemblage des nanoparticules d’or dans des gouttelettes de métal liquide 
(MeLLDs) et l’autre à la capacité électrocatalytique des nanoparticules placées à 
l’interface. 

Dans la première partie, nous avons montré que l’adsorption irréversible des 
NPs d’or aux LLIs a été obtenue en chargeant des nanoparticules avec un donneur 
d’électrons lipophile, le tétrathiafulvalène (TTF). Les rôles établi du TTF étaient: (i) 
de charger directement le noyau d’or des NPs d’or stabilisées par du citrate, de 
réduire la répulsion coulombienne entre les NPs séparées; et (ii) de "coller" les 
nanoparticules ensemble afin d’assurer la stabilité mécanique du film. Ce procédé 
était facile et a nécessité uniquement une agitation vigoureuse de la phase organique 
contenant le TTF avec la phase aqueuse contenant les NPs d’or. Cette méthode s’est 
traduite par la formation d’une MeLLD d’or, qui reste stable pendant des années. 

L’étude détaillée des propriétés optiques à l’aide de la sphère d’intégration a 
révélé que les MeLLDs peuvent être utilisées comme des miroirs et des filtres 
liquides avec une réponse optique qui dépend de la taille, de la concentration des 
nanoparticules et de la nature du solvant. Cette étude ouvre une nouvelle voie vers 
la compréhension des conditions d’auto-assemblages de nanoparticules induites par 
un voltage à l’interface de deux solutions d’électrolytes non miscibles (ITIES). 

En outre, nous avons étudié les propriétés des assemblages de nanoparticules, 
de transfert d’électrons et d’ions. Une nouvelle méthode a été développée pour 
préparer le film de nanoparticule dans une cellule électrochimique à quatre 
électrodes. Elle a consisté en une microinjection précise d’une solution de méthanol 
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pré-concentrée en NPs d’or directement à une ITIES. L’objectif principal de cette 
technique était la prévention de la pollution du compartiment aqueux et organique 
de la cellule. Les résultats obtenus ont démontré que le film de nanoparticules a 
occupé environ 30% de la surface disponible et n’a interféré pas avec le transfert 
ionique à travers une ITIES. Cependant, les films ont montré une capacité d’être 
chargé par des donneurs d’électrons en phase organique avec une formation 
subséquente des ions correspondants. 

Dans la deuxième partie, nous avons concentré sur de la réaction de transfert 
d’électrons à une ITIES entre les couples redox en phases organique et aqueuse et au 
phénomène d’électrocatalyse redox interfaciale par l’intermédiaire de nanoparticules 
d’or. 

Tout d’abord, nous avons distingué la différence entre les réactions 
hétérogènes de transfert d’électron (HET) et le mécanisme ET-IT par simulation 
numérique. Dans ce dernier mécanisme, une réaction homogène de transfert 
d’électron (ET) entre le couple redox aqueux et les espèces neutres réparties entre les 
phases organiques et aqueuses était suivie d’un transfert ionique (IT). Le système 
modélisé avec du ferrocène (Fc) en phase organique et du ferri/ferro-cyanure 
(Fe(CN)6) en phase aqueuse illustre la coexistence des mécanismes HET et ET-IT, 
mais la contribution principale au courant global observé provient du transfert 
ionique à travers une ITIES. 

Deuxièmement, nous avons développé un concept d’équilibrage du niveau de 
Fermi pour décrire ET interfaciale pour le système modélisé avec and sans du 
nanofilm de NP d’or. La fonctionnalisation de l’interface avec les nanoparticules 
métalliques améliore significativement la cinétique de la réaction interfaciale en 
changeant le mécanisme réactionnel en une voie bipolaire, où les NPs ont assuré une 
conductance électrique entre deux phases. Par conséquent, nous avons mis en 
évidence la propriété electrocatalytique redox interfaciale d’un film de nanoparticule 
métallique au travers des réactions hétérogènes de transfert d’électrons et nous 
avons expliqué cette propriété du point de vue de la théorie de l’équilibrage du 
niveau de Fermi. 

Finalement, nous avons utilisé l’electrocatalyse redox interfaciale pour 
effectuer la réduction biphasique de l’oxygène par un donneur d’électrons fort, le 
décaméthylferrocène, dissous dans du α,α,α-trifluorotoluène. Pendant ce temps, des 
réducteurs lipophiles plus faibles (Fc et TTF) étaient capables justement de charger le 
film de nanoparticule d’or interfaciale, mais n’avaient pas une force motrice 
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thermodynamique suffisante pour provoquer de manière significative une réduction 
biphasique de l’oxygène. 

 

Mots-clés: Nanoparticules d’Or; Auto-Assemblage; Gouttelettes de Métal 
Liquide d’Or; Miroirs et Filtres Liquides; Interfaces Liquide-Liquide; Électrochimie; 
Concept d’Équilibre de Niveau de Fermi; Électrocatalyse Redox Interfaciale 
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The Scope of the Present Thesis 
 

This thesis work covers primarily two large groups of projects:  
(i) self-assembly of nanoparticles at liquid-liquid interfaces and optical properties of 
these assemblies and (ii) the role of nanoparticles in redox electrocatalysis at liquid-
liquid interfaces. The first part aroused from a long-lasting idea to manipulate 
adsorption of nanoparticles at liquid-liquid with an external electric field to form 
“smart” mirrors and/or filters. These projects are dedicated to explore fundamental 
aspects of charged nanoparticles self-assembly and to investigate optical properties 
(extinction and reflectance) in a thorough manner. The second part clarifies the role 
of nanoparticles in interfacial electron transfer reactions.  

Thus, the text of the current monograph is split into several chapters. 

Chapter 1 contains general introduction to electrochemistry at ITIES, 
including interfacial structure and thermodynamics of electron and ion transfer, as 
well as description of the concept of the Fermi level equilibration. Next, synthetic 
procedures, the structure of citrate-stabilized gold nanoparticles and implementation 
of “free electron gas” model to describe optical properties of metal NPs are 
considered. The Chapter ends with an extensive review on self-assembly of  
nano- and microparticles at liquid-liquid interfaces, including theoretical questions 
and potential applications of nanoparticle interfacial films. 

Chapter 2 is fully devoted to experimental procedures, to synthesize and 
analyze assemblies of nanoparticles and to instrumentation techniques used in this 
work. 

Chapter 3 describes the formation of Metal Liquid-Like Droplets (MeLLDs) 
by vigorous shaking of the organic phase with soluble tetrathiafulvalene (TTF) 
species and aqueous phase containing citrate-stabilized AuNPs. The key features of 
the nanoparticle film are: covering the entire macroscopic droplet of organic phase, 
the self-healing nature and the metal luster. The proposed mechanism includes 
electron-transfer reaction from TTF to AuNPs with the following adsorption of  
TTF@AuNPs aggregates at the interface. 

Chapter 4 illustrates a detailed study of MeLLD optical properties in 
transmission and reflectance modes. Extinction and reflectance of nanofilms are 
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investigated by an integrating sphere in UV, visible and NIR ranges with step-by-
step increasing of nanoparticle surface coverage. This study reveals three domains 
with increasing surface coverage: pristine 2D, mixed 2D/3D and 3D regimes.  
Also, comparison of optical properties of nanofilms at different water-organic 
solvent interfaces is presented. 

Chapter 5 is an extension of the topic briefly described in Chapter 4: self-
assembly of AuNPs at soft interfaces with low interfacial tensions. It contains both 
experimental evidences and theoretical explanations of the differences in 
nanoparticles self-assembly at liquid-liquid interfaces with high and low interfacial 
tension. Also production of dense solution of concentrated nanoparticles is 
demonstrated. 

Chapter 6 is designated to the development of the microinjection method of 
pre-concentrated AuNPs solution in methanol directly to the liquid-liquid interface. 
Amatore’s theory of a partially blocked electrode is applicable to describe 
electrochemical behavior of such nanofilms. The nanofilm oxidizes electron-donor 
molecules (ferrocene and tetrathiafulvalene) present in organic or aqueous phases, 
which is detectable by electrochemical measurements. 

Chapter 7 describes the difference between heterogeneous (HET) and 
homogeneous (so-called, ET-IT) electron transfer mechanisms as well as interfacial 
redox electrocatalysis on gold nanofilm based on findings of Chapter 6.  
The ferrocene and ferri/ferro-cyanide redox couples were used as model redox 
couples. Obtained experimental cyclic voltammograms of electron transfer reaction 
were compared with theoretical ones. The presence of the nanofilm at the soft 
interface improves kinetics, in comparison with HET and ET-IT mechanisms, of 
interfacial reactions by shuttling electrons across the interface. 

Chapter 8 depicts oxygen reduction reaction at interfacial gold nanofilms. 
Charged on the organic side by decamethylferrocene species (strong electron donor) 
the nanofilm is capable to perform another redox reaction in the aqueous phase. 
Relatively small Galvani potential difference across the ITIES induces oxygen 
reduction in water at neutral pH conditions with the yield of hydrogen peroxide  
of 22%. At anaerobic conditions this electrocatalytic reaction does not happen. 

Chapter 9 highlights the perspectives to realize the potential of MeLLD-type 
gold nanoparticle films at liquid-liquid interface. Among them are: 
microencapsulation for drug-delivery systems and microreactors; transfer of 
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nanofilms from LLI to a solid interface for reusable SERS-substrates and covering 
large areas with nanoparticles films for various purposes; conductance and thermal 
properties of nanofilms to use nanofilms for direct writing of conductive tracks with 
self-terminating welding process; liquid mirrors at water-air interface and 
electrically driven Maragoni-type shutters. 
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Chapter 1. Introduction 
 

1. Liquid-liquid interfaces: structure and Galvani potential 
difference 

 

In the 1970s Gavach et al.1–4 in France and Koryta et al.5–7 in Czechoslovakia 
published their pioneering works in electrochemistry of two immiscible electrolyte 
solutions (ITIES). They demonstrated that the ITIES could be polarized similar to a 
conventional electrode-electrolyte (or electrode-solution) interface. The next large 
step was the introduction of a four electrode potentiostat made by Samec et al.5  
in 1977 and the following works in 1979.8,9 Thereby, the topic of electrochemical 
investigation of various phenomena and reactions occurring at the ITIES turned into 
a significant part of the modern electrochemistry. Since that time, electron and ion 
transfer reactions at ITIES were described extensively from theoretical point of 
view,10–12 as well as studied electrochemically13–19 and modelled with computer 
simulation.20–22  

Here, a short overview on structure of ITIES as well as charge and ion transfer 
reaction thermodynamics is presented. 

 

1.1. Structure of liquid-liquid interfaces 

In the simplest case, as suggested by Verwey and Niessen,23 the ITIES can be 
classically presented as two Gouy-Chapman double layers placed back-to-back at 
the interface (Figure 1.1A). According to that model the electric potentials decrease 
exponentially into the bulk of both phases. Later, this model was improved by 
Gavach through the addition of a layer of specifically adsorbed ions at the interface 
(so-called, Stern layer).24 In the middle of the 80s, Girault and Schiffrin13 introduced 
the concept of a mixed solvent region, where molecules of the two liquids form this 
region (Figure 1.1B) with a continuous change of solvent properties across the layer. 
Finally, in the 90s Benjamin25 clarified by computer simulations that ITIES is 
molecularly sharp with nanoscale protrusions at short time scale (Figure 1.1C), but 
at longer time scale due to averaging it still appears as a mixed layer. He also figured 
out that 2-3 layers of water should have dipoles which are parallel to the interface. 
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Thus, this model can be considered as a further development of Girault-Schifrin 
model if protrusions and water layers are counted as “mixed layer”. Finally, the 
most recent experiments in neutron scattering26 and small angle X-ray scattering 
(SAXS)27 confirmed molecular sharpness of the ITIES. At the same time quasi-elastic 
light scattering (QELS) enabled the study of the changes in the capillary waves at the 
ITIES with addition of specifically absorbed molecules or electrically-induced 
assembly.28–30 

 

Figure 1.1. Evolution of views on the structure of the interface between two liquids: (A)Verwey-
Niessen model (two back-to-back Gouy-Chapman layers), (B) Girault-Schifrin model (a mixed layer 

of two solvents t the interface) and (C) model suggested by Benjamin (a snap shot of molecularly 
sharp interface with protrusions, averaging over time represents the mixed layer in the panel B). 

 

1.2. Thermodynamics of electron and ion-transfer reactions across ITIES. 
BATB assumption 

Molecular species dissolved in aqueous and organic phases have different 
chemical potentials, because of difference in physical properties of solvents such as 
relative permittivity, dipole moment, viscosity, etc. Thereby, the ITIES has a Galvani 

potential difference w
o  defined as w w o

o      , where w  and o  are the 

inner potential of the bulk aqueous and oil phases, respectively. 

From a thermodynamic point of view, w
o  can be expressed through the 

Nernst equation as follows:31 

o
w o w w 0

o o w    ln i
i

i i

aRT
z F a

 (1.1a) 

0 0,o 0,w
w 0,w o
o

tr,G μ μi i

i
i

i

iz F z F
 (1.1b) 
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where w 0
o i  is the standard ion transfer potential, while o

ia  and w
ia  are the activities 

of the species i in oil and water, respectively. The terms 0,oμi  and 0,wμi  are the 

standard chemical potentials of the species i in the oil and water phases, 0
tr,G i  is the 

standard Gibbs free energy of ion transfer for species i from the water to organic 
phase, while iz , F , R , and T  have their usual thermodynamic significance: namely, 

the charge number of species i, Faraday’s constant, the universal gas constant, and 
temperature in Kelvins, respectively. 

Although the transfer energy of a salt is well defined thermodynamic 
quantity, an extra thermodynamic assumption is required to define the transfer 
energy of a single ion. This situation is equivalent with the definition of standard 
electrode potentials, where the redox potential of the hydrogen electrode is defined 
as 0.00 V. The most commonly used is the TATB hypothesis,32 in which the transfer 
energies of two oppositely charged large ions of similar size – tetraphenylborate 
(TPB– or TB) and tetraphenylarsenium (TPAs+ or TA) – are considered equal for any 

pair of solvents (i.e. +
0 0
TPAs TPB

w w
o o ). However, the assumption does not take 

into account specific interaction of ions with solvent molecules. The later leads to 

small variation of 0
tr,G i  among different pairs of solvents with keeping the linear 

dependence between Gibbs free energies of ion transfer.32,33 

A key feature of all ITIES is the ability of the liquid-liquid interface to be 
polarized to a greater or lesser extent. An ideally polarizable interface behaves as an 
ideally polarizable electrode, so, the potential across the interface can be changed in 
a wide range without providing current or, in other words, transferring ions across 
the interface. This potential range is called a potential window. In this case 
partitioning of ions between two phases is negligible (Figure 1.2). 

Usually, BATB (bis(triphenylphosphoranylidene) ammonium, BA, 
tetrakis(pentafluorophenyl)borate, TB) and LiCl or HCl are used as electrolytes in 
the organic and aqueous phases, respectively. Thus, the limits of the potential 
window are confined by Li+ or H+ transfer from water to oil at positive applied 

potential w
o  and Cl– transfer from water to oil at negative ones. Fortunately, 

because BA+ and TB– are highly hydrophobic, a huge potential drop would need to 
be applied to initiate their transfer across the interface of the most commonly used 
solvents with water. Figure 1.2 shows the cyclic voltammograms obtained at the 
water-1,2-dichloroethane (DCE) and water-α,α,α-trifluorotoluene (TFT) interfaces 
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with 5 mM of BATB and 10 mM of LiCl in the organic and aqueous phases, 
respectively. 

Small current (below 1 μA) in the middle of the potential window is a 
signature of the charged double layers present at both sides of the interface as 
described above. 

 

Figure 1.2. Comparison of potential windows for blank water–DCE and water–TFT cell 
compositions. (A) Four electrode cell compositions used (the interface area in both cases, TFT and 

DCE, was ca. 2.3 cm2). (B) Obtained CVs for DCE and TFT. 

Next we can consider the transfer of charged species (tetramethylamonium, 
TMA+, chloride, Cl–) across the ITIES and link the half-wave ion-transfer  

potential ( w
o 1/2 ), which is useful from practical point of view, with the standard 

ion-transfer potential ( w 0
o i ), a fundamental thermodynamic characteristic. 

Once ionic species are added to aqueous or oil phase, they can cross the ITIES 
upon applying an external electric field. If the field is strong enough or if ionic 
species have appropriate transfer potential in between of transfer potentials of 
supporting electrolyte ions, a voltammetric wave appears on cyclic voltammogram.  

In the case of TMA+ this wave appears at around +270 mV for water-TFT 
interface (Figure 1.3). Mass transport and depletion of ion concentration in the 
vicinity of the interface determine the shape and the peak current of the wave. As 
shown previously,34 transfer of TMA+ is electrochemically reversible with a high 
standard ion transfer rate constant. Thus under semi-infinite linear diffusion 
conditions, the peak current ( pI ) should obey the Randles-Ševčík equation, which 

links pI  with the bulk concentration of the transferring charged species bulk
ic  and its 

diffusion coefficient ( iD ):31 
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  0.4463     
 

bulk i
p i i i

z FI z AF c D
RT

 (1.2) 

where iz  is the charge of ionic species, A  is the interfacial surface area, is the scan 

rate and , ,R T F have their regular meanings. 

 

Figure 1.3. Ion-transfer CVs (IR compensated) at water-TFT interface with 25 μM TMA+ in the 
aqueous phase and fulfilling Randles-Ševčík equation (insert, k is the linear slope). 

The assumption of equal fluxes of species (i.e. charges) from the aqueous to 
organic phases and vice versa leads to the following equation:35 

w o

o w
i i

i i

D c
cD

 (1.3) 

Finally, substituting Eq. 1.3 into Eq. 1.1a and taking into account definition of 

the activity, another formula linking the half-wave ion-transfer potential ( w
o 1/2 ) 

with the standard ion-transfer potential ( w 0
o i ) can be derived:  

o,w o,w o,w
i i ia c  (1.4a) 

o o
w w 0
o 1/2 o w w ln ln

2
i i

i
i ii i

DRT RT
z F z F D

 (1.4b) 

where o
i  and w

i  are activity coefficients of the species i in the oil and water phases, 

respectively, o
ic  and w

ic  are bulk molar concentrations of the species i and the ratio 
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of diffusion coefficients is approximately equal to the ratio of viscosities  in 
accordance with Walden’s rule:36 

o

w

w

o
i

i

D
D

 (1.5) 

However, Eq. 1.5 is not completely accurate for ions in aqueous solvents due 
to strong hydration. The activity coefficients in Eq. 1.4b can be estimated for 
example with the Debye-Hückel theory.33 Following the calculations of Ref. 33, but 
utilizing a viscosity of 0.527 mPa·s instead of 0.038 mPa·s for TFT,37 and avoiding the 
sign error in the original paper, the resulting values are presented in the Table 1.1, 
where the transfer energy is calculated as follows: 

0
tr, w 0

o
i

i
i

G
z F

 (1.6) 

Table 1.1. The corrected standard transfer potentials and energies between water and TFT based on 
experimental half-wave potentials from Ref. 33. 

Ion 
1/2  

V 

0  
V 

w TFT
tr, iG  

kJ·mol−1 
    
TPAs+ −0.2625 −0.2189 −21.12 
TPB− 0.2625 0.2189 −21.12 
TMA+ 0.2675 0.3111 30.01 
TEA+ 0.1055 0.1491 14.38 
TPropA+ −0.0215 0.0221 2.13 
TBA+ −0.1485 −0.1049 −10.12 

 

These transfer energy values can be plotted as a function of corresponding 
transfer energies measured at water-1,2-dichloroethane interface38 in Figure 1.4. 
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Figure 1.4. Linear dependence of transfer energies between DCE and TFT. 

 

2. Equilibration of the Fermi-levels  

 

To understand the interaction of nanoparticles with the surrounding medium, 
containing redox species and its role in charge transfer reactions, Fermi level 
equilibration concept was developed. As will be shown in Chapters 7 & 8 it was 
successfully implemented to describe charging and discharging of AuNP films 
located at liquid-liquid interfaces. 

Here, we briefly define the basics of the concept and show some important 
conclusions. 

 

2.1. Equilibration of Fermi level between NPs and species in solution 

Based on the review: M.D. Scanlon, P. Peljo, M.A. Méndez, E. Smirnov, and H.H. 
Girault, Charging and discharging at the nanoscale: Fermi level equilibration of metallic 
nanoparticles, Chem. Sci., 2015, 6, pp. 2705–2720. DOI:10.1039/C5SC00461F – Published 
by The Royal Society of Chemistry 
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(i) Definition of “the Fermi level of electron in solution” 

By “the Fermi level of electron in solution”, FE , we will understand a classical 

concept, which defines FE  as the chemical potential or, more generally, the 

electrochemical potential of electrons at given conditions. This is done to bring 
together on the same scale the Fermi level of nanoparticles with electrochemical 
potentials and make reasoning and results clear and accessible for a broad audience. 

It should be clarified that FE  corresponds only to Fermi level, but not to Fermi 

energy. Fermi energy is often defined only at absolute zero and associated with only 
kinetic energy of non-interacting (i.e. free electrons) electrons and, more generally, 
fermions. Whereas, Fermi level is defined at any temperature, include both kinetic 
and potential component and can be used to describe interacting systems. However, 
in the literature the same symbol FE  is used for these two different concepts. 

Electron in solution is associated with the presence of a redox couple (ox/red) 
in solution (S) and a following virtual redox reaction between an electron and that 

redox couple: S S Sox e redSred . Therefore, the electrochemical potential of 

electron in solution and, consequently, the Fermi level for electron in solution can be 

defined (if there is no presence of charges, i.e. the outer potential is zero, S 0 ) as:  

SS S S S
F, ox/red ox/red ox redAVS,  0Se E e E  (1.7) 

where S
e  is the real chemical potential of electrons in solution. Scheme 1.1 depicts 

this definition, given by Eq. 1.7. 

 

Scheme 1.1. Definition of the absolute redox potential considering electrons at rest in vacuum. 
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Eq 1.7 states that the Fermi level of an electron in solution depends on the real 

potential of ox, S
ox  and red, S

red . These real potentials are defined as the sum of the 

corresponded electrochemical potential and the outer potential, associated with the 
presence of excess charge on the solution. In the case of a system with multiple redox 
couples, Eq 1.7 has to be fulfilled for all the redox active species in equilibrium, and 
typically one redox species in excess will dominate the Fermi level of the solution. 
For the case of multiple redox pairs in adjunct phases see Section 2.2 of  
the current Chapter. 

(ii) The ionization energy of a metallic NP in vacuum 

The work function  is the work to remove an electron from a neutral and large 
piece of metal with infinite amount of electrons. Since nanoparticle has finite amount 
of electrons, ionization energy (IE) should be used instead of the work function to 

describe process of electron subtraction in vacuum(V): V, ( 1)V, VNP NP ez eze . 

The ionization energy IE in vacuum of a spherical metallic NP with charge ze  and 
radius r can be expressed using elementary electrostatics:39,40 

2( 1)
NP V
F NP, bulk bulk

0 0

(2 1)IE d
4πε 8πε

z e
ze

ze

q z eE q
r r

 (1.8) 

V
NP,IE ze  contains a bulk term for the work function, and a charging term. More 

generally, the ionization energy of a neutral NP has been proposed to read 

2
NP V
F NP, bulk

0
IE

4πεze
eE a

r
 (1.9) 

where the coefficient a  can be considered to be equal to 1/2 as in Eq. 1.8 or 3/8 
according to the electrostatic model used.41 A recent review by Svanqvist and 
Hansen42 compared both experimental and computational values of work functions 
of small clusters, and concluded that metals tended to have a coefficient a  of ca. 0.3. 
This variation of the coefficient a  is due to quantum effects.  

Eq. 1.8 shows that as a metallic NP becomes more negatively charged (z < 0 

and, thus, S 0 ), its ionization energy in vacuum decreases as the energy required 

to extract an electron decreases. Inversely, as a metallic NP becomes more positively 

charged (z > 0 and, thus, S 0 ), its ionization energy increases as illustrated in 

Scheme 1.2. 
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Scheme 1.2. Representation of the apparent ionization energy for the extraction of an electron from 
a metallic NP in vacuum when the surface of the metallic NP is neutral ( NP=0), negatively ( NP<0) 

and positively ( NP>0) charged. 

Eq 1.8 also demonstrates that in vacuum the ionization energy of a neutral Au 
NP lies somewhere between that of a gold atom, 9.2 eV,43 and the work function of 
bulk gold metal, approximately 5.3 eV.44  

It is important to note that the charge on the NP could be either electronic or 
due to the presence of adsorbed ionic species or ligands. The difference between 
these ionization energies under neutral and charged conditions is directly related to 
the excess charge on the metallic NP and, therefore, on the outer potential. 

NP NP
NP

0 =0IE IE e  (1.10) 

For a spherical metallic NP, the outer potential is directly related to the excess 
charge ze by the capacitance and is given by: 

NP

04πε
ze

r
 (1.11) 

(iii) The Fermi level and redox potential of a metallic NP in solution 

Once immersed in solution a NP becomes surrounded by a layer of adsorbed 
molecules (solvent or capping ones), so the surroundings of the NP will be 
distinguished from the vacuum. In this case, the redox potentials of monolayer-
protected metallic nanoclusters (MPC) can be evaluated with thermodynamic cycles, 
as previously shown by Su and Girault.40 For the reduction of a metallic NP in 
solution. 

2
NP 0
F /(z 1)e bulk

0 s

(2 1) 1
8πε ( ) ε ε

NP
ze AVS d

z e dE e E
r d r

 (1.12) 
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where d and εd  are the thickness and relative permittivity of an adsorbed layer, r is 

radius of NP and sε  is the dielectric permittivity of the solution (Scheme 1.3). 

 

Scheme 1.3. Schematic illustration of the MPC embedded in a dielectric medium. 

Eq 1.12 shows that the absolute standard redox potential of a spherical, 
metallic and chemically inert NP depends on the work function of the bulk metal but 
also on a term that takes into account the size and charge of the metallic NP and the 
dielectrics of the solvent and an adsorbed molecular layer (if present). Figure 1.5A 
compares the redox potentials of bare and coated NPs in solution. The capacitance of 
these larger metallic NPs (> 5 nm) is rather small, and hence the change of charge by 
variation of one electron results in very a small variation of the Fermi level of the 

NP, NP
FE . The slopes in Figure 1.5A represent the reciprocal of the capacitance. The 

origin of this capacitance was described by Su et al.45 

As gold is a noble metal, NP
FE for an uncharged particle is well below the 

Fermi level for the H+/H2 redox couple (taken here equal to –4.44 eV).  

Indeed, Figure 1.5A shows that NP
FE  remains more negative than this value unless 

the charge on the NP becomes largely negative. Approximately 500 negative charges 
are needed on a 10 nm AuNP, corresponding to a charge density of 64 mC·m–2 to 
reach 0 V vs. the Standard Hydrogen Electrode (SHE). For comparison silica has a 
charge density of 10 mC·m-2 at neutral pH. In another example, nanorods were 
charged electrochemically to the charge density of 2100 mC m–2.46 The dimensions of 
such nanorods were 67x31 nm, possessing 20 times larger surface area and 100 times 
large volume. So, 500 negatives charges for 10 nm AuNP is an unlikely scenario. 
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Figure 1.5. Variation of the Fermi level depending on size, charge and NP coverage.  
(A) Variation of the Fermi level in accordance with Eq. 1.12 for a spherical metal core with radius of 5 
and 10 nm and d = 0.8 nm was used for all calculations. (B) Variation of the Fermi level of bare metal 
NPs of different radius and the corresponding equilibrium potential between the AuNP and 4AuCl  

ions, as calculated using Eq. 1.12 and Eq. 1.14 when the activities of AuNPs and 4AuCl  are taken as 

unity. Water was used as surrounding medium. 

The vast majority of metallic NPs are often synthesized in solution; therefore, 
anions adsorbed on the NPs should be taken into account in Eq. 1.12 (e.g. citrate 
anions in the Turkevich synthesis of gold NPs, see Section 3.2 of the current 

Chapter). These adsorbates contribute to the position of NP
FE . 

(iv) The Fermi level and redox potential of a soluble metallic NP in 
solution 

The link between NP
FE and r of a metallic NP has also been highlighted by the 

pioneering theoretical and experimental work of Plieth47 and Henglein.48 Henglein 

predicted large shifts to higher NP
FE  as r decreased on the basis of gas phase 

thermodynamic data and kinetic measurements. These results revealed that for 
exceptionally small metallic clusters of silver,48,49 copper,49 lead48 and others with one 
to fifteen atoms present, the predicted negative shifts were not smoothly monotonic 
but oscillated due to small quantum mechanical effects at this scale.  

Plieth considered the contribution of the chemical potential of a metal atom 
on a metallic NP of the same metal for growth and dissolution reactions in the 
presence of reducing or oxidizing agents, respectively. For the reduction of a metal 
cation resulting in the addition of a metal atom to the NP: 

S V
1M e NP NPze ze

n n 1
eNPzeNPnNPP  , the standard redox potential deviates from that on a 

large metal electrode by a term inversely proportional to r: 
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+ +
NP bulk0 0

M /M M /M
A

2ze
n m

AVS AVS

Ve E e E
N r

 (1.13) 

where  is the surface tension, AN  is Avogadro’s constant and mV  is the molar 

volume of the metal. 

In the case of multivalent metal ions Eq. 1.13 should be modified: 

+n +n
NP bulk0 0

M /M M /M
A

2ze
n m

AVS AVS

Vne E ne E
N r

 (1.14) 

This approach considers the change in Gibbs free energy associated with an 
increase in the metals surface area (addition term in Eq. 1.13 and 1.14), but it does 
not account for the differences in surface energies of facets. Additionally, surface 
energy depends also on the Galvani potential difference between the NP and the 
solution according to the Lippmann equation.50 However, the main limitation of this 
approach is the consideration regardless of the net charge of nanoparticle. 

In fact, Eq. 1.12 and Eq. 1.13 account for different phenomena. Eq. 1.12 
expresses the variation of the redox potential upon charging or discharging of a 
metallic NP capable of storing either positive or negative charges upon oxidation or 
reduction, respectively. Eq. 1.13, on the other hand, accounts for the size effect of the 
redox potential for (i) the reduction of a metal cation resulting in the growth of a NP 
or (ii) the oxidation of a metallic NP not capable of storing positive charges as it 
dissolves upon oxidation.  

Therefore, the major difference between Eq. 1.12 and Eq. 1.13 is how the 
Fermi level of NP is defined. Eq. 1.12 gives the Fermi level of the electron on the 

metallic NP (i.e. for the redox reaction: V ( 1)NP NP(((NP(ze z e
n ne ), whereas Eq. 1.13 

gives the Fermi level for the electron in solution for the redox couple + NPM / M . This 
is not often clear in the literature and often a source of confusion. Of course, at 
equilibrium Eq. 1.12 and Eq. 1.14 should lead to similar results, thereby defining a 
relationship between the excess charge and r of the NP according to this simple 
electrostatic model. This is illustrated in Figure 1.5B for the case of gold with 
chloride. For example, 5 nm radius AuNP carrying a positive excess charge of +32 e 

is in equilibrium with 4AuCl  solution with an activity of 1. 

Eq. 1.13 is a simple form of the more general equation:
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+ +

2 2NP bulk0 0
4M /M M /M

A 0 sA

2
4πε ε8π

ze
n m m

AVS AVS

V V z ee E e E
N r N r

 (1.15) 

that also considers the charge of the metallic NP. This expression can be derived by 
utilizing the chemical potential of the charged NP presented by Lee et al.51  

Eq. 1.12 and 1.15 were visualized with Mathematica software (Figure 1.6). The 
code is given in Appendix I of the current Section. 

 

Figure 1.6. Visualization in Mathematica of the Fermi level variation with net charge and size. 

Indeed, Zamborini et al. showed nice experimental evidences of this theory in 
the case of gold and silver NPs.52–54 They observed that the oxidative stripping peak 
potential of chemically synthesized AgNPs attached to indium tin oxide (ITO) 
electrode shifted negatively as a function of NPs size.52 Similar size discrimination 
results was obtained for electrodeposited AuNPs in the range of 4-250 nm.53 

Finally, we shall discuss electrochemical equilibria between a metallic NP and 
a redox couple in solution as well as a NP and an electrode. 

A metallic NP immersed in a solution will reach, albeit sometimes very 
slowly (in some cases this might take days or even years), an electrochemical 
equilibrium with the surrounding solution. If the redox potential in solution is 
dominated by a single redox couple in excess, then the Fermi level of the electrons in 

the metallic NP, NP
FE , will change to become equal to the Fermi level of the electrons 
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in solution, S
F, ox/redE , for this redox couple. This change results in either an 

electrostatic charging of the metallic NP accompanied by an oxidation of the redox 
couple in solution (Scheme 1.4A) or discharging of the metallic NPs accompanied 
by a reduction of the redox couple in solution (Scheme 1.4B). For both cases, the 
metallic NP is assumed to be chemically inert in solution. Under standard conditions 
( ox redc c ), this equilibrium is given by: 

S

NP S0 0
/(z 1)e ox/redAVS AVS, 0zeE E  (1.16) 

 

Scheme 1.4. Redox equilibria for metallic NPs in solution showing the capabilities of metallic NPs 
to be: (A) charged and (B) discharged upon Fermi level equilibration with an excess of a single 

dominant redox couple in solution. 

In other words, the charge on the metallic NPs will be imposed by the redox 
couple in solution to satisfy Eq. 1.16. This has been proven experimentally by 
performing potentiometric titrations of NPs, demonstrating that NPs behave as any 
regular redox couple.55  

Obviously, interaction of NPs with redox couples in solution influences and 
determines pathways in NPs synthesis. This topic will be considered in details for 
AuNPs in Section 3.2 of the current Chapter. The main consequence: after synthesis 

of metallic NP their NP
FE  in solution is determined by their own redox environment.  

Equilibration of the Fermi level between a solid electrode and NPs can be 
described in a similar way (Scheme 1.5). Fermi level of the nanoparticle electrically 
attached to a solid electrode will follow the electrode potential. This is also 

applicable for collision events. For example, Ung et al. demonstrated that NP
FE  of 

polymer-stabilized AgNPs equilibrates with a polarized gold-mesh bulk electrode in 
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solution by spectroelectrochemically monitoring the optical properties of the 
colloidal solutions upon charge–discharge.56 Due to the high ionic strength of the 
media and therefore reduced double layer shell, the NPs could approach the 
electrode surfaces within 1 or 2 nm. Thus, the Fermi level equilibration was 
proposed to occur via tunneling of electrons across the double layers of the NP and 
electrode. 

Pietron et al.55 demonstrated charging of MPC of Au and revealed the discrete 
quantized nature of their capacitive charging. Stirred solutions of Au MPCs were 
oxidized or reduced electrochemically in a toluene–acetonitrile solvent. The Fermi 
levels of the Au MPC cores and electrode equilibrated by the injection or removal of 
electrons from the Au MPC core and the simultaneous formation of an ionic space 
charge layer around the Au MPC. The resulting Au MPC solutions were shown to be 
remarkably stable, discharging at very slow rates, and capable of maintaining their 
new oxidative or reductive potentials even after isolation in a dried form and re-
dissolution in a new solvent. 

A reverse side of lowering NP
FE (i.e. oxidation of NPs) is their subsequent 

dissolution (Scheme 1.5A). This process was shown for a wide range of NPs: Ag,57 
Au,58 Cu59. On the other hand, electrochemical interaction of NPs with an electrode 
reveals a host of information such as the NP mean size, size distribution, 
identification of individual NPs in a mixture,60,61 etc. 

Nanoparticles at electrodes could catalyze reaction and facilitate electron 

transfer (Scheme 1.5B). For example, by rising NP
FE of PtNPs on impact with a 

carbon ultramicroelectrode (UME), the NPs were able to act as nanoelectrodes and 

catalyse proton reduction.62 Similarly, lowering NP
FE  on impact allowed PtNPs 

colliding with a Au UME to oxidize hydrazine63 and IrOx NPs colliding with a Pt 
UME (pre-treated with NaBH4) to oxidize water.64 

Another interesting property of metallic NPs is described in Scheme 1.5C. 
NPs can significantly enhance tunneling of electrons through an insulating layer 
(either self-assembled monolayer or solid layer).65–67Tunneling to the metallic NP is 
much more probable than tunneling to molecules in solution, as NPs have 
significantly higher density of states compared to dilute molecular redox species in 
solution.68 In the later work Hill, Kim and Bard69 simulated metal-insulator-metal 
nanoparticle interface and showed that the crossover between tunneling and 
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electrochemical control occurred abruptly at film thicknesses in the range of 1 to 2 
nm, and this crossover was relatively insensitive to the NPs dimensions. 

 

Scheme 1.5. Equilibration of the Fermi level of the metallic NP with a polarized electrode.  
(A) Lowering of NP

FE  after equilibration with the Fermi level of electrode causes subsequent 

dissolution of a nanoparticle. (B) Equilibration of Fermi levels facilitates electron transfer between an 
electrode and a redox couple in solution. (C) Enhancement of the tunneling current through a 

dielectric layer deposited on the electrode in the presence of nanoparticles.  
Details are given in the text. 
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2.2. Electron transfer at a liquid-liquid interface (LLI) 

Based on the theoretical section of the publication: E. Smirnov, P. Peljo, M.D. 
Scanlon, H.H. Girault, Interfacial Redox Catalysis on Gold Nanofilms at Soft Interfaces, 
ACS Nano,2015, 9, pp. 6565–6575. DOI:10.1021/acsnano.5b02547. 

 

The topic of heterogeneous redox catalysis will be considerate in details in 
Chapter 6, including the full derivation of necessary equations and description of 
models used to simulate CVs. Here, to complete the description of the Fermi level 
equilibration we present here only a short summary. 

Let us consider a heterogeneous redox reaction between an aqueous redox 
couple w w

1 1O / R  and an organic redox couple o o
2 2O / R : 

 (1.17) 

Eq 1.7 has to be fulfilled separately for each phase, determining the Fermi 
level of the electron in solution. For the following derivation of necessary equations 
we will use more convenient molar energy, thus, previously considered Fermi level 
of electron in solution S

FE  should be multiplied by Avogadro number AN . This can 

be expressed as the following: 

+
2

wOS, 0 0
A F F O /R H / 1/2HSHE AVSR

ln i

i i

i

i
ii i

ii
i

cRTN E E F E E
n F c

 (1.18) 

where i determines water or organic phase, Oi

ic and R i

ic  are concentrations of redox 

species, 0
O /R SHEi i

i
E is the standard potential for a given redox species, 

+
2

w
0
H / 1/2H AVS

4.44 VE  is the potential of the standard hydrogen electrode (SHE) on 

the absolute vacuum scale (AVS) and i i i  is the Galvani potential (also called 

the inner potential) of the aqueous or organic phase, where i  is the surface 

potential and i  is the outer potential of the aqueous or organic phase. 

Unfortunately, w and o  are unknown and, consequently, the absolute values 

of w
FE  and o

FE  are not known. However, the equilibrium Galvani potential difference 
w
o eq  can be defined as (very similar to Eq. 1.2): 
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2 2 1 1

2 1

1 2

1 2

o ww
w o o eq O /R O /Req SHE SHE

w o
R Ow 0

o HET w o
1 2 O R

                 ln

n n

E E

c cRT
n n F c c

 (1.19) 

with w 0
o HET , the standard Galvani potential difference for the heterogeneous 

electron transfer (HET), given by: 

2 2 1 1

o ww 0 0 0
o HET O /R O /RSHE SHE

E E  (1.20) 

Once phases are brought in contact, Fermi level equilibration occurs. 
Particularly, heterogeneous electron transfer between molecular species at liquid-
liquid interface will arise leading to change of redox species concentrations in both 
phases and equilibrium value of the Fermi level in between w

FE  and  
o
FE  (Scheme 1.6). Of course, if one of redox couples is in huge excess, the Fermi level 

of the entire system will be determined by that redox couple, as discussed above. 

 

Scheme 1.6. Equilibration of the Fermi level of the electrons in water ( w
FE ) with electrons in the 

organic phase ( o
FE ) via heterogeneous electron transfer (HET) across the soft interface. 
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In the case of nanoparticles placed at a LLI the position of the Fermi level will 
depend on kinetics of electrochemical reaction on the surface of the nanoparticles. 
Literally speaking, the position of the Fermi level will depend on how rapidly 
molecules are charging and discharging the NP. 

Assuming Butler-Volmer formalism, the Fermi level of electrons in the 

nanoparticle depends on exposed surface area ( iA ) and reaction rate ( 0
ik ) as the 

following: 

1

2

0 w,sw o 1 1 ONP F F
F 0 o,s

2 2 R

ln
2

A k cE E RTE
n A k c

 (1.21) 

Similar approach has been used for example by Spiro70 and Miller et al.71 to 
describe the redox electrocatalysis by metal particles in homogeneous solution. 

Eq. 1.21 is graphically represented in Scheme 1.7. 

 

Scheme 1.7. Equilibration of the Fermi level of the electrons in a metallic NP ( NP
FE ) adsorbed at a 

LLI and in contact with two redox couples: one in the aqueous phase (1) and the other in the organic 

phase (2). The final position of NP
FE (a turquoise line) is determined by the kinetics of both the 

oxidation and reduction half-reactions : (A) 0 0
1 1 2 2A k A k , (B) 0 0

1 1 2 2A k A k and (C) 0 0
1 1 2 2A k A k  

There are several limitations of this approach. For example, the metallic NP is 
chemically inert in the solution; the concentrations of the redox couples are the same 
at any point in the solution (no mass transfer limitations). However, it helps to 
explain several interfacial phenomena (see Chapters 6 & 7). 
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3. Gold nanoparticles: synthesis and properties 

 

In this Section synthetic approaches to prepare gold nanoparticles will be 
succinctly reviewed and an introduction to the “free electron gas” model, which 
quite well describes optical properties of metallic NPs in solution (dielectric 
medium) will be presented. 

 

3.1. Short review on AuNPs synthesis  

Although numerous synthetic procedures have been suggested and 
developed over last six decades, Turkevich72 method (lately modified by Frens73) 
remains the most popular, scalable, cheap and widely used to produce large 
quantities of gold nanoparticles. 

Briefly, HAuCl4·3H2O solution in deionized water was heated to boiling point 
in a round-bottom flask with continuous stirring. The certain quantity of a trisodium 
citrate (Na3Citr) solution was rapidly injected into the flask. The solution was 
maintained at its boiling point for 45 minutes and subsequently cooled down to 
generate a stable colloidal suspension. During reaction the solution turned dark 
black (ca. 30 to 60 seconds), and then changed to ruby or pale red depending on the 
size of AuNPs. 

There is one main parameter determining the final mean diameter of AuNPs: 
the initial concentration ratio of HAuCl4·3H2O to Na3Citr. Several extensive studies 
on varying of synthetic parameters have been recently carried out.74–76 For example, 
Kumar75 showed that the final mean diameter of AuNPs was almost not affected by 
concentration of Na3Citr in a wide range (roughly from 0.5 to 10 mM). However, 
particles of the mean size ranging from 10 to 140 nm can be synthesized by varying 
the ratio from 2 to 0.4. 

Ji with colleagues74 demonstrated that Turkevich-Frens method is barely 
suitable to form uniform large particles as polydispersity increases with increasing 
mean diameter (from 10% for 10 nm AuNPs to 30-35% for 40 nm AuNPs). Another 
problem is the appearance of non-spherical particles. However, they suggested 
careful adjustment of pH of HAuCl4 solution to 7.0-7.4 with NaOH to improve the 
final size distribution of AuNPs. 
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A possible solution for non-spherical and non-uniform particles can be a seed-
mediated approach proposed by Y.Park and S.Park.77 Briefly, the method consists of 
two steps. On the first step, seeds particles (i.e. small particles with narrow size 
distribution) were synthesized with conventional Turkevich-Frens methodology. On 
the second step, they used mild reduction of HAuCl4 by ascorbic acid in the presence 
of AgNO3 to initiate growth of seed particles. The solution of ascorbic acid was 
slowly added drop-by-drop into the mixture of seed particles, HAuCl4 and AgNO3 at 
constant rate under stirring. In this case, polydispersity of 10-15% can be reached. 

Another interesting approach to synthesize metal nanoparticles in general 
and AuNPs, in particular, is the polyol method.78–80 The major advantage of this 
method is that the medium acts as a reducing agent with a very simple oxidation 
pathway. For example, ethylene glycol could form acetaldehyde, which further 
reacts with gold precursor:78,80 

2 2 3 2CH OH CH OH CH CHO + H O  (1.22) 

0
3 4 3 36CH CHO 2AuCl 2Au 3CH CO COCH 6H 8Cl  (1.23) 

However, this synthetic route requires high temperature (above ignition point 
of ethylene glycol) and surfactant such as poly(diallyldimethylammonium) chloride 
(PDDA) to produce very uniform octahedral particles. To obtain round particle some 
authors recommended etching of octahedral particles with HAuCl4.80 

A ligand exchange reaction with thiolated molecules is a commonly and 
widely used procedure to functionalization of AuNPs and, thus, tune their 
properties.81,82 In addition, during ligand exchange small molecules of inhibitors can 
be introduced and then used to fabricate particles with multifunctional 
properties.83,84 

 

3.2. Synthetic details and structure of citrate stabilized AuNPs 

As noted above, citrate synthesis is a commonly used, cheap and simple 
method to produce gold nanoparticles on the industrial scale but difficult to 
understand at the molecular level. Correspondingly, since it is a matter of contention 
among physicists and chemists, synthetic aspects and structure of citrate stabilized 
AuNPs should be considered separately. 
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So far several scientific groups have attempted to understand Au3+ reduction 
in the form of AuCl4– by citrate, formation and structure of gold nanoparticles.76,85–88 
Chow and Zukovski85 demonstrated that after addition of citrate solution a small 
part of gold ions is reduced and formed very large aggregates of seed particles (up to 
400 nm), which give initial black color of the solution. Then, seed particles grow 
consuming Au3+ ion from the solution, and only after a certain period of time citrate 
adsorption occurs leading to increase of zeta-potential and peptization of 
nanoparticles (black solution turns to ruby red). 

Rodríguez-González et al.86 added to this picture several important bits by 
careful measuring time evolution of the open-circuit potential of a gold electrode 
during boiling of HAuCl4 and sodium citrate mixture. They also tracked absorption 
at 519 nm and position of the plasmon peak maxima. These observations brought to 
the conclusion that both nucleation and growth phases are limited by Au3+ to Au+ 
reduction rate; while disproportionation of Au+ controls particles concentration and 
the nanoparticles growth-rate. This conclusion corroborates with thermodynamics, 
where 2e– reduction is favorable over 3e– reduction: 

0 0
4AuCl 3 Au +4Cl     1.002V(SHE)e Euu +uAu00A 0A 0A 0Au +0  (1.24a) 

0
4 2AuCl 2 AuCl +2Cl     0.926V(SHE)e E222A ClllA Cll2A ClA ClA ClA ClAuCl  (1.24b) 

0 0
2AuCl Au +2Cl     1.154V(SHE)e EuAu +uAu +00A 0A 0A 0Au +0  (1.24c) 

Therefore, low supersaturation led to homogeneous growth of spherical 
particles with high monodispersity. Also, a two steps  

reduction ( 3 0Au Au Au ) has been recently found in similar synthesis with 
MES (2-(N-morpholino)ethanesulfonic acid) and glucose87 and observed by μ-
XANES (X-ray Absorption Near Edge Structure) studies during synthesis at a liquid-
liquid interface.89 

The latest articles have reviewed pH-dependence of the reduction reaction 
and buffering role of citrate.76,90 Wuithschick et al. showed that addition of citrate to 
HAuCl4 immediately increase pH from 3.3 to ca. 6.5 and stabilize it at that value, 
which is close to Ji’s value for improved Turkevich-Frens method, considered 
above.74 With increasing pH values OH– slowly substitute Cl– ligands in AuCl4– 
complex according to the following equilibria: 
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 (1.25) 

Ojea-Jiménez with Campanera90 simulated with DFT methodology dominant 
structures of the aureate and probable reaction pathways depending on the pH of 

the solution. They showed formation of thermodynamically favorable 2 2[AuCl (OH) ]

complex for a regular Turkevich synthesis. 

At the same time citrate can be rapidly oxidized to dicarboxy acetone (DCA) 
or fully decomposed to CO2 and H2O giving several free electrons to perform Au3+ to 
Au+ reduction: 

 (1.26) 

Of course, due to two carboxyl groups DCA molecule should possess 
stabilizing effect comparable with citrate. However, the presence of DCA in the 
vicinity of AuNP surface has been shown to be unlikely. Grasseschi et al.88 
synthesized separately citrate and DCA stabilized AuNPs and showed that DCA 
and citrate have i) different UV-Vis spectra (DCA shifted red by 10 nm to citrate) 
and ii) distinguishable SERS spectra for similar AuNPs diameters. They concluded 
that stronger interaction of DCA with the AuNP surface should lead to a charge-
transfer transition between the HOMO (localized in the enol group) and the LUMO 
(localized at the gold cluster). 

Now, let us consider a probable structure of gold nanoparticle core 
surrounded by citrate ions. Reaction pathway through Au+ intermediate(s) pushes to 
the hypothesis that a little part of the positive charge excess remains at the surface of 
AuNPs after finishing of the reaction. This positive charge is most likely located at a 
single or double atomic layer(s), where atoms have higher energy and 
uncompensated environment in comparison to atoms located in the bulk. Next, the 
inner Helmholtz plane (IHP) consist of citrate strongly bounded to the surface by 
Coulombic attraction forces compensating charge of metal surface and water with 
oxygen oriented to the positively charged surface. The outer Helmholtz plane (OHP) 
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will have solvated metal cations (normally, sodium or potassium depending on used 
chemicals) and, finally, diffuse layer of remained citrate and metal  
cations (Scheme 1.8). This model is also justified if the Fermi level equilibration with 
atmospheric oxygen dissolved in the solution is considered, leading to oxidation of 
the AuNPs and a positive charge on the NP core surface. 

 

Scheme 1.8. Schematic representation of a probable structure of citrate-stabilized AuNPs with a 
positively charged core. Double or triple charged citrate and/or DCA molecules strongly adsorbed at 
the gold nanoparticle surface compensate a positive charge due to Au+ and, thus, the apparent charge 

of the nanoparticle becomes negative. 

 

3.3.  “Free-electrons gas” model and optical properties of metal 
nanoparticles 

(i) Dielectric function of single spherical nanoparticle 

The classical concept of “free electrons gas” was introduced by Drude in 1900.91 It 
describes the properties of metals and in general says that electrons in the 
conduction bands of a metal move freely with little to no interaction with positively 
charged core atoms. Thereby this interaction can be neglected and excluded from the 
consideration. The “free-electron gas” model is applicable for the majority of metals. 
Therefore, all equations are valid for any metal nanoparticles; however, certain 
selected examples of gold nanoparticles will be discussed. 
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Based on the assumption of freely moving electrons the electronic properties 
of metals are described in terms of the dielectric function m .92,93 It has a complex 

nature and is defined as Re Imi m , where Re  and Im  

describe real and an imaginary part of the dielectric function, respectively. At the 
long wavelength limit the dielectric function should obey to the free electrons gas 
behavior, consequently, m  can be expressed as: 

2

21 p
m i

 (1.27) 

where p  is the plasmon frequency, which is determined as 
2

0

2
p

e

ne
m

 (where em  is 

the effective mass of an electron)94, and  is the damping frequency of bulk metal. 

Thus, real and imaginary parts are given according to the following: 

2

Re 2 21 p  (1.28a) 

2

Im 2 2( )
p  (1.28b) 

Some metals such as copper, gold or silver in UV-Vis region of the spectrum 
have an additional component to the dielectric function, so-called inter-band 
transitions, ib : 

m ib  (1.29) 

So, the final expression for the overall dielectric function of metal can be 
written as:95,96 

2

2 2 21  
 

p j

j jj

f

i i
 (1.30) 

where 2 2 
j

ib
j jj

f

i
 and jf  is coefficient of Lorentzian function 

obtained from the best fit of experimental data. 
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The dielectric functions of bulk gold, silver, copper and several other metals 
were already measured and refined several times.97 For example, the dielectric 
functions for bulk gold were considered by Johnson and Christy,95 Rakic,98 Olmon,99 
and Palik.100 However, available data deviates from publication to publication, which 
could cause certain errors in calculations and simulations (Figure 1.7). 

Nevertheless, optical response can be calculated (extinction ext   and 

scattering sca  cross-sections) for non-interacting metal nanoparticles immersed in 

medium with relative permittivity medium , when the values of the dielectric 

function of bulk metals are available. To do that Mie theory is usually applied.101–103 

 

Figure 1.7. Comparison of the dielectric function of gold, obtained by different research groups. 

Mie theory is an approximate solution of Maxwell equations for a particle 
with radius r surrounded with an infinite dielectric medium and taking into account 
discontinuity of the relative permittivity between particle and medium. 
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( )

med

n rm
n

 (1.31e) 

x k r  (1.31f) 

where k  is the wave vector of the incident photon, Lψ  and Lξ ( )x  are modified 

Bessel functions (shown in details in Appendix II and in Ref. 102,103), medn  is the 

real part of refraction index of the medium, ( )n r  is the refractive index of a gold 

sphere with radius r (usually, a complex number). Parameter x determines maximal 
amount of Bessel functions, ( )N x , taken into the consideration to describe 

nanoparticle properties. In other words, it gives quasi-static (dipolar, r  with 
1x 1) or dynamic regime (multipolar, r  and 1x ).104 ( )N x may be calculated as 

following:102 

1/3( ) 2 4N x x x  (1.32) 

Extinction measured in experiments with nanoparticle solutions is linked 
with the cross-section as:105 

pN p
10Ex( ) log ( )

ln10
extd extdN

e  (1.33) 

where d  is the optical path, pN  is number concentration of nanoparticles in solution 

and ext  is the extinction cross-section. 

Refractive index of nanoparticle, 1/2
NP( ) ( )n r , can be calculated through 

the dielectric function of nanoparticle, NP ( ) . The latter is expressed in accordance 

to Mie-Gans Fitting Model as following:105 

2

NP 2 2 2 2 2 2 2 2
1 1 ( )( ) ( ) i

( ) ( )
p

m
r

r r

 (1.34a) 

F( ) vr A
r

 (1.34b) 

where ( )r  is relaxation frequency depending on r,  is the bulk value for a given 

metal, Fv  is the Fermi speed and A is an empirical parameter close to 1. 
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Therefore, the dielectric function of metal nanoparticles is strongly depended 
on the size. Figure 1.8 shows the size dependence of NP ( )  for AuNP. The 

imaginary part of the dielectric function undergoes drastic changes, whereas the real 
part remains almost the same with r varying from 1 to 50 nm. 

 

Figure 1.8. Size-dependence of the dielectric function in gold nanoparticles.  
Data from Olmon et al.99 was used for calculations. 

Here, only the simplest case of a spherical nanoparticle, where dipole 
resonance should be dominant, is considered. However, additional resonances such 
as quadrupole may appears with increasing geometrical complexity (rods, bars, 
stars, etc.) or the size of spherical particles. Elucidation of that problem requires 
numerical solution of Maxwell equations.106 

(ii) Localized surface plasmons: interaction of light with a metal 
nanoparticle 

As we introduced a “free-electron gas” model and described the dielectric function 
of gold nanoparticles in a dipole approximation, a mechanism of resonant 
interaction of metal nanoparticles with the incident light will be further discussed. 

The distinctive feature of nanoparticle optical properties is the resonant 
absorbance or appearance of the so-called Localized Surface Plasmon Resonance 
(LSPR). For a small isolated metal particle with sizes in the range of the penetration 
depth of an electromagnetic field (usually, tens of nanometers), an external field, 
delivered by the incident photons, penetrates into the volume and shifts the 
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conduction band electrons with respect to the positively charged ion lattice (Figure 
1.9A). When the frequency of the incident light matches the frequency of electron gas 
oscillation, absorbance and scattering of the light increase significantly. This 
phenomenon is reflected by appearance of a bell-shaped peak in absorbance spectra 
of nanoparticle (Figure 1.9B). 

 

Figure 1.9. Resonant absorption of light by metal nanoparticles. (A) Schematic representation of 
nanoparticle interaction with an external electric field delivered by light and formation of relaxing 

dipole. (B) UV-Vis spectra of aqueous solution of AuNPs with distinguishable resonant absorption.  

Experimental observation demonstrated directly that the position of LSP-
band is extremely sensitive to the relative permittivity of the surrounding medium, 
as shown by Eqs 1.31 (in particular, Eq. 1.31e).107 On the other hand, it depends on a 
net charge balance or, in other words, electron transfer from and to nanoparticle.81,108 
Very recently, Goldmann et al.81 earnestly showed that ligand exchange of a self-
assembled monolayer from phenyl-thiol to biphenyl-thiol and to triphenyl-thiol on 
the surface of a spherical gold nanoparticles leads to shift of LSPR peak from 522 to 
527 and to 534 nm, respectively. Such a big shift cannot be caused only by slight 
variation in relative permittivity of used ligands, but it is a consequence of charge 
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transfer in the hybrid interface. Dynamics of LSP-band upon charging and 
discharging of Ag and Na nanoparticles has been recently revealed by TDDFT 
simulation.108 This study also confirms dependence of LSP-band position on 
charging. 

In the case of small gold clusters, Cirri et al.109 showed with conduction 
electron spin resonance that the modulation of metallic states in such clusters was 
induced by ligands. They showed that changes in surface chemistry of gold 
nanoparticles, caused by changes of stabilizing ligands, influenced the metallic states 
near the Fermi energy. A negative shift of g-factor was attributed to more negative 
surface potentials, as shown by DFT-simulations. 

The group of Prof. P. Mulvaney extensively demonstrated that a nanoparticle 
deposited on the electrode surface can be charged chemically or electrochemically 
with subsequent shift of the scattering peak observed in dark-field microscopy.46,110  

(iii) Coupling Surface Plasmon band in nanoparticles assemblies 

Finally, we should explain in a nutshell the effect of the coupling between 
nanoparticles closely located to each other. More details on that topic are given in the 
Chapter 4. 

If nanoparticles are positioned far away from each other, then only LSP-band 
will be observed. That is the case of regular colloidal suspension of nanoparticles 
with concentration of NPs ~106 – 1010 particle·μL–1. Bringing nanoparticles closer to 
each other will lead to overlapping of oscillating “free electron gas” clouds and to 
emerging of Surface Plasmon Coupling (SPC) band. SPC-band is red-shifted to LSP-
band. 

Systematic studies performed on assemblies of SiO2 capped AuNPs showed 
both theoretically and experimentally that tuning of interparticle distance (by 
increasing thickness of SiO2 shell, for example) is an effective tool to change optical 
properties of assemblies.111,112 Remarkably, only nanoparticles situated in the close 
vicinity (below 2 nm) interact effectively with each other. For assemblies with 
separation of 0.5 to 1 nm the red shift reaches its maximal values. 

Separation distance lower than 0.5 nm is hard to achieve, because this length 
is too short for any significant and robust protective layer. Also quantum effects at 
such low distances may cause charge transfer and metal atoms migration with the 
following welding of nanoparticles upon irradiation113 or even without it.114 
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Appearance and complete vanishing of SPC-band was observed in 
experiments with thermo-responsive polymers such as pNIPAM.115 Below certain 
temperature polymer brushes are elongated and nanoparticles are separated from 
each other. Heating above that temperature causes shrinkage of pNIPAM brining 
nanoparticles closer and increasing the intensity of the SPC-band. 

 

4. Self-assembly of nano and micro-particles at liquid 
interfaces 

 

At the beginning of the XXth century, Ramsden116 and a bit later Pickering117 
discovered that particles could stabilize emulsions (or in other words, an interface 
between two liquids) in a similar manner as surfactants did. Since that time such 
stabilized emulsions are called “Pickering emulsion”. 

During a century many attempts were undertaken to understand 
spontaneous adsorption of micro- and nanoparticles at liquid-liquid of liquid-air 
interfaces.118–121 In this section, we will consider firstly theoretical models with 
simulation results and then practical methods to assemble particles at the interfaces. 
Also, we will mainly consider liquid-liquid interfaces, since liquid-air interface can 
be described as LLI with a very light top phase. 

 

4.1. Theoretical clues on interaction between a single particle and  
a liquid-liquid interface 

(i) Interaction of a single particle with a liquid-liquid interface 

Particles adsorb at a liquid-liquid interface when it is favorable from a 
thermodynamic point of view, i.e., when the free energy is lower for that 
configuration than for the particle located in the bulk of any of the two  
liquids (Scheme 1.9). Notably, in Scheme 1.9 the interface between two liquids is 
represented vertically. For the sake of simplicity, we consider a planar interface with 
the aqueous phase in the region x < 0 and the organic phase in the x > 0 region. This 
illustration we will use further in the current Section to describe interplay of charged 
particles with the interface.  
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Scheme 1.9. Schematic representation of the location of a nanoparticle and the liquid-
liquid interface. NPS  is projected surface area. The contact angle is  defined here between the w/o 

interface and the p/o side of the tangent plane at the line of contact. In the configuration shown here 
(less wetting by the organic phase), the position cosx r  of the particle center is considered to be 

negative and 90 . 

In the case of uncharged particles, the free energies of the interfaces are major 
contributions to the system free energy to be minimized at equilibrium. When a 
particle of radius r  is in the aqueous phase ( x r ), its free energy is 

2
int,w p/w 4πE r  where p/w  is the surface tension of the particle-water interface. 

Similarly, when it is located inside the organic phase ( x r ) its free energy is 
2

int,o p/o 4πE r  where p/o  is the surface tension of the particle-organic interface. 

When the center of the particle is located in the interfacial region r x r , there are 
three interfaces with corresponding free energies: (a) energies of particle interaction 
with organic and (b) aqueous phase and (c) negative energy for the blocked liquid-
liquid interface:122,123 

2 2
p/o p/o p/o( ) 2π 1 2π (1 cos )xE x r r

r
 (1.35a) 

2 2
p/w p/w p/w( ) 2π 1 2π (1 cos )xE x r r

r
 (1.35b) 

2
2 2 2

w/o w/o w/o( ) π 1 π 1 cosxE x r r
r

 (1.35c) 
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where p/o , p/w , w/o  are interfacial tensions for particle-organic, particle-water and 

water-organic interfaces, respectively, and cosx r . 

The three phase contact angle  is defined here between the w/o interface and 
the p/o side of the tangent plane at the line of contact; since some authors use  
as the contact angle with respect to the p/w side, attention must be paid when 
comparing published results. Note that the contribution of the water-organic 

interface is negative because the particle blocks an interfacial area 2 2r x . The 

total free energy is int p/o p/w w/o( ) ( ) ( ) ( )E x E x E x E x  and the particle adsorbs at the 

interface if there is a position x in the region r x r  such that ( )E x  has a local 

minimum. The condition intd / d 0E x  or intd / d cos 0E  leads to the Young-Dupré 

relation: 

p/w p/o
0

w/o
cos  =  (1.36) 

where 0  is the value of the three-phase contact angle  that minimizes int ( )E x . Since 

0cos 1 , the particle can only adsorb (in the absence of other contributions to the 

free energy) if the surface tensions satisfy the condition p/w p/o w/o . When 

p/w p/o w/ow/o  the particle has no preferential wetting and 0  is close to 90° 

(Scheme 1.10B), so that in the equilibrium position the particle is split half-half by 
the interface. When p/o p/w  the particle is hydrophilic and the free energy is 

minimized by increasing the area of the p/w interface (with respect to the half-half 
configuration). The condition p/o p/w w/o  ( 0 90º ) indicates that the particle is 

only slightly hydrophilic and prefers to stay at the interface with its center in the 
aqueous phase, as shown in Scheme 1.10C. 

In Scheme 1.10 the interface between water and organic is depicted with 
curvature. The origin of this it is geometrical repulsion between particles at high 
surface coverages. For example, in Scheme 1.10A particles are wetted more by the 
organic phase. The whole system is tending to minimize the overall free energy by 
maximizing the area blocked by particles. This will lead to slight bending of the 
interface towards aqueous phase. 
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Scheme 1.10. Contact angle and curvature of the interface stabilized by nanoparticles with 
different wettability properties. 

The interfacial contribution int p/o p/w w/o( ) ( ) ( )E E x E x E x  to the free energy 

can be expressed as: 

2 2
int p/w w/o 0( ) 4π π 1 cos 1 cos 2cosE r r  (1.37a) 

and its minimum value is 

22 2
int 0 p/w w/o 0( ) 4π π 1 cosE r r  (1.37b) 

where Eq. 1.36 has been used. 

The free energy of transfer of the particle from the aqueous phase to its 
equilibrium position at the interface is then 

22
int 0 int,w LLI int 0 int,w w/o 0( ) ( ) π 1 cosW G E E r  (1.38a) 

and, obviously, the energy required to remove the particle from the interface to the 
aqueous phase is:118,122,124,125 

22
int,LLI w w/o 0π 1 cosG r  (1.38b) 

Similarly, since the minimum value of int ( )E  can also be expressed as: 

22 2
int 0 p/o w/o 0( ) 4π π 1 cosE r r  (1.39a) 

the energy required to remove the particle from the interface to the organic phase is: 

22
int,LLI o w/o 0π 1 cosG r  (1.39b) 
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In the same way, from Eq. 1.37a we can evaluate the energy 

int int int,w( ) ( )W x E E  required to transfer the particle from the aqueous phase (

x r ) to any location x in the interfacial region ( r x r ) as: 

2
int w/o 0( ) π 1 1 2cosx xW x r

r r
 (1.40) 

The interfacial contributions to the free energy are proportional to square of 
radius and increase drastically with moving from nano- to micro-particles. Thus, 
very small nanoparticles with several nanometers in diameter should easily 
attach/detach to/from the interface. This feature was proposed to use in the 
electrically driven smart-mirrors.29,126–128 This question will be considered in details in 
Section 4.4 of the current Chapter. 

In addition to the interfacial contributions considered so far, the free energy 
associated to the line tension must also be considered when determining the 
equilibrium position of the particle at the interfacial region, as it is not negligible at 
the nanoscale. The three-phase line surrounding the particle (a red line  
in Scheme 1.9) has a length 2π sinr  and its associated free energy is 

line ( ) 2π sinW x r , where  is the line tension. The smaller particle the greater 

effect originated from the line tension on the stability it feels. Aveyard et al. also 
demonstrated that a range for lies between 10–11 to 10–6 N.129,130 It is customary to 

introduce the reduced line tension 
w/orr

 and write the line contribution to the 

free energy as:130,131 

1/22
2

line w/o 2( ) 2π sin 2 π 1 xW x r r
r

2
w/oπ

2
w/oπw/oππ/ 111  (1.41) 

The equilibrium condition should then be modified to int lined( ) / d 0W W x  

and leads to the so-called “modified” Young-Dupré relation:120 

c 0
c

cos 1 cos
sin

cos  (1.42) 

where 0  (Eq. 1.36) is the equilibrium contact angle when 11 or w/o/r  (i.e., 

large particles or negligible line tension) and c  is the equilibrium contact angle 

taking into account the surface and line tensions. Since the line tension contribution 
to the free energy is positive, it leads to a shift of the particle towards a position with 
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lower length of the line of contact, that is, towards the organic phase if the particle is 
(slightly) hydrophobic ( p/w p/o w/o0 , c 0 90º ) or towards the aqueous 

phase if it is (slightly) hydrophilic ( p/o p/w w/o0 , c 0 90º ). 

Therefore, small nanoparticles are pushed away from the interface due to the 
presence of the line tension and in some cases may detach from the liquid-liquid 
interface. The latter property was demonstrated by Widom for sessile drops132 and 
Aveyard et al. for particles at LLI,129 while Bresme et al. carried out in-depth 
theoretical analysis backed by computer simulations.133,134 

Taking into account the line tension, the free energy required to transfer the 
particle from its equilibrium position at the LLI to the aqueous phase is:130 

LLI w int,w int c line c

22 c
o/w c

c

( ) ( )

1 cos                   π 1 cos 2
sin

G E E E

r c1 cos c
i

c1 cos
sinsin

 (1.43)  

where Eq. 1.42 has been used. 

In the case of charged particles, the solvation energy is decisive in stabilizing 
the particles in the bulk of the aqueous phase. In order to localize them at the LLI, 
one needs to polarize the interface. For negatively charged particles, the Galvani 
potential in the aqueous phase has to be made sufficiently negative (with respect to 
the organic phase) in order to stabilize the particles at the LLI. Flatte et al. suggested 
a theoretical model to describe the solvation and electrostatic effects.128 This model 
gives direct visual understanding of acting forces upon nanoparticle crossing the LLI 
and, thus, it is helpful and suitable for at least qualitative analysis. 

In the model, the total free energy of transfer from the aqueous phase to a 
position x in the interfacial region consists of four main components  

sum int line solv ext( ) ( ) ( ) ( ) ( )W x W x W x W x W x   (1.44) 

where int ( )W x  is interfacial tensions, line ( )W x  is line tension, solv ( )W x  is solvation, and 

ext ( )W x  is electrostatic energy in an external field. The second one should also 

include any other kinds of relatively small interaction that push charged 
nanoparticles away from the interface. This model without an external electric field (

ext 0W ) has been implemented to describe stability conditions of a nanofilm and 

transfer of nanoparticles across the interface in Chapter 9 with the following 
expressions for the contributions: 
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2 22 /
int w/o 2 /

4cosθ( ) π e
1

x r
x rW x r

e
 (1.45a) 

2 22
/2

line 2( ) 2π 1 2π e x rxW x r r
r

 (1.45b) 

2 2

solv so
o w

lv solv,w /
0 o w

1 1
(1

1( ) (
) (1 )

)
8πε 1 x r
z eW x E x E

rr r e
 (1.45c) 

where z is the charge of nanoparticle, o  and w  are the inverse Debye length for oil 

and water phases respectively, o and w  are relative permittivity for oil and water 

phases, and 
2 2

solv,w
0 w w8πε (1 )

z eE
r r

 is the solvation energy of the nanoparticles in 

water phase. The approximations in Eqs. 1.45a & 1.45b are introduced to smear out 
the effect of the surface and line tensions.128 

Eqs 1.45 were visualized with Mathematica (Figure 1.10). The code is given in 
Appendix III of the current Chapter. 

 

Figure 1.10. Visualization in Mathematica of interaction between a NP and an interface. 

In the case of a polarized interface, the electrostatic energy has to be taken 
into account:128 

ext ( ) ( )d
x r

x r
W X X x X  (1.46) 
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where ( )X  is the electrostatic potential at position X (from the interface) estimated 

according to the Vervey-Niessen model23 of two back-to-back diffuse double layers 
without a compact layer in between, which are described by the classical Poisson-
Boltzmann equation. The particle is assumed to have a uniform surface density of 

electric charge 2/ (4 )ze r  and, hence, the charge ( )dy y  in a slice of thickness dy  of 

the particle surface satisfies ( )d
r

r
ze y y . The charge on the particle at distances 

between X and X + dX from the interface is ( )dX x X  with y X x . Thus, ( )X  

and (X)  can be expressed as: 128,135,136 

w

o

B 1

B

1

B B

( )
(0)4 tanh e tanh , 0

4

[ (0)]4 tanh e tanh , 0
4

x

x

e x
k T e x

k T

eV e V x
k T k T

 (1.47a) 

B

B B

1 exp( / 2 )(0) ln
1 exp( / 2 )

eV k Te
k T eV k T

 (1.47b) 

1

B B B

(0) 12 tanh tanh
2 1 4

e eV eV
k T k T k T

 (1.47b) 

o

w w

o  (1.47c) 

2 2 2 2
2

2( ) ( )
π

zex r x r x
r

 (1.47d) 

In their article, Flatte et al. showed for 2 nm AuNPs that it is feasible to 
manipulate them, bring and assemble them at ITIES, where the electric field has a 
remarkable contribution to the overall energetic profile.128 

(ii) Forces between charged particles at liquid-liquid interfaces 

Real behavior of particles at liquid-liquid interface lays often far away from the 
above discussed example, because only interaction of a single nanoparticle with the 
interface was considered. To move further from a single particle to multiple particles 
and even films with spatial constraints, a range of additional contributions should be 
added to overall interaction potential, such as: dipole-dipole and screened and non-
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screened Coulombic integrations between particles, Van der Waals forces; and for 
large microscopic particles also weight and capillary forces.120  

Some of these interactions can be described through a classical DLVO 
(Derjaguin–Landau–Verwey–Overbeek) theory.137,138 For instance, Adamczyk and 
Weroński reviewed in extensive details the particle deposition problem for a 
multiparticle system.138 They showed that electrostatic forces have an essential role in 
adsorption/desorption phenomena. However, only adsorption without potential 
barrier (Type I energy profile) can be interpreted quantitatively, whereas the 
presence of the energy barrier (Type II) resulted in significant deviations of 
experimental works from theoretical predictions. 

Reincke et al.139 utilized the DLVO theory in the attempt to understand 
spontaneous self-assembly of charged nanoparticles at water/hexane interfaces. They 
considered energetic balance of nanoparticles in the bulk of aqueous phase and the 
particles adsorbed at liquid-liquid interface at different surface coverages. The 
energetic balance of nanoparticles at LLI includes several contributions: (i) interfacial 
energy (as described by Eqs. 1.37 & 1.38) for the case of 0 90   

( p/w p/o ), (ii) electrostatic repulsion (both direct and screened) and (iii) the van 

der Waals interactions. 

The surface coverage was varied by changing an “average” coordination 
number , i.e., the number of close neighbors for the given nanoparticle in 
hexagonal planar lattice. Considering NPs adsorbed halfway 0 p/w p/o90 ,( )  at 

the LLI and separated a distance s  between particles (the full center to center 
separation is 2r s ), Reincke et al.139 estimated the average interaction energy per 
nanoparticle. 

In the aqueous phase, the particles were considered to have a charge / 2ze . In 
the organic phase, however, the effective charge was / 2ze  because only a fraction 

 (estimated as 0.2 by Reincke139) of the particle charge (far from the LLI) was 
assumed to remain at the particle/oil interface when adsorbed at the LLI. They 
assumed that the aqueous solution was an electrolyte solution with inverse Debye 
length w  and that the organic solution contained no electrolyte and, hence, the 

electrostatic interactions were not screened in this phase ( o 0 ). For the unscreened 

interactions in the organic phase of a hexagonal lattice of charges / 2ze  they 
evaluated the interaction energy per NP as: 
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2

o
0 o

3 ( / 2) 1
4 4π 2

zeE
r s

 (1.48a) 

For the screened interactions in the aqueous phase of a hexagonal lattice of 
charges / 2ze  the interaction energy per NP was found to be: 

w (2r s)2
w

w
0 w

3 (2r s) ( / 2) e
4 4π 2r s

zeE  (1.48b) 

In addition, since no double layer was considered to exist in the organic 
phase, the NPs were considered to have an associated dipole moment w/ze  and 

the dipoles were assumed to interact partially through the organic phase and 
partially through the aqueous phase. The dipole-dipole interaction energy per NP in 
the lattice was evaluated as: 

2
w

dipole 3
0 dipole

( / )5
8 4π (2 )

zeE
r s

 (1.48c) 

where dipole o w( ) / 2
 is a weighted average of the relative permittivity of the 

aqueous and organic phases. Finally, an attractive van der Waals interaction 
(adapted for colloids) among the adsorbed NPs was also included and the 
corresponding energy per particle in the lattice was found to be: 

2 2 2

W 2d 2 2 2v
8 4 4log 1

12 (2 r s) 4 (2 r s) (2 r s)
r r r

r
HE  (1.48d) 

where H  is the Hamaker constant (estimated between 3 10–19 and 4 10–19 J). 

The overall interaction energy per NP is the sum o w dipole vdWE E E E ,  

intE (Eq. 1.37b) and lineW  (Eq. 1.45b with 0x , i.e. NP is located at the interface): 

int line o w dipole vdW
DLVO

B

E W E E E
E

k
E
T

 (1.48e) 

is its value relative to the thermal energy Bk T . 

A code to implement Eqs 1.48a-e in Mathematica and to visualize energetic 
profiles of acting force between NPs is given in Appendix IV of the current Chapter. 
Figure 1.11 shows the energetic profile for NP 10 nm in radius carrying the charge 
excess of 50 at the water-DCE interface. 
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Figure 1.11. Visualization in Mathematica of component of DLVO potential acting between 
charged NPs at LLI. 

Further extension of the DLVO towards real systems can be done by addition 
of capillary forces energy (a meniscus between two particles at a LLI)120,125,140 and 
thermal fluctuation forces120,141,142 to the overall energetic balance. However, for 
particles below 5 μm gravity effects and, thus, capillary forces are negligible.82,93 

 

4.2. Wetting properties: Nano vs Macro 

Since in the previous Section, we have used extensively three phase contact  
angle ( 0 ) to describe behavior of nanoparticles at a liquid-liquid interface, another 

two intriguing questions are raised: what is 0  at micro- and nano-scale and how it 

correlates with the one measured in a bulk experiment? 

Many authors assumed that 0  is the same for both macro- and nano-scale, 

and use the values obtained with flat-surface experiments (i.e. bulk experiment). 
However, as considered above, contact angle should vary from a bulk value due to 
surface and line tensions (see Eq. 1.39). For example, McBride and Law figured out 
for silanized silica that the measured three phase contact angle may change from 65° 
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for a flat surface to 40° for nanoparticles with radius of 60 nm.143 In addition, the 
contact angle distribution of particles can be relatively broad – up to 19°.144 This 
value was measured for pretty well studied surfactant-free sulfate polystyrene 
particles with uniform charge density and size distribution. The authors obtained the 
correct mean value of the contact angle (116°), but the standard deviation turned out 
quite high. 

Commonly used techniques to determine contact angle of particles at liquid-
liquid interface as well as up-to-date experimental works are summarized in the 
most recent review.145 One of the most promising methods to visualize particles at 
LLI and determine 0  is shadow-casting cryo-scanning electron microscopy.146 This 

method consists of very fast drying of micro-LLI with adsorbed particles in an 
expanded liquid propane jet. It cools down the small volume of sample almost 
immediately, preventing restructuring of LLI upon freezing. Obtained values of 0  

for 100 nm citrate-stabilized AuNPs at water-n-decane interface was 82 8°. 

Finally, knowing of nanoparticles wettability (or 0 ) leads to classification of 

existed morphologies for NP-LLI systems, depending on a ratio between two 
immiscible liquids and particles. A ternary diagram concept (three scales are ratios 
between liquids and particles, the forth scale is 0 ) is applicable in this case.147 

 

4.3. Review on practical methods to settle particles at liquid-liquid or 
liquid-air interfaces 

(i) Liquid Marbles 

Liquid marbles is an astonishing outcome of microparticle adhesion at surface of a 
liquid-liquid or a liquid-air interface. In 2001, Aussilois and Quéré148 showed that 
very hydrophobic powder of micron-sized silane-treated lycopodium grains 
spontaneously migrated to a water-air interface. It results in completely covering 
and protecting a small drop of water. Surprisingly, after transfer on a glass plate this 
drop behaved as perfectly non-wetting globe or marble. They found that marbles 
tended to keep the round shape during moving (“jumping”, rolling, etc.) without 
remarkable leakage from the interior. 

In the case of such microscopic particles reduction of the interfacial energy 
mainly contribute to the adsorption process of particles at liquid-liquid or liquid-air 
interfaces, and, thus, obeys to Eqs. 1.35 and 1.37.119 The effect of the microparticle 
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charge will be neglected due to high surface area and, thus, relatively low surface 
charge density. As the result, the shape of liquid marbles is defined primary by a 
relationship between surface tension and gravity,149 making such marbles responsive 
to strong external electric150 and magnetic fields.151 The recent progress in the field of 
liquid marbles was extensively reviewed by McHale and Newton149 and 
Bormashenko.119,152 

The elegant concept of liquid marbles was successfully applied in pressure-
sensitive adhesive powders (glues),153 light-driven delivery and release of chemical 
compounds at liquid-air interface154 and as substrate-less (interfacial) SERS platform 
in quantitative ultra-trace detection.155 

(ii) Spontaneous assembly of charged nanoparticles: manipulation with 
the interfacial tension 

Performed analysis of forces acting between a single nanoparticle and the interface 
in Section 4.1 demonstrate that there are three main parameters (excluding the 
radius) affecting assembly of charged nanoparticle at liquid-liquid or liquid-air 
interfaces: (i) the interfacial tension, (ii) the overall charge and (iii) the wetting 
properties of nanoparticles ( 0 ). 

In 2004, Reincke with colleagues observed spontaneous assembly of charged 
gold nanoparticles at water-heptane interface after addition of ethanol.156 In the 
following work, Reincke et al. tried to understand self-assembly process.139 They 
proposed a hypothesis that alcohols may reduce particle surface charge density in 
accordance to electrophoresis measurements. This occurs, most likely, due to 
competitive adsorption of alcohol molecules and citrate on the gold nanoparticles 
surface. By replacing citrate-stabilized gold nanoparticles with the ones stabilized by 
mercaptocarbonic acids authors came up to the conclusion that particle surface 
charge density plays a crucial role in assembly process. 

However, alcohols are well-known compounds to significantly reduce the 
surface tension of water.157 More recently MD-simulations on nanoparticles self-
assembly at water-trichloroethylene (TCE) interface upon methanol addition were 
carried out.158 This modeling showed that the interfacial tension decreases and the 
interfacial thickness increases with increasing concentration of methanol. At the 
same time, presence of NPs at water-TCE interface had no significant effect on the 
interfacial properties, but methanol also increases the contact angle of these particles. 
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In this regard, we cannot exclude both mechanisms (decreasing of the charge 
density and reducing of the interfacial tension), but significant reduction of the 
interfacial tension looks most reasonable. This topic will be further discussed in 
Chapter 5. 

After Reincke self-assembly of nanoparticles by addition of alcohol was 
expanded for water-toluene system,159,160 methanol was substituted with less toxic 
ethanol for settling nanoparticles at LLIs,77,161 and then pure alcohol-water interface 
was used to perform self-assembly.162 The alcohol method has been widely used in 
our laboratory to study electrochemical and optical properties of AuNPs adsorbed at 
ITIES.163–165 

(iii) Decreasing of nanoparticles charge 

As a consequence of a classical DLVO theory for colloidal solutions, addition of salts 
promotes aggregation of colloids and may even lead to metastable clusters 
consisting of several particles.166 The driving force of such aggregation process is 
decreasing of Coulombic repulsion between separate nanoparticles (i.e. decreasing 
the Debye length). 

Similar ideology was used by several groups to promote aggregation of 
nanoparticles at liquid-liquid interface by addition of organic or aqueous soluble 
salts.167–172 For example, Konrad, Doherty and Bell used organic-soluble 
tetrabutylammonium nitrate to self-assemble silver nanoparticles from aqueous 
phase at the dichloromethane-water interface.167 Recently, they have extended this 
method to AuNPs, TiO2 and SiO2 particles.168 Whereas Turek with co-authors 
demonstrated applicability of sodium chloride coupling with centrifugation to 
assembly nanoparticles, even in quasi-reversible manner by alternating addition of 
NaOH and HCl.169 In another work they managed to assemble gold nanoparticles in 
very dense droplet with a specific density of 4.5 g cm–3.171 

Also addition of salts can be used to assemble pre-functionalized NPs173 and 
for colorimetric detection of ions.174 

(iv) Specific wetting and nanoparticles functionalization 

Functionalization of nanoparticles is a straightforward route to achieve directing 
self-assembly of nanoparticles at liquid-liquid or liquid-air interfaces. It affects 
wetting properties of nanoparticle p/w and p/o  and, thus, three-phase critical angle 

cθ  facilitating or complicating sorption of nanoparticles at LLI. 
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Duan et al. used nanoparticles functionalized by 2,2’-dithiobis[1-(2-bromo-2-
methyl-propionyloxy)ethane] (DTBE) to spontaneous assemble them at water-
toluene interface.82 As proposed, DTBE coverage changed high hydrophilicity of 
citrate capped AuNPs. Further generalization of this concept led to development of 
functionalized AuNPs with mixed PEG and PMMA brushes. Such nanoparticles can 
adsorb/desorb from the interface by switching polarity of the organic  
phase (hexane–chloroform).84 Similar results were obtained for sodium 
dodecylsulfate (SDS) capped AuNPs175 and pH-responsive ion-paired ligands of 
tetrapentylammonium and mercaptohexadecanoic acid (TPeA-MHA).176 

AuNPs functionalized with hydrophobic (1-undecanethiol) and hydrophilic 
(11-mercapto-N,N,N-trimethylundecane-1-aminium) were used to perform self-
assembly in, so-called, a capillary trap.177 The capillary trap is a region at LLI with 
specially designed gradient of the interfacial tension. These nanoparticles were 
stable at the interface, due to amphiphilic nature of capping agents and, 
consequently, could move with the gradient. In another example, host-guest 
chemistry and photo-switchable conformation changes of guest molecule were used 
to transfer AuNPs across toluene-water interface.178 

Finally, nanoparticles could be functionalized with differently charged or 
reactive ligands and used for co-operative self-assembly. It was shown for co-
operative electrostatic adsorption on a solid substrate179 and to create freestanding 
ultrathin nanoparticles membranes at LLI. 180 

 

4.4. Potential applications of nanoparticles assemblies at LLI 

(i) Plasmonic liquid mirrors and optical filters 

Since the discovery of Metal Liquid-Like Films (MeLLFs) by Yogev and Efrima,181 
many attempts were made to use such films as mirrors and/or filters. However, the 
main disadvantage of the majority of proposed concepts is fragility of such films.182  

The most ambitious proposal was made by Borra, who suggested utilizing 
“nanoparticle liquid mirror” concept to construct the Lunar Liquid Mirror Telescope 
(LLMT).183 The greatest advantage of LLMT is that liquid mirrors are not inferior to 
solid ones, but have lower specific density and could be crafted on the site. Optical 
properties of silver liquid mirrors developed by Borra and his colleagues184,185 
allowed assembly a small prototype of magnetically deformable liquid mirrors.186 



Chapter 1. Introduction 

51 

At the same time with works of Borra, electrowetting-controlled liquid 
mirrors based on self-assembled hexagonal micro-mirrors, placed at oil-water 
interface, was demonstrated.187 Authors showed that applied voltage tuned the focal 
distance twice from 8.3 to 4 mm. 

Another approach to fabricate an electrically driven mirror at LLIs is 
reversible self-assembly of gold or silver nanoparticles.126–128 As discussed  
in Section 4.1, nanoparticles normally carrying surface charge should move in the 
external electric field toward or away from the ITIES. The ITIES can be polarized 
positively or negatively by ~0.5 V, taking into account the sharpness of the interfacial 
area (~ 1 nm), very strong electric fields can be achieved (~109 V/m). Such field is 
localized at the close vicinity to the interface, facilitating nanoparticles trapping 
(Scheme 1.11).126,127 Assembly of numerous nanoparticles at ITIES brings 
nanoparticles closer to each other, increase plasmonic coupling between particles 
and at the end maintain reflectivity at 60-80% in comparison to the bulk gold.121,188 

 

Scheme 1.11. Schematic representation of voltage-induced trapping of nanoparticles at ITIES as a 
concept to fabricate liquid mirrors and filters. 

In fact, Su et al.29 and later Abid et al.189 observed phenomenon of the voltage-
induced assembly for AuNPs by Quasi-Elastic Laser Scattering (QELS) and gold-
silver core-shell metallic nanoparticles by Surface Secondary Harmony Generation 
(SSHG), respectively. In the both cases, authors showed that the response was 
altered upon polarization of the interface: the shift of the third order spot of QELS 
with increasing AuNP concentration and increasing of SSHG signal at negative 
polarization of the interface, respectively. However, they didn’t reported formation 
of a lustrous, golden film. 
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Additionally, Bera et al.190 showed that 2 nm AuNPs capped with long-chain 
charged molecules pre-assembled at the LLI are capable to changed interparticle 
distance by almost 1 nm upon application of the potential difference. 

(ii) Stretchable plasmonic mats 

Despite the lack of the experimental evidences on fully electrically-driven mirrors at 
the ITIES, LLIs remain a nice and productive platform to assemble particles for 
further building of plasmonic optics.161,191 In both mentioned works nanoparticles 
(spherical or cubic in shape) assembled at LLI were transferred to a stretchable 
substrate such as PDMS. Upon stretching experiment, strain varied from 0 to 35%. 
Applied strain led to halved reflection and blue-shift of surface plasmon coupling 
mode (up to 50 nm), due to increase of the interparticle distance. The shift of the 
resonance wavelength agreed well with simulation results. 

Among potential applications of such metal nanoparticles mats there are: 
stretchable optical color filters, molecular sensors, and stretch-induced reversible 
metal- insulator transitions. 

(iii) Substrates for Surface Enhanced Raman Spectroscopy (SERS) 

Surface Enhanced Raman Spectroscopy (SERS) is the technique that utilizes greatly 
enhanced electric field in the gap of two or more closely located metal nanostructure 
(including nanoparticles) to increase typically weak Raman signal of molecular 
species around. These gaps are usually known as “hot-spots”. Generally, Raman 
scattering in SERS regime is proportional to the 4th power of the electric field.121,192,193 
However, enhancement factor varies in a broad range from 103 to 1011, depending on 
properties of a substrate.193 In some cases, it is enough to reach a single molecular 
detection limit.194,195 

The vast majority of SERS studies were performed on a solid substrate, which 
are made either by lithographic process or by aggregation of nanoparticles. 
Therefore, this methodology allows only single phase analyte detection: either 
hydrophobic or hydrophilic.  

In contrast, particles placed at the interface of two liquids demonstrate 
biphasic ability to generate SERS signal from analytes in aqueous and organic phases 
(Scheme 1.12). As shown in Section 3.3 and experimentally demonstrated in 
Chapter 4 nanoparticles assembled at LLI have a strong absorption by SPC-band, 
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due to closely located NPs. So, excitation of this band of plasmonically coupled 
particles is a way to probe both phases with SERS.  

Interfacial SERS has been recently demonstrated for round nanoparticles,170,174 
nanorods196 and even cubes in liquid marbles.155 Especially, such biphasic SERS is 
crucial for one-step detection of heavy metals (for example, Hg2+) in drinking water 
with organic soluble polyaromatic ligands.174 Surprisingly, nanoparticles films at 
liquid-liquid interfaces showed better stability and uniformity of SERS signal in 
comparison with regular colloidal particles.167 

Addition of an external electric field supplements SERS studies, so-called 
ElectroChemical-SERS (EC-SERS), and opens a broad way to understand electrode 
process and electrocatalysis.197 Combination of EC-SERS with a platform to prepare 
nanoparticles films at liquid-liquid interfaces gives new opportunities to modulate 
molecular sorption/desorption process and observe electron transfer.14  

 

Scheme 1.12. Schematic representation of biphasic SERS detection in two modes: vertical and 
horizontal. 

LLIs also contribute to the field of regular SERS detection. Assembling 
nanoparticles with the following transfer of a film to a solid substrate results in 
cheap, simple and stable substrate to perform SERS experiment.198–200 Some authors 
reported very high spot-to-spot reproducibility of 6.5%.199 At the same time, 
deposition of small particle with catalytic capabilities on the top of mid-sized SERS 
reporters allows monitoring of chemical reactions kinetics.201  
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(iv) Supercrystals and colloidosomes 

And the last but not least emerging area of applications for self-assembled 
nanoparticle films is colloidosomes and supercrystals formation. Very briefly, 
colloidosome is a hollow sphere consisted of nanoparticle floating in liquid. An 
internal compartment of the sphere is filled with another liquid. Thus, nanoparticles 
separated two liquids from each other. It reminds Pickering emulsions, but is stable 
for longer time. Supercrystal is the ultimate case of colloidosome, fully consisted of 
nanoparticles. 

Colloidosomes were extensively studies over past decade with focus to 
biological applications. For example, selectively permeable capsules for drug 
delivery83,202,203 and photo-thermal treatment204,205 were reported. Recent progress in 
colloidosomes fabrication was achieved for water-butanol system, allowing rapid 
formation of cages surrounded by bilayer of highly uniform nanoparticles.206 Other 
methods to self-assembly nanoparticles in colloidosomes, functionalize them and 
apply in perspective research areas were recently reviewed by Patra and et al.207  

Also, very recently, several important achievements in characterization of 
colloidosomes were reached. For example, the group of Marie-Paulу Pileni208 
visualized the whole structure of colloidosomes (so-called, supracrystalline colloidal 
eggs) with an electron microscopy tomography. They confirmed the hollow 
structure of colloidosomes and found non-uniform distribution of nanoparticles over 
their surface. 

Turek et al. recently developed microfluidic setup to fabricate continuously 
large quantity supercrystals (or superclusters) of gold nanoparticles with application 
in SERS due to high amount of hot-spots.172 The internal structure of such 
superclusters should be similar to recently studied ones made of Fe-Co-O 
nanoparticles.209  
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6. Appendixes 

Appendix I. Mathematica code to calculate the Fermi level of nanoparticles 
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Appendix II. Mathematica code to implement Mie theory 
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Appendix III. Flatte’s model without an external electric field 
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Appendix IV. DLVO theory: forces between nanoparticles in assemblies at 
LLI 
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Chapter 2. Experimental and Instrumentation 
 

1. Reagents 

All chemicals were used as received without further purification. All aqueous 
solutions were prepared with ultra-pure water (Millipore Milli-Q, specific resistivity 
18.2 M cm). The solvents used were provided by: 

Acros – trisodium citrate dihydrate (Na3C6H5O7·2H2O, 98%) and 
tetrathiafulvalene (TTF, ≥99%), α, α, α-trifluorotoluene (TFT); 

Aldrich (Sigma-Aldrich) – tetrachloroauric acid (HAuCl4, 99.9%), neocuproine 
(NCP), tetrathiafulvalene (TTF, ≥99%), K3[Fe(CN)6] (99% +), acetone (p.a.), methanol 
(p.a.); 

Alfa Aesar – hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 
99.999%, 49% Au), decamethylferrocene (DMFc, 99%); 

AppliChem – K4[Fe(CN)6] (p.a.); 

Boulder Scientific – Lithium tetrakis(pentafluorophenyl)borate ethyl etherate 
(LiTB-DEE purum); 

Chempur – silver nitrate (AgNO3); 

Fluka – 1,2-dichloroethane (DCE, ≥99.8%), nitrobenzene (NB), and 
nitromethane (MeNO2), trisodium citrate dihydrate (Na3C6H5O7·2H2O, 98%), 
Bis(triphenylphosphoranylidene)ammonium chloride (BACl, 98%), 
tetramethylammonium chloride (TMACl, 98%), tetrapropylammonium chloride 
(TPropACl, 98%), (LiCl, >99%), dichlorodimethylsilane, lithium hydroxide fihydrate 
(LiOH·H2O, >99%), HCl (32% solution) and Ferrocene (Fc, 98%); 

Riedel-de-Haem – ascorbic acid (C6H8O6) and acetonitrile (≥99.5%). 

Bis(triphenylphosphoranylidene) ammonium 
tetrakis(pentafluorophenyl)borate (BATB) was prepared by metathesis of aqueous 
equimolar solutions of BACl and LiTB-DEE purum. The resulting precipitates were 
filtered, washed, and recrystallized from an acetone:methanol (1:1) mixture.1 
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2. Instrumental methods 

 

2.1. Electron microscopy (SEM and TEM) 

The morphologies of colloidal AuNP solutions were characterized by 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 

Scanning Electron Microscopy (SEM) images of film were obtained using 
Merlin (Zeiss, Germany) or Teneo (FEI, Czech Republic) microscopes equipped with 
a field emission electron source (so-called, FE-SEM). The morphologies and packing 
arrangement of the gold nanofilm were investigated with SEM. To do that AuNP 
nanofilm was carefully transferred to a monocrystalline silicon substrate by lifting 
up from LLI. All substrates were preliminarily treated with oxygen plasma  
for 5 min. 

Transmission Electron Microscopy (TEM) images were obtained using CM12 
or Technai (FEI, Czech Republic) transmission electron microscope, operating with a 
LaB6 electron source at 120 kV. The as-prepared AuNP solutions were dropped onto 
standard carbon-coated copper grids (200-mesh) and air-dried for about 2 hours. The 
average size distributions of the AuNPs, with an assumption made that the AuNPs 
are perfect spheres, were determined on the basis of the TEM images with the use of 
ImageJ software. For each sample in excess of 160 AuNPs were analyzed (taken  
from 4 to 5 individual TEM images). 

The interparticle distances distributions were estimated in a similar way as 
particle size distribution. For each AuNP sample, 2 to 3 individual HR-TEM images 
were obtained with the CM12 (FEI, Czech Republic) and further analyzed by 
collecting information on between 50 to 70 interparticle distances. 

 

2.2. Dynamic Light Scattering (DLS) and zeta(ζ)-potential measurements 

Zeta (ζ)-potential and dynamic light scattering (DLS) measurements were 
carried out on a Nano ZS Zetasizer (Malvern Instruments, U.K.), with  
irradiation (λ = 633 nm) from a He-Ne laser, using Dispersion Technology  
Software (DTS). The ζ-potential (mV) was elucidated from the measured 
electrophoretic mobility using the Smoluchowski approximation2 of Henry’s 
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equation. All particle size and ζ-potential measurements were carried out at 25°C and 
a 2 min equilibration time employed. 

To determine difference in ζ-potentials between citrate- and adsTTFads -coated 

AuNP, experiments were carried out for the as prepared citrate-AuNP solutions and, 
subsequently, aggregated samples prepared by very lightly shaking the AuNP 
colloidal solution with a drop of DCE containing 1 mM TTF for 10 seconds. The 
AuNP samples (approximately 0.75 mL) were injected into a folded capillary cell to 
perform electrophoretic mobility measurement.  

For aqueous solutions standard disposable cells were used. For non-aqueous 
solutions for size-distribution and zeta-potential measurements a universal 'dip' cell 
kit (ZEN1002) was implemented. 

 

2.3. UV-Vis spectroscopy 

(i) Concentration of AuNPs in aqueous solutions 

The colloidal AuNP solutions were characterized by UV-Vis spectroscopy using a 
standard Lamdba XLS+ (Perkin Elmer) or Cary8453 (Agilent) spectrophotometer 
with a 10 mm optical path. The work of Haiss et al.3 was used to estimate the 
concentration of the AuNP suspensions (see details in Section 4 of the current 
Chapter). 

(ii) An integrating sphere: gold nanofilm optical properties 

UV-Vis-NIR spectra of the interfacial AuNP films were recorded in situ at the liquid-
liquid interface without transferring the nanofilm to a solid substrate. Two separate 
configurations were investigated, total transmittance or extinction and total reflectance, 
as outlined in Scheme 2.1. The spectra were obtained using a white integrating 
sphere, 6 cm in diameter, which was installed inside of the PerkinElmer Lambda 950 
spectrometer. The sample for the reference beam for all experiments was a white 
standard SRS-99 (LabSphere). 

Extinction and reflectance spectra were recorded for interfacial gold 
nanofilms prepared at a liquid-liquid interface inside of a quartz cell (QS, Hellma) 
with a 10 mm light path and 2 mm wall thickness. This cell was fixed either at the 
entrance to the integrating sphere (Scheme 2.1A – C) to measure extinction or at the 
exit (Scheme 2.1D – F) to obtain reflectance. 
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The interfacial gold nanofilms were formed biphasically in the quartz cells, as 
will be described in the further, and fully coated the droplet of organic solvent on all 
sides. This was facilitated by a thin layer of water on the walls of the hydrophilic 
quartz cells allowing the gold nanofilm to spread uniformly over the entire organic 
droplet surface along the sides and the bottom of the cuvette, see Scheme 2.1B. 

 

Scheme 2.1. Extinction and reflectance spectra acquisition at interfacial gold nanofilms: in situ UV-
Vis-NIR experimental configurations with a white integrating sphere. (A) “Blank” (without the 
gold naofilm coating the organic droplet) and (B) “Sample” (with the gold nanofilm coating the 

organic droplet) extinction spectra were measured through two AuNP films at opposite walls of the 
quartz cuvette. (C) “Reference” extinction spectra were obtained at a solid blue filter with an 

additional 2 mm quartz plate in front of it. (D) “Blank” and (E) “Sample” reflectance spectra were 
obtained at a single interface on one side of the quartz cell. (F) “Reference” reflectance spectra were 
obtained at a solid gold mirror, separated from the sample-window with a 2 mm quartz plate, and 
corresponding to 100 % reflectance. Q, w, org, NF, SBF and SGM are acronyms for quartz, water, 

organic solvent, nanofilm of AuNPs, solid blue filter and solid gold mirror, respectively. The colors 
corresponding to each component in the quartz cell are detailed in the various legends. 

To obtain the transmission spectrum, light must pass through two gold 
nanofilms before entering the integrating sphere (Scheme 2.1B). The background 
signal of the organic phase (Scheme 2.1A) was subtracted from all recorded 
transmission spectra (Scheme 2.1B). Subsequently, the obtained values were 
converted into extinction spectrum as follows: 
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10logEx T  (2.1) 

where T is transmittance of the light through two gold nanofilms. Thus, the 
influence of light scattering and parasitic reflection at each interface (air-quartz, 
quartz-water, and water-organic phase) and absorbance of the incident beam in the 
bulk phase were minimized. This was achieved by the combination of the 0° angle of 
incidence and subtraction of the transmission spectra for the organic phase. The 
extinction spectrum of a commercially available blue filter, purchased from 
ThorLabs (FGB37S), was recorded as depicted in Scheme 2.1C and used for 
comparison. Furthermore, the extinction spectra obtained from interfacial 12 nm Ø 
gold nanofilms were compared with the spectrum of a commercially available blue 
filter (FGB37S, ThorLabs) (Scheme 2.1C).  

Reflectance spectrum was collected immediately upon completing the 
acquisition of the extinction spectrum. Extinction spectra were recorded with the 
incidence beam impinging the surface at an angle 8° to normal. In contrast to the 
transmission spectra, reflectance spectra were only due to a single gold nanofilm on 
one side of the cell (Scheme 2.1D). The background reflectance spectrum from the 
organic phase was subtracted to evaluate only the reflectance due to the gold 
nanofilm (Scheme 2.1E). The reflectance spectrum of a commercially available gold 
mirror, purchased from ThorLabs (PF10-03-M01) and separated from the sample-
window with a 2 mm quartz plate (the same thickness as the quartz window of the 
cuvette), was recorded and used as a “reference” corresponding to 100 % reflectance 
(Scheme 2.1F). 

The precise procedure to prepare the interfacial gold nanofilms in the quartz 
cuvettes for the in situ UV-Vis-NIR measurements was as follows. To record the 
reference spectrum, firstly, 1 ml of an organic solvent (DCE, TFT, NB or MeNO2) 
containing 0.25 mM of the lipophilic molecule (TTF or NCP) was placed into the 
quartz cell and a further 2 mL of MilliQ water added on top. Next once the reference 
spectra were obtained, the entire aqueous phase was removed and replaced with the 
required volume of an aqueous colloidal AuNP solution. Then, the cell was shaken 
vigorously and left for a couple of minutes to allow the emulsion to settle. Finally, 
the extinction and reflectance spectra were recorded successively as described in 
Scheme 2.1 earlier. The overall procedure was repeated step-by-step in the same 

quartz cell to cover entire interfacial surface coverage ( AuNP
int ) range of interest. 
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(iii) Kinetic experiments to monitor gold MeLLD formation 

Kinetic experiments monitoring gold MeLLD formation were performed using an 
HR2000+ (Ocean Optics) high-resolution miniature fiber optic spectrophotometer 
coupled with a DH-2000-BAL deuterium tungsten halogen light source (Ocean 
Optics) and controlled by a custom LabView program. The LabView program 
recorded spectra at regular 5-minute intervals, typically over several hours. 

In this experiment 1 mL of the DCE organic phase containing TTF was 
contacted with 1.5 mL of the aqueous AuNP colloidal solution in a quartz cuvette 
with a Teflon cap to prevent evaporation. The volumes of the aqueous and organic 
phases were chosen so that the spectra of the aqueous phase were obtained slightly 
above the interfacial region. The kinetic experiments were carried out without 
shaking under quiescent conditions in air. 

 

2.4. X-Ray photoluminescence spectroscopy 

X-Ray Photoelectron Spectroscopy (XPS) measurements were carried out 
using a PHI VersaProbe II scanning XPS microprobe (Physical Instruments AG, 
Germany). Standard Al Kα radiation was used an X-Ray source with a beam size of 
100 μm.  

XPS experiment was performed on gold nanofilm transferred onto a silicon 
substrate at monolayer coverage. The whole XPS spectrum (low resolution, survey 
scan) was recorded in 2 min, whereas acquisition time for separate lines varied from 
ca. 1 min for C 1p and Au 4f lines and up to 15 min for S 2p (high resolution). 

 

2.5. Interfacial Raman microscopy 

Interfacial Raman spectra were measured on LabRAM HR Raman 
spectrometer equipped with 45 degree mirror to do “horizontal” Raman study (see 
Chapter 1, Scheme 1.12). Laser wavelength was 633 nm, delivered power on sample 
surface was ca. 0.1 mW. Typical time to acquire SERS spectrum was 30 s. Prior to 
each set of experiments microscope gratings was calibrated with  
silicon (ω = 521 cm–1). 
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2.6. Electrochemical measurements 

(i) Two electrode cell and impedance measurements 

The simple experimental setup used to test the conductivity of the gold MeLLDs by 
electrochemical impedance spectroscopy (EIS) is shown schematically in Scheme 2.2. 
The EIS measurements were recorded in a 2-electrode setup using a Metrohm 
Autolab PGSTAT 12 with FRA V.4.9 software, within the frequency range of 0.01 to 
1000 Hz, with an applied potential difference of 250 mV between both Pt electrodes 
and with the amplitude of the sinusoidal (AC) perturbation set at 10 mV. The 
experimental EIS data were fit to an appropriate equivalent circuit using ZSimpWin 
software (Princeton Applied Research). 

 

Scheme 2.2. Schematic representation of electrochemical impedance spectroscopy (EIS) of  
gold MeLLDs. 

 

(ii) Classic three electrode cell 

A classic three electrode cell consists of a working electrode (Pt, Au or glassy 
carbon), a reference Ag/AgCl electrode and a counter electrode (usually, Pt wire). 
This type of cell was primary used to measure redox potentials of species in different 
phases. 

Commercially available potentiostats the PGSTAT 30, PGSTAT 101,  
PGSTAT 204N (Metrohm, Switzerland) were used. 
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(iii) Four electrode cell for a liquid-liquid interface 

All IT and ET voltammetry measurements at the water-organic solvent 
(mainly DCE or TFT) interface were performed using a four-electrode cell following 
the configuration described previously by Hatay et al.4 and illustrated in Scheme 2.3. 

 

Scheme 2.3. Schematic representation of four electrode cell to study electrochemistry at ITIES with 
a typical composition. D denotes electron-donor molecules such as Fc, TTF or DMFc. 

Briefly, two platinum electrodes provide current and potential difference, 
whereas two pseudo-reference Ag/AgCl electrodes allow measurement and 
correction of the polarization across the interface. TFT was chosen as the solvent as 
the water-TFT interface provides a larger polarizable potential window and is 
chemically both more stable and less toxic in comparison to chlorinated organic 
solvents.5 The Galvani potential difference, in accordance with the TATB 
assumption,6 was calibrated by addition of internal standards TMA+ and TProA+ 

ions, whose w
o 1/2  at the water-TFT interface were taken to be +0.270 V for TMA+ 

and -0.019 V for TProA+, respectively.5,7 For all experiments 10 mM LiCl and 5 mM 
BATB were chosen as the aqueous and oil phase supporting electrolytes, 
respectively, and used to maintain electrical conductance. The organic reference 
solution (see Scheme 2.3) was 10 mM LiCl and 1 mM BACl in water. 

Commercially available potentiostats the PGSTAT 30, PGSTAT 101,  
PGSTAT 204N (Metrohm, Switzerland) were used.  

(iv) Electronic Conductor Separating the Oil-Water Interface (ECSOW) 

ECSOW is a modification of four electrode cell measurements, when two 
phases (water and organic solvent) are physically separated but electrically 
connected by 3 mm diameter gold disk electrodes. This configuration enables the 
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selective observation of electron transfer alone across the interface without 
interference from ion transfer. ECSOW measurements were reported by Osakai for 
studying simple electron transfer processes at the ITIES without interference from 
ion transfer.8 The electrochemical cell configuration used is outlined Scheme 2.4. 

 

Scheme 2.4. Schematic representations of the compositions of the electrochemical cell in ECSOW 
configurations used for 4-electrode cyclic voltammetry measurements. 

 

2.7. Drop shape analysis 

Pendant and sessile drop measurements were carried out on a drop shape 
analysis system DSA100 (Krüss, Germany). The pendant drop method was used to 
measure the interfacial tension ( w/o ) between water and organic solvents (both are 

saturated with each other). The sessile drop was used to estimate three phase contact 
angle of MeLLDs with a glass substrate in aqueous surrounding. 

All glassware used was cleaned with a mixture of nitric and hydrochloric acid 
(aqua regia), washed several times with pure water, dried and then treated with 
oxygen plasma for 30 minutes in order to eliminate any presence of other 
compounds. Each organic solution was vigorously shaken with Milli-Q water and 
subsequently the biphasic system was left overnight in order to obtain saturated 
solutions (aqueous with organic phase and organic with aqueous phase, 
respectively). Remarkably, all organic solvents were the analytical grade and they 
were used as received without any advanced purification. 

The contact angles ( ) of a DCE droplet containing 1 mM TTF and various 
gold MeLLDs of differing surface coverage (0.5, 1 and 3 monolayers of AuNPs). 
Briefly, each droplet was placed in a large quartz cell filled with water. The wetting 
of the glass by each droplet was determined and  between the droplet and the 
glass surface measured. 
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3. Synthesis of aqueous colloidal AuNP solution 

 

3.1. Turkevich-Frens method 

Two solutions of colloidal AuNPs were prepared by the reduction of 
HAuCl4·3H2O in water by trisodium citrate, where the HAuCl4-Na3Citr mole ratio 
was varied to produce AuNPs of the desired size, as reported by Turkevich and 
further developed by Frens.9,10 Briefly, 41.5 mg of HAuCl4·3H2O was dissolved in 300 
mL of deionized water and heated to 100 °C in a round-bottomed flask with stirring. 
The desired quantity of a Na3Citr solution was rapidly injected into the flask upon 
commencement of boiling. Specifically, 9 mL of a 1% w/v Na3Citr solution was 
injected to prepare the smaller 12-14 nm AuNPs and 2.1 mL to prepare the larger 76 
nm AuNPs. After approximately 30 seconds the solution initially turned dark black, 
before changing to red for the smaller AuNPs and purple for the larger AuNPs. The 
solution was maintained at its boiling point for 45 minutes and subsequently cooled 
down to generate a stable colloidal suspension. 

 

3.2. Seed mediated growth 

Suspensions of AuNPs with various mean diameters were prepared using the 
seed-mediated growth method.11 This method is a two-step process involving 
synthesis of small round-shape seeds followed by seed-mediated growth. The first 
step proceeds to prepare 12 nm in diameter AuNPs with Turkevich-Frens 
methods,9,10 as described above.  

Subsequently, to prepare the 38 nm mean diameter AuNPs by seed-mediated 
growth, 4 mL of 20 mM HAuCl4·3H2O with 0.4 mL of 10 mM AgNO3 were added to 
170 mL of deionized water. To this, under vigorous stirring, 15 mL of the 12 nm Ø 
AuNP seed solution and 30 mL of 5 mM ascorbic acid solution were added by a 
syringe pump in a drop-wise manner with a constant flow rate of 0.5 mL·min–1. 

Nanoparticles prepared by the seed mediated growth nanoparticle are 
marked as SG-AuNPs across the manuscript. 
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4. AuNP size distributions and concentrations 

 

In the current work, determination of the mean diameter and concentration of 
AuNPs in initial solutions for the subsequent calculation of surface coverage was a 
key aspect. Setting up of controllable conditions in that way allowed understanding 
of occurring processes and resolving of multilayered structure of MeLLDs and sub-
monolayer nature for films obtained with the methanol-assisted method. 

 

4.1. Theoretical aspects 

As shown by Haiss et al.3 UV-Vis spectroscopy can be used to determine the 
mean diameters and approximate concentrations of the colloidal AuNP solutions. 
Briefly, for AuNPs with mean diameters in the range 25 – 110 nm, Haiss et al. 
developed Eq.2.2 and Eq. 2.3 that have an average absolute deviation in calculating 
the mean experimentally observed AuNP diameters (d) of only ~3%: 

2
LSPR 0 1λ λ L dL e   (2.2) 

LSPR 0

1

2

λ λln
L

d
L

 (2.3) 

where LSPRλ  is the wavelength of the experimentally observed localized surface 

plasmon resonance maximal adsorption ( LSPRA ), d is AuNP diameter, 0λ =512 nm, 

1L =6.53, 2L =0.0216. 

For AuNPs with mean diameters <25 nm, as was the case for smaller AuNPs, 
Haiss et al. developed an alternative approach to determine d (Eq. 2.4). The 
underlying principle is based on the fact that as the size of the AuNPs decreases, the 
magnitude of their absorbance at their localized surface plasmon resonance ( LSPRA ) 

is damped (due to the reduced mean free path of the electrons) relative to the 
absorbance at other wavelengths. Thus, Haiss et al. show that the ratio of LSPRA  to 

the absorbance at 450 nm ( 450A ) is dependent on the logarithm of d for AuNPs in 

the size range 5 – 80 nm. The specific absorbance at 450 nm gave the best fit between 
theory and experimentally observed values of d as (i) in the long-wavelength range 
the mean free path of the electrons has a more pronounced influence on the optical 
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functions, and (ii) the presence of small quantities of oblate AuNPs or aggregates in 
some colloidal solutions show strong absorbance at longer wavelengths and 
introduce error. 

LSPR
1 2

450

A
A

B B
d e  (2.4) 

where 1B  and 2B  are the experimentally determined fit parameters that give an 

average absolute deviation of calculating d of ~11%.  

Once d is determined by either Eq. 2.3 or Eq. 2.4, and making a reasonable 
assumption that the citrate-coated AuNPs can be described as uncoated AuNPs, as 
citrate is a small molecule known to lie flat on Au(111),2 Haiss et al. have furthermore 
shown that the number density of AuNPs ( AuNPsN ) can be calculated using Eq. 2.5 

from the 450A  values with an average deviation of ~6%, 

2

14
450

AuNPs
d 96.8

2 78.2

A 10N

0.295 1.36d e

 (2.5) 

Eq. 2.5 was derived using the fit parameters for an equation relating the 
calculated values of the extinction efficiency ( extQ ) of the AuNPs at a wavelength of 

450 nm as a function of d over the full range of AuNP sizes.  

Finally, Haiss et al. have provided values of the molar extinction coefficient of 
the AuNPs at 450 nm ( 450ε  / L mol-1 cm-1), as a function of d, and the concentration of 

AuNPs ( AuNPsc  / mol L-1), can be calculated with Eq. 2.6, using an optical path 

length, l, of 1 cm: 

450
AuNPs

450

Ac
ε

 (2.6) 

Figure 2.1 represents a calculator based on the work of Haiss et al.3 to treat 
UV-Vis data on-site. The UV-Vis calculator displays a graph of LSPRλ  dependence on 

the mean AuNPs diameter (d) with forms to enter experimental parameters and a 
table with a summary of necessary calculated values. The blue line demonstrates a 
region, where Eq. 2.3 is applicable, so a red dot of entered experimental values 
should lay on it. The black dotted line shows region of small particles, where 



Chapter 2. Experimental and Instrumentation 

89 

parameters are calculated based on LSPR 450A / A  ratio and using tabulate values 

from the work of Haiss. 

The Mathematica code is given Appendix I of the current Chapter. 

 

Figure 2.1. Matematica implementation of AuNPs concentration calculator. 

 

4.2. Practical aspects 

To obtain size distribution and the mean diameter three methods were 
chosen: TEM-image analysis, DLS and UV-Vis spectroscopy with respect to the work 
of Haiss et al. as described above. Figure 2.2 demonstrates comparison of size 
distribution profiles, obtained by these three methods, as well as selected  
TEM-images for the mean diameters of AuNPs: 12, 38 (SG) and 76 nm. All recorded 
and calculated data is summarized Table 2.1.  
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Figure 2.2. Characterization of the mean diameters and size distributions of AuNPs synthesized 
with three mean diameters by two different methods: (A,C) 12 nm, (B,D) 38nm SG-AuNP, (C,E) 76 

nm. Presented data were obtained with transmission electron microscopy (TEM), dynamic light 
scattering (DLS) and UV-Vis spectroscopy (as described by Haiss et al. in Ref 3). 

 

Table 2.1. Characteristics of the synthesized aqueous colloidal AuNP solutions. 
 

 LSPRλ
nm 

LSPRA  
 

450A  
 

AuNPsN  
AuNPs mL–1 

450  
L mol–1 cm–1 

AuNPsc  
mol L–1 

Visd  
nm 

DLSd  
nm 

TEMd  
nm 

          
Small 
AuNPs 

520 1.246 0.776 2.67×1012 2.67×108 2.9×10–9 14 22 ± 8 13 ± 1 

          
Mid-size SG 
AuNPs 

527 1.595 0.765 0.11×1012 4.18×109 0.18×10–9 38 38 ± 12 35 ± 5 

          
Large 
AuNPs 

546 1.508 0.757 0.014×1012 3.4×1010 0.022×10–9 76 68 ± 27 65 ±10 

 

Mean diameter obtained from UV-Vis spectra of AuNPs solutions 
corroborated with TEM and DLS, except for small particles size (Table 2.1). The DLS 
measurements showed larger mean diameters and wider size distributions for the 
smaller AuNPs due to relatively larger contribution of the solvation shell on the 
measured hydrodynamic diameter, which is typically higher for smaller NPs, as 
reported previously.12,13 Meanwhile, for 38 nm and 76 nm Ø AuNPs all three 
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methods gave comparable and converging results. Additionally, the AuNP size 
distribution broadened and the AuNP concentration dropped drastically (e.g., from 
4.0·109 particles/μL for 12 nm Ø AuNPs to only 1.1·108 particles/μL for 38 nm Ø 
AuNPs) with increasing NP size. 

As described in Chapter 1, Section 3.1 Turkevich-Frens method for larger 
particles size leads to wider size distribution and non-round particles in comparison 
with SG-method. Thus, Figure 2.3 demonstrated particles prepared with both 
method. Clearly, that Turkevich-Frens method gives hexagonally shaped flat 
particles along with round ones, whereas SG method results in mostly round or 
close to round shapes. 

 

Figure 2.3. Comparison of AuNP morphology for particles of “similar” size (according to UV-Vis 
data) obtained by: (A) seed mediated growth and (B) Turkevich-Frens methods. 

 

5. Gold metal liquid-like droplets (MeLLDs): preparation and 
surface coverage evaluation 

 

5.1. MeLLDs preparation procedure 

Our approach for preparing MeLLDs is facile and rapid, with the entire 
process taking from 60 to 300 s to complete depending on the size of the AuNPs (see 
Chapter 3 and Movies S1 to S3 at the publisher web-site). The procedure involves 
 (i) contacting aliquots of aqueous citrate-stabilized AuNPs with an oil droplet (for 
example, 1,2-dichloroethane) that contains 1 mM tetrathiafulvalene (TTF);  
(ii) vigorously shaking the two immiscible solutions for from 30 to 240 s (longer time 
required for the larger AuNPs); (iii) allowing the oil and water to separate revealing 
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a clear aqueous phase and an oil droplet resembling “liquid gold”, and, finally;  
(iv) replacing the water phase with a fresh AuNP solution and repeating  
steps (i) to (iii) multiple times to form films of the desired thickness and reflectivity. 

 

5.2. The droplet surface area and estimation of the surface coverage 

The surface area of the droplet, dropletS , was determined in three steps, see 

Figure 2.4. Figure 2.4A: firstly, the droplet was carefully photographed, ensuring the 
absence of any optical distortions. Next, the coordinates for the extremities of the 
droplet surface were determined using Adobe Photoshop CS5 software. The sphere 
was divided into an upper and lower hemisphere. For each hemisphere the 
coordinates were recorded for one half of that hemisphere. The coordinates were 
normalized using a scale bar provided by a ruler in the photograph (with each pixel 
representing a specific length). Figure 2.4B: once these coordinates were determined, 
a polynomial function for each hemisphere, (x)f , was generated. Figure 2.4C: finally, 

using the expressions for the surface of a revolution in Figure 2.4, the surface areas 
of each hemisphere were determined individually (by rotation around the y-axis), 
and subsequently the total area of the droplet, dropletS , was calculated. These 

calculations were performed using Mathematica software (version 8.0). 

 

Figure 2.4 Procedure to determine the surface area of a droplet, dropletS . 

The surface area occupied by an individual AuNP under monolayer 
conditions is determined by the packing arrangement of the AuNPs. Here, we 
calculate the areas occupied by the AuNPs assuming either a square close packing 
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(SCP) or hexagonal close packing (HCP) arrangement. The surface areas occupied by 

a single AuNP with SCP ( SCP
AuNPS ) or HCP ( HCP

AuNPS ) are given by Eq. 2.7 and Eq. 2.8, 

respectively: 

SCP 2
AuNPS d  (2.7) 

HCP 2
AuNP

3
2

S d  (2.8) 

where d  is the mean diameter of the AuNPs in a colloidal solution. The values of d 
for both AuNP colloidal solutions were determined using the methods of Haiss et al.3 

discussed above, and thus SCP
AuNPS  and HCP

AuNPS  are known. Next, we can calculate the 

number of AuNPs required for coating the surface of our droplet with a perfect 
monolayer ( monoN ) depending on the packing arrangement. Taking the case for SCP, 

we get Eq. 2.9, 

dropletSCP
mono SCP

AuNP

S
N

S
 (2.9) 

Earlier, using Haiss et al.’s3 treatment of the UV/vis data we were also able to 
determine the number density of AuNPs per mL ( AuNPsN ) of our colloidal stock 

solutions. Thus, we are now in a position to determine the volumes of our stock 
aqueous colloidal solutions that are required to cover the surface of our oil droplet 
with a perfect monolayer, monoV , again taking the case for SCP, 

SCP
SCP mono
mono

AuNPs

NV
N

 (2.10) 

Finally, the surface coverage ( AuNPs ) is expressed as a monolayer  

fraction ( monoS ), that depends on the packing arrangement, d , AuNPsN , and monoV , for 

a known volume of added AuNP colloidal solution ( addedV ) may be determined 

using Eq. 2.11: 

AuNP added
SCPint, SCP
mono

= V
V

 (2.11) 
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6. Modifying a soft interface with a flat AuNP nanofilm inside 
a four-electrode electrochemical cell 

 

Step (i): preparing a suspension of AuNPs in methanol 

As-prepared solutions of citrate-stabilized AuNPs were centrifuged for 15 minutes 
in polypropylene tubes (at 8000 RPM for 12 nm AuNPs and 6000 RPM for  
38 nm SG-AuNPs). The supernatant was carefully decanted, leaving a highly 
concentrated aqueous solution of AuNPs with only ca. 0.1 mL of the initial 15 mL of 
solution remaining at the bottom of the plastic tube. 0.2 mL of methanol was then 
added to the 0.1 mL solution of concentrated AuNPs. The concentrations were 
estimated by UV/Vis spectroscopy as 1.5·1010 and 1·109 particles/μL for the 12 and 38 
nm AuNPs, respectively.3 Tightly sealed bottles of AuNP suspensions in methanol 
were stable for weeks. 

 

Step (ii): Silanization of the 4-electrode electrochemical cell 

Prior to AuNP film preparation the electrochemical cell was silanized with 
dichlorodimethylsilane, as described previously.14 Briefly, a certain volume (3.5 ml 
for the electrochemical cell modified herein) of a 10 % (v/v) 
dichlorodimethylsilane/TFT solution was carefully injected underneath a layer of 
water inside of the electrochemical cell. The dichlorodimethylsilane/TFT solution 
volume was chosen such that the immiscible interface it forms with the top water 
layer was positioned mid-way between the two Luggin capillaries in the cell. The 
role of the water on top is to protect the top half of the electrochemical cell from 
becoming silanized. After 5 minutes, the dichlorodimethylsilane/TFT solution was 
carefully removed using a syringe and the glassware washed abundantly with 
acetone, ethanol and deionized water. A hydrophobic protective layer was formed 
on the bottom half of the cell, preventing wetting of the glass by water and allowing 
the formation of flat well-defined interface with certain surface area mid-way 
between the two Luggin capillaries. 
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Step (iii): Precise microinjection of the AuNPs in methanol at the soft 
interface 

The AuNP methanol suspension was inserted into a 500 μL Hamilton syringe fixed 
in a syringe pump. Next, a capillary (fused silica, inner diameter of 150 μm) was 
attached to the end of the syringe needle. The free end of the capillary was held in 
close proximity to the water-TFT interface in such a way that it only touched the 
interface by capillary forces. Finally, the syringe pump was started and the gold 
nanofilm formation initiated. Varying the flow rate from 1 to 20 μL/min did not 
markedly influence the nanofilm formation process and, thus, the flow rate was 
fixed as 10 μL/min. 

 

Figure 2.5. Schematic of the capillary and syringe-pump setup used to settle AuNPs directly at the 
interface between two immiscible liquids allowing precise control over the AuNP surface 

coverage. 

 

7. “Shake-flask” experiments to quantify biphasic H2O2 
generation 

A shake-flask experiment was designed (see Scheme 2.6) to (i) identify if the 
biphasic O2 reduction product H2O2 was formed and, if so, (ii) quantify the amount 
of H2O2 generated as a result of interfacial redox catalysis in the presence of a AuNP 
nanofilm. A sub-monolayer film of 38 nm mean diameter AuNPs with a similar 
AuNP surface coverage to that investigated electrochemically by CV was self-
assembled at the water-TFT interface, as described previously in Section 5 of the 
current Chapter, with some minor adjustments. Firstly, to minimise the influence of 
tetrathiafulvalene (TTF; 0.18 mM) on the biphasic O2 reduction, the DMFc 
concentration in the TFT organic phase was approximately 20 times higher (4 mM). 
Then, once a large droplet of TFT was functionalized with a AuNP nanofilm, a 1 mM 
aqueous LiTB-DEE solution was added to the shake-flask, followed by stirring for 5 
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minutes. Partition of hydrophobic TB– polarised the soft interface positively to ca. 0.6 
V15,16. After 5 minutes the TFT phase turned green, indicating the generation of 
DMFc+. The mixture was immediately transferred to a polypropylene tube and 
centrifuged at 2000 RPM for 10 minutes in order to obtain complete phase 
separation. The amount of H2O2 produced and present in the aqueous phase was 
analysed by the iodide method, as described in detail previously,17 and the % 
conversion of DMFc to DMFc+ ( max = 779 nm) was determined by UV/vis 
spectroscopy (the optical path was 1 cm). The short timescale of the experiment 
minimised the influence of the uncatalysed ion transfer – electron transfer (IT – ET) 
biphasic ORR mechanism as that reaction typically takes more than 30 minutes.18 

 

Scheme 2.6. Schematic of the “shake-flask” experiment to determine the amount of H2O2 generated 
by interfacial redox catalysis. 
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9. Appendixes 

 

Appendix 1. A calculator for the mean AuNP diameter, concertation and 
volume required to cover given surface area based on code in Wolfram 
Mathematica  
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Chapter 3. Self-Assembly of Nanoparticles into Gold 
Metal Liquid-Like Droplets (MeLLDs) 

 

Adapted with permission from E. Smirnov, M. D. Scanlon, D. Momotenko, H. 
Vrubel, M. a Méndez, P.-F. Brevet, and H. H. Girault, ACS Nano, 2014, 8, 9471–81, DOI: 
10.1021/nn503644v. Copyright 2014 American Chemical Society 

 

 

 

Abstract. Simple methods to self-assemble coatings and films from 
nanoparticles are highly desirable in many practical scenarios, yet scarcely any 
examples of simple, robust approaches to coat macroscopic droplets with 
continuous, thick (multilayer), reflective and stable liquid nanoparticle films exist. 
Here, we introduce a facile and rapid one-step route to form films of reflective 
liquid-like gold that encase macroscopic droplets, and denote these as gold metal 
liquid-like droplets (MeLLDs). The present approach takes advantage of the inherent 
self-assembly of gold nanoparticles at liquid-liquid interfaces and the increase in 
rates of nanoparticle aggregate trapping at the interface during emulsification. The 
ease of displacement of the stabilizing citrate ligands by appropriate redox active 
molecules that act as a lubricating molecular glue is key. Specifically, the 
heterogeneous interaction of citrate stabilized aqueous gold nanoparticles with the 
lipophilic electron donor tetrathiafulvalene under emulsification produces gold 
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MeLLDs. This methodology is novel, relying exclusively on electrochemical 
reactions, i.e. the oxidation of tetrathiafulvalene to its radical cation by the gold 
nanoparticle, and electrostatic interactions between the radical cation and 
nanoparticles. The gold MeLLDs are reversibly deformable upon compression and 
decompression and kinetically stable for extended periods of time in excess of a year. 
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1. Introduction 

 

Films and coatings of nanoparticles (NPs) are key ingredient components in 
many emerging technologies due to their distinctive opto-electrical,1,2 biological3 and 
magnetic4 properties. Their remarkable utility has sparked huge interest in their 
potential applications as liquid mirrors,5 optical filters,6 sensors,7 catalysts,8 
anticorrosion9 and antireflective10 films, dialysis size selective membranes,11 
photovoltaic light harvesters12 and antibacterial surfaces,13 amongst others. 

The interface between two immiscible liquids, i.e. oil and water, is an 
extremely attractive scaffold to self-assemble NP films. It has the defect-free pristine 
nature (facilitating reproducibly), transparency (advantageous for optical 
applications), self-healing dynamism (allowing self-assembly errors to be corrected 
rapidly) and mechanical flexibility (permitting planar, curved or 3D 
deformations).14,15 Self-assembly at liquid-liquid interfaces is a classical bottom-up 
technique to produce 2D and 3D arrays and films of particles, especially metallic 
NPs.14,16,17 

Since the pioneering work of Yogev and Efrima in 1988,18 who described the 
formation of metal liquid-like films (MeLLFs), many methods have been introduced 
to self-assemble metallic NPs at air-liquid and liquid-liquid interfaces. Reported 
approaches include the addition of ethanol or methanol to the interfacial region,19,20 
the use of salts or “promoters”21,22 and covalent cross-linking interactions.11 An 
interesting approach by Han et al. involved displacing the stabilizing citrate ligands 
from the surface of colloidal gold nanoparticles (AuNPs) with either fullerene (C60) 
molecules23 or carbon nanotubes (CNTs).24 With this approach, they formed dense 
gold nanocomposite films at water-diethylether interfaces. Their proposed 
mechanism of film formation highlighted the possibility of charge transfer from the 
ligand (CNT or C60) to the AuNPs during the adsorption process. The end result of 
citrate displacement followed by charge transfer was the reduction in charge density 
on the surface of the AuNPs, a necessary step for dense gold film formation. As 
discussed in more detail vide supra, it is possible that the CNTs and C60 molecules 
provide a “lubricating interfacial glue” layer that binds the AuNPs at the interface, 
and indeed, the majority of MeLLFs formed in the absence of lubricating interfacial 
glue rapidly lose spectral reflectivity beyond monolayer surface coverage. 
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MeLLFs, however, are incapable of encapsulating macroscopic droplets. An 
inherent difficulty of encapsulating macroscopic droplets in continuous NP films is 
that NPs, as distinct from nanorods,25 lack ‘‘surfactant-like’’ symmetry to foster 
ordered, densely populated assemblies that are easily stabilized by non-covalent 
interactions alone on the interface. Kowalczyk et al. overcame this limitation by 
reinforcing non-covalent interactions with stabilizing cross-linkers between AuNPs 
functionalized with covalently attached self-assembled monolayers (SAMs) of 2,6-
difluoro-p-mercaptophenol (DFMP).11 The partly hydrophobic character of the 
DFMP ligands (due to the fluorine groups) facilitated their ability to spread over a 
water-oil (toluene in this case) interface. When the cross-linker hexanedithiol was 
introduced to the organic phase the DFMP ligands at the droplet’s surface were 
cross-linked creating a film of liquid-like gold around the aqueous droplet. The 
strong reflectivity and metallic gold luster of the film was indicative of bulk-like 
gold behavior. These films encapsulate an oil droplet entirely, as opposed to simply 
forming a film between the oil and water phases (the case for traditional MeLLFs).26 
Thus, we are denoting these films as rarely reported metal liquid-like droplets 
(MeLLDs).  

A radically different approach to form gold MeLLDs was reported by Du et al. 
who coated millimeter sized liquid Gallium (Ga) droplets with layers of AuNPs 
stabilized by (1-mercaptoundec-11-yl)-tetra(ethylene glycol) (TEG-OH) ligands.27,28 
Irreversible adsorption of AuNPs minimized the large interfacial tension between Ga 
and the aqueous suspension by lowering the Ga-water contact area. Such gold 
MeLLDs remained smooth and reflective on the timescale of hours and the outer 
layer of AuNPs acted as a steric and/or electrostatic barrier to the coalescence of 
individual Ga droplets.27,28  

There are only few reports to date that do not involve a covalent-bond 
induced stabilization procedure to form MeLLDs.22,29–31 For example, Duan et al.30 
encapsulated toluene droplets of mm size with films of liquid-like gold using AuNPs 
capped with 2-bromo-2-methylpropionate ligands. Gadogbe et al.31 utilized 
thiophene oil to self-assembly silver and gold nanoparticles into MeLLDs. 
Unfortunately, these experiments were not reproduced successfully in our 
laboratory. Konrad et al.,22,29 as mentioned above, promoted self-assembly of 
nanoparticles with a salt dissolved in one of the phases. Last two groups of 
researchers achieved droplet size of several cm. 
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Finally, some success in encapsulating microscopic droplets in NP films has 
been achieved utilizing diverse stabilizing strategies involving enzyme-AuNP 
polymeric type conjugates,32 coating the surface of the AuNPs with ligands 
consisting of mixed thiol monolayers,33 employing amphiphilic PEGylated AuNPs34 
or turning one phase into a gel.35 However, we do not designate such films as 
MeLLDs as these strategies are incapable of encasing macroscopic droplets with size of 
50-200 μm. 

Here, we introduce a facile and rapid approach to prepare gold MeLLDs 
without the need of the covalent bond induced stabilization. Briefly, an aqueous 
colloidal AuNP solution is contacted with a 1,2-dichloroethane (DCE) oil phase 
incorporating tetrathiafulvalene (TTF, a sulfur containing lipophilic π-electron 
donor) and the system is vigorously shaken with subsequent time given to  
settle (see Figure 3.1A below). The completion time for the entire process ranges 
from 60 s for the smaller AuNPs up to 300 s for the larger  
AuNPs (see Movies S1 to S3 at the publisher web-site) and the film can be shaken, 
destroyed and re-assembled ad infinitum (see Movies S3 and S4 at the publisher 
web-site). 

 

2. Results and Discussion 

 

2.1. Optical characterization of gold MeLLDs 

Two different gold MeLLDs were prepared with either relatively small (the 
mean diameter of 14 nm, as determined by UV/vis spectroscopy or large (the mean 
diameter of 76 nm) colloidal AuNP solutions. The gold MeLLDs were ellipsoidal in 
shape when formed but occasionally adopt “teardrop” geometry due to either 
entrapment of an air bubble or the buildup of a bubble of evaporating DCE beneath 
the AuNP film. Such a teardrop geometry is clearly seen in Figures 3.1E and F, 

particularly at high surface coverage ( AuNP
int ), when the dense film prevents leaving 

of a large bubble. Viewed in reflection mode, the multilayer films formed by 14 and 
76 nm mean diameter AuNPs were reddish/brown (Figure 3.1B(i)) and  
gold (Figure 3.1B(ii); Figure 3.1C) in color, respectively. The latter is indicative of the 
presence of “bulk-like” behavior. 
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Figure 3.1. Reflective gold metal liquid-like droplets (MeLLDs). (A) Scheme of gold MeLLD 
formation, 1 mL of 1,2-dichoroethane (DCE) containing 1 mM tetrathiafulvalene (TTF) was contacted 

with certain volumes (x mL) of colloidal AuNP solutions characterized by their average mean 
diameters, d (y nm), and number density of AuNPs, AuNPsN  (z AuNPs mL–1). Optical images of the 

gold MeLLDs formed by the (B) (i) smaller and (B) (ii), (C) larger AuNPs viewed in reflection mode; 
and (D) the smaller AuNPs viewed in transmission mode. The reflectance progressively increases 

with thicker films of the (E) smaller AuNPs and (F) larger AuNPs, from left to right. 

Viewed in transmission mode the thinner reddish/brown films present non-
vanishing blue transmissions, acting as blue filters (Figure 3.1D), if concentration of 
TTF is reduced to micromolar levels in the oil droplet after film formation. These 
thinner films exhibit green colors with 1 mM TTF in DCE, as expected from the 
complementary transmitted colors. The high reflectivity of MeLLDs is directly linked 

to AuNP
int  (Figure 3.1E and F; see Table 3.1 and Movie S3 at the publisher web-site), 

whereas their metallic luster derives from their optical properties.26,36–38 
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The present process to self-assemble AuNPs in MeLLDs is general and was 
tested for several water-organic phase systems with three different mean diameters 
of AuNPs: 12 nm and 65 nm prepared with Turkevich’s method and SG 38 nm 
synthesized by seed-mediated growth method (Figure 3.2). For each solvent a blank 
experiment in the absence of TTF is presented in the beginning of the row. 

 

Figure 3.2. Reflective gold MeLLDs obtained at various liquid-liquid interfaces with three 
different mean diameters of nanoparticles. DCE – 1,2-dichloroethane, TFT – α,α,α-trifluorotoluene, 
DCM – dichloromethane, NB – nitrobenzene, MeNO2 – nitromethane, 1,6-DCH – 1,6-dichlorohexane. 

The first vial in each row represents a blank experiment without TTF. 

Also a set of molecules previously used to self-assemble AuNPs or AgNPs at 
liquid-liquid-interfaces was examined to substitute TTF (Figure 3.3). Among them 
there are: neocuproine (NCP),39,40 2,2’-bipirydine (2,2’-BP) and  
4,4’-bipirydine (4,4’-BP),39,41,42 and thionine (Thi).43 Structure of all mentioned 
molecules is presented in Scheme 3.1. In fact, in the case of NCP, the film 
demonstrated satisfactory stability to shocks and perturbations. Most likely, BPs and 
Thi cause incontrollable strong aggregation during shaking, when nanoparticles 
stick to each other and form large aggregates (black color of the precipitate at LLI), in 
comparison with soft electron-by-electron charging of AuNP in TTF-based method. 

Further, only a preliminary study of the optical properties for 14 nm AuNPs is 
presented. An extensive and broad study of the optical properties of gold nanofilms 
is given in Chapter 4. 

The values of AuNP
int , assuming either SCP (Square Close-Packing) or HCP 

(Hexagonal Close-Packing) package, for small AuNPs used in this experiment are 



Chapter 3. Self-Assembly of Nanoparticles into Gold Metal Liquid-Like Droplets (MeLLDs) 

108 

given in Table 3.2. Outline the changes in UV/Vis response of the liquid gold film 

depending on AuNP
int  is presented in Figure 3.3B. 

 

Figure 3.3. Implementation of other well-known molecules to form gold MeLLDs:  
DCE – 1,2-dichloroethane, NCP – neocuproine, 2,2’-BP – 2,2’-bipirydine, 4,4’-BP – 4,4’-bipirydine,  

Thi – Thionine. 

 

Scheme 3.1. Structures of molecules used for self-assembly of AuNPs in MeLLDs.  
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Table 3.1. Estimation of the monolayer 
fraction surface coverage’s ( monoS ) for the 

gold MeLLDs shown in Figure 3.1E  
( d  = 14 nm, AuNPsN  = 2.7×1012 AuNPs mL–1) and 

Figure 3.1F ( d  = 76 nm,  

AuNPsN  = 1.4×1010 AuNPs mL–1), respectively, 

depending on assumed packing arrangement. 

 

d  
nm 

addV  
mL 

SCP
monoS  

 

HCP
monoS  

 

    

14 0.1 0.07 0.06 

 

0.25 0.17 0.15 

0.5 0.34 0.30 

1 0.69 0.60 

2 1.38 1.20 

5 3.45 2.29 

    

76 1 0.01 0.09 

 

2 0.20 0.18 

4 0.41 0.35 

6 0.61 0.53 

8 0.82 0.71 

35 3.58 3.11 
 

Table 3.2. Estimation of the monolayer 
fraction surface coverage’s ( monoS ) for the 

gold MeLLDs analyzed by UV/vis 
spectroscopy in a quartz cuvette ( dropletS ≈ 6 

cm2) in Figure 3.3B ( d  = 14 nm,  

AuNPsN  = 2.7×1012 AuNPs mL–1) depending on 

assumed packing arrangement. 

 

d  
nm 

addV  
mL 

SCP
monoS  

 

HCP
monoS  

 

    
14 0.2 0.17 0.15 

 

0.3 0.26 0.23 

0.4 0.35 0.30 

0.5 0.44 0.38 

0.6 0.52 0.45 

0.7 0.61 0.53 

0.8 0.70 0.61 

0.9 0.79 0.68 

1.0 0.88 0.79 

1.1 0.96 0.83 

 

UV/vis characterization of both gold MeLLDs in transmission mode gave 
spectra with characteristic extinction peaks in the green/yellow and red  
regions (Figure 3.4A). Those in the green/yellow correspond to either the dipolar 
localized surface plasmon resonance (LSPR) of non-interacting AuNPs, or surface 
out-of-plane (transverse) surface plasmon coupling modes for interacting AuNPs, at 
the water-oil interface.2,44 Meanwhile, those in the red region emerge from the in-
plane (longitudinal) efficient surface plasmon coupling (SPC) modes, arising from 
chains and islands of AuNPs present at submono-, mono- and multi-layer film 
coverages. The latter arise from the collective excitation of free electrons of the 
AuNPs embedded in the film.2,44 
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Systematically increasing the quantity of AuNPs entrapped in a gold MeLLD 
(Figure 3.1E and F) revealed that the extinction peaks present at these higher 
wavelengths (> 650 nm) are red-shifted and broadened (due to distance dependent 
plasmon coupling)21 while their intensity increases in a linear fashion (Figure 3.4B). 
Schatz et al.45 developed an analytical model demonstrating that the plasmon 
wavelength shift is determined by the real part of the retarded dipole sum while the 
width is determined by the imaginary part of this sum. They discuss that optimal 
blue shifts and band narrowing are expected when the NP spacing is slightly smaller 
than the plasmon wavelength. 

 

Figure 3.4. Characterization of the gold MeLLDs formation. (A) Comparison of the extinction 
spectra of the aqueous AuNP colloidal solutions with the corresponding AuNP films of the MeLLDs 

(1 and 6 mLs of colloidal solution were used for film formation with 14 and 76 nm AuNPs, 
respectively, see Figure 3.1A. (B) Monitoring the extinction spectra of the gold MeLLDs as a function 
of increasing AuNP surface coverage (expressed as AuNP

int assuming hexagonal close packing) for the 

14 nm AuNPs. 

At the same time, red shifts and broadening can be found for interparticle 
distances much smaller than the plasmon wavelength at which electrostatic 
interactions are dominant.45 Thus, the latter expected red shifts and broadening were 
observed as the distance between AuNPs on the interface decreased to distances 
much smaller than the plasmon wavelength with increasing surface coverage. 

A series of control experiments were performed. Firstly, the aqueous and 
DCE phases were studied by UV/vis spectroscopy pre- and post-gold MeLLD 
formation (Figure 3.5). In the case of DCE phase, it was taken out of the droplet after 
formation of MeLLD and measured in a quartz cell. 
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Figure 3.5. UV/vis spectra highlighting the complete absence of colloidal AuNPs from the aqueous 
phases for: (A) the 14 nm and the 76 nm colloidal AuNP solutions; and (B) from the DCE phase for 
the 76 nm AuNPs, post-liquid gold film formation. Thus, by inference all of the AuNPs originally in 

the aqueous colloids for both AuNP sizes were now confined to their respective interfacial liquid gold 
films. 

The spectra revealed that no colloidal AuNPs were present in either phase 
post-gold MeLLD formation (with both colloidal AuNP stock solutions). Thus, all 
AuNPs were confined to the interfacial region and incorporated into the metallic 
film. The aqueous phase was completely blank post-gold MeLLD formation whereas 
the DCE phase gave identical responses, characteristic of neutral TTF,46 pre- and 
post-gold MeLLD formation for both AuNP stock solutions. 

Secondly, the kinetics of TTF-induced AuNP aggregation were monitored by 
UV/vis spectroscopy and clearly highlighted that AuNP aggregation, and hence gold 
MeLLD formation, does not occur in the absence of TTF in DCE (Figure 3.6). UV/vis 
spectra were taken from the aqueous phase slightly above the interface at regular 5-
minute intervals. All kinetic experiments were carried out under non-shaking 
conditions in air. The kinetic behavior of the 76 nm AuNPs showed that AuNPs 
aggregated first, giving rise to an increase in absorbance at λSPR = 760 nm and a 
decrease in absorbance at λLSPR = 545 nm (Figure 3.6A); and then subsequently 
precipitated, decreasing the absorbance at both 545 and 760 nm (Figure 3.6B). A 
control experiment was performed without TTF in a DCE oil phase in contact with 
the 76 nm AuNPs (Figure 3.6C). No aggregation and precipitation was seen on 
contacting the colloidal AuNP solution in the absence of TTF. 
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Figure 3.6. The influence of TTF in the DCE oil phase on the kinetics of aggregation and 
precipitation of 76 nm colloidal AuNPs. (A) Initial stage: aggregation of AuNPs, increasing 
absorbance at λSPR = 760 nm and a decreasing absorbance at λLSPR = 545 nm. (B) Final stage: 

precipitation of aggregates, decreasing the absorbance at both 545 and 760 nm. (C) A control 
experiment without TTF in a DCE oil phase in contact with the 76 nm AuNPs. (D) Comparison of the 

influence of the presence or absence of the electron donor TTF in the oil phase on the kinetics of 
AuNP aggregation and precipitation. 

Thirdly, visual inspection of unshaken (or unsonicated) biphasic reaction 
systems, prepared as described in Figure 3.1A, indicated that gold MeLLD formation 
only occurred with emulsification, as discussed vide infra (Figure 3.7). 

AuNP aggregation can occur through two possible mechanistic routes 
depending on the AuNP concentration: aggregates may form primarily by the 
addition of single AuNPs to form clusters, or various clusters may combine to form 
even larger clusters.2,47 

The key role of the emulsification process (either by vigorous shaking or 
sonication) is formation of tiny drops of the oil phase into the aqueous phase and, 
thus, significant increasing of available surface area. The latter allows particles and 

aggregates of adsTTFads -coated AuNPs freely and – even more important – rapidly 
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being entrapped by the interface. In the absence of emulsification, gold MeLLDs 
could not be formed (Figure 3.7) and black aggregates precipitated with time onto 
the interface and onto the bottom of the reaction vial. The kinetics of these slow color 
changes were followed by UV/vis spectroscopy in a quartz cuvette and are showed 
in Figure 3.6. 

Also, vigorously shaking the biphasic system after extensive AuNP 
aggregation had occurred (such as in Figure 3.7B and C) failed to induce the 
formation of gold MeLLDs, emphasizing the importance of capturing the small 
AuNP aggregates quickly. 

 

Figure 3.7. Interaction of AuNPs with TTF in aqueous and oil phases without emulsification. The 
appearance of the colloidal solution of 14 nm AuNPs visibly changes due to aggregation and 

precipitation after (A) 0, (B) 50, (C) 125 and (D) 225 minutes of reaction with a 1 mM TTF solution in 
DCE in the absence of vigorously shaking the cell.  

 

2.2. Investigating the conductivity of gold MeLLDs 

The charge transport in nanoparticle films happens by multiple tunneling of 
electrons or “hops” of electrons between conductive nanoparticles separated by 
dielectric medium (in this case, neutral TTF). Every hop decrease conductance in 
exponential manner, thus, reveals the crucial role of the interparticle separation. 
Recently, Kim and Kotov have extensively reviewed the topic of charge transport in 
nanoparticles assemblies and demonstrated that the gap between NPs and Coulomb 
blockade governs the process.48 
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As a translation of tunneling effects to macroscale, variations in gaps between 
neighboring NPs leads to description of the film as a network of varying 
conductances, which can be described in terms of percolation theory.49 Theoretical 
aspects of the step-wise increase of conductance with growing of nanoparticle 
number in 2D film was considered by Momotenko.50 

The possibility of metallic (electronic) conductivity on the macroscale for gold 
MeLLDs, formed with both colloidal AuNP solutions, was investigated by 
electrochemical impedance spectroscopy (EIS). The EIS measurements were carried 
out with solutions of 1 mM TTF in DCE, pure water, the bare water-DCE (containing 
1 mM TTF) interface, and the water-DCE (containing 1 mM TTF) interface covered in 
AuNP multilayers of either the smaller (x = 14, y = 5, z = 2.7×1012, see Figure 1A) or 
larger (x = 76, y = 8, z = 1.4×1010, see Figure 3.3A) AuNPs. 

The equivalent electric circuit diagram of the impedance data and a scheme 
outlining the interpretation of each element are presented in Figure 3.8. R1 represents 
the solution resistance (i.e. the resistance of the solution to ionic conductivity). On 
polarizing the electrodes (with an applied potential difference of 250 mV), it follows 
that each AuNP is effectively bipolar in nature due to the applied electric field 
between the two Pt electrodes. 

Each bipolar AuNP has a corresponding double-layer of ions surrounding it 
that gives rise to a pseudo-capacitance represented by the CPE1 element. This 
element may also include a contribution from the capacitance of the Pt wires as the 
CPE will be dominated by the smallest capacitance, i.e. that of individual AuNPs. R2 
represents a polarization resistance of the interface. 

The values of R1 for pure water and DCE containing 1 mM TTF were in 
agreement with the expected lower conductivities of the organic solvent. 
Additionally, the resistance of the water-DCE interface is lower than the resistance of 
pure water, as expected for the presence of two resistors in a parallel  
circuit (Table 3.3). The value of R1 is smaller for the 14 nm AuNP gold MeLLDs due 
to the better packing possible with smaller NPs (i.e. smaller mean interparticle 
distance). In fact, R1 for a gold MeLLD is the sum of the individual resistances of the 
inter-AuNP regions, likely to consist of a TTF-matrix as discussed above. 

The key finding from EIS experiments is that the impedance spectra excludes 
the possibility of metallic (electronic) conductivity of the gold MeLLDs on the 
macroscale. The real components (i.e. resistances) of the complex impedance are very 
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high at lower frequencies. However, it does not exclude the possibility for the film 
being conductive at microscale, as shown recently.26 

 

Figure 3.8. Electrochemical impedance spectroscopy (EIS) of gold MeLLDs. (A) Schematic of the 
glass cell with embedded Pt electrodes used to carry out the EIS measurements. (B) Schematic of the 

adsTTFads -coated AuNPs at the water-DCE soft interface with an overlay of the impedance equivalence 

model used to simulate the EIS responses. (C) The reduced equivalence electric circuit diagram of the 
impedance data. (D) Nyquist plots of obtained data and (E) magnification of the plots in (B).  

 

Table 3.3. Values of the equivalent circuit elements described in Figure 3.8. 
 

Cell 
 

R1 
M  

R2 
M  

CPE1 
x 10-6 F-1·s1-n 

n1 

 
% error  

in fitting 
      
14 nm liquid gold film 0.15 1.3 1.53 0.7142 < 2.0 
76 nm liquid gold film 0.23 13.2 0.82 0.7772 < 2.6 
Bare water-DCE interface 1.41 11.9 1.10 0.8354 < 0.9 
Pure water 1.72 15.4 1.73 0.8207 < 2.0 
1 mM TTF in DCE 3.87 9.2 x 109 0.97 0.4989 < 1.2 
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2.3. Gold MeLLD formation mechanism 

(i) Interfacial Raman and XPS to determine presence of TTF on the 
surface of AuNPs 

Previous surface enhanced Raman spectroscopy (SERS) studies have highlighted the 
ability of neutral TTF to competitively displace adsorbed citrate efficiently from the 
surface of gold substrates (including aggregated colloidal AuNPs).51,52 TTF was 

found to be present as its radical cation, TTF , when adsorbed on gold. Thus, by 

inference, a charge transfer reaction occurred whereby adsorbed neutral TTF injected 
an electron into the gold substrate.51,52 

To observe formation of TTF  along with neutral TTF after setting of the 

MeLLD at water-DCE interface, interfacial Raman investigation (Figure 3.9A) was 
carried out with 14nm and 38 nm SG-AuNPs. Particles with diameters between 40 to 
60 nm provide the largest SERS-enhancement, thus, 38nm SG-AuNPs are relatively 
close to the proposed maximum.53,54 Also, in interfacial Raman configuration blank 
experiment and SERS detection are performed on the same sample simply by 
moving laser spot from a golden island to a void without changing the focal 
distance. This feature allows direct determination of the enhancement factor and 
increases overall stability. 

Figure 3.9 B-D clearly demonstrates the presence of both forms of TTF, 
neutral and radical-cationic, but absence of TTF2+. Observed values for TTF are in 

good agreement with observed published Raman shifts for TTF and TTF forms 

(Table 3.4). 

Meanwhile, scattering spectra in Figure 3.9B and D contains significant 
amount on unknown bands, which most likely can be devoted to adsorbed citrate or 
ascorbate species used in synthesis. Positions of some bands are very close to citrate. 
For example, 826, 955, 973 cm–1 can be attributed to free citrate molecules (843, 943, 
955 cm–1, respectively, according to Ref. 55), whereas, 566, 706, 1089 cm–1 – to citrate 
molecule in SERS experiment (567, 705 and 1073 cm–1, respectively, according  
to Ref. 55). However, it is hard to identify certainly patterns of the compound(s), so 
additional experimental work is required to clarify this issue. Despite that, the one 
thing could be derived from this experiment: there is no line in SERS-spectra 
corresponded to dicarboxy acetone (DCA),56 which is often claimed as a possible 
product of citrate oxidation to stabilize AuNPs.57 
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Figure 3.9. Interfacial Raman microscopy of MeLLD. (A) Schematic representation of “horizontal” 
Raman microscope. (B) Survey scan of Raman signal. Insert: positioning of a laser spot at interfacial 
film or voids. (C, D) Magnified views of Raman scattering with marked bands and their affiliations. 

adsTTFads  is an aromatic molecule, in terms of the Hückel definition, due to the 

6  heteroaromaticity of the 1,3-dithiolium cation.59,60 This aromaticity is only possible 

as the adsTTFads  ligands do not covalently bond to the AuNP surface. SERS studies by 

Sandroff et al.51 indicate that adsTTFads  maintains its aromaticity on AuNPs. Briefly, 

adsTTFads  lies flat on the surface of gold, and no covalent bonds are formed between 

gold and adsTTFads , primarily due to the low nucleophilicity of the sulfur atoms in 

TTF.61 This is crucial as, in the absence of covalent bond formation, adsTTFads does not 

dissociate and maintains its aromaticity. Indeed, the strong adsorption of adsTTFads  

arises from an electrostatic attraction between the delocalized charge of adsTTFads  and 

the surface of the gold. 
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Table 3.4: Values of the equivalent circuit elements described in Figure 3.9. 
 

Compound 
 
 

Observed shift  
cm–1 

 

Raman shift 
cm–1  

Ref. 51 

Raman shift 
cm–1  

Ref. 58 

Raman shift 
cm–1  

 

     
0TTF  455.5 468   

 1518.5 1512 1514  
     

TTF  486 488   
 506 506 501  

749.5 748 on AuNPs 748  

 758 (bulk TTF )   

1413.5 1416  1418  
     
DCE 302   304 

 410   413 

 

554   555 

   675 

755   756 

943   946 

1207.5   1207 

1441   1440 

 

As shown by studies of Raman scattering, by maintaining its aromaticity 

adsTTFads  may partake in further interactions that counteract the Coulombic repulsions 

such as π–π interactions with neighboring /0TTF /0  molecules in addition to non-

bonding S–S interactions.59,60 Also, other ions present in solution, such as citrate 
anions in our case left-over from the AuNP synthesis and displaced from the AuNP 
surface, could in fact induce aggregation by creating “bridging attractions”.62,63 In 
principle, the citrate anion could act as a “cross-linker” in terms of creating attractive 

electrostatic interactions between the positively charged adsTTFads  ligands and the 

negatively charged citrate. As for vdWs attractions, although individual “bridging 

attractions” are themselves quiet weak, the significant number of adsTTFads  ligands 

attached to the AuNP surface capable of being bridged could induce aggregation in 
the presence of citrate. All mentioned processes play an important role in the AuNP 
aggregation and gold MeLLD formation processes.  
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In contrast, other electron donors such as Fc or DMFc (see Section 2.3(iii) in 
Chapter 5 and Chapter 8) were able to donate electrons to AuNPs, but did not  
caused their self-assembly. Here the multiple roles of TTF as citrate substituent, 
“interfacial glue” that sticks nanoparticles together, and electron donor are very 
important. 

The enhancement factor (EF) for such Raman experiments can be estimated 
based on intensities of TTF at 486 and 505 cm–1 and assuming concentration of TTF in 
DCE equal to 1 mM:64,65 

SERS Surf SERS Surf

RS Vol RS RS

/ /EF=
/ /

I N I n A
I N I c V

 (3.1) 

where Vol RSN c V is the average number of species in the scattering volume (V) for 

the simple Raman measurements, Surf SurfnN A  is the average number of adsorbed 

molecules if the scattering volume for SERS experiment, and SERSI  and RSI  are the 

corresponding intensities of the signal. 

We assume a single TTF molecule per 1 nm2, which is a very optimistic 

estimation, since charge of adsTTFads  should be screened. Diameter of focused beam 

equals to 2.7 μm (so, interacting volume is a semi-sphere, ca. 10 μm3). Thereby, EF is 
equal ~104. 

XPS experiment was carried out to show that TTF molecules are present on 
the surface of AuNPs even after transferring nanofilm from LLI to a solid substrate 
and to see a chemical shift of negatively charged gold atoms. To do that a silicon 
substrate was covered with MeLLD and analyzed with XPS. Figure 3.10 represents 
XPS spectra for selected elements: Au, S and C. Data obtained by fitting of high-
resolution peaks are summarized in Table 3.5. 

Fitting of XPS-lines showed a significant negative chemical shift of Au 4f5/2 
and 4f7/2 ca. 1.3 eV from 84 to 82.7 eV and from 87.7 to 86.4 eV, respectively, but spin-
orbit splitting remained 3.7 eV.66 The latter means negative charging of gold 
nanoparticles by electrons from TTF (Figure 3.10B). Liu and Gao observed similar 
negative chemical shift upon charging of AuNPs with C60.67 However, in the case of 
carbon nanotubes a positive shift was observed in comparison to bare AuNPs.24 
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Figure 3.10. XPS spectra of gold MeLLD transferred to a silicon substrate: (A) Survey scan and  
(B), (C), (D) high-resolution scans of Au 4f, C 1s and S 2p, respectively. 

The C 1s line of carbon was fitted with several contributions from bonds, 
which can be present in TTF molecule: C=C, C-C, C-S and C=S, demonstrating good 
fitting result (Figure 3.10C). 

However, intensities of S 2p lines are relatively low. Thus, a long acquisition 
time (~15 min) was required. S 2p line has two contributions: non-depleted 2p1/2 and 
2p3/2 centered at 161.9 eV, and 2p band related to high oxidation states of sulfur,  
such as S4+, centered at 167.3 eV. This S4+ band most likely was oxidized from TTF 
under hard X-Ray irradiation during a long time by oxygen-containing compounds 
that could remain attached to AuNPs surface. However, more precise XPS study is 
required to support these observations. 

Nevertheless, fitted peak positions for Au 4f, C 1s and S 2p are corroborated 
well with the published data (Table 3.5). 
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Table 3.5. Calculated positions of XPS peaks demonstrated in Figure 3.10. 
 

Band 
 

Fitted peak position 
 eV 

Literature 
 eV 

Attribution 
 

    

Au 4f5/2 82.7 ± 1.2 84 66 Bulk Au 

Au 4f7/2 86.4 ± 1.2 88 66 Bulk Au 

    

S 2p 161.9 ± 3.5 163.6 68 0TTF  

  
164.6 68 

163.2 ± 3 69,70 adsTTFads  

S 2p3/2 167.3 ± 4.8 166.5 &167.7 71 3
3SO  

    
C 1s 283.2 ± 1.7 283.2 72 C=C 

 285 ± 1.0 285 72 C-C 

 285.9 ± 2.0 285.9 72,68 C-S 

 288.3 ± 2.0 288.3 72, 68 C=S 

 

(ii) Electrochemical charge transfer and electrostatic interactions between 
lipophilic tetrathiafulvalene and hydrophilic colloidal AuNPs 

Immediately after placing the aqueous and DCE phases in contact, neutral TTF 
molecules partition between the oil and water phases, with subnanomolar 
concentrations of TTF partitioning to water in accordance with following equation: 

0 0 0
oil oil w( )TTF ( )TTF ( )TTFn p s q n p s q  (3.2) 

Currently, data is only available for the n-octanol/water partition coefficient of 
0TTF  ( w/octanollog 3.019P ). However, we have investigated the relationship 

between w/DCElog P and w/octanollog P  previously, and identified the major difference 

between them as the expression of the H-bonding capacity of the solutes.73 Non-H-

bond donors, such as 0TTF , were found to be more lipophilic in DCE/water than in 

n-octanol/water and a w/DCElog P in excess of 4 is expected. Thus, as little as 1 in every 

10,000 molecules of 0TTF  will partition to water phase, with nanomolar quantities of 
0
wTTF  available for reaction with colloidal AuNPs in the bulk water.  
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As shown by Raman and XPS, the charge transfer between the TTF0 and the 
AuNP happened resulting in displacement of citrate from the negatively charged 

AuNP with the electrostatically adsorbed TTF . This electron transfer may occur 

both homogeneously in bulk water (Eq. 3.3) and heterogeneously at the  
interface (Eq. 3.4): 

3 3 0
w ads w

3
w ads w w

(AuNP :  cit ) ( )TTF

                                         (AuNP :  TTF )  cit  TTF

z z m

z s q z q

m s q

s m q3
wcit TTFw)) citads ) 3cit TTF3z q) citcit3citcit3

wcitcit3
 (3.3) 

3 3 0
w ads oil

3
ads w wint

(AuNP :  cit ) ( )TTF

                                         (AuNP :  TTF )  cit  TTF

z z m

z n p z p

m n p

n m p3
w) cit TTFw) citads w

3) cit TTF) cit3z p citcit3citcit3
wwcitcit3

 (3.4) 

where z  represents the electronic charge on the core of the AuNP ( z  is likely to be 
positive due to the incomplete reduction of gold atoms at the AuNP surface by 
citrate during synthesis, i.e. a core-shell structure exists with a positively charged 
AuNP surface and a surrounding negative layer of citrate), m  is the number of 
citrate (cit) ligands per AuNP, n  and s  are the number of oxidized TTF molecules 

assumed to remain adsorbed ( adsTTFads ) to the AuNP surface at the interface (int) or in 

bulk water (w), respectively, and p  and q  are the number of adsTTFads  molecules at the 

interface or in the bulk water, respectively, that subsequently desorb from the AuNP 

surface and partition to the aqueous phase ( adsTTFads ). A graphical  

description of Eqs 3.2-3.4 is illustrated in Scheme 3.2. 

The surface of the AuNP is a dynamic environment with an equilibrium 

existing between adsTTFads  and free TTF in solution. Taking into consideration the 

substantially higher solubility of TTF  than 0TTF  in bulk water and the ease with 

which TTF  can cross the water-oil interface, as illustrated by the standard ion 

transfer potential of TTF , +
0,oil w

,TTFtr + , being –0.020 V (determined by ion transfer 

voltammetry experiments at a polarized water-DCE interface),46 it is likely that 

portions of the oxidized TTF  generated both homogeneously and heterogeneously 

are available to coat AuNPs in the aqueous phase, further displacing citrate ligands 
without previous charge injection into the AuNP (Eq. 3.5). 

3 3
w ads w

3
w ads w

(AuNP :  cit ) ( )TTF

                                         (AuNP : ( )TTF )  cit

z z m

z z p q

m p q

p q m
w

z p)))ads ))
 (3.5) 
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Scheme 3.2. A graphical illustration of the homogeneous and heterogeneous charge transfer 
reactions between neutral TTF and AuNPs. The green AuNPs correspond to those that underwent a 

homogeneous reaction and are either still free in the aqueous phase or subsequently trapped at the 
interface, while the red AuNPs are those that react heterogeneously at the interface. 

The thermodynamic driving force underpinning the charge transfer process 
may be readily understood on the basis of the relative magnitudes of the reduction 

potentials of TTF in water (w) ( •
w0

TTF /TTF AVS
E ), TTF in DCE (oil) ( •

oil0
TTF /TTF AVS

E ) 

and the work function of the AuNPs ( AuNP  = 5.32 V), which are expressed here on 

the absolute vacuum scale (AVS). To calculate the reduction potentials of TTF in 
both phases we used the thermodynamic cycle shown in Scheme 3.3. 

The reduction potential of 0
oilTTF , where the oil is DCE, with respect to the 

Standard Hydrogen Electrode (SHE), •
0
TTF /TTF SHE

oil
E , is 0.560 V.46 The standard ion 

transfer potential of TTF , w 0
o ,TTFtr , determined by ion transfer voltammetry 

experiments at a polarized water-DCE interface, is –0.020 V.46 Thus, as DCE/wlog P  for 

0TTF is ~4, the reduction potential of 0
wTTF  with respect to SHE, •

0
TTF /TTF H

w

S E
E , 

elucidated using the thermodynamic cycle is +0.346 V74, as shown in Scheme 3.3 and 
Eq. 3.6: 
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•+ 0 0 0 •+ •+
0,w 0,w oil 0,oil 0,w oil
TTF /TTF ,TTF TTF /TTF ,TTFtr tr

G G G G  (3.6) 

where •+ 0
0,w
TTF /TTF

G , 0
0,w oil

,TTFtr
G , 0 •+

0,oil
TTF /TTF

G and •+
0,w oil

,TTFtr
G  are the standard Gibbs 

energies of reduction of TTF  in water, transfer of 0TTF  from water to oil, 

oxidation of 0TTF  in oil and ion transfer of TTF  from oil to water, respectively. 

 

Scheme 3.3. Thermodynamic cycle used to determine the reduction potential of aqueous TTF•+. 

The potentials on the SHE scale are related to the Absolute Vacuum Scale 

(AVS) by 4.440 eV,73 giving us •
w0

TTF /TTF AVS
E  and •

oil0
TTF /TTF AVS

E  as 4.786 and 

5.000 V, respectively. The work function of bare gold is 5.320 V vs. AVS,75 and we 
assume that AuNP  does not deviate substantially from this value for citrate 

stabilized AuNPs, or subsequently, on adsorption of 0TTF . 

Thus, although a substantially greater thermodynamic driving force exists for 
the homogeneous over the heterogeneous aggregation route, the two processes are 
competitive due to the low aqueous solubility of TTF. Irrespective of the path 
followed, in both instances, electron transfer processes occur until the system reaches 
Fermi-level equilibration, in which AuNP  is raised to a more reducing potential 

(Scheme 3.4).76,77 

Fermi level equilibration may also influence the adsorption/desorption 
dynamics of citrate and TTF species. After equilibrium, the more reduced AuNPs 
may induce the removal of anionic citrate ligands electrostatically, further 

facilitating the absorption of TTF . The latter inference is supported by the 

observations of Weitz et al. who noted that tetracyanomethanediquinone (TCNQ), 
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adsorbed as its radical anion, TCNQ , cannot displace citrate.52 As an electron 

acceptor, TCNQ oxidizes the surface of the AuNP during charge transfer, lowering 

AuNP  to a less reducing potential, thereby increasing the electrostatic attraction 

between citrate and the surface of the AuNPs. 

Of course, as shown in Chapter 6, the position of the nanoparticle Fermi level 
depends on the relative concentration of oxidized and reduced forms of TTF. 

However, the amount of TTF  is at the nM level and can be neglected. 

 

Scheme 3.4. Schematic of the shift in the work function of the AuNPs during charge (electron) 
transfer with TTF to more reducing potentials. The scheme represents only standard redox 

potentials ( 0E ) of TTF in the oil and aqueous phases. The real potential ( E ) will be changed with 
relative concentrations of TTF  and TTF in accordance with Nernst equation. 

 

(iii) The role of emulsifying the biphasic system.  

Vigorous shaking of the reaction cell, emulsifying the water and oil phases, 

significantly increases the rate of citrate displacement by adsTTFads , and therefore in 

effect the rate of aggregation of the AuNPs, by increasing the surface area of the oil 
droplets in contact with water. The aggregation of the AuNPs on displacement of 

citrate by adsTTFads  may be explained using Derjaguin-Landau-Verwey-Overbeck 

(DLVO) theory.2,78 The surface charge densities of adsTTFads -coated AuNPs are 

considerably lower than with citrate ligands, as evidenced by zeta (ζ)-potential 
measurements (Table 3.6). So, the Coulombic repulsions are no longer a sufficient 
barrier to keep the AuNP cores separated at distances outside the sphere of influence 
of the van der Waals (vdWs) forces. 
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Table 3.6. Summary of ζ-potential and DLS measurements of as prepared citrate coated and  

adsTTFads  aggregated AuNP solutions. 

 

 
    Smaller (14 nm) AuNPs      Larger (76 nm) AuNPs 

As prepared Aggregated As prepared Aggregated 
     

ζ-potential 
mV 

–43 ± 12 –25 ± 8 –37 ± 11 –12 ± 8 

Particle Sizes Observed 
nm 

22 ± 8  885 ± 372  68 ± 27  
378 ± 196  

& 
> 4000 

 

Additionally, vigorous shaking, or alternatively ultra-sonication, effectively 
prevents the formation of larger aggregates of AuNPs by rapidly facilitating the 

spontaneous adsorption of individual, small aggregates of adsTTFads –coated AuNPs at 

the interface. The driving force behind this spontaneous interfacial adsorption of 
AuNPs is the diminution of excess surface energy at an early stage of the AuNP 
aggregation process induced by TTF.79,80 In accordance with the latter, control 
experiments where the biphasic system was left to sit unshaken failed to produce 
metallic AuNP films (Figure 3.5). Instead, large black AuNP aggregates formed and 
precipitated with time both onto the interface and the bottom of the reaction vial. A 
schematic of the full MeLLD formation process is presented in Scheme 3.5. 
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Scheme 3.5. Schematic of the gold MeLLD formation process. The homogeneous and 
heterogeneous charge transfer reactions between TTF and AuNPs in (B) are described in detail  

in Scheme 3.2. 

 

2.4. To the question of wetting properties 
Typically during MeLLF formation the water-oil or water-air interfacial 

tension ( w/o  or w/a ) steadily decreases as the number of AuNPs adsorbed at the 

interface increases up to the moment of interfacial buckling followed by 
crumpling.81–83 Clearly, for MeLLD formation an alternative mechanism prevails, 
outlined in Scheme 3.5, as indicated (i) by the absence of irreversible buckling or 
fracture, with the maintenance of spectral reflectivity, at very high surface loadings 
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of AuNPs far in excess of monolayer conditions (Figure 3.1F) and (ii) the complete 
absence of “expelled” AuNPs from the interface after gold MeLLD  
formation (as above discussed, see Figure 3.3). The detailed description of dimming 
for multilayers is given in Chapter 4. 

The contact angles ( ) between (i) an unmodified droplet of DCE (containing 
1 mM TTF) and (ii) gold MeLLDs of varying AuNP surface coverage (0.5, 1 and 
3 ML, respectively) and a glass surface were determined by analyzing the shape of a 
sessile droplet in a quartz cuvette filled with an aqueous solution (Figure 2.4.1).84,85 
Changes in are indicative of increasing or decreasing w/o  in accordance with 

Young-Dupré (Eq. 1.36 in Chapter 1). 

A slight 2° reduction in  was observed for a gold MeLLD with half a 
monolayer of AuNPs adsorbed compared to a bare droplet (Figure 3.11). For a single 
monolayer and multilayers (i.e., equivalent to 3 monolayers) surface coverage, the 
contact angle  increased slightly by 4° compared to the bare droplet, indicating of a 
net increase in w/o . 

 

Figure 3.11. Images of the sessile drops, surrounded by an aqueous solution in a large quartz 
cuvette. (A) A DCE droplet containing 1 mM TTF, and gold MeLLDs formed with (B) 0.5, (C) 1, and 

(D) 3 equivalent monolayers of AuNPs. 
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Initially, this might seem counter-intuitive as interfacial AuNP adsorption 
processes typically decrease excess surface energy, thus reducing w/o  as 

mentioned.79,80 However, in the case of MeLLD, the surface tension increases due to 

the interfacial accumulation of extremely hydrophilic TTF in the interfacial matrix 

of the AuNP film (Scheme 3.5E). As a result, the net change of the energy per unit 
area of interface will increase substantially compared to that of the bare water-oil 
interface resulting in an increased surface tension. Nevertheless, film formation is 
still thermodynamically favorable since the global interfacial excess surface energy 
in the system is lowered as the total surface area of exposed AuNPs is reduced 
during gold MeLLD formation. 

Another approach to answer the question of wetting properties is direct 
measurements of interfacial tension changes with increasing of the AuNP surface 
coverage. Unfortunately, it is extremely difficult to achieve with the precise control 
over the AuNP surface coverage. 

 

2.5. Self-healing nature and mechanical properties 

A key feature of interfacially adsorbed AuNPs is freedom to move laterally, 
under certain circumstances, despite being trapped vertically at the interface. That 
property may be used to create spatially uniform interfacial assemblies.20,86  

Considerable additional dispersive and attractive forces, of greater 
complexity than DLVO theory for bulk AuNP interactions, control AuNP 
interactions within interfacial fluid films. The precise balance of these interparticle 

forces for the MeLLDs allows the interfacial matrix of TTF, adsTTFads and free TTF  to 

act as lubricating molecular glue, binding the AuNPs together, while retaining some 
freedom of movement to facilitate multilayer formation. In contrast, as noted, the 
interface buckles when monolayer surface coverage’s are exceeded for the majority 
of continuous reflective liquid mirrors reported to date.40  

A dramatic illustration of the liquid-like flexibility of a gold MeLLD is the 
reversible deformation of the gold film upon compression and decompression (see 
Figure 3.12 Movie S5 at the publisher web-site). Compression is achieved by simply 
reducing the volume of the droplet by withdrawing the inner DCE phase with a 
pipette; and subsequent expansion of the droplet by re-inserting DCE decompresses 
the gold film (Figure 3.12A and B). As the droplet size becomes progressively 
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smaller, the interfacial gold film becomes compressed to the limits of its stability in 
two-dimensions and thus “explores” the third dimension as the film deforms.87 
During film deformation, protrusions or wrinkles extend several microns into the 
aqueous phase (as clearly seen in Figure 3.12B and Movie S5 at the publisher web-
site). The wrinkles co-exist with areas of un-deformed, flat film (Figure 3.12E). So, a 
further reduction in droplet volume (i.e., increasing compression) causes an increase 
in the fraction of the wrinkled gold film. Thus, unlike the situation for the formation 
of spectrally reflective multilayer gold MeLLDs described so far, upon compression 
spectral reflectivity is significantly diminished.  

 

Figure 3.12. Behavior of a gold MeLLD upon compression (i.e., when the DCE is withdrawn from 
the droplet by a micropipette) and luster restore in a compressed film. (A) Initial state, lustrous 

MeLLD. (B) Removal of DCE phase and wrinkles formation. (C) Non-complete removal of wrinkles 
by shaking and (D) complete elimination of wrinkles by ultrasonication. (E) SEM-image of a single 

wrinkle. (F) Schematic of probable wrinkle structure. 
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The latter is a kinetic effect arising from the limited mobility of the AuNPs 
within the interfacial lubricating layer preventing their re-arrangement on the short 
timescale. However, as the volume of the droplet is increased, the protrusions 
flatten, are re-incorporated into the flat gold film and allowing full restoration of the 
gold MeLLDs metallic luster upon de-compression (see Movie S5 at the publisher 
web-site). 

Herein, the mechanism of film collapse upon compression is different to those 
typically observed, i.e., the fracture or solubilization processes that underpin the 
mechanisms of buckling for monolayers of lipids or NPs at liquid-liquid or liquid-air 
interfaces.87 During fracture well-ordered or rigid monolayer films collapse upon 
compression causing irreversible loss of material to the bulk phases or the formation 
of multilayered aggregates at the air side of the interface.87 During solubilization, 
highly fluidic films eject material out of the interface into the bulk phase upon 
compression.88 Thus, neither mechanism allows reversible deformation of the films 
upon decompression in contrast to the reversibility shown by gold MeLLDs. 

As noted, adsTTFads -coated AuNPs are encased in a lubricating interfacial layer 

of TTF, adsTTFads  and free TTF . The thickness of this film is on the nanoscale, 

depending on the size of the AuNPs in the film and number of monolayers 
adsorbed. The nanofilm is flexible enough to form protrusions and buckle upon 
compression, but cohesive enough to reform a smooth spectrally reflective surface 
on decompression. The cohesive nature of the film allows it to act as a glue 
preventing the “solubilization” or irreversible expulsion of AuNPs from the interface 
into the bulk phases upon compression. Furthermore, the AuNPs are stabilized in 
the film by a balance of interparticle forces, as above discussed, preventing their 
irreversible aggregation.  

The reversibility of film deformation in a MeLLD type system is unusual, and, 
indeed, such reversible deformation of monolayer films in general, be either purely 
lipid-based87 or consisting of NPs,89 is rare. Schultz et al. prepared monolayers of 
dodecanethiol-ligated AuNPs suspended in heptane using a Langmuir-though.89 
Reversibility of deformation upon decompression was noted when excess 
dodecanethiol was added to the solution. Reminiscent of the interparticle 
interactions in the lubricating interfacial layer discussed here, the latter reversibility 
was attributed to a tunable ligand-induced steric repulsion between AuNPs in the 
presence of excess thiol. This repulsion in turn influenced the vdWs attraction 
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between AuNPs in the film and prevented their irreversible aggregation during 
compression. 

A final experiment was performed to highlight that the protrusions or 
wrinkles in the gold MeLLD, formed upon compression by withdrawing of DCE 
from the droplet, are not permanent and that a substantial amount of the luster of 
the gold MeLLD may be restored without expanding the volume of  
the DCE droplet (Figure 3.12 C and D). 

Half of the DCE phase was removed from a gold MeLLD and discarded 
permanently. The resulting film formed on the smaller droplet was wrinkled and 
subjected to two treatments: (i) vigorous agitation using a vortex shaker and 
(ii) ultra-sonication. During both treatments the gold MeLLDs were broken apart 
and re-assembled to form new multilayer gold MeLLDs upon settling.  

In the case of vortex shaking, little of the metallic luster was restored and 
considerable wrinkling remained. In contrast, ultrasonication substantially restored 
the luster of the gold MeLLD. The difference is attributed to the size differences in 
the microdroplets formed during both treatments. Clearly, during ultrasonication 
much smaller droplets were formed (< 10 μm in size) and thus all wrinkles greater 
than this size were permanently destroyed. In other words, a part of nanofilm was 
re-stretched over new available surface area. However, with vortex shaking the large 
micron size wrinkles remain as the microdroplets formed were even larger (tens of 
microns in some instances). 

The dynamics of reversible gold MeLLD wrinkling are expected to provide 
fertile ground for future research that may deliver valuable insights into the 
fundamental physics underlying the collapse and folding of biological membranes 
and cellular structures,90 for example, in the inner surface of lungs.91 

Finally, the gold MeLLDs are kinetically stable. If the DCE within the droplet 
is replenished at regular intervals, to replace that lost by evaporation at room 
temperature, no obvious loss in luster or spectral reflectivity is observed for over a 
year. 
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3. Conclusions 

 

Gold metal liquid-like droplets (MeLLDs) were formed by the biphasic 
reaction of a lipophilic electron donor, tetrathiafulvalene, and hydrophilic citrate-
stabilized gold nanoparticles. These MeLLDs were able to retain their reflectivity at 
surface coverages in excess of monolayer conditions but were not conductive on the 
macroscale. The MeLLDs were structurally robust, capable of being disrupted and 
reforming instantaneously ad infinitum. The MeLLDs are reversibly deformable upon 
compression and decompression (i.e., in withdrawing and re-injecting the oil phase) 
and kinetically stable for extended periods of time. This new strategy of forming 
non-covalent, lubricating, interfacial glue layers is generic, as shown for several pairs 
of water-organic solvents interfaces. 

Interfacial SERS showed that both 0TTF  and TTF  are present on the surface 

of AuNPs right after MeLLD formation. In its turn XPS demonstrated a negative 
chemical shift for Au 4f5/2 and Au 4f7/2 lines, which indicates a negative charge of 
gold core after electron transfer reaction with TTF. Both of these methods confirm 
that gold cores in citrate-capped AuNPs should have a positive charge to be 
successfully reduced (charged) by TTF.  

The utility of these films is immense, with immediate applications envisioned 
in optics (as filters and mirrors, see Chapter 4), biomedical research (size-selective 
membranes for dialysis and filtration, see Chapter 7 for the ion permittivity 
properties, or drug-delivery capsules, see Chapter 9, Section 1 for colloidosomes), 
model systems to probe the collapse and folding of biological membranes and 
cellular structures, sensors (SERS at fluid interfaces), catalysis and electrocatalysis 
(see Chapter 7 & 8) and perhaps as a novel gold recovery method in the mining 
industry. Future perspectives of implementation of MeLLD are discussed  
in Chapter 9.  
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Abstract. The optical and morphological properties of lustrous self-healing 
metal liquid-like nanofilms were systematically studied for different applications 
(e.g., optical mirrors or filters). These nanofilms were formed by a one-step self-
assembly methodology of gold nanoparticles (AuNPs) at immiscible water-oil 
interfaces, previously reported by our group. We investigated a host of experimental 
variables and report their influence on the optical properties of nanofilms: AuNP 
mean diameter, interfacial AuNP surface coverage, nature of the organic solvent, 
and nature of the lipophilic organic molecule that caps the AuNPs in the interfacial 
nanofilm. To probe the interfacial gold nanofilms we used both in situ (UV-vis-NIR 
spectroscopy and optical microscopy) as well as ex situ (SEM and TEM of interfacial 
gold nanofilms transferred to silicon substrates) techniques. The interfacial AuNP 



Chapter 4. Optical Properties of Self-Healing Gold Nanoparticles Mirrors and Filters at Liquid-Liquid Interfaces 

142 

surface coverage strongly influenced the morphology of the interfacial nanofilms, 
and in turn their maximum reflectance and absorbance. We observed three distinct 
morphological regimes; (i) smooth 2D monolayers of “floating islands” of AuNPs at 
low surface coverages, (ii) a mixed 2D/3D regime with the beginnings of 3D 
nanostructures consisting of small piles of adsorbed AuNPs even at sub-full-
monolayer conditions and, finally, (iii) a 3D regime characterised by the 2D full-
monolayer being covered in significant piles of adsorbed AuNPs. A maximal value 
of reflectance reached 58% in comparison to a solid gold mirror, when 38 nm mean 
diameter AuNPs were used at a water-nitrobenzene interface. Meanwhile, interfacial 
gold nanofilms prepared with 12 nm mean diameter AuNPs exhibited the highest 
extinction intensities at ca. 690 nm and absorb around 90% of the incident light, 
making them an attractive candidate for filtering applications. Furthermore, the 
interparticle spacing, and resulting interparticle plasmon coupling derived optical 
properties, varied significantly on replacing tetrathiafulvalene with neocuproine as 
the AuNP capping ligand in the nanofilm. These interfacial nanofilms formed with 
neocuproine and 38 nm mean diameter AuNPs, at monolayer surface coverages and 
above, were black due to aggregation and broadband absorbance. 
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1. Introduction 

 

Metallic NPs, which possess Localized Surface Plasmon Resonance (LSPR) in 
the visible or near-infrared (NIR) range of the electromagnetic spectrum, open new 
avenues towards the development of scalable, low cost mirrors and filters.1–4 
Currently, mirrors and filters are produced industrially by thin film technology.5 The 
manufacturing process is technically challenging, requiring large metal evaporation 
chambers operating under vacuum conditions and clean-room environments. The 
proposed industrially viable alternative towards the development of thin film optical 
technology is the controlled large-scale self-assembly of nanoparticles (NPs) with 
tunable optical responses on various substrates6,7 and interfaces.8–12  
This methodology potentially circumvents the need for above mentioned stringent, 
complex and costly process environments. The optical responses of the self-
assembled NPs are tunable (i) by the intrinsic properties of the individual NPs, with 
the optical properties of noble metallic NPs such as silver (AgNPs) or gold (AuNPs) 
dependent on their size and shapes, and (ii) by the packing arrangements and 
spacing between individual NPs in the assemblies.11,13–15  

There are two main disadvantages of self-assembly processes at liquid-solid 
interfaces: expansion across films on large-scales, and poor reproducibility between 
process batches. In contrast, liquid-liquid interfaces are inherently defect-free and, 
furthermore, both mechanically flexible and offering self-recovery characteristics.16–20 
Thus, liquid-liquid interfaces represent an ideal system to perform self-assembly of a 
panoply of species, ranging from molecules21,22 to NPs14,23,24 to microparticles,25 into 
two-dimensional ordered films. The latter for NPs has been recently reviewed in 
detail.26 Crucially for the production of optical technology, NP films (nanofilms) at 
liquid-liquid interfaces remain stable for time periods ranging from months to 
years.24,27 

Since Yogev and Efrima28 first described the formation of metal liquid-like 
films upon the reduction of silver salts at liquid-liquid interfaces, many other 
methods have been introduced to form such nanofilms, e.g. addition of ethanol or 
methanol to the interfacial region,23,29,30 precise injection of colloidal AuNP solutions 
prepared in methanol at water-organic solvent interfaces,31 use of salts,32 solvent 
evaporation,33 covalent bonding14,34,35 and self-assembly provided by electrostatic 
interactions.36–38 Applications of these self-assembled nanofilms include filters, 



Chapter 4. Optical Properties of Self-Healing Gold Nanoparticles Mirrors and Filters at Liquid-Liquid Interfaces 

144 

mirrors9,39 or smart mirrors,40 substrates for Surface Enhanced Raman Spectroscopy 
(SERS),41–44 and as a method to enhance non-linear Second Harmonic Generation 
(SHG) optical responses.45–47 Furthermore, these nanofilms were used to achieve 
redox electrocatalysis at electrically polarized liquid-liquid interfaces.48,49 

In Chapter 3, we have introduced a facile biphasic method to self-assemble 
nanofilms of AuNPs at water-1,2-dichloroethane (DCE) interfaces with controllable 

interfacial AuNP surface coverages ( AuNP
int ).24 A lipophilic  

species (tetrathiafulvalene; TTF) was present in the DCE phase and contacted with 
an aqueous solution of citrate-stabilized AuNPs. Upon vigorous mechanical shaking, 
TTF displaced the citrate ligands from the surface of the AuNPs and, in turn, 

underwent Fermi-level equilibration with the AuNPs becoming oxidized to TTF  

or possibly, but less likely, to 2TTF . These TTF  coated AuNPs were entrapped at 

the liquid-liquid interface upon cessation of shaking. We postulate that the TTF
molecules act both as a “glue”, holding the AuNPs together due to π-π-interactions 
between TTF molecules, and as a “lubricant” permitting the reproducible self-
healing behavior of the interfacial gold nanofilm after substantial perturbations, such 
as vigorous mechanical shaking. In this context, self-healing means that the gold 
nanofilm retains it metallic lustrous properties after substantial perturbations. The 
TTF molecule prevents irreversible AuNP aggregation at the liquid-liquid interface 
which would destroy the optical properties of the lustrous nanofilm.24 The optical 
extinction spectra and observed visual appearance of the interfacial AuNP 
assemblies varied substantially depending on the mean-diameters of the individual 
AuNPs used to create them.24 

In this Chapter, we optimized the biphasic experimental conditions to 
produce self-assembled interfacial gold nanofilms with suitable optical responses for 
gold mirror or filter applications. An in situ comparative study of the optical 
responses (extinction and reflectance) were carried out for gold nanofilms with 

(i) different mean diameters (12 and 38 nm Ø), (ii) at various AuNP
int values, (iii) using 

several organic solvents to form water-organic interfaces with different interfacial 
tensions ( w/o ), and (iv) using alternative lipophilic molecules, such as neocuproine 

(NCP),11 in the organic droplet instead of TTF. 

We identified an optimal value of AuNP
int  at water-DCE interfaces that 

permitted the maximum coverage of the interface with a 2D monolayer (enhancing 
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reflectance) without the presence of substantial 3D piles of AuNPs. These piles 
caused the incident light to scatter (diminishing the optical response). The 
interparticle spacing between AuNPs in the interfacial nanofilms, and thus their 
plasmon coupling and optical properties, varied significantly by replacing TTF in the 
organic phase with NCP. Overall, the best optical responses were obtained at water-
nitrobenzene interfaces. 

 

2. Results and Discussion 

 

2.1. Probing the interfacial gold nanofilms by extinction and reflection 
spectra: experimental remarks  

The rationale behind the choice of specific AuNP sizes (12 and 38 nm) was 
that we identified the relatively small 12 nm Ø AuNPs as suitable candidates for 
optical filter applications and the relatively large 38 nm (and above) Ø AuNPs for 
potential optical mirror applications, based on the extinction spectra of interfacial 
gold nanofilms consisting of 12 and 38 nm Ø AuNPs at water-DCE interfaces 

reported previously as a function of AuNP
int .24 Additionally, we endeavored to keep 

the size of the AuNPs below the threshold for electric quadrupole resonance, 
simplifying the analysis of the spectra. AuNPs possess electric quadrupole and 
magnetic dipole moments, and different authors have reported various thresholds 
for electric quadrupole resonance of AuNPs ranging from ~60 or 7053,54  
to ~150 nm Ø.52 

Detailed description of the experimental setup used for the investigation of 
the optical properties of interfacial films with an integrating sphere is given in 
Chapter 2, Section 2.3(ii). Scheme 4.1 is presented here to improve understanding of 
the results.  
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Scheme 4.1. Extinction and reflectance spectra acquisition at interfacial gold nanofilms: in situ UV-
Vis-NIR experimental configurations with a white integrating sphere. (A) “Blank” (without the 
gold nanofilm coating the organic droplet) and (B) “Sample” (with the gold nanofilm coating the 

organic droplet) extinction spectra were measured through two AuNP films at opposite walls of the 
quartz cuvette. (C) “Reference” extinction spectra were obtained at a solid blue filter with an 

additional 2 mm quartz plate in front of it. (D) “Blank” and (E) “Sample” reflectance spectra were 
obtained at a single interface on one side of the quartz cell. (F) “Reference” reflectance spectra were 
obtained at a solid gold mirror, separated from the sample-window with a 2 mm quartz plate, and 
corresponding to 100 % reflectance. Q, w, org, NF, SBF and SGM are acronyms for quartz, water, 

organic solvent, nanofilm of AuNPs, solid blue filter and solid gold mirror, respectively. The colors 
corresponding to each component in the quartz cell are detailed in the various legends. 

 

2.2. Influence of AuNP mean diameter and interfacial AuNP surface 

coverage (
AuNP
int ) on the extinction and reflectance spectra obtained for interfacial 

gold nanofilms prepared at water-DCE interfaces 
(i) Liquid mirrors based on nanofilms of 38 nm Ø AuNPs 

Initially, we comprehensively characterized the extinction (Figure 4.1A, C & E) and 
reflectance (Figure 4.1B, D & E) spectra obtained at interfacial gold nanofilms 
formed with the larger 38 nm Ø SG-AuNPs at water-DCE interfaces (in the presence 

of TTF in the organic solvent droplet) as a function of AuNP
int . The latter was 
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calculated, as described in Chapter 2, Section 5.2, especially by Eq. 2.11. The 
available liquid-liquid surface area was considered to be equivalent to a cube 
defined by the dimensions of the quartz cuvette, approximated as 6 ± 0.2 cm2. Thus, 

AuNP
int is a dimensionless coverage, describing how many monolayers (ML) of 

AuNPs are adopted by the interface. 

The extinction spectra consisted of two bands, indicative of the presence of 
some separation distances between the AuNPs in the interfacial assembles 
(discussed in more detail in the transmission electron microscopy (TEM) studies vide 
infra). 

Firstly, a Localized Surface Plasmon (LSP)-band of individual AuNPs in the 
interfacial nanofilm was observed with a maximum at ca. 560 nm that remained 

invariant with AuNP
int (Figure 4.1A & C). This band was red-shifted by 35 nm with 

respect to the LSP-band of the initial aqueous AuNP colloidal solution (the blank 
dashed curve in Figure 4.1A).  

Secondly, a Surface Plasmon Coupling (SPC)-band was evident with the 
maximum shifted between ca. 770 and ca. 850 nm depending  

on AuNP
int (Figure 4.1A & C). Similarly, the reflectance spectra also displayed two 

clear bands located at ca. 550 and 900 nm which may also be attributed to LSP- and 
SPC-contributions, respectively (Figure 4.1B, D). 

Two main processes may affect the extinction LSP-band position: (i) charging 
of the AuNPs by the redox active TTF molecules that displace the citrate ligands 
from the surface of the AuNPs and (ii) changing the dielectric permittivity of the 
surrounding media (again, for example, by substitution of the citrate shell with TTF 
molecules).24,58 

TTF molecules are efficient electron donors, capable of pumping electrons 

into the AuNP with concomitant formation of +TTF +  due to the Fermi level 
equilibration (see Chapter 3).24,31 Indeed, charging the AuNPs with electrons leads to 
a blue-shift of the LSP-band. However, as shown by Mulvaney et al.,59,60 a significant 
blue-shift requires injection of massive amounts of electrons into the already electron 
rich AuNPs. A local change of relative permittivity of the surrounding medium may 
overcome any blue-shift associated with Fermi level equilibration of the AuNPs with 
TTF molecules and, thus, produce the observed red-shift in the LSP-band on 
interfacial gold nanofilms formation.61–65  
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A shift was observed in the position of the extinction SPC-band maximum 

from 790 nm for AuNP
int values corresponding to 1/8 of a monolayer (ML), to 770 nm 

for 1.0 ML, and subsequently up to 850 nm for 3.0 MLs. Thus, the average position of 
the SPC-band peak maximum was ca. 810 nm. However, it is difficult to establish if 
this wandering variation of the maximum has a physical origin (e.g., decreasing 
interparticle distances)66 or is due to the rearrangements and changes of the local 
environment of the AuNPs upon nanofilm growth.  

Plots of the maximum extinction (red data points) and reflectance (black data 

points) peak intensities versus AuNP
int  were highly informative revealing several 

interesting features in the optical behavior of the interfacial gold  
nanofilms (Figure 4.1E). The steady continuous growths of the overall extinction and 

reflectance peak intensities with increasing AuNP
int were both abruptly interrupted at 

0.625 ML conditions. At this initial threshold, the linear dependence for the 
extinction spectra was interrupted causing a change of slope or, in other words, of 
the extinction coefficient (Figure 4.1E, red data points). A second threshold was 
reached at 1.125 ML conditions, again leading to a further change of slope.  

Thus, three distinct regions were distinguished, each with a unique extinction 
coefficient; (i) a 2D regime dominated by smooth “floating islands” of interfacially 
adsorbed 2D monolayers, (ii) a mixed 2D/3D regime where the 2D “floating islands” 
start to become modified with 3D nanostructures consisting of small piles of 
adsorbed AuNPs even at sub-full-monolayer conditions, and (iii) a 3D regime where 
the interfacially adsorbed 2D full-monolayer is completely subsumed beneath 
significant piles of adsorbed AuNPs. The presence of these three distinct regimes is 
further supported by ex situ scanning electron microscopy (SEM) images of the 
interfacial gold nanofilms after their transfer to silicon substrates, discussed vide 
infra. 
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Figure 4.1. UV-Vis-NIR optical responses of interfacial gold nanofilms, consisting of 38 nm mean 
diameter AuNPs, at a water-DCE interface as a function of increasing interfacial AuNP surface 
coverage ( AuNP

int ). The DCE phase contains the lipophilic TTF molecule. (A) Extinction spectra: the 

black dashed line represents the spectra of aqueous citrate-stabilized colloidal AuNP solution prior to 
interfacial gold nanofilm formation. (B) Total reflectance spectra: the black dashed line corresponds to 
reflectance of a solid gold mirror, i.e., acting as a reference representing 100 % reflectance. Extinction 
and reflectance spectra were recorded with the incidence beam impinging the surface at angles of 0° 

and 8° to normal, respectively. (C, D) Two-dimensional surface contour plots of extinction and 
reflectance evolution with increasing AuNP

int . (E) Maximum values of the extinction and reflectance 

intensities plotted versus AuNP
int . A blue dotted line on the extinction curve denotes linear regions. (F) 

Photographs demonstrating the clear visible changes in the appearance of the interfacial gold 
nanofilms with increasing AuNP

int  (values are given in monolayer, ML, as described in the text). 
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The variation of the reflectance in these three regimes is marked  
(Figure 4.1E, black data points). As noted, the reflectance increases steadily with 

increasing AuNP
int in the 2D regime. In the mixed 2D/3D regime the rate of increase in 

reflectance slows dramatically and reaches its maximum of 51 % (compared to the 
100 % reference reflectance from the Thorlabs gold mirror) between 0.75 and 0.875 
ML conditions, followed by slow decrease until 1.125 ML conditions. Beyond this, in 
the 3D regime, the rate of decrease of reflectance ramps up significantly, and this 
behavior is clearly visible to the naked eye with a dimming of the luster of the 
interfacial gold nanofilms between 1.0 and 3.0 ML conditions (Figure 4.1F). 

From the spectroscopic point of view, the overall peak width of the extinction 

and reflectance spectra broaden with increasing AuNP
int beyond 1.0 ML conditions. 

This is indicative of the formation of additional out-of-plane interactions between 
AuNPs. As the morphology of the interfacial gold nanofilm transitions from 2D to 
3D beyond 1.0 ML conditions, each AuNP (surrounded by six close neighbours in 
the interfacial adsorbed 2D monolayer) establishes contact with three further AuNPs 
in the second layer leading to additional depolarization factors and peak 
broadening. The latter is supported by previous simulations and experimental 
observations demonstrating that increasing the extent of interacting AuNPs leads to 
a red shift and broadening of the SPC-peak.7,4,13,67 Under these conditions both red 
and green light were absorbed strongly (Figure 4.1A & C) which also leads to strong 
reflection of these two colours (Figure 4.1B & D). The human eye then perceives 
these mixtures of red and green light as orange or gold, giving the strong golden 
coloration of the multilayer nanofilms, see Figure 4.1F. 

(ii) Liquid filters based on nanofilms of 12 nm Ø AuNPs 

Subsequently, we comprehensively characterized the extinction (Figure 4.2A, C & E) 
and reflectance (Figure 4.2B, D & E) spectra obtained at interfacial gold nanofilms 
formed with the smaller 12 nm Ø AuNPs at water-DCE interfaces (in the presence of 

TTF in the organic solvent droplet) as a function of AuNP
int . All of the trends observed 

for the larger AuNPs were generally replicated. Once more, the extinction spectra 
exhibited both LSP- and SPC-bands at ca. 550 nm and ca. 690 nm, respectively. The 
LSP-band was slightly (10 nm) blue-shifted, while the SPC-band was significantly 
(120 nm) blue-shifted in comparison to the interfacial gold nanofilms formed  
with 38 nm Ø AuNPs. 
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Figure 4.2. UV-Vis-NIR optical responses of interfacial gold nanofilms, consisting of 12 nm 
mean diameter AuNPs, at a water-DCE interface as a function of increasing interfacial 
AuNP surface coverage ( AuNP

int ). The DCE phase contains the lipophilic TTF molecule. (A) 

Extinction spectra: the black dashed line represents the spectra of aqueous citrate-stabilized 
colloidal AuNP solution prior to interfacial gold nanofilm formation. (B) Total reflectance 

spectra: the reflectance is normalized with respect to the reflectance of a solid gold mirror, i.e., 
acting as a reference representing 100 % reflectance. Extinction and reflectance spectra were 

recorded with the incidence beam impinging the surface at angles of 0° and 8° to normal, 
respectively. (C, D) Two-dimensional surface contour plots of extinction and reflectance 

evolution with increasing AuNP
int . (E) Maximum values of the extinction and reflectance 

intensities plotted versus AuNP
int . A blue dotted line on the extinction curve denotes linear 

regions. (F) Photographs demonstrating the clear visible changes in the appearance of the 
interfacial gold nanofilms with increasing AuNP

int  (values are given in monolayer, ML, as 

described in the text). 
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The LSP-band appeared as a tiny shoulder on the intense and broad SPC-

band and was only visible at high AuNP
int conditions in excess of 1 ML (Figure 4.2A). 

Also, variation in the position of the SPC-band maximum was observed to be quite 

small under sub-ML conditions: ca. 680 nm for AuNP
int  of 0.16 ML to ca. 675 nm for 

AuNP
int  of 0.33 ML. However, the maximum of SPC-band reached ca. 720 nm  

for 4 MLs. 

The reflectance spectra also displayed two bands attributed to LSP- and SPC-
contributions, respectively (Figure 4.2B & D). The trends seen for the variations of 

the extinction and reflectance peak intensities versus AuNP
int  were replicated with the 

three distinct regimes, discussed above, again evident (Figure 4.2E). In this instance 
the maximum values of both the extinction and reflectance spectra simultaneously 
changed slope at ca. 0.83 ML conditions. 

Although, the observed trends in the optical behavior for interfacial gold 
nanofilms formed with either 12 or 38 nm Ø AuNPs were broadly similar, some 
clear distinctions exist that impact their potential applications. Interfacial nanofilms 
formed with 38 nm Ø AuNPs display (i) considerably broader SCP extinction bands 

at AuNP
int conditions in excess of 1 ML (leading to their gold coloration) and  

(ii) a maximum reflectance of 51 % versus only 24 % for 12 nm Ø AuNPs. Hence, 12 
nm Ø, and smaller, AuNPs are good candidates to form optical filters at liquid-
liquid interfaces, whereas 38 nm Ø, and larger, AuNPs may potentially be utilized to 
form optical mirrors at liquid-liquid interfaces. 

 

2.3. Monitoring the morphology of the interfacial gold nanofilms with 

increasing 
AuNP
int  by scanning electron microscopy (SEM) 

The interpretation of the extinction and reflectance spectra for interfacial 
nanofilms formed with 38 nm Ø (Figure 4.1) and 12 nm Ø (Figure 4.2) AuNPs was 
dependent on the existence of three distinct morphological regimes of the AuNPs at 

the interface, each of which scattered light to varying degrees, as a function of AuNP
int . 

To confirm their existence we transferred interfacial gold nanofilms formed in 

a stepwise manner with 38 nm Ø AuNPs at a series of AuNP
int conditions (from 0.1 to 

2.0 ML) to silicon substrates and obtained SEM images of each (Figure 4.3). 
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Obviously, transfer and drying of nanofilms on silicon substrates may cause 
deviation in particles position. To avoid misinterpreting of the obtained SEM data 
we also carried out in situ optical microscopy. 

At low AuNP
int , such as at 0.1 and 0.2 monolayers, the AuNPs were organized 

in low-density monolayers of both interconnected and isolated 2D “floating islands”. 
Some of the latter were interconnected, whereas others were separated and 

independent (Figure 4.3A,B). As AuNP
int increased to 0.4 ML the AuNPs filled the 

majority of available space with some empty voids still observed (Figure 4.3C). 

Previously, we predicted that beyond AuNP
int values of 0.5 ML the floating networks 

of AuNPs at the interface establish electrically connected pathways, transitioning 
from insulating to locally electrically conductive structures.68 Up to 0.6 ML 
conditions the interfacial gold nanofilm was predominantly 2D in nature  
(Figure 4.3D), with very few 3D AuNP structures present (and none of substantial 
size) to induce scattering. Hence, the reflectance increased smoothly to this point, as 
observed in Figure 4.1E, and was denoted as the 2D regime. 

At 0.8 ML, in the mixed 2D/3D regime, the interfacial AuNP film was very 
dense, with few voids present, and a small but notable quantity of AuNPs now 
forming 3D piles on the surface of the underlying 2D AuNP monolayer  
(Figure 4.3E). As seen in the optical image, densely-packed areas co-existed with less 
dense “diffuse” areas. Despite the fact that the interfacial gold nanofilm at 0.8 ML is 
theoretically 20% below the value expected for complete coverage of the liquid-

liquid interface with AuNPs in a hexagonal close-packing arrangement, this AuNP
int  

for 38 nm Ø AuNPs exhibited the maximum values for reflectance, see Figure 4.1E. 
Under these conditions maximum coverage of the interface with the 2D monolayer 
(enhancing reflectance) was attained without the presence of notable quantities of 3D 
piles of AuNPs that cause the incident light to scatter (diminishing reflectance). 

Finally, moving into the 3D regime at AuNP
int  of 1.0 and 2.0 ML  

(Figure 4.3F,G), the interface was effectively saturated with AuNPs. The additional 
AuNPs could no longer directly accommodate at the interface of two liquids. Thus, 
3D piles of AuNPs grew on the underlying 2D monolayer, rapidly proliferated and 
increased substantially in terms of their footprint and height. The resultant increase 
in scattering significantly diminished the reflective luster of the gold nanofilms, 
causing them to visually become less reflective to the naked eye (Figure 4.1F). 
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(Figure on the previous page) Figure 4.3. Micro- and nano-scale mechanisms of decreasing 
reflectance caused by morphological changes. Comparison of in situ optical microscopy images 
(50x magnification) and ex situ SEM images of the interfacial gold nanofilms transferred to a silicon 

substrate. The coverages of the interface ( AuNP
int ) in monolayer are as following:  

(A) 0.1 ML, (B) 0.2 ML, (C) 0.4 ML, (D) 0.6 ML, (E) 0.8 ML, (F) 1.0 ML, and (G) 2.0 ML. 
Scales bars are from left to right 10 μm, 400 nm and 200 nm. 

 

 

Figure 4.4. Macro- mechanism of decreasing reflectance caused by surface area changes. 
Photographs highlighting the wrinkles (red arrows) that appear in the interfacial gold nanofilm 

(1 ML) surrounding the organic droplet as a consequence of mechanical forces acting on the 
nanofilm within the confined environment of the quartz cuvette (on the left). Wrinkles 

disappear upon surface extension (on the right). 

A second factor that may decrease the reflectance at AuNP
int  higher  

than 0.8 ML is the presence of wrinkles in the interfacial gold nanofilms due to the 
mechanical stresses placed on the nanofilms within the restricted confines of the 
quartz cuvette. As demonstrated in Figure 4.4, these wrinkles are visible to the 
naked eye after the biphasic preparation procedure. Such buckling of the interfacial 
gold nanofilm by mechanical stress is similar to that observed for compressed NP 
films in Langmuir-Blodgett baths.69–71 Wrinkles arise as the closed-packed interfacial 
AuNP 2D-layer is a quasi-stable system and can respond to compression forces by 
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buckling. Additionally, to respond to external disturbances, the packing 
arrangement of the interfacially adsorbed AuNPs may adjust. For example, AuNP 
assemblies with cubic close packing or random close packing are relatively flexible, 
and, as a consequence, may suppress to some extent the external mechanical forces 
through temporary and local transformation to hexagonal close packed 
arrangements (a rigid system without any free space available for AuNPs to move or 
relocate, except buckling). 

 

2.4. Determining the separation distances between AuNPs in the 
interfacial gold nanofilms by high resolution transmission electron microscopy 
(HR-TEM) 

The presence of two clear bands in the extinction and reflectance spectra for 
interfacial gold nanofilms formed with 38 nm Ø AuNPs (Figure 4.1A & B) is the 
evidence that a separation distance exists between these AuNPs within interfacial 
assemblies. The same behavior is observed for 12 nm Ø AuNPs, although not as 
clearly evident (Figure 2.3A & B). Several research groups have shown both 
experimentally and theoretically, through modeling of optical responses for metallic 
NP assemblies, that extremely low or zero interparticle distances result in a broad 
band in the reflectance spectra tailing into the NIR range, as seen for bulk mirrors. In 
contrast, relatively large interparticle distances leads to a bell-shaped reflectance in 
the middle of the UV-Vis spectra. Thus, the tuning of interparticle distances is a 
direct way of controlling the optical response of metallic NP assemblies.7,13,72 

The interparticle separation distance distributions were measured by HR-
TEM and are presented in Figure 4.5. For interfacial gold nanofilms formed with 
either 12 or 38 nm Ø AuNPs, the interparticle separation distances were estimated  
as 0.85 (±0.1) and 0.87 (±0.2) nm, respectively. These distances were equivalent to the 
thickness of a few layers of π-stacked TTF or TTF+• molecules that form a shell 
around each AuNP. Thus, while the AuNPs are located in close enough proximity 
with each other in the interfacial nanofilm to lead to effective electronic coupling 
between the individual AuNPs, they do not touch each other.7,13,72 This is a key 
attribute of these nanofilms making them an attractive soft interfacial substrate for 
mirror applications and future SERS studies in particular.73,74 
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As mentioned above for SEM measurements, some drying artefacts may 
influence the obtained data, however, fast drying of the film on TEM grid allows to 
avoid the most of them (for example, migrating particles, coffee-ring effect etc.). 

 

Figure 4.5. High-resolution transmission electron microscopy (HR-TEM) images of 
interfacial gold nanofilms after transfer to a TEM grid. The interfacial gold nanofilms s were 
formed with (A) 12 and (B) 38 nm Ø AuNPs at the water-DCE interface, with TTF present in 

the organic droplet, and at 0.8 ML conditions. Insets: interparticle separation distance 
distributions were measured based on the HR-TEM-images 

 

2.5. Comparing the optical responses of interfacial gold nanofilms 
formed biphasically using alternative organic solvents of low miscibility with 
water and replacing the lipophilic molecule TTF in the organic droplet with 
neocuproine (NCP) 

Thus far we have focused entirely on thoroughly characterizing the initial 
organic solvent/lipophilic molecule combination of DCE containing TTF.24 In 
Chapter 3, Section 2.1 we have also shown that the biphasic approach to form 
interfacial gold nanofilms, whereby the citrate ligands are displaced from the surface 
of the aqueous AuNPs by a lipophilic species present in the organic solvent, is not 
restricted to the combination noted above. Here, we will compare optical properties 
of AuNP assemblies on various LLIs. 

Initially, the choice of organic solvents under investigation, including α, α, α, 
-trifluorotoluene (TFT), nitrobenzene (NB), and nitromethane (MeNO2) should be 
explained. These solvents differ in density ( ), relative permittivity in a static 

electric field ( r ) and interfacial tension ( w/o ) with 1,2-dichloroethane (DCE). Thus, 

the goal here was to determine the magnitude of the influence of the immiscible 
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organic solvent on the observed optical responses and stability of the interfacial gold 
nanofilms.  

Firstly, the interfacial surfaced tension ( w/o ) was measured for each water-

organic solvent interface by the pendant drop method (Figure 4.6). 

 

Figure 4.6. Pendant drop measurements of the interfacial tension( w/o ) for each biphasic 

system studied: (A) water-1,2-dichloroethane (DCE), (B) water-α,α,α,-trifluorotoluene (TFT),  
(C) water-nitrobenzene (NB) and (D) water-nitromethane (MeNO2) systems. Temperature was 20 °C. 

Based on shapes of the obtained pendant drops and physical properties of the 
solvents used, values for the interfacial tension were calculated as follows: 

 w/DCE = 30.5±0.3 mN·m–1. This value corroborates with the value of 28 mN·m–1 

reported previously.75,76  
 w/TFT  = 38.0±0.5 mN·m–1. This value is close to that reported for water-

toluene biphasic systems as predicted by Bahramian et al.77 To the best 
knowledge, no previous work has measured a value of w/TFT . 

 w/NB  = 24.4±0.2 mN·m–1. 

 
2w/MeNO  = 16.0±0.2 mN·m–1. For MeNO2 the value is slightly higher than that 

predicted by Bahramian et al.77 

With the exception of MeNO2, each of these liquid-liquid interfaces are 
polarizable (either chemically or electrochemically) and, thus, may be implemented 
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in the construction of electrically driven “smart” filters and mirrors.39 Relevant 
physiochemical data on each organic solvent and water-organic solvent interface is 
summarized in Table 4.1. 

Table 4.1. Summary of density ( ) and relative permittivity in a static electric  

field ( r )78 of each organic solvent studied, and the interfacial tension ( w/o ) of each water-

organic solvent interface (as determined by the pendant drop method in Figure 4.6) 
 

Solvent 
 

 
g·cm–3 

r  
 

w/o  
mN·m–1 

    
TFT 1.181 9.18 38.0 ± 0.5 

DCE 1.256 10.42 30.5 ± 0.3 

NB 1.552 35.60 24.4 ± 0.2 

MeNO2 1.130 37.27 16.0 ± 0.2 

 

Subsequently, the lipophilic molecule neocuproine (NCP), previously used to 
self-assembly AgNPs at water-DCE interfaces,10,11 was tested and the formed 
interfacial gold nanofilms were compared to those observed at water-DCE interfaces 
with TTF in the organic phase. Also investigated bipydridines, previously reported 
to create liquid mirror films of AgNPs,10,79,80 and thionine,81 a direct structural 
analogue of TTF was not successful to form MeLLD, as shown in Chapter 3, Section 
2.1. However, only NCP led to interfacial AuNP nanofilm formation and is thus the 
sole focus of this extended analysis. 

Comparison of the extinction and reflectance spectra for interfacial gold 
nanofilms formed with either 12 nm Ø (Figure 4.7A, C) or 38 nm Ø (Figure 4.7B, D) 
AuNPs, using either DCE, TFT, NB or MeNO2 as the organic solvent, are presented 
in Figure 4.7. 

Optical photographs of the obtained interfacial gold nanofilms are given in 

Chapter 3, Section 2.1. A value of 0.75 for AuNP
int , at the beginning of the mixed 

2D/3D regime with interfacial gold nanofilms formed at water-DCE interfaces, was 
chosen in all instances to achieve maximum reflectance, as above discussed. The 
maximum extinction intensity and percentage reflectance for each interfacial AuNP 
film at 0.75 ML conditions are summarized in Table 4.7. 
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Figure 4.7. Monitoring the influence of the immiscible organic solvent and lipophilic 
molecule in the organic droplet on the optical responses of the interfacial gold nanofilms. 

(A) Extinction and (B) reflectance spectra for interfacial gold nanofilms formed  
with 12 nm Ø AuNPs. (C) Extinction and (D) reflectance spectra for interfacial gold nanofilms 

formed with 38 nm Ø AuNPs. The organic solvents investigated were DCE, TFT, NB and 
MeNO2. The lipophilic molecules TTF or NCP were present in each organic droplet and 

optimal values of AuNP
int , in terms of maximum reflectance for interfacial gold nanofilms formed 

at water-DCE interfaces (determined in Figures 4.1 & 4.2) of 0.75 ML were implemented. For 
comparison the extinction spectra of a solid blue filter, dashed blue line in (A), and reflectance 

spectra of a solid gold mirror, dashed gold line in (D), are shown. 

As demonstrated in Figure 4.7 and Table 4.2, the various solvents influenced 
the interfacial AuNP film formation to some extent, but at 0.75 ML conditions, the 
extinction and reflectance spectra were broadly similar with no major changes in the 
shapes of either spectra and relatively narrow distributions observed for the 
maximum extinction (between 0.77 and 0.91 a.u. for 12 nm Ø AuNPs, and 1.95 and 
2.16 a.u. for 38 nm Ø AuNPs) and maximum reflectance (between 14.2 and 22.9 % 
for 12 nm Ø AuNPs, and 46.5 and 58 % for 38 nm Ø AuNPs). Thus, in terms of 
developing self-healing optical mirrors, water-NB interfaces with 38 nm Ø AuNPs 
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marginally gave the best reflectance values (58 %). Also, in terms of optical filter 
applications, again water-NB interfaces with 12 nm Ø AuNPs exhibited the highest 
extinction intensities at ca. 690 nm. 

Table 4.2. Comparison of the maximum extinction (a.u.) and reflectance (%) values 
measured for interfacial gold nanofilms, consisting of either 12 nm or 38 mean diameter 

AuNPs, formed with either DCE, TFT, NB or MeNO2 as the organic solvent. The lipophilic 
molecules TTF or NCP were present in each organic droplet and AuNP

int values of 0.75 ML were 

implemented. The peak positions at which each of the values were determined from the 
spectra shown in Figure 4.7 are indicated in brackets 

 

Lipophilic 
molecule 
 

Solvent 
 
 

12 nm Ø AuNPs 38 nm Ø AuNPs 
Extinction 

a.u. 
Reflectance 

% 
Extinction 

a.u. 
Reflectance 

% 

      

NCP DCE 
0.87 

@693 nm 
15.5 

@699 nm 
1.00 

@787 nm 
16.8 

@822 nm 
      

TTF DCE 
0.91 

@685 nm 
24.2 

@745 nm 
1.95 

@774 nm 
51.2 

@864 nm 

 TFT 
0.86 

@677 nm 
14.2 

@757 nm 
1.98 

@740 nm 
46.5 

@906 nm 

 NB 
0.97 

@691 nm 
22.9 

@728 nm 
2.34 

@773 nm 
58 

@884 nm 

 MeNO2 
0.77 

@662 nm 
17.9 

@723 nm 
2.16 

@741 nm 
51.6 

@838 nm 
 

A notable observation, highlighted in Figure 3.2 in Chapter 3, Section 2.1 was 
the self-assembly of interfacial AuNP films at water-MeNO2 interfaces even in the 
absence of the lipophilic TTF molecule in the organic droplet. A similar observation 
was recently reported for AuNPs at water-1-butanol interfaces.82 One possibility is 
that MeNO2 molecules competitively adsorb to the surface of the AuNPs,83–85 in a 
similar manner to TTF displacing the citrate ligands, reducing the surface charge of 
the AuNPs enough to facilitate their adsorption at the interface driven by 
minimization of the total interfacial free energy.86 

A second observation was that at AuNP
int values in excess of 1 ML, for  

both 12 and 38 nm Ø AuNPs, the interfacial AuNP films formed at water-TFT 
interfaces completely lost their metallic luster and turned black due to massively 
increased scattering of the incident light, see Figure 4.8. The interface itself appeared 
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rough either due to the presence of large AuNP agglomerates due to the 
uncontrolled aggregation of the AuNPs in the interfacial film, or perhaps due to 

buckling of the water-TFT interface at these high AuNP
int values. The origin of this 

behavior is, as yet, unresolved. As detailed in Table 4.1, however, TFT has the 
highest interfacial tension among the considered solvents of 38 mN·m–1. So, higher 
interfacial surface potentially induces buckling of the interfacial gold nanofilms at 
high interfacial surface coverages. 

As discussed in Chapter 1, Section 4.3 the interfacial tension plays a key role 
in self-assembly and interfacial behavior of AuNPs. The interfacial tension for a 
water-TFT interface was determined as ~25% higher than that for a water-DCE 
interface (38 vs 30 mN/m, respectively). Thus, this higher interfacial tension at water-
TFT interfaces results in stronger capillary interactions causing the formation of deep 
and large buckles and wrinkles. As a consequence, this directly leads to an increase 
in the scattering and subsequent absorption of the incident light for these interfacial 
gold nanofilms formed at high surface coverages. This effect is clearly shown in 
Figure 4.8A & B and leads to significant increases in extinction and decreases in 
reflectance in comparison to interfacial gold nanofilms formed at water-DCE 
interfaces under otherwise identical experimental conditions. The lower interfacial 
tension of the latter is not strong enough to significantly buckle the interfacial gold 
nanofilms, keeping them relatively flat at the interface even at high surface 
coverages. The major changes in extinction and reflection profiles between the 
interfacial gold nanofilms formed at each water-organic solvent interface are clearly 
evident in the optical photographs shown in Figure 4.8C & D: gold/yellow and shiny 
nanofilms at water-DCE interfaces and much dimmer gold nanofilms with no luster 
at water-TFT interfaces. 

Also, a remarkable difference in the curvature of the interface between DCE 
and TFT stems, most likely, from deeper and larger buckles and wrinkles caused by 
higher interfacial tension of the solvent. 

Neocuproine molecules has previously been shown to promote the self-
assembly of silver NPs into lustrous nanofilms.10,11 The structures of TTF and NCP 
molecules are given in Figure 4.9. When NCP was dissolved in the DCE droplet, 
only those interfacial gold nanofilms formed with 12 nm Ø AuNPs exhibited similar 
optical responses to TTF-based assemblies. Meanwhile, with NCP, 38 nm Ø AuNPs 
formed black nanofilms, the origin of which is the variation of the interparticle 
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distance on changing the ligand around the AuNPs in the interfacial gold nanofilm. 
NCP allows the AuNPs to approach closer to each other in the nanofilm (most likely, 
due to better screening of Coulombic repulsion between charged AuNPs), leading to 
strong interparticle plasmon coupling and a broadband absorbance, as clearly shown 
in Figure 4.7 (a strong red shift of extinction). 

 

Figure 4.8. Influence of the interfacial tension on optical responses from interfacial gold 
nanofilms: (A) Extinction and (B) total reflectance spectra for interfacial gold nanofilms prepared 
with 38 nm Ø AuNPs at water-DCE and water-TFT interfaces. (C, D) Optical photographs of the 

obtained nanofilms at water-DCE and water-TFT interfaces at AuNP
int value of  

2.0 and 3.0 ML, respectively. 

A comparison of the extinction and reflectance spectra for interfacial gold 
nanofilms formed biphasically with either 12 or 38 nm Ø AuNPs and with either 
NCP (blue spectra, see Figure 4.7 for the chemical structure of NCP) or TTF (red 

spectra) in the DCE droplet are also presented. Again, AuNP
int values of 0.75 ML were 

chosen. The extinction spectra for interfacial nanofilms composed of  
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12 nm Ø AuNPs revealed a significant tailing into the NIR region when NCP was 
present in the DCE droplet (Figure 4.7A). 

 

Figure 4.9. Optical photographs of interfacial gold nanofilms at water-DCE interfaces prepared 
with (A) tetrathiafulvalene (TTF) and (B) neocuproine (NCP) molecules dissolved in the oil 

droplet. The nanofilms formed with both 12 and 38 nm Ø AuNPs are shown. The numbers under 

each picture display the AuNP
int value. 

Additionally, the reflectance of these nanofilms with NCP present was less 
than that observed with TTF, dropping from 24.2 to 15.5 % (Figure 4.7B).  
For 38 nm Ø AuNPs, major optical differences were observed for the interfacial gold 
nanofilms, with the appearance of a strong broadband absorption and a huge drop 
in reflectance, from 51.2 % to 16.8 % (Figure 4.7D), when NCP replaced TTF in the 
DCE droplet. 

These observations indicate that the AuNPs in the interfacial gold nanofilm 
formed with NCP were in extremely close proximity, with considerably smaller 
interparticle separation distances than was the case with TTF in the DCE droplet. 
These small interparticle distances led to strong interparticle plasmonic coupling, 
which in turn cause broadband absorption, low reflectivity and the interfacial gold 
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nanofilms to appear very dark in color, resembling “black gold” (see Figure 4.9 for 
optical photographs of the obtained interfacial gold nanofilms), as recently described 
by Liu et al.82 Clearly, these “black gold” films are not suitable for either optical 
mirror or filter applications. However, their lower reflectance and, in particular, 
strong ability to absorb light in the NIR range leading to their enhanced broadband 
absorption,  means they may potentially impact other technological niches, such as 
photothermal therapy,88,89 bio-imaging, and targeted drug delivery.90,91 

 

3. Conclusions 

 

The influence of a host of experimental variables (AuNP mean diameter, Ø; 

interfacial AuNP surface coverage AuNP
int ; the nature of the organic solvent; nature of 

the lipophilic organic molecule that caps the AuNPs in the interfacial nanofilm) on 
the optical properties of interfacial gold nanofilms formed at immiscible water-oil 
interfaces were investigated by both in situ spectroscopy (extinction and reflection 
UV-vis-NIR spectra and optical photographs) and ex situ microscopy (TEM and SEM 
images of interfacial gold nanofilms transferred to silicon substrates) techniques. 

Smaller AuNPs with 12 nm Ø were suited to applications as liquid based 
optical band-pass filters, forming interfacial gold nanofilms that attenuated green 
and red light, while transmitting blue. Larger AuNPs with 38 nm Ø were suited to 
applications as liquid mirrors, forming interfacial gold nanofilms that strongly 
reflected both red and green light, perceived as golden to the human eye. 

The magnitudes of the maximum reflection for interfacial gold nanofilms, 
determined by in situ UV-vis-NIR spectra, were strongly influenced by the 
morphology of the nanofilms at the interface, which was in turn determined  

by AuNP
int . Systematic in situ spectroscopy studies, corroborated by in situ optical 

micrographs and ex situ SEM  images, revealed three distinct morphological regimes, 
with optimal conditions being those that yielded the maximum coverage of the 
interface with a 2D monolayer (enhancing reflectance) without the presence of 
notable quantities of 3D piles of AuNPs that cause the incident light to scatter 
(diminishing reflectance). For water-DCE interfaces, this was determined to be at a 
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sub-monolayer (ML) surface coverage (approximately 0.75 ML) assuming hexagonal 
close packing of the AuNPs at the interface. 

The nature of the organic solvent turned out to be the least influential 
variable, with only small variations of maximum extinction and reflectance observed 
with both 12 and 38 nm Ø AuNPs at 0.75 ML surface coverages when DCE was 
replaced with TFT, MeNO2 or NB. Interesting aberrations included the observation 
of interfacial gold nanofilms with MeNO2 without a lipophilic molecule in the 
organic droplet (typically required to displace the citrate ligands and induce 
biphasic nanofilm formation with all other organic solvents). This was attributed to 
MeNO2 molecules competitively adsorbing to the AuNPs surface, displacing citrate 
ligands. Also, water-TFT interfaces completely lost their metallic luster, turning 

black, due to massively increased scattering of the incident light at high AuNP
int . 

A possible reason for this behavior may be linked to the water-TFT interfaces having 
the highest surface tension of any of the organic solvents investigated and, thus, the 
interfacial gold nanofilm may be more prone to buckling and wrinkling. Finally, for 
optical mirrors, water-NB interfaces with 38 nm Ø AuNPs gave marginally the best 
reflectance values (58 %) and, for optical filters, again water-NB interfaces  
with 12 nm Ø AuNPs exhibited the highest extinction intensities at ca. 690 nm. 

The interparticle spacing within the interfacial gold nanofilm was varied by 
replacing the lipophilic molecule TTF with NCP in the organic droplet. This caused a 
major decrease in the reflectance of the interfacial gold nanofilm (especially with the 
38 nm Ø AuNPs), a tailing into the NIR region with the 12 nm Ø AuNPs, and a 
strong broadband absorbance with the 38 nm Ø AuNPs. All of these observations 
indicated that the interparticle spacing decreased to such an extent that the resulting 
strong interparticle plasmon coupling leads to the formation of “black gold” 
nanofilms with the larger AuNPs, when NCP was used. 

All-in-all, we showed that by judicious choice of the experimental variables 
outlined above the reflectance and extinction of interfacial gold nanofilms can be 
varied and optimized. The obtained self-healing nanofilms have potential 
applications ranging from optical filters and mirrors, SERS substrates for sensors, 
enhancing non-linear SHG responses, photothermal therapy, bio-imaging, and 
targeted drug delivery, as discussed vide infra.  
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Abstract 

In this Chapter we would highlight the critical role of the interfacial tension 
and three phase contact angle in self-assembly process of gold nanoparticles at a 
liquid-liquid interface. We demonstrate that gold nanoparticles can spontaneously 
self-assemble at bare propylene carbonate-water interface upon vigorous shaking, 
due to the extremely low interfacial tension. However, particles are transferred 
through the interface in the presence of tetrathiafulvalene molecules.  
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1. Introduction 

 

Previously, in Chapter 3 we showed that citrate stabilized gold nanoparticles 
(citrate@AuNPs) in the aqueous solution easily interacted with tetrathiafulvalene 
(TTF) molecules dissolved in the adjacent oil phase.1 The Fermi level equilibration 
(or, in other words, the oxidation of TTF and the concomitant accumulation of 
electrons on the AuNP)2 takes place upon the contact between the AuNPs and TTF, 
where AuNPs are reduced and TTF molecules are oxidized to TTF+• (for more details 
see Chapter 6). In turn, TTF+• form stacks of several TTF/TTF+• through π-π-
interactions, forming sticky TTF-capped AuNPs and leading to self-assembly of 
AuNPs into a lustrous nanofilm at various LLIs. We will call these nanoparticles as 
TTF@AuNPs, meaning that at least some of the TTF molecules are oxidized and, 

thus, may form π-π-stacks of n-molecules with a shared charge, i.e. TTFz n
n .3,4 

Consequently, these nanofilms showed remarkable self-healing of the metallic lustre 
after repeated shaking5 and certain mechanical properties (due to π-π-linking 
between separated TTF@AuNPs).1 

Here, we further investigate and extend self-assembly of AuNPs at water-
organic interfaces to LLIs with low interfacial tension ( w/o ), such as water-propylene 

carbonate (PC). The present results rely on both experimental observations and 
thermodynamic modeling in accordance with work of Flatte et al.,6 which allows 
understanding the obtained results at a qualitative level. 

 

2. Results and Discussion 

 

In the last Section of Chapter 4 we noticed that citrate-stabilized AuNPs 
(citrate@AuNPs) may spontaneously self-assemble at water-nitromethane (MeNO2) 
interface without TTF molecules. The interfacial tension 

2w/MeNO  was determined  

as 16 mN m-1. Further exploration of various water-organic solvent system leads us 
to water-PC pair, which possess an extremely low interfacial tension with  
water (2.95 mN m-1) as determined by pendant drop measurements (Figure 5.1). 
Since PC has quite a large solubility in water (ca. 17.5 wt%7,8 to ca. 25 wt%9) and a 
reported solubility of water in PC is 8.3-8.6 wt%,9,10 saturated solutions of PC in 
water and water in PC were used for interfacial tension measurements. 
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Figure 5.1. Pendant drop measurements of the interfacial tension(γw/o) for water-PC biphasic 
system. Temperature was 20°C. 

 

2.1. Experimental evidences 

Firstly, we consider self-assembly at bare water-PC interface. A low value of 
interfacial tension led to immediate self-assembly of 32 nm AuNPs into a lustrous 
nanofilm upon vigorous shaking of an aqueous solution in contact with a pure PC 
phase (Figure 5.2A, right). During shaking red color of the initial AuNPs solution 
turned grey-blueish (Figure 5.2A, middle), which is a sign of the aggregation process 
at the interface. Similar color changes were observed previously,1,5 when DCE was 
used as the organic phase. 

Figure 5.2B shows UV-Vis spectra of the initial solutions and the obtained 
nanofilm. The aqueous solution of citrate@AuNPs had only one distinguished peak 
at 522 nm (black bar), which corresponds to the surface plasmon resonance,  
SPR (Figure 5.2B). 

Once AuNPs were assembled into a nanofilm at the water-PC interface in 10 
mm square quartz cell, the SPR-peak shifted from 522 (black bar)  
to 548 nm (green bar) and an intense surface plasmon coupling (SPC)-band appeared 
with a peak-position at ca. 717 nm. This corroborates the previously published 
results on optical properties of nanofilms at various liquid-liquid interfaces.5 There 
are two main contributions to the observed large red-shift of the SPR-peak:  
(i) the change in the relative permittivity of the surrounding medium and (ii) 
depolarization factors from neighbor particles in the film.5 
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Figure 5.2. Self-assembly at a LLI with low interfacial tension in the presence and absence of TTF 
(the lipophilic electron donor). (A) Photographs of vials with the top aqueous phase and the bottom 

PC oil. From left to right: before, right after shaking, and after complete phase separation with and 
without TTF in the PC phase. (B) UV-Vis spectra of the initial solutions, the spectra of the aqueous 

and PC phases after complete phase separation and the extinction spectra of the nanofilm formed at 
the water-PC interface. High Resolution TEM images of (C) as-prepared citrate@AuNPs and (D) 

TTF@AuNPs (AuNPs are surrounded with a layer of TTF/TTF+•). 

Surprisingly, the PC phase containing 1mM of TTF extracted AuNPs 
completely from the aqueous phase after vigorous shaking (Figure 5.2A). 
Remarkably, right after shaking the PC-TTF suspension turned red instead of grey-
bluish (Figure 5.2A, middle), as mentioned above. After complete separation of the 
phases, a dark red wine-colored solution of AuNPs in PC was  
obtained (Figure 5.2B, red curve). At the same time, the aqueous phase turned 
yellowish due to the presence of TTF/TTF+• species (Figure 5.2B, magenta curve), 
which are soluble in PC-saturated water in small quantities.1 

The PC solution of TTF@AuNPs had both the SPR-component  
at 532 nm (red bar) and a small contribution of the SPC-band at 813 nm. Peaks below 
480 nm were assigned to TTF molecules (red vs blue curve in Figure 5.2B).1 A tiny 
SPC-peak observed with TTF@AuNPs at the wavelength above 800 nm was, most 
likely, due to the attractive π-π-linking between neighbour AuNPs through TTF-
stacks. In fact, comparison of SPC-peaks with and without TTF molecules revealed 
the blue-shift of the SPC-peak (from 813 to 717 nm), because the gap between 
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particles in the nanofilm configuration was smaller than for TTF@AuNPs in PC. Such 
linking was enhanced by concentration effect as AuNPs from 3 mL of the aqueous 
phase were transferred into 1 mL of the oil. Thus, a small part of TTF@AuNPs was 
aggregated in the PC phase. 

High resolution TEM images were obtained after drying of the corresponding 
solutions, as-prepared citrate@AuNPs in water and TTF@AuNPs in PC, on TEM 
grids (Figure 5.2C-D). As the oil phase had an excess of TTF and due to slow 
evaporation of PC, TTF/TTF+• formed a thick shell with distinguishable contrast on 
the surface of gold cores (Figure 5.2D). The latter is different from a typically rod-
like morphology of TTF upon reduction of gold salts.4,11,12 

Particle size and ζ-potential distributions are presented in Figure 5.3A-B. The 
initial cictrate@AuNPs solution had a narrow size distribution with the mean 
diameter of 36 nm, as determined by DLS. The same particles demonstrated two 
populations after the transfer into the PC phase and substitution of citrate with TTF: 
single NPs and their aggregates with the mean diameters of 27 and 278 nm, 
respectively (Figure 5.3A). 

There are many parameters that could affect particles size distribution 
measured by DLS after transfer of the AuNPs into the oil phase. Most likely, a slight 
deviation of the mean diameter (from 32 to 27 nm) was a result of physical 
properties variation such as refractive index, density and viscosity for the solvent 
used in comparison with the pure solvent. As mentioned above, a reported solubility 
of water in PC is 8.3-8.6 wt%.9,10 However, according to TEM data (red and orange 
curves, Figure 5.3A) mean diameter in water and PC are identical. 

 

Figure 5.3. Comparison of the initial aqueous citrate@AuNPs solution with TTF@AuNPs solution 
in PC: (A) DLS data showing aggregates formation in PC and (B) ζ-potential measurements.  

(C) Schematic representation of charging nanoparticles by TTF with keeping negative ζ-potential. 
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Moreover, both solutions demonstrated similar mean ζ-potential around  
–40 mV, which is a bit smaller for the oil phase (–38 mV). Still in the PC phase  
ζ-potential distribution had much narrower perfect bell-shape distribution contrary 
to very broad distribution in water with several particle populations (Figure 5.3B). 

As mentioned above, the interaction of AuNPs with electron-donor 
molecules, such as TTF, led to charging of the gold core and formation of positively 
charged electron-donor species that may attach to the surface.13 As we showed in 
Ref. 1 and 14, AuNPs underwent change of the charge sign during a redox reaction 
with TTF. The initial Fermi level of a single AuNP was below of that for bulk gold, 
so an AuNP was positively charged (Scheme 5.1A). Accumulating electrons from 
TTF and releasing some TTF/TTF+• into the aqueous phase resulted in a negatively 
charged AuNP core surrounded by positively charged TTF+• and neutral TTF. Also 
the positive charge of TTF+• could be reduced by the presence of Cl– ions entrapped 
from the aqueous phase, therefore, the overall ζ-potential remained negative. 
Coexistence of TTF+• and neutral TTF on the surface of AuNPs compensated 
repulsive forces between TTF+• species (Scheme 5.1B). 

 

Scheme 5.1. Schematic representation of the charge distribution on a citrate@AuNP  
and a TTF@AuNP. (A) Explanation of the positive charge for a citrate@AuNP and the negative charge 

for a TTF@AuNP based on the Fermi level equilibration theory. (B) Schematic representation of the 
recharging process by TTF that leads to keeping the negative ζ-potential. 
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Remarkably, the solution of TTF@AuNPs in the PC phase demonstrated  
a long-term stability (weeks) without visible degradation. At the same time, AuNPs 
capped with long-chain thiol (for instance, 1-hexadecanethiol) sediment after 30 
minutes following the transfer to PC phase (Figure 5.4). This was due to interplay 
between attractive π-π interactions and Coulombic repulsion among charged 
particles. The exceptional stability of TTF@AuNPs in the PC phase may be applied to 
concentrate nanoparticles and to use them in the ink-jet printing. 

 

Figure 5.4. Effect of long chain thiols on AuNPs transferred into PC phase: (A) right after restoring 
of the LLI, (B) in 30 min after restoring of the LLI (most of AuNPs are sediment). 

To sum up, we have observed the self-assembly of AuNPs at the water-oil 
interface with low interfacial tension without electron-donor molecules such as TTF, 
and the extraction of AuNPs from water to the oil phase in the presence of TTF. 
These observations in comparison with the previously obtained results are 
summarized in Scheme 5.2. 
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Scheme 5.2. Similarities and differences between self-assembly at LLIs with high and low 

interfacial tension ( w/o ). In the case of high w/o  addition of TTF is crucial to obtain a lustrous 

nanofilm, whereas for a LLI with low w/o the gold nanoparticles self-assemble into a similar reflective 
surface without TTF molecules. Addition of TTF promotes transfer of AuNPs into the oil phase and 

formation of stable colloid in the oil phase. 

 

2.2. Thermodynamic modeling 

In this regard, there are two important questions: 

 What is the role of the interfacial tension in self-assembly of nanoparticles at 
the liquid-liquid interface? 

 To which extent changes in three phase contact angle push nanoparticles to be 
transferred across the interface? 

Computer simulations based on thermodynamic energy balance helped to 
visualize this effect and highlighted, primary, the critical role of interfacial tension 
on self-assembly at LLIs. 

Unfortunately, the exact solution for sorption/desorption process of NPs at 
LLI is complicated and can be obtained only numerically.6 However, Flatte et al. 
suggested a simplified model to describe interactions between a single nanoparticle 
and a liquid-liquid interface.6 Earlier Reincke et al. had applied DLVO theory 



Chapter 5. Self-assembly of Gold Nanoparticles: Low Interfacial Tensions 

181 

(previously developed by Adamczyk and Weroński to a particle deposition 
problem)15 to understand the self-assembly of charged nanoparticles at the water-oil 
interface (particularly, water-heptane).16 There were several kinds of interactions 
taken into account: Coulombic, screened (for the aqueous phase), unscreened (for the 
oil phase), dipole-dipole (induced dipole in NP due to charge redistribution) as well 
as van der Waals potentials. However, that description, in comparison to Flatte’s 
one, contains many assumption and not well-known parameters, but leads to 
qualitatively similar simulation results. Thus, for simplicity of understanding, we 
chose Flatte’s model, which is described in Section 4.1, Chapter 1, to compare the 
thermodynamics of adsorption and transfer of AuNPs at the water-PC (low w/o ) 

and water-DCE (high w/o ) interfaces in the presence and absence of TTF.  

In the model, Flatte et al.6 considered the energy devoted only to capillary 
forces, changing of the solvation sphere with transferring from the aqueous to the oil 
phase and the line tension, which contains all kind of interactions pushing NPs away 
from the interface. Thus, the three phase contact angle (θ) and the charge of NP (Z) 
were tunable parameters. 

Firstly, we should estimate the excess of charge of a single NP and limit the 
possible range of reasonable charge per NP. In previously published works2,13,17 we 
clearly demonstrated that citrate@AuNPs should have a positively charged gold 
core. If we divide the available surface area of a single particle by surface area of a 
single molecule (citrate and TTF), we can limit Z-range as +1000 – +1200 for a single 
AuNP of 32 nm in diameter before interaction with TTF and ca. –1000 e– after 
interaction with TTF. Therefore, for thermodynamic modelling we chose Z = +400 
and Z = –700 before and after interaction with TTF, respectively. 

Secondly, interaction with TTF changes wetting properties of gold 
nanoparticles. Assuming only partial substitution of citrate, three phase contact 
angle θ was reduced from 88 to 60 degrees. For instance, the three phase contact 
angle for 100 nm citrate@AuNPs was reported previously as 82° at water-n-decane 
interface.18 Therefore, assuming only partial substitution of citrate, three phase 
contact angle θ was reduced from 88 to 60 degrees. 

Simulation results are shown in Figure 5.5. Simulations revealed a 
significantly deep well located at the interface for 32 nm AuNPs for both bare water-
organic interfaces, with high (w-DCE) and low (w-PC) interfacial tensions.  
For DCE (Figure 5.5A), the well was separated from the bulk by a relatively  
large (ca. 1000 Bk T ) potential barrier. It makes the landing of hydrophilic NPs at the 
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interface impossible and, thus, no film formation, which corroborates with our 
experimental results. Nevertheless, for the PC-water interface (Figure 5.5B), the 
potential barrier was less than 100 Bk T . It can be overcome during emulsification, 

when formation of additional surfaces lowers the barrier height and makes 
attachment of the particles to the LLI more favorable. 

 

Figure 5.5. Contribution of components: capillary forces, solvation and line tension to overall 
energy profiles at LLIs. Energy profiles at liquid-liquid interfaces: (A, C) water-DCE and  

(B, D) PC-water are presented for the following parameter sets: (A, B) bare LLI Z=+400, θ = 88°, 
R=16nm and (C, D) LLI with presence of TTF Z=-700, θ = 60°, R=16nm. 

Reduction of AuNPs by TTF altered significantly the energetic profiles, such 
as heights of the potential barrier and the depth of the well (Figure 5.5C,D). Also, the 
presence of TTF on AuNP surface makes them less hydrophilic. For water-DCE 
interface, it led to a deeper potential well and stabilization of the whole system in the 
nanofilm state. In the case of PC-water, the potential barrier on the aqueous side 
disappeared and AuNPs could be easily extracted into the oil phase. Of course, the 
PC (εPC = 64) phase has higher relative permittivity than DCE (εDCE = 10) that 
significantly facilitates transfer of partially charged AuNPs to the oil phase or their 
assembly at the interface.  

As shown here, the role of the interfacial tension is critical as its main 
contribution to the potential barriers determines self-assembly and transfer process. 
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Whereas three phase contact angle plays still important, but a secondary role, as only 
small changes (from 88° for citrate@AuNPs to 60° for TTF@AuNPs) are required. 

Finally, the obtained results can be useful to explain spontaneous self-
assembly of AuNPs in other liquid-liquid systems, such as water-dimethyl 
carbonate19,20 or in the case of alcohol-assisted self-assembly.21 

 

3. Conclusions 

 

We clearly demonstrated that the interface between water and PC is an 
interesting alternative to perform self-assembly at a liquid-liquid interface. 
Extremely low interfacial tension of ca. 3 mN/m allows self-assembling of AuNPs 
without TTF in the oil phase. In the presence of TTF, the AuNPs were transferred 
easily into the oil phase with formation of stable colloid. Such colloidal solutions 
may be of interest to obtain dense gold-inks or standard samples for electron 
microscopy.  

The qualitative simulations explained quite well experimentally observed 
effects of the interfacial tension and TTF on self-assembly process at water-DCE and 
water-PC interfaces. 

Also carried out simulation demonstrated a possible route towards 
electrically-driven nanoparticle mirrors and filters: using solvents with low and 
moderate interfacial tension. This can be achieved through the nature of the solvent 
or functionalization of water-organic interface with surfactant molecules. Of course, 
presented here w-PC system is no suitable for that because of the miscibility 
problem. However, we believe that lowering of the interfacial tension will help to 
reversibly adsorb and desorb both large (more than 30 nm) and small (10 nm) 
nanoparticles by applying an external electric field across the interface. 
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Chapter 6. Electrochemical Investigation of Nanofilms at 
Liquid-Liquid Interface 
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Abstract. Soft or “liquid-liquid” interfaces were functionalized by roughly 
half a monolayer of mirror-like nanofilms of gold nanoparticles using a precise 
interfacial microinjection method. The surface coverage of the nanofilm was 
characterized by ion transfer voltammetry. These gold nanoparticle films represent 
an ideal model system for studying both the thermodynamic and kinetic aspects of 
interfacial redox catalysis. The electric polarization of these soft interfaces is easily 
controllable and thus the Fermi level of the electrons in the interfacial gold 
nanoparticle film can be easily manipulated. Here, we consider in details nanofilm 
preparation procedure, film morphology and its electrochemical characterization, in 
particular, influence on ion transfer across the ITIES, as well as demonstrate 
charging capability of nanoparticle films by electron donor molecules. 
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1. Introduction 

 

As we considered in Chapter 1 and showed extensively in Chapter 3, a liquid-
liquid interface represents an ideal system to self-assembly various species, such as 
molecules and nanoparticles.1–3 These assemblies are often used to perform various 
electrochemical reactions at polarizable interfaces, such as two immiscible electrolyte 
solutions (ITIES). For example, ITIES have emerged as model platforms to study 
charge transfer reactions that impact energy research, chiefly the hydrogen evolution 
(HER)4,5 and oxygen reduction reaction (ORR).1,6–10  

Energy related reactions may be favored by soft interfaces functionalized with 
adsorbed catalytic species, either molecular, such as porphyrins,6,7 or solid 
nanoparticles, such as MoS2 for the HER5 or Pt8 and reduced graphene oxide9 for the 
ORR. Often, the role of the adsorbed interfacial species is to accept and store 
electrons from a molecular donor in the organic phase, relay them to an electron 
acceptor, and provide a binding site for reactive intermediates. 

Nevertheless, frequently the system complexity was so high, that it does not 
allow distinguishing of different steps for the interfacial reactions, such as  
(i) charging of assemblies by donor molecules in a one phase and (ii) discharging 
them by acceptor molecules in another. Now we can definitely say that the redox 
properties (in fact, these charging and discharging reactions) of metallic NPs, and by 
extension their self-assembled 2D films, depend directly, but not exclusively, on the 
excess charge present on the metallic NP and, thus, the position of the Fermi level.11 
The latter may be either electronic or due to the presence of adsorbed ionic species or 
ligands. However, adsorbed neutral ligands also influence the redox properties of 
metallic NPs by altering their surface potential.11 

The Fermi level of the electrons in metallic NPs ( NP
FE ), such as AuNPs, 

depends firstly on their synthesis route, then on their conservation method (aerobic 
versus anaerobic) but most crucially on their environment.11 As described  
in Chapter 1, Section 2.1 when AuNPs are placed into a solution containing a redox 
couple (Ox/Red) in excess, NP

FE  equalizes with the Fermi level of the electrons in 

solution for this redox couple, which is given directly by the Nernst equation. For 
the AuNPs to attain the Fermi level imposed by the redox couple, an electrochemical 
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reaction should take place to charge the AuNPs either negatively, raising NP
FE , or 

positively, lowering NP
FE . 

Here we introduce a reproducible and precise method to functionalize soft 
interfaces with one nanoparticle thick gold nanofilms using an interfacial 
microinjection method. This method is based on works of Reincke et al.,12 who 
reported the spontaneous self-assembly of AuNPs at a water-heptane interface 
following the addition of alcohol, and on numerous alternative approaches to trigger 
the assembly of metallic NPs at soft interfaces.13–15 

Subsequently, we provide an in-depth characterization of the film 
morphology by considering how the film influences the ion transfer across ITIES, 
and by studying the capability of the film to store electrons received from an electron 
donor in the organic phase. 

Therefore, the aim of this Chapter is (i) to investigate ion permeation 
properties of nanoparticles assemblies formed inside the four-electrode 
electrochemical cell and (ii) to bridge MeLLDs properties with the ones of nanofilms 
prepared by methanol-assisted method developed here. 

 

2. Results and Discussion 

 

2.1. Insights into functionalization of soft interfaces with mirror-like 
AuNP nanofilms 

An interfacial microinjection approach has been developed to deliver AuNPs 
to the interface and to considerably improve the control of the AuNP surface 
coverage in comparison with previously reported methods. Extensive experimental 
details are given in Chapter 2, Section 6. 

The process involves three steps: (i) synthesis of citrate-stabilized AuNPs,  
(ii) concentration of these AuNPs by centrifugation and re-suspension of the 
concentrate in methanol and (iii) precisely controlled injection of the methanol 
suspended AuNPs at a soft water-trifluorotoluene (TFT) interface using a capillary 
and a syringe-pump to deliver a small volume of the methanol solution of  
AuNPs (Figure 6.1A). 
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Previously, Park et al. used a syringe-pump to carefully inject pure ethanol at 
a water-hexane interface but without pre-concentrating the AuNPs in alcohol. Larger 
quantities of alcohol (up to 10 vol.%, or milliliter versus microliter volumes used 
here) were required to achieve mirror-like AuNP films.16–18 Also, microinjection 
approach developed in this Chapter leads to clear aqueous phase,  
as 99% of AuNPs are spread over the interface, which is the major advantage in 
comparison with previous works.15,16 

 

Figure 6.1. Functionalization of soft interfaces with AuNP nanofilms by precise injection of AuNPs 
suspended in methanol at the interface. (A) Schematic of the capillary and syringe-pump setup used 
to settle AuNPs directly at the interface between two immiscible liquids allowing precise control over 

the AuNP surface coverage. Examples of AuNP films prepared at flat soft water-trifluorotoluene 
interfaces in 4-electrode electrochemical cells using AuNPs with mean diameters of (B) 12 nm and (C) 

38 nm. Flat soft interfaces were achieved by partial silanization of the bottom half of the 
electrochemical cell glass walls. (D) AuNP nanofilms were also prepared on larger curved soft 

interfaces using a 2 x 4 cm quartz cell. 
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Interfacial AuNP nanofilms were formed with either 12 nm (Figure 6.1B) or 
SG 38 nm (Figure 6.1C) mean diameter AuNPs. Detailed information on size 
determination is given in Chapter 2, Section 4.2. 

The injected AuNPs immediately assembled into one nanoparticle thick 
isolated grey islands floating at the interface, each island gradually increasing in size 
with continued AuNP injection. The interface was slightly perturbed by the flow 
from the capillary and, thus, each AuNP island was constantly in motion. 
Eventually, all of the individual islands of AuNPs coalesced to form a dense mirror-
like AuNP nanofilm. For the 4-electrode electrochemical cells illustrated  
in Figures 6.1B&C, 10 μL of concentrated 12 nm AuNPs and 20 μL of 38 nm SG-
AuNPs in methanol were required to cover the flat 2.5 cm2 water-TFT soft interface. 
The nanofilm formation process for the larger 38 nm AuNPs was recorded with time 
using a ProScope HD USB-microscope (see Movies S1 at the publisher web-site) and 
each step is clearly illustrated in Figure 6.2. 

Typically, water-oil interfaces in hydrophilic glassware are curved due to 
differences in surface tension between the organic solvent, water, and the glass itself. 
An important aspect of this work was to determine the surface coverage of AuNPs 
as accurately as possible. To achieve this, flat interfaces with well-defined surface 
areas were preferred and realized by partial silanization of the electrochemical cell.  

The in situ AuNP film formation process passes through several different 
stages. Initially, tiny “islands” of AuNP aggregates were observed  
at the interface (Figure 6.2B). The interface itself was disturbed by the flow of 
solution from the capillary and, therefore, these small islands of AuNPs were very 
mobile at the interface (Figure 6.2C). This constant motion caused any relatively 
large aggregates of AuNPs to break apart, although the majority of the smaller 
islands of AuNPs remained intact. Thus, in the middle of the interfacial AuNP film 
formation process, numerous randomly distributed small islands were present and 
weekly connected to each other (Figure 6.2D). However, as the interfacial 
concentration of AuNPs increased a consistent reflective interfacial AuNP film 
appeared (Figure 6.2E). If excess solution containing AuNPs suspended in methanol 
was added, wrinkles and cracks appeared in the interfacial AuNP film (Figure 6.2F). 
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Figure 6.2. Interfacial AuNP film formation process captured in snapshots from Movie S1 
(available at the publisher web-site). (A) Image of a pure water-TFT interface with a silica capillary 

attached to the interface and held in place by capillary forces. (B) Image taken after 5 μL of the 
methanol solution of AuNPs was injected and the flow stopped; the red arrows indicate the positions 

of small and big islands. (C) Image taken during continuous methanol injection; an area free of 
AuNPs is shown by the red dashed curve. (D) Image taken after 10 μL of the methanol solution of 
AuNPs was injected and the flow stopped. (E-F) Images before and after the critical point, where 

cracks and wrinkles (blue arrow) started to form. Scale bar is equal to 0.5 mm. 

All of the AuNPs injected into the electrochemical cell were retained at the 
soft interface, the latter can be seen in Figures 6.1B-C as clean, transparent and 
colorless solutions below and above the settled nanofilm. Thus, as the interfacial 
area, the concentration of the AuNPs in the methanol solution and the volume of 
AuNPs injected (controlled by the flow-rate and injection time period) were 
precisely known, an accurate control of the surface coverage of AuNPs was possible, 
as shown previously.19 The precision of the method is mostly limited by the 
determination of the bulk AuNP concentration using Haiss et al. methodology based 
on UV-Vis spectra20 and can be estimated as 5-7% of standard deviation. By this 
method, nanofilms of half a monolayer were prepared, with the surface coverage 
estimated from the hexagonal packing as 37 %. 

Additionally, the presented method is scalable, appropriate for  
flat (Figures 6.1B-C) or curved (Figure 6.1D) soft interfaces and generally applicable 
to other immiscible water-oil combinations, such as water-1,2-dichloroethane,  
water-dichloromethane, water-nitrobenzene etc. 
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2.2. Ion transfer voltammetry characterization of AuNP nanofilm 
functionalized soft interfaces 

(i) Nanofilm structure and morphology within the theory of a partial 
blocked electrode (interface) 

All ion transfer voltammetry measurements at the water-TFT interface were 
performed using a four-electrode cell following the configuration described 
previously by Hatay et al.21 and illustrated in Scheme 6.1A. The different 
electrochemical cells investigated in this study are outlined in detail in Scheme 6.1B. 
The detailed description of electrochemical measurements in 4-electrode cell is given 
in Chapter 2, Section 2.6(iii). 

 

Scheme 6.1. (A) Scheme of the four electrode electrochemical cell and (B) composition of the four-
electrode electrochemical cells utilized in this study. D denotes electron-donor molecules such as Fc 

and TTF. 

Packing arrangements of the AuNPs at the soft interface were investigated by 
carefully transferring the interfacial 38 nm SG-AuNP film to a silicon substrate and 
characterizing them with scanning electron microscope (SEM) (Figure 2.2.1). Settling 
of the AuNPs leads to partial occupation of the interface by a one nanoparticle thick 
nanofilm (sub-monolayer), which can be distributed in two ways: (i) randomly, 
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forming a continuous network on NPs with voids in between, or (ii) in an island-like 
manner, where hexagonally closed packed islands co-exist with voids of the same 
dimensions (Figure 6.4C). In fact, the preparation method results in films which are 
a combination of both morphologies – randomly distributed network of NPs with 
voids of different sizes: small and big ones (Figure 6.3). 

Figure 6.3. SEM-images of prepared AuNP assembly with mean diameter of 38 nm at water-TTF 
interface. 

Therefore, in effect, the AuNP nanofilm patterns the soft interface with a 
randomly distributed array of micropores, and the theory of voltammetry on 
partially blocked electrodes22 can be applied for any ion transfer reactions. Amatore 
et al. introduced the concept of a zone diagram for various types of blockage, 
depending on morphology, size and interparticle distance (or distance between 
blocking compounds). Recently, this topic has been reviewed by Davies and 
Compton.23 If the diffusion zone radius (δ) is larger than both pore center-to-center 
distance (S) and pore radius (r), in the so-called heavily overlapping diffusion zones 
condition, mass transfer occurs by apparent semi-linear diffusion from the bulk and 
a classical peak-shaped cyclic voltammogram (CV) is obtained (Figure 6.4B-D). 

First, CVs with only background electrolytes present in the absence and 
presence of AuNP nanofilms consisting of either 12 nm or 38 nm SG-AuNPs were 
obtained using electrochemical cell 1 outlined in Scheme 6.1B. CVs with well-
defined potential windows of ca. 1 V width, limited by the ion transfer of Cl– at the 
negative potentials and Li+ at positive potentials were attained in all  
cases (Figure 6.4A). In marked contrast to previous reports,16,18 no decrease of the 
window and lowering of the Gibbs energies of transfer of the aqueous background 
electrolyte ions in the presence of the AuNP nanofilms were observed. This is 
attributed to the significantly lower volumes of methanol required to achieve the 
dense mirror-like film formation here than reported in the previous studies.  
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Figure 6.4. Cyclic voltammetry (IR compensated) at bare and AuNP nanofilm modified soft interfaces 
formed between a 10 mM LiCl aqueous solution and a 5mM BATB solution in TFT. CVs were 

obtained at a scan rate of 25mV/s (A) without, and (B) with TMA+ ions present for calibration.  
(C) Schematic representation of possible distribution of AuNPs in the nanofilm at ITIES: randomly 

distributed network (top), islands with voids (bottom) and mixed morphology (middle).  
(D) Schematic representation of the cross-sectional view of the ITIES partially occupied by a nanofilm 

of AuNPs (lines show the diffusion profiles of ion concentration). 

Consequently, ion transfer events of interest taking place at potentials close to 
the transfer of the background electrolyte ions may now be observed in the presence 
of an interfacial AuNP nanofilm. Control experiments, summarized in Figure 6.5, 
show that methanol, sodium citrate, and ascorbic acid with concentrations at least an 
order of magnitude higher than those used in the AuNP nanofilm preparation did 
not significantly affect the CVs. Additional ITs events were observed at positive (ca. 
+450 mV) as well as negative (ca. -200 mV) potentials for the interfacial film 
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consisting of 38 nm AuNPs and, most likely, attributed to the transfers of Ag+ and 
NO3− or other residuals left over from the synthesis of these NPs. 

 

Figure 6.5. Influence of possible interfering chemical species on the ion transfer voltammetry at a 
water-TFT interface for a “blank” electrochemical cell (see Scheme 6.1B, Cell 1, X=0). 

Scan rate: 25 mV s-1. 

Next, CVs were obtained in the presence of the non-redox active 
tetramethylammonium cation, TMA+, in the aqueous phase (Figure 6.4B). The 
presence of the interfacial AuNP nanofilms did not significantly alter the 
voltammetric response for TMA+ transfer, in accordance with previously published 
results,16,18 with clear peak shaped responses obtained on both the forward and 
reverse sweeps. This indicates that the diffusion zones between individual 
micropores were heavily overlapping, as discussed above and illustrated  
in Figures 6.4C-D. 

(ii) Determination of the surface area occupied by gold nanoparticles at 
LLI 

As discussed earlier, the maximal amount of added nanoparticles, according to 
estimations of the mean diameter and concentration from UV-Vis spectrum of 
AuNPs, corresponds to roughly half-monolayer. Below we present alternative way 
to figure out the portion of the available surface area occupied by gold nanoparticles. 
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The Randles-Ševčík equation, as discussed in Chapter 1, Section 1.2, links the 

bulk concentration of a charged species bulk
ic  with the maximum peak current pI  

arising from ion transfer of that species across the interface:24 

bulk   0.4463   
 

i
p i i i

z FI z AFc D
RT

 (6.1) 

where iz  is the charge of the transferring species, iD is the diffusion coefficient of the 

species, A is surface area of the interface between the two immiscible liquids and  is 
scan rate. F , R  and T are Faraday’s constant, the universal gas constant and 
temperature, respectively. 

The scan-rate analysis using the Randles-Ševčík equation allows us to 
determine the lower border of the surface coverage by AuNPs (Figure 6.6B&C). 
Thus, in the absence of the AuNP film, Eq. 6.1 is fulfilled completely for transfer of 
TMA+-ions with coefficient of linear dependence equals to 1. The diffusion 
coefficient of TMA+ in the aqueous phase ( +TMA

D ) was determined  

as 11.8 × 10−6 cm2·s−1, in close agreement with previous reports.25 If AuNPs are 
present at the ITIES, they partially block the available surface area to transfer ions 
across the interface. Assuming that AuNPs do not alter or influence significantly 
TMA+ ions transfer (in other words, +TMA

D remains the same with and without a 

nanofilm), the following equation for apparent surface area can be written: 

AuNP
app int1A A  (6.2) 

Taking into account that slope (k, see Figure 6.6B&C) value are proportional 

only to surface area, A, we can estimate that for 12 nm AuNPs app 0.70A Aand for 38 

nm SG-AuNPs app 0.69A A . This estimation gives that 0.3-0.31 (or 30-31%) of 

available surface area is occupied by AuNPs. The present estimation gives only the 
lower limit of the surface, because diffusion profile is changed from semi-infinite 
diffusion to spherical one (Figure 6.4D). Nevertheless, the same values can be 
obtained by using the theory of a partially blocked electrode22 and Nicholson 
method (not presented here, see Ref. 26). 

This estimated value corresponds roughly to half a hexagonal close packed 
monolayer (surface coverage of 37%), as expected, considering that 70% of the 
surface area is available for semi-infinite linear diffusion. 
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Figure 6.6. Ion-transfer CVs (IR compensated) at water-TFT interface with 25 μM TMA+ in the 
aqueous phase for following conditions: (A) no film, (B) 12 nm and (C) 38 nm AuNPs  

films (see Cell 1 in Scheme 3.2.1B for comprehensive details of the electrochemical cell configuration). 

 

2.3. Charging of gold nanofilm by an electron donor in the organic phase 

(i) Determination of redox potential of redox couples in TFT and water 

To determine the redox potentials of Fc and TTF in TFT, firstly, the electron transfer 
potential was measured between a 0.5 mM concentration of the donor molecule, Fc, 
in the oil phase and a mixture of 3 /4

6Fe(CN)  in the aqueous phase (Figure 6.7A). 

Secondly, the redox-potential of 3 /4
6Fe(CN)  was determined with platinum 

ultramicroelectrode ( Ptd 25 μm, RG = 6.15) in 10 and 100 mM solution of 4
6Fe(CN)  

and 3
6Fe(CN)  with 100 mM LiCl as the supporting electrolyte (Figure 6.7B). 
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Figure 6.7. Determination of standard electron transfer potential of Fc and TTF in TFT and 
3 /4
6Fe(CN) in water. (A) Ion-transfer CV (IR compensated) showing interfacial electron transfer from Fс 

and TTF in oil phase to 3 /4
6Fe(CN) in aqueous phase. (B) Determination of 

3- 4-
6 6

0',w
Fe(CN) /Fe(CN)

E  by a platinum 

ultramicroelectrode (25 μm in diameter) in an aqueous solution of 100 mM LiCl. 

The electron transfer potential on the first step can be expressed as described 
by Fermin and Lahtinen,27 when the hexacyanoferrate couple in large excess 
compared to Fc and TTF: 

3- 4-
6 6

3-
6w 0,o 0',w

o et 4-D /D Fe(CN) /Fe(CN)
6

Fe(CN)
ln

Fe(CN)
RTE E
F

 (6.3) 

Ion-transfer CVs were calibrated, by transfer TPropA+, whose half-wave 
potential in TFT is equal to –19 mV. 

The electron transfer potential for Fc and TTF were determined as +194 mV 
and +150 mV, respectively. Thus, taking into account the formal potential of ferro-

ferricyanide couple 3- 4-
6 6

0',w
Fe(CN) /Fe(CN)

E = +0.467 V vs. SHE (Figure 6.7B) and 

concentration ratio of 4
6Fe(CN) to 3

6Fe(CN) of 10 to 100 mM, the final result  

for 0,o
Fc /Fc

E is +720 mV and 0,o
TTF /TTF

E +676 mV vs. aqueous SHE. 

(ii) Aspects of the Fermi level equilibration 

There are at least two redox couples present in the system: oxygen and D/D+. So, the 
Fermi level equilibration occurs between these two couples as described  
in Chapter 1, Section 2. The oxygen, being in a large excess, sets the initial level, 

whereas TTF and Fc raise NP
FE  to a higher level (Scheme 6.2). 
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Scheme 6.2. Representation of Fermi level equilibration between AuNP and surrounding media: 
charging of AuNP with simultaneous raising NP

FE  occurs when nanoparticle is placed in contact with 

an electron donor at ITIES. 

The experimental evidences of this Fermi level equilibration are 
electrochemical waves in the middle of potential window, which are associated with 
ion transfer reactions of charged species (Figures 6.8 and 6.9). According to the 
theoretical aspects of Fermi level equilibration the charge accumulating by 
nanoparticles should dissipate back to perform oxygen reduction, however, this 
process is rather kinetically limited. Further, in Chapters 7 & 8 we will show how 
this charge is consumed to perform other reactions in the adjunct phase. 

(iii) TTF and Fc as electron donors 

An interesting consequence of the nanofilm formation at ITIES is the possibility to 
charge nanoparticles by appropriate electron donor molecules located in one of 
phases and – even more important – to observe directly ion-transfer of product 
species. For example, if the organic phase contains TTF or Fc molecules, formation of 
the nanofilm by microinjection method at ITIES causes significant current in the 
middle of the potential window for both AuNP diameters (Figure 6.8B&C and 
Figure 6.9B&C). As we showed before in Figure 6.5, all other species that could be 
present as contaminants in the final mixture did not lead to such electrochemical 
signal. Therefore, mechanism of the Fermi level equilibration can be implemented, as 
described above. 
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In the case of TTF and Fс used in experiments presented in Figures 6.8 & 6.9, 
most likely TTF•+ or Fc+ are formed. At the same time, there is no peak that can be 
addressed to transfer of TTF•+ or Fc+ ions across the interface for the blank cell 
(Figures 6.8A and 6.9A). These findings also corresponds to the concept of the gold 
nanoparticle reduction by TTF, described in Chapter 3, Section 2.3 and in Ref. 19. 
Unfortunately, this redox process consumes very little amount of the electron donor 
molecules (below nanomolar level), thus, quantitative detection is barely possible. 
Also, with time the oxidized electron donors diffuse away from the interface to the 
bulk, decreasing the interfacial concentration and the peak current. 

 

Figure 6.8. Effect of the nanofilm on interfacial oxidation of TTF, as electron donor. Cyclic 
voltammograms of the interface between 10mM LiCl aqueous solution and 5mM BATB solution in 

TFT containing 1 mM TTF (Cell 2): (A) blank water-TFT interface, (B) after formation of 12 nm AuNPs 
film, (C) after formation of 38 nm SG AuNPs film. (D) Comparison at scan rate 50mV/s for cells with 

and without gold nanofilm. 

Nevertheless, this method is useful for some qualitative analysis. For 
example, it shows (i) nanoparticles of larger diameter requires large amount of 
electron donors to be reduced, and (ii) it can be used for arbitrary determination of 
transfer potentials of various electron donors.  
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In case of 38 nm AuNPs both Faradic current and peak current, 
corresponding to TTF•+-ions transfer, are roughly 20% bigger than for 12nm NPs 
(Figure 6.8D). Similarly, if TTF is replaced by Fc as electron donor, both currents are 
bigger for larger diameter of AuNPs (Figure 6.9D). Taking into account the number 
of AuNPs settled at ITIES (the ratio between concentration of 12 nm and 38 nm 
AuNPs as large as 15 times), larger NPs should oxidize ca. 3 times (increase by 300%) 
more TTF molecules than smaller ones. 

 

Figure 6.9. Effect of the nanofilm on interfacial oxidation of Fc, as electron donor. Cyclic 
voltammograms of the interface between 10mM LiCl aqueous solution and 5mM BATB solution in 

TFT containing 1 mM Fc (Cell 2): (A) blank water-TFT interface, (B) after formation of 12 nm AuNPs 
film, (C) after formation of 38 nm SG AuNPs film. (D) Comparison at scan rate 50mV/s for cells with 

and without gold nanofilm. 

The half-wave ion-transfer potentials of TTF•+ and Fc+ at water-TFT interface, 
named w

o 1/2 (TTF•+) and w
o 1/2 (Fc+), can be easily estimated as +105  5 mV, and 

+115  5 mV, respectively. 

The small peaks on forward and backward scan at -250 mV and 500 mV may 
be attributed to transfer of small amounts of NO3– and Ag+ ions remaining from the 
synthesis of SG-AuNPs, as demonstrated in Figure 6.5. 
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3. Conclusions 

 

A simple, reproducible and scalable method of AuNP nanofilm preparation 
has been developed and implemented to create of mirror-like films with controlled 
AuNP surface coverages. The AuNP nanofilm was characterized by ion transfer 
voltammetry of model species. There was no significant influence of nanofilm on 
ions transfer across ITIES, thus, we conclude that nanofilm are permeable for ions 
transfer. 

Obtained AuNP films at water-TFT interface are capable to store the charge 
received from electron-donor molecules, which corroborates with previously 
developed theory of the Fermi level equilibration for NP and redox pairs in solution. 

This work shows that electrochemistry at liquid-liquid interfaces is a 
powerful tool to study interfacial redox catalysis and describe interfacial reactions. 
As it will be demonstrated in Chapter 7 & 8, precise control of the Galvani potential 
difference between the two phases allows significant variation of the Fermi levels of 
electrons in aqueous and organic phases, resulting in direct control of the rate and 
direction of electron transfer at a floating gold nanofilm adsorbed at the interface, 
highlighting the electrocatalytic properties of these films. 
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Abstract. The dispute about the exact and correct mechanism of the electron 
transfer (ET) reactions at liquid-liquid interfaces has lasted for decades. The ET 
reaction at ITIES was studied experimentally and by computer simulations for a 

model system. This model system contains 0Fc /Fc  as an organic-soluble electron 

donor and 3 /4
6Fe(CN)  as a water-soluble electron acceptor. The current results 

indicate that the ET reaction takes place by a potential independent homogeneous 
reaction in the aqueous phase, while the observed potential dependence stems from 
that of the concomitant ion transfer reaction of ferrocenium. Functionalization of the 
interface with metallic nanoparticles significantly improves kinetics of the interfacial 
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reaction by changing reaction mechanism to a bipolar pathway, when NP is acting as 
an electrically conducting bipolar electrode between the two phases. Therefore, we 
highlight the catalytic property of a metal nanoparticle film towards heterogeneous 
electron transfer reactions and explain this property from the point of view of the 
Fermi level equilibration theory. 
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1. Introduction 

 

Polarizable soft interfaces between two immiscible electrolyte  
solutions (ITIES) have emerged as model platforms to study electron transfer (ET) 
reactions. These ET reactions impact various research areas, including, for example, 
energy research: mainly the hydrogen evolution (HER)1–5 and oxygen reduction 
reaction (ORR).6–11 

In early days, the ET reactions at ITIES were thought to be truly 
heterogeneous (i.e. HET), as suggested by Samec et al.12,13 Redox couples – D+/D0 in 
one phase and A 0/A - in another phase –were supposed to react only at the interface 
where electron transfer reactions occurred. In these works ferri/ferrocyanide  

couple ( 3 /4
6Fe CN ) in water and ferrocene (Fc) in the organic phase were 

commonly studied. Essentially, HET is known to be potential dependent, i.e. 
dependent of the interfacial polarization, because interfacial concentrations of redox 
couples are dependent on the polarization. However, it is difficult to evaluate how 
much of the overall polarization is active as a local driving force.  

Then, it was postulated by Kihara et al.,14 Osakai et al.15 and Katano et al.16 that 
one of the reactant can in fact partition to the adjacent phase. Thus, it opened a new 
page of a homogenous ET mechanism with associated ion transfer reactions. In this 
case, the measured current was not always due to a HET but rather due to the 
preceding or following ion transfer reaction. 

However, during this period contradicting data have been obtained, which do 
not help to resolve the question about the correct mechanism of ET at ITIES. For 
example, Mirkin et al. used scanning electrochemical microscopy to estimate the 
potential dependence of ET rate at ITIES and concluded: “The observed change in the 
ET rate with the interfacial potential drop cannot be attributed to concentration effects and 
represents the potential dependence of the apparent rate constant”.17 However, later they 
came to an opposite conclusion: “the rate constant of ET across the ITIES is essentially 
independent of interfacial potential drop when the organic redox reactant is a neutral 
species”.18 Similarly, Shi and Anson also reported potential independent ET utilizing 
thin layer cell voltammetry,19 but Unwin et al. later showed that this observation may 
have been due to the diffusion limitations.20 
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These conflicting results on the potential dependence of the ET arise from the 
poor understanding of the potential distribution within the interfacial layers. The 
question remains: Which mechanism operates in the electron transfer process at 
liquid/liquid interfaces? 

Recently, Li Niu et al.21 argued (based on the earlier work by Schmickler22) that 
the potential drop at the interface is mostly at the organic phase, and hence change 
of the Galvani potential difference only changes the surface concentrations, leading 
to a change in the reaction rate. Samec argued that this assumption is unjustified, as 
the potential drop is located at the nanoscopic interface.23 Girault et al. estimated  
that ca. 30% of the potential drop is within the inner layer, so that the electron 
transfer kinetics depend on the Galvani potential difference and the diffuse layer 
effects (Frumkin effect).24 X-ray reflectivity and molecular dynamics simulations 
have indicated that the potential drop is very sharp: the electron density profile 
shows a sharp change over 0.2 nm distance,25 and electric potential difference 
simulated for a slab of water-DCE-water shows a similar sharp decrease.26 So far, X-
ray reflectivity and molecular dynamics have not been applied to study electron 
transfer reactions, but these techniques would help to elucidate how the reactions 
actually happen. 

Spectroscopic techniques such as surface second harmonic generation27 and 
potential modulated fluorescence24 have also been utilized to study interfacial 
electron transfer reactions, as well as time- resolved Raman.28 From all these studies, 
it is clear that the difficulty in defining molecularly interfaces makes it difficult in 
truly defining HET reactions. 

Here, we revisit the topic of ET reactions at ITIES. We summarized our 
experience in electrochemical studies of redox reaction at ITIES, nanofilm 
preparation and redox catalysis at LLIs 29,30 and apply a finite element simulation 
approach to analyze recorded cyclic voltammograms (CVs).  

Also in Chapter 6 we showed, how ITIES can be accurately functionalized 
with a gold nanofilm at sub monolayer coverage level and how the nanofilm can be 
used for electron storage. In the current Chapter we highlight how electron transfer 
pathways may change after addition of an adsorbed gold nanoparticle film, thus, 
improving the kinetics of the interfacial reactions. Subsequently, we provide an in-
depth characterization of the interfacial redox catalysis at an adsorbed AuNP film by 
comparison of voltammetry and finite element simulations. 
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2. Theoretical aspects and simulation models 

 

Below in this Section we will generalize the theory and mechanisms of 
interfacial electron transfer reaction, including redox catalysis, based on several of 
our publications. In Theoretical Section, firstly, the possible mechanisms will be 
considered with appropriate simulation models. Then, in the Results and 
Discussion Section we will briefly describe difference between ET-IT and HET 
mechanisms to move toward redox electrocatalysis at soft interfaces on a golf 
nanoparticles film. Thus, the main focus will be given to the electron transfer 
reaction across gold nanoparticle films at ITIES. 

 

2.1. Possible mechanism of electron transfer reactions at ITIES 

Generally the electron transfer reaction between electron donor D in the 
organic phase and an electron acceptor A in the aqueous phase proceeds by 
formation of a <D|A> intermediate at the transition state. The possible pathways are: 

f1 f2

b1 b2
D A (D(o) A(w) | D (o) o) A (w) 

k k

k k
 (7.1a) 

f1 f2

b1 b2
D A (inteD(o) A(w) | D (o) A (rfac )e) w

k k

k k
 (7.1b) 

f1 f2

b1 b2
D A (D(o) A(w) | D (o) A (ww) )

k k

k k
 (7.1c) 

Obviously, reactions 7.1a and 7.1c require one of the reactants to partition into 
the other phase before the reaction happens. Further we will call this mechanism as 
electron transfer associated with ion-transfer (ET-IT). Reaction 7.1b is a pure 
heterogeneous mechanism (HET), when intermediate is formed at the interface. 

At a metal nanofilm functionalized soft interfaces, the ET reaction preferably 
takes place at both sides of the bipolar film. Typically, the Fermi level of the 
nanoparticles is fixed by one the redox pairs in excess either in aqueous or organic 
phases: 

1NP  + A(w) NP  + A (w)z eze  (7.2a) 
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( 1)NP + D(o) NP + D (o)ze z e  (7.2b) 

where z represents the charge number on the core of the AuNP. This process is 
called interfacial redox electrocatalysis or for simplicity electrocatalysis (EC).31 

All presented processes are schematically illustrated in Scheme 7.1. 

 

Scheme 7.1. Graphical representation of the possible mechanisms of the electron transfer reactions 
at liquid-liquid interfaces. Each of these mechanisms leads to measurable current across the 

polarized soft interface, when an electron donor species (D) is present in the organic phase and an 
electron acceptor species (A) is present in the aqueous phase. The orange arrow indicates the electron 

transfer reaction with a rate constant 0k . 

 

2.2. HET and ET-IT mechanisms at soft interfaces 

Let us now consider the applicability of these mechanisms to a model system 
consisting of Fc+/Fc0 redox couple in organic phase (TFT) and ferri/ferrocyanide  
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( 3 /4
6Fe CN ) in the aqueous phase. This combination of redox couples was widely 

used to investigate ET phenomena at ITIES.15,16,32 

As the transfer of 3
6Fe(CN) and 4

6Fe(CN)  into the organic phase requires very 

negative potentials, the reaction 7.1c is unlikely. Unfortunately, the simulations of 
the electric double layer effects are very challenging to implement accurately, so the 
potential drop was assumed to occur fully at the liquid-liquid interface. The effect of 
the electric double layer was only considered indirectly by varying the charge 
transfer coefficient for the interfacial electron transfer. Samec has argued that low 
values of  can be reasonable due to the strong repulsion of negatively charged 
ferricyanide from the electric double layer on the aqueous side, due to the Frumkin 
effect.12,23 

Additionally, Aoki et al. have recently demonstrated that the electron transfer 
reaction at liquid-liquid interfaces can be influenced by self-emulsification of the 
both phases, leading to formation of small droplets of water in the organic phase and 
small droplets of oil in the aqueous phase. As some Fc will remain in the oil droplets 
and 3

6Fe(CN)  in the water droplets, the ET reaction may proceed also 

“homogenously” within both oil and aqueous phase due to this self-emulsification.33 
However, this mechanism is difficult to implement in the simulations accurately, so 
it was not considered in this work. 

The model equations used to simulate these voltammograms with COMSOL 
Multiphysics v.5.2 are described in the Section 2.4 of the current Chapter. Following 
reactions take place at the liquid-liquid interface: 

ET,f

ET,b

3 + 4
6 6Fc(o) Fe(CN) (w) Fc (o) Fe(CN) (w)

k

k
   (HET) (7.3a) 

P,f

P,b
Fc(w) Fc(o)

k

k
   (partition of ferrocene) (7.3b) 

IT,f

IT,b

+Fc (w) Fc (o)
k

k
   (IT of ferrocenium) (7.3c) 

IT2,f

IT2,b

+K (w) K (o)
k

k
   (IT of K+ cation) (7.3d) 

where K+ is the metal cation from the ferro-ferricyanide salts. The kinetics of these 
reactions was assumed to follow a Butler-Volmer formalism, as described  
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in Section 2.4 of the current Chapter. As Fc can partition into the aqueous phase 
according to Eq. 7.3b, it will react homogeneously with 3

6Fe(CN) : 

1

1

3 + 4
6 6Fc(w) Fe(CN) (w) Fc (w) Fe(CN) (w)

k

k
 (7.4) 

HET mechanism described by reaction 7.3, i.e. bimolecular heterogeneous ET, 
was initially introduced by Samec et al.32 Whereas the following investigation of the 
model system performed by the groups of Kihara,14 Osakai15 and Katano16 revealed 
ET-IT nature of ET reaction. ET-IT mechanism includes partition of neutral Fc0 into 
the water phase, followed by homogeneous ET with 3

6Fe(CN)  and subsequent IT of 

Fc+ back to the organic phase (reactions 7.4 and 7.5). 

The equilibrium constant hom 1 –1/K k k  can be evaluated when the redox 

potentials of both redox couples are known. +
0'
Fc Fc w/E  = 0.381 V vs. SHE34 and the 

formal potential for ferro-ferricyanide 3 4
6 6Fe(CN) /Fe(C w)

0'
NE was evaluated as 0.467 V 

vs. SHE in 100 mM LiCl (see Section 2.3(i), Chapter 6). The equilibrium constant for 
the reaction 7.4 can be calculated as: 

3 4
6 6

+hom Fe(CN) /
0' 0'

Fc Fc wwFe(CN) /
exp exp EG FK

T RT
E

R
 = 30.1 (7.5) 

Partition coefficient of Fc between TFT and water was calculated from the 
thermodynamic cycle as described by Fermin and Lahtinen.35 Briefly, standard 
potential of a redox couple in organic solvent can be expressed with the help of the 
redox potential in water and the Gibbs energies of transfer of reduced and oxidized 
species from water to oil: 

0,w o 0,w o
0' 0' ox red
ox/red ox/redo w

G GE E
F

 (7.6) 

Hence, the formal potential of Fc in TFT can be expressed as 

+ + +

0,w o
0' 0' w 0' Fc

oFc /Fc Fc /Fc Fco w

GE E
F

 (7.7) 

This equation can be used to calculate the transfer energy and also partition 
coefficient of Fc from water to TFT (standard redox potentials of Fc in water 

+
0'
Fc Fc w/E =0.381 V vs. SHE34) and TFT ( +

0'
Fc Fc o/E = 0.720 V vs. SHE,  
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see Section 2.3(i), Chapter 6 and tuned to 0.736V to obtain better agreement with the 
numerical simulations) are known, and +

w 0'
o Fc was taken as the half-wave  

potential +
w
o 1/2,Fc

0.115 V ) as: 

0,w o
Fc

,Fc exp 13373p
G

K
RT

 (7.8) 

This partition coefficient is similar to the values measured for Fc between 
water and DCE35 and water and nitrobenzene.15 

 

2.3. EC mechanism at soft interface 

When a gold nanofilm was added at the interface, the system was considered 
as a metallic electrode in between the two phases, where the reactions are only 
oxidation of Fc at the oil side and reduction of 3

6Fe(CN)  in the aqueous phase, 

similarly to bipolar cells.36 

w,ox

w, red

13 4
6 6NP  + Fe(CN) (w) NP  + Fe(CN) (w)

k z eze
k

 (7.9a) 

o,ox

o,red

0 ( 1)NP + Fc (o) NP + Fc (o)
kze z e
k

 (7.9b) 

In this case, simulations were performed in conditions where the aqueous 
redox couple was always in hundred-fold excess. Hence, the Fermi level of the NP 

was fixed by the ferro-ferricyanide redox couple ( 3 4
6 6

NP 0'
F wFe(CN) /Fe(CN) w

E E ), 

and the overpotential is mostly on the oil side. For example, the simulated 
overpotential with the 4 3

6 6Fe(CN) / Fe(CN)  ratio of 1/10 in the aqueous phase was 

only 0.4 mV at the positive potential limit of the scan. 

 

2.4. Description of simulation models 

(i) HET and ET-IT mechanism 

The model of the electron transfer across the liquid-liquid interface was built in 1D 
utilizing COMSOL Multiphysics 4.4 and 5.2. Effects of migration were assumed 
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negligible, so two “Transport of Diluted Species–physics” were utilized for diffusion 
of all the species, one in aqueous phase and the other in oil phase. The potential 
ramp was done using a tringle – function with 5 mV transition zone and two 
continuous derivatives. The general diffusion equation for a species i is: 

i
i i i

c D c R
t

 (7.10) 

where c is concentration, t is time, D is the diffusion coefficient and R is the reaction 
term for the species i. The species in the model are Fc, Fc+, (present in both phases) 
and 3

6Fe(CN)  and 4
6Fe(CN)  present only in the aqueous phase. Additionally, we 

have the potassium cation K+ in both phases. There are no reactions in the organic 
phase. Fc can partition into the aqueous phase, where it will react homogeneously by 
the following reaction: 

1

1

3 + 4
6 6Fc(w) Fe(CN) (w) Fc (w) Fe(CN) (w) 

k

k
 (7.11) 

This reaction is described as a bimolecular reaction: 

+ 4 3
6 6

3Fc
Fc 1 6Fc Fe(CN) Fe(CN)

+ 4
1 6

Fc Fe(CN)

                                                                     Fc Fe(CN)

cR R R R k
t

k
 (7.12) 

The equilibrium constant hom 1 –1/K k k  can be evaluated as described  

above (Eq. 7.8). Thus, 1k  was varied to match the simulations and experimental data. 

The concentration boundary conditions were used at outer boundaries of the 
phases ( ic  = bulk concentration). The boundary conditions at the liquid-liquid 

interface were set as inward fluxes ( iN ) according to the reactions 7.3. 

In the aqueous phase, the inward fluxes are: 

4 3
6 6

3
ET,f 6w, Fe(CN) w, Fe(CN)

+ 4
ET,b 6

Fc(o) Fe(CN) (w)

                                                 Fc (o) Fe(CN) (w)

N N k

k
 (7.13a) 

+ +
IT,f IT,bw, Fc Fc (w) Fc (o)N k k  (7.13b) 

+ +
IT2,f IT2,bw, K K (w) K (o)N k k  (7.13c) 
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w, Fc P,f P,bFc(w) Fc(o)N k k  (7.13d) 

In the TFT phase, the inward fluxes include both contributions from  
reactions 7.13a-d: 

3 + 4
o, Fc ET,f 6 ET,b 6

P,f P,b

Fc(o) Fe(CN) (w) Fc (o) Fe(CN) (w)

Fc(w) Fc(o)

N k k

k k
 (7.14a) 

3 + 4
ET,f 6 ET,b 6o, Fc

+ +
IT,f IT,b

Fc(o) Fe(CN) (w) Fc (o) Fe(CN) (w)

Fc (w) Fc (o)

N k k

k k
 (7.14b) 

+ +
IT2,f IT2,bo, K K (w) M (o)N k k  (7.14c) 

Here, ET,fk and ET,bk  are bimolecular rate constants for the HET, whereas 

ITk  and IT2k  are unimolecular rate constants for ion transfer reactions (see  

reaction 7.3). They are implemented as Butler-Volmer type rate constants depending 
on the Galvani potential difference w

o  with the expressions: 

+

+

+

+

0 w w 0'
ET,b ET o o ET

0 w w 0'
ET,f ET o o ET

0 w w 0'
IT,b IT o o Fc

0 w w 0'
IT,f IT o o Fc

0 w w 0'
IT2,b IT2 o o K

0 w w 0'
IT2,f IT2 o o K

exp 1

exp

exp 1

exp

exp 1

exp

k k f

k k f

k k f

k k f

k k f

k k f

 (7.15) 

where   /f F RT . The  value for all the ion transfer reactions was set to 0.5, and 

was varied between 0 and 1 for electron transfer reactions. The unimolecular 
standard rate constants for ion transfer ( 0

ITk and 0
IT2k ) were set to 0.1 cm·s–1, as the ion 

transfer across the liquid-liquid interface is fast and reversible. Similar values for 
normal ion transfer reactions have been reported in the literature23 and the 
bimolecular standard rate coefficient for the ET reaction 0

ETk  was varied in the 

simulations. The kinetics for partition of neutral ferrocene were employed by 
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calculating the partition coefficient of Fc, pK , setting P,bk  as 0.1 cm·s–1 and calculating 

the forward rate constant P,f p P,bk K k . 

Also Eqs. 7.6-7.8 were included in the model to calculate the standard electron 
transfer potential as the following: 

3 4
6 6

w 0' 0' 0 '
o ET Fc /Fc Fe(CN) /Fe(CN)o w

E E  (7.16) 

(ii) EC mechanism 

Another approach was used to consider the metal particle as a bipolar 
electrode in between the two phases. In this case, the model was constructed with 
two “Transport of Diluted Species–physics” and “Electric Currents–physics” to 
account for the current through the bipolar electrode. For simplicity, only electron 
transfer was considered (reactions 7.9). The oxidation of Fc was considered to take 
place at the oil side of AuNP, and reduction of 3

6Fe(CN)  in the aqueous phase. 

o,ox

o,red

+Fc(o) Fc (o)
k

k
e  (7.17a) 

w,ox

w, red

4 3
6 6Fe(CN) (w) Fe(CN) (w)

k

k
e  (7.17b) 

The inward fluxes at the aqueous and oil side are: 

4 3
6 6

4
w,ox 6w, Fe(CN) w, Fe(CN)

3
w,red 6

Fe(CN) (w)

                                                 Fe(CN) (w)

N N k

k
 (7.18a) 

+
+

o, Fc o,ox o,redo, Fc Fc(o) Fc (o)N N k k  (7.18b) 

where the rate constants for oxidation and reduction are expressed as: 

3 4
6 6

3 4
6 6

+

+

0 0' w
w,red aq NP oFeCN /FeCN w

0 0' w
w,ox aq NP oFeCN /FeCN w

0 0'
o,red o NP Fc /Fc o

0 0'
o,ox o NP Fc /Fc o

exp 1

exp

exp 1

exp

k k f E E

k k f E E

k k f E E

k k f E E

 (7.19) 
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Note that in Eq. 7.18a the direction of flux is reversed, as in reactions 7.17 the 
electrons are flowing from oil to metal to aqueous phase, and current is flowing the 
opposite way (oxidative current is positive as defined by IUPAC). The effect of the 
Galvani potential difference is included in the exponents of the rate constants of the 

aqueous phase. 0
wk was set as 0.04 cm·s–1,37 and all values of  were set to 0.5. 0

ok was 

varied to obtain satisfactory correspondence with the experimental CVs. 

The governing equations of the “Electric Currents –physics” in the metal 
phase are: 

NPEJ E  (7.20) 

where J  and E  are current density and electric field (both are vector variables),  is 
conductivity and NPE  is the nanoparticle potential. This equation is Ohm’s law for 

the current and the potential. The boundary conditions were set utilizing the inward 
current density: 

4
6

w w, Fe(CN)J FN  (7.21a) 

o o, FcJ FN  (7.21b) 

When solving the system, the NP potential NPE  is floating so that both wJ

and oJ  have the same magnitude. In this case, simulations were performed in 

conditions where aqueous redox couple was always in hundred-fold excess. 

 

3. Results and Discussion 

 

3.1. Cell compositions and determination of redox couples potentials 

All IT and ET voltammetry measurements at the water-TFT interface were 
performed using a four-electrode cell following the configuration described 
previously by Hatay et al.38 and illustrated in Scheme 7.2. This scheme also outlined 
the different electrochemical cells investigated in this study. The detailed description 
of electrochemical measurements in 4-electrode cell is given  
in Chapter 2, Section 2.6.1(iii). 
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Scheme 7.2. Composition of four-electrode cells: (A) with 100 mM LiCl and (B) 10mM Li2SO4 as 
supporting electrolyte. D denotes electron-donor molecules such as Fc.  

Cell in panel (A) was studied also with interfacial gold nanofilm. 

For some cell composition, the slight shifts of the experimental CV were 
observed in comparison with simulations. The shift may be due to the drifting of the 
aqueous Ag/AgCl reference electrode in the sulfate media during the experiments, in 
spite of the calibration of the Galvani potential scale with an internal standard after 
the ET measurements. However, for majority of the experiments this shift was 
negligible. 

 

3.2. The difference between ET-IT and HET mechanisms 

In this Section, we will give only the main experimental and simulation 
results. Detailed description and extensive discussion on the present topic is given in 
Ref. 39. 
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As discussed above, the electron transfer reaction between Fc in the TFT 
phase and 3

6Fe(CN)  in the aqueous phase can proceed by two pathways:  

(i) interfacial bimolecular electron transfer (i.e. HET mechanism) or (ii) partition of 
neutral Fc into the aqueous phase, followed by homogeneous electron transfer and 
subsequent ion transfer of Fc+ back from aqueous to organic phase (i.e. ET-IT 
mechanism). In the first case, the current observed experimentally arises from the 
flux of electrons across the ITIES, while in the latter case the observed current comes 
from the transfer of Fc+ ions from water to oil. 

Simulations were performed to evaluate which mechanism operates at the 
interfacial electron transfer reaction at water-TFT interfaces. For the case without a 
gold film, a heterogeneous bimolecular electron transfer between Fc in TFT and 

3
6Fe(CN)  following the Butler–Volmer kinetics was included in the model. 

Additionally, the ion transfer mechanism proposed by Osakai et al.,15 where Fc first 
partitions into the aqueous phase to react homogeneously with 3

6Fe(CN) and is 

transferred back across the ITIES as Fc+ was included. As calculated in Eq. 7.8, the 
partition coefficient of Fc between TFT and water can be estimated to be ca. 13 400. 
Both the bimolecular rate constant for the ET reaction and the homogeneous ET rate 
constants were varied in order to reproduce experimental results from the cyclic 
voltammetry. Two scans were simulated for comparison of the second experimental 
scan. 

To successfully match the experimental voltammograms, the homogeneous 
rate constant had to be varied from 2×108 s−1·M−1 to 1×1010 s−1·M−1 to 5×109 s−1·M−1 for 
Cells 1-3 in Scheme 7.2 (Figure 7.1). Such variation among rate constants, most 
likely, stem from ionic strength effect (Figure 7.2) and concentration depended side 
reactions, as discussed below with formation of Prussian Blue type salts. 
Additionally, if both mechanisms are included in the model, the contribution from 
the HET mechanism is extremely small. Hence, this approach suggests that the 
electron transfer takes place almost solely by the partitioning of the ferrocene 
followed by homogeneous ET in the aqueous phase and finally by the transfer of 
ferrocenium into the organic phase, as suggested by Osakai et al.15 
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Figure 7.1. Effect of the homogeneous rate constant for different concentration of 3 /4
6Fe(CN) .  

(A) Experimental and (B) simulated cyclic voltammograms (IR compensated) of 0.1 mM Fc and 5 mM 
BATB solution in TFT and 3 /4

6Fe(CN)  with various ratio between 4
6Fe(CN)  and 3

6Fe(CN)  (Cells 1–3  

in Scheme 7.2) at scan rate 10mV/s. The homogeneous rate constant was varied  
from 2×108 s−1·M−1 to 1×1010 s−1·M−1 to 5×109 s−1·M−1. 

Table 7.1 summarizes observed values of peak-to-peak separations ( pE ), 

half-wave potentials ( w
o 1/2 ) and pf pb/i i  ratios. Obtained values of pE  indicates that 

considered reactions are far away from thermodynamic equilibrium, because of 
kinetic limitations and side reaction. 

Also many parameters are not accurately known, making the exact 
reproduction of experimental voltammograms hardly possible. For example, iron 
hexacyano-complexes form ion pairs with cations,37,40 inhibiting the ion transfer of 
potassium at the positive end of the potential window. This effect as well as the 
effects of activities were disregarded in the model, and the standard transfer 
potential of potassium was tuned to 0.75 V to match the experimental onset of the 
potassium transfer in all the three different ratios of 3 /4

6Fe(CN) resulting in different 

potassium concentrations. Another difficulty is that the ferrocenium will slowly 
decompose in the presence of water and oxygen.41–43 Additionally, after some 
experiments a blue-green precipitate was found to form at the liquid–liquid 
interface, as reported earlier.44,45All these factors contribute to the differences 
between experimental and simulated voltammograms. 
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Table 7.1. Summary of the experimentally observed values:  
peak-to-peak separations ( pE ), half-wave potentials ( w

o 1/2 ) and pf pb/i i  ratios at bare water-TFT 

interface (Figures 7.1A) with various ratios between 4
6Fe(CN)  and 3

6Fe(CN)  investigated for the 
aqueous 3 /4

6Fe(CN)  redox couple. 
 

3 /4
6Fe(CN)  

 
pE  

mV 

w
o 1/2  
mV 

pf pb/i i  

 

    

10/100 93 206 1.4 

55/55 90 275 1.0 

100/10 135 330 1.4 
 

To further investigate this system, 100 mM LiCl was replaced with 10 mM 
Li2SO4 as a supporting electrolyte in Cells 4–6 to minimize the complexation of iron 
with chloride, and different ratios of Fc to 3

6Fe(CN)  were tested at different scan 

rates, keeping the concentration of Fc as low as possible. However, even in this case, 
the exact reproduction of CVs was difficult and required tuning homogeneous rate 
constants ranging from 3x109 s−1·M−1 to 1x109 s−1·M−1 to 8x108 s−1·M−1for Cell 4-6 
in Scheme 7.2.39  

Nevertheless, the results obtained are consistent with previously published 
data. The homogeneous rate constants reported in the literature were ranging  
from 2×107 s−1·M−1 (digital simulations of cyclic voltammetry15)  
to 9×107 s−1·M−1 (extrapolation of the measurements performed with micelles46)  
to 3×1010 s−1·M−1 (obtained from normal pulse voltammetry47). Additionally, the self-
exchange electron transfer rate with ferri/ferrocyanide has been shown to be 
significantly catalyzed by the presence of various cations.48  

The formal potential of the redox couple depends strongly on the supporting 
electrolyte and on the ionic strength. In the present experiments, the ionic strength 
varied from 1 to 0.04 M. Indeed, if the logarithm of the obtained rate constant is 
plotted considering the long-range Debye–Hückel interactions as the function of 

( ) / 1F I I I , where I is the ionic strength, a linear correlation is obtained, as 

shown in Figure 7.2. 
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Figure 7.2. Correlation between logarithm of the rate constant and function F(I) considering the 

long-range Debye-Hückel interactions. ( ) / 1F I I I . Points on the graph depicts both data 

obtained in the current study and previously published values (Refs. 15 and 47). 

The rate constants determined by Tatsumi and Katano16,47 also fall on this line, 
while it seems that there is a outlier measurement at 10 mM / 100 mM 3 /4

6Fe(CN)  

ratio with 100 mM LiCl as a supporting electrolyte. The value reported by  
Osakai et al.15 is also not on this line, and the reason for this discrepancy is currently 
not known. One possible explanation might lie in the choice of the cation: the data 
obtained in this work and by Tatsumi and Katano utilized potassium salts,  
hile Osakai et al. used sodium ferro/ferricyanide. Indeed, the rate of reaction between 
for example persulfate and ferrocyanide depends strongly on both the type of the 
cation and the ionic strength.49 

(i) Mixed mechanism: contribution of ET and IT to the observed current 

A third option to fit the experimental data would be the combination of the 
interfacial HET and IT-ET. In this case, the α value for the interfacial electron transfer 
was fixed close to 0 (i.e. 0.01), with the standard electron transfer rate constant (k0) 
fixed at 0.01 cm·s−1·M−1, and the homogeneous rate constant (k1) was varied to 
reproduce the experimental voltammograms. 
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Most of the current can be rationalized by a homogeneous reaction followed 
by ion transfer (i.e. ET-IT mechanism) as shown in Figure 7.3B&C. Nevertheless, at 
higher 3

6Fe(CN)  concentrations the electron transfer mechanism starts to play a more 

significant role, as shown in Figure 7.3A. However, more accurate simulations 
considering also the effect of the double layers would be required to clarify this 
issue. 

It should be noted, that the mixed mechanism can satisfactorily reproduce the 
experimental data only if the αET is set close to zero. If αET would be set to 0.5, the 
peak current on the forward sweep would be too high unless k0 would be set to a 
very low value, so that the all the reaction would take place by the ion transfer 
mechanism. To reproduce the experimental data, both ion transfer mechanism and 
interfacial electron transfer mechanism should show similar behavior, and this is 
only achieved with αs close to 0. 

 

Figure 7.3. The simulated contributions for the observed current from interfacial electron transfer 

(ET) and from ion transfer across the interface (IT). The rate constant k1 was set  

as 3x109, 8x108, 1x109 s–1·M–1 for Cell 4 – 6, respectively, k0 = 0.01 cm·s–1·M–1 and αET = 0.01. 
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Finally, we can conclude that the question about the homogeneous or 
heterogeneous reaction is perhaps not the most important one. We showed that a 
more relevant question is: Can the electron transfer reaction be considered as 
independent of the applied potential? The answer being most likely: Yes. 

(ii) Reaction layer thickness in the pre-partitioning mechanism 

The next important question: What is the reaction layer thickness for pre-
partitioning mechanism? 

As the rate constants for the homogeneous reaction are very high, the reaction 
layer thickness is extremely thin, varying from 10 to 100 nm depending on the initial 
concentrations and scan rate. Simulation in COMSOL allows plotting concentration 
profiles for different cell compositions.  

Figure 7.4 shows the reaction rate of oxidation of Fc ( +FcR , see Eq. 7.12, 

oxidation reaction shown as positive) in the aqueous side of the interface, 
normalized by the initial concentration of total iron in the aqueous phase, as a 
function of distance from the liquid-liquid interface, for different amount of total 
iron at the scan rates of 100 (Figure 7.4A) and 10 mV·s–1 (Figure 7.4B) at different 
Galvani potential differences. 

 

Figure 7.4. Reaction layer thicknesses with different ferro/ferricyanide concentrations.  
The normalized homogeneous reaction rate in the aqueous phase as a function of distance from the 

interface, scan rate 100 mV·s–1 (a) and 10 mV·s–1. 4 3
6 6F /e CN e CNF  ratio of 1:10. 

The results show that the reaction layer thickness increases from 10 to 100 nm 
with decreasing initial total iron concentration in the aqueous phase. As the interface 
between two liquids is molecularly sharp but fluctuating within ca. 1 nm thickness, 
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(as predicted by molecular dynamics simulations26 and measured by neutron 
reflectivity50), the reaction layer is only slightly thicker than the interface itself. 
Furthermore, double layer effects should be considerable at these thicknesses. 

 

3.3. Interfacial redox catalysis at a polarized AuNP nanofilm 
functionalized soft interface 

(i) Redox catalysis: experimental vs simulations 

Observed experimental CVs for Cells 1-3 in Scheme 7.2A with presence of the AuNP 
nanofilms is shown in Figures 7.5A. ET appears reversible under semi-infinite linear 
diffusion control when the nanofilm is present, providing clear evidence that the 
nanofilm acts as an efficient redox catalyst, despite a low surface coverage, ca. 30%, 
as shown in Chapter 6. 

  

Figure 7.5. Experimental and simulation evidences of interfacial redox catalysis in the presence of 
the AuNP nanofilm. CVs (IR compensated) of ET between the oil-solubilized Fc+/0 redox couple and 
the aqueous 3 /4

6Fe(CN) redox couple, with various ratios between Fe2+ and Fe3+ investigated (A) in the 

presence of a AuNP nanofilm at the soft interface. All electrochemical cells were prepared as 
described in Scheme 7.2A. Scan rate: 10 mV s-1. (B) Simulated CVs in the presence of a AuNP 

nanofilm. Simulated CVs were obtained considering a model where AuNP nanofilm acts as bipolar 
electrodes at the interface. 

In the absence of the nanofilm (Table 7.1) the peak-to-peak separation  
for ET ( pE ) was 90 mV or above for the three 3 /4

6Fe(CN) ratios investigated, 

whereas with the nanofilm (Table 7.5) present pE  was between 66 and 71 mV even 

when IR compensation was utilized to eliminate most of the contributions from 
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ohmic drop in the system. Additionally, the ratio of forward and reverse peak 
currents pf pb/i i  is closer to unity in the presence of the nanofilm (Table 7.2). 

Table 7.2. Summary of the experimentally observed values: 
peak-to-peak separations ( pE ), half-wave potentials ( w

o 1/2 ) and pf pb/i i  ratios at the soft interface 

functionalized with AuNP nanofilm (Figures 7.5A) with various ratios between 4
6Fe(CN) and 3

6Fe(CN)

investigated for the aqueous 3 /4
6Fe(CN)  redox couple. 

 

3 /4
6Fe(CN)  

 
pE  

mV 

w
o 1/2  
mV 

pf pb/i i  

 

    

10/100 66 207 1.1 

55/55 66 275 0.9 

100/10 71 330 0.9 
 

As described in Section 2.3 of the current Chapter, we employed a model 
treating the gold nanofilm as a bipolar metallic thin film electrode with separate 
Butler-Volmer kinetics for both Fc+/Fc and 3 /4

6Fe(CN) . The rate constant  

of 0.04 cm·s–1 on gold electrode in accordance with work of Samec et al. 37 was used 
for the hexacyanoferrate, and the rate constant of ferrocenium/ferrocene  
reaction ( 0

ok ) was varied to obtain satisfactory similarity with the experimental 

voltammograms (Figure 7.5B), resulting in rate constants of 0.1-0.01 cm·s–1. 

Comparison of experimental and simulated CVs shows that the CV obtained 
with the 3 /4

6Fe(CN)  has a lower current, but otherwise the match is very good. The 

CVs show that the electron transfer reactions are limited by the mass transport of 
Fc/Fc+, so it is difficult to compare different plausible mechanisms. In fact, the model 
results were almost identical with the simulated voltammetry of ferrocene obtained 
on a solid electrode. In the simulations, the Galvani potential difference was set 
between the organic and the aqueous phase, while the potential drop in the metal 
film in the middle was calculated from Ohms law (and being negligible). So in 
practice the film could be considered equipotential. A bipolar model allows 
separation of the overpotentials required to drive both reactions. In this case, the 
amount of 3

6Fe(CN)  in the aqueous phase was so high that practically all the 

overpotential was on the organic side.  
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One could also argue that the gold nanofilm catalyzes strongly the 
heterogeneous interfacial electron transfer between Fc and 3

6Fe(CN) , but in this case 

rate constants of 0.1 to 1 cm·s–1·M–1 would be required to obtain reversible CVs. 
Hence, the bipolar electrode model is more likely, and this model is supported by 
the observation of nanofilm catalyzed interfacial oxygen reduction by DMFc in the 
organic phase (for details see Chapter 8). 

(ii) Aspects of the Fermi level equilibration 

The observed voltammetry in Figures 7.5A can be understood by the theory of Fermi 
level equilibration for the case of two redox couples in adjunct phases, which is 
presented Section 2.2 of Chapter 1. At a bare soft interface, initially no noticeable ET 

takes place, indicating that o
FE  is lower than w

FE . As w
o  is scanned to more positive 

potentials, at a certain point o
FE  rises above w

FE , driving ET from oil to water 

(positive current). When the sweep direction is reversed, the Fermi levels invert to 
drive ET from water to oil or negative current (Scheme 7.3). 

At AuNP nanofilm modified soft interfaces, the nanofilm can be treated as a 

bipolar electrode. If the back-reactions are neglected, NP
FE of the nanofilm can be 

calculated from Eqs. 7.7 in Section 2.2 of the Chapter 1. The key parameters are:  
(i) the ratio of the surface area available for electron transfer reactions between the 
water (Aw) and organic (Ao) sides of the interface, (ii) the ratio of the nanofilm 

surface concentrations of the oxidized 3–
6Fe CN  species in the water phase  

( 3
6

w,s
Fe(CN)

10 100 mMc ) and reduced Fc0 species in the organic phase  

( 0
o,s
Fc

0.1 mMc ), and (iii) the ratio of standard rate constants for the water-based 

reduction ( 0
1k ) and oil-based oxidation ( 0

2k ) half-reactions at the nanofilm surface. As 

the apparent surface area available for linear semi-infinite diffusion of reactants 
towards the AuNP islands is roughly equal on both sides of the interface, the Aw/Ao 

ratio is close to unity. The kinetics of the 3–/4
6Fe CN  electrode reactions are 

reasonably facile ( 0
1k = 0.04 cm s–1 on a gold electrode)37 and Fc0 oxidation is a model 

reversible reaction with facile kinetics, therefore 0 0
1 2/ 1k k . Hence, the ratio 

3 0
6

0 w,s 0 o,s
w 1 o 2Fe(CN) Fc

/A k c A k c  in Eq. 7.7 is that of the concentrations of the redox species, 
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ca. 100 to 1000, and NP
FE  will always be closer to w

FE . In other words, the aqueous 

redox couple in excess pins the Fermi level on the gold NP nanofilm. 

 

Scheme 7.3. Interfacial redox electrocatalysis: equilibration of the Fermi level of the electrons in a 
AuNP nanofilm ( NP

FE ) adsorbed at a soft interface with those of two redox couples in solution, one in 

the aqueous phase and the other in the organic phase. The AuNP is charged during this process by 
the electron donor, Fc. So, AuNP acts as an “interfacial reservoir of electrons”, and the final position 
of NP

FE  (a turquoise line for w
o 0V  and a red line for w

o 0.3V , respectively) is determined by the 

kinetics of both the oxidation half-reaction on the organic side of the interfacial AuNP nanofilm.  

An additional feature of the AuNP nanofilm is the increased cross-sectional 
area of the reaction: heterogeneous electron transfer across the interface requires that 
both reactants come close enough to each other to allow electron transfer from one 
molecule to the other. Hence, the rate of reaction also depends on the frequency of 
these encounters. However, with a gold island the electron donors and acceptors can 
charge and discharge the island upon contact. The latter increases the probability for 
electron transfer as the AuNP islands provide a conductive interfacial route through 
which electrons can flow from the donor to acceptor molecules, circumventing the 
need for direct molecular encounters. Although the 30% coverage of the interface is 
probably not enough to allow electron conductivity through the whole film, there is 
local conductivity within the close-packed islands of NPs. This means that electrons 
injected into the film at the edge of the island can conduct through the island and be 
discharged at any point of contact. 
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As shown in this Section, results are useful and helpful to revisit and better 
understand previously published works. For example, Schaming et al.51 used a gold 
nanoparticles film, prepared by similar ethanol-method, to enhance photocurrent 
response from Fc-ZnTPPC system at the interface of water and DCE. That paper 
claimed that gold nanoparticles provides plasmonic enhancement of the 
photocurrent due to the presence of hot spots and, generally saying, works as 
antenna. However, repetition of these experiments with better control over nanofilm 
preparation, modern IMPS setup and careful examination of the reaction revealed 
that the presence of nanofilm significantly influence the kinetics, but decrease the 
overall photocurrent in the system.52 Most likely, the enhancement of the 
photocurrent observed by Schaming et al.51 may correspond to the formation of a 
very dense film consisted of nanoparticles and heavily aggregated porphyrin 
molecules with the structure similar to dye-sensitized solar cells. Therefore, the role 
of nanofilm in such studies is the improvement of reaction kinetics, rather than 
enhancement of the photocurrent. 

(iii) Distribution of Galvani potential difference across the nanofilm 

Another interesting question: How the Galvani potential difference is 
distributed across the interfaces covered with the gold nanofilm? 

At the metal-solution interface, a redox equilibrium gives: 

–
M S ,S ,S M ox

ox red
red

lne
aF RT
a

0 0  (7.22) 

where –
M
e  is the chemical contribution to the electrochemical potential of the 

electron that can be expressed as: 

– – –
M M M
e e eF F  (7.23) 

where is the surface potential of polycrystalline gold in solution. 

Also, the Nernst equation is: 

+ 2
,S ,S ,w ox1

ox/red ox Hred 2S H red
ln aF E RT

a
0 0 0 0  (7.24a) 

+ 2
0,w 01

H2H
/ 4.44 V F  (7.24b) 



Chapter 7. Electron Transfer Reactions and Redox Catalysis on Gold 
Nanofilms at Soft Interfaces 

232 

Then, the Galvani potential difference is given by: 

–+ 2
M S ,w M1

ox/red 2S H

ox/red S

/ /

                                           4.44 5.30

H eE F F

E

0 0
 (7.25) 

So for the 55 mM/55 mM ferri-ferrocyanide side, we have: 

M w 0.467 V 4.44 V 5.30 V 0.393 V  (7.26) 

M o 0.736 V 4.44 V 5.30 V 0.124 V  (7.27) 

as illustrated in Scheme 7.4 considering that  = 0. 

The half-wave Galvani potential difference for the electron transfer reaction 
then becomes: 

– –
w o M M

ox/red ox/redw o

ox/red ox/redo w

/ ( / )

0.269 V 

e eE F E F

E E
 (7.28) 

as can be seen in Figures 7.5. This is actually the same expression as can be derived 
considering the thermodynamic equilibrium of Eq. 7.3a.23 Herein the value of 

+Fc /Fc o
E  was tuned from 0.72 V to 0.736 V to reproduce the experimental 

voltammograms in Figures 7.5. 

In any case, the gold nanofilm acts as an array of microelectrode with an 
overlapping diffusion field thereby preventing the partition of the ferrocene in the 
aqueous phase. As the gold film is in pre-equilibrium with the aqueous redox 
couple, this half-wave potential for this mediated ET reactions corresponds  
to Eq. 7.28. In this pre-equilibrium situation, the Fermi levels of the electrons in 
water and in the gold NPs are equal. 

The major difference between Figures 7.1 and Figure 7.5 stems from both the 
reaction kinetics and mass transfer. In Figures 7.1, the ET reaction in water is 
kinetically limited whereas the ion transfer reactions are mass transfer controlled.  
In Figures 7.5 the mass transfer of the organic redox couple limits the ET reaction at 
the gold nanofilm. 
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Scheme 7.4. Potential profile with gold nanofilm covered interface at the half-wave potential 

of electron transfer reaction with Cell 2, considering that  = 0. The Fermi levels of electrons in all 
phases are equal at this applied Galvani potential difference. 

 

4. Conclusions 

 

The electron transfer between ferrocene dissolved in the organic phase, and 
ferri/ferrocyanide dissolved in the aqueous phase was studied by cyclic voltammetry 
and by finite element simulations. These results indicate that ET between slightly 
partitioning neutral species in the organic phase takes place by the so-called pre-
partition mechanism. Ferrocene firstly partitions into the aqueous phase to react 

homogeneously with 3
6Fe CN  species. The observed current stems from the 

transfer of ferrocenium cation back from aqueous to oil phase. The rate constant of 
the homogeneous ET reaction in the aqueous phase was found to be strongly 
dependent on the ionic strength of the aqueous phase, varying from 8×108 s−1·M−1 to 

1×1010 s−1·M−1, with a linear correlation between log k and ( ) / 1F I I I . 

Accurate measurements are complicated by the side reactions of ferrocenium, and in 
some cases by precipitation of Prussian Blue type salts.  

Nevertheless, our results cannot completely rule out the interfacial electron 
transfer mechanism where α is close to 0 due to the Frumkin effects, or the mixed 
mechanism where both interfacial electron transfer mechanism with α close to 0 and 
the pre-partitioning mechanism operate in tandem. It is not surprising that all the 
three mechanisms can accurately reproduce the experimental data, as both cases a 
potential independent step is coupled with a potential dependent reaction (reduction 
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of Fc+ in the case of interfacial electron transfer mechanism whit α close to 0, and ion 
transfer of Fc+ in the case of the pre-partitioning mechanism).  

Therefore, the: main conclusion of this part: the electron transfer reaction can 
be considered as independent of the applied potential, because it occurs, most likely, 
through the homogeneous mechanism in one of the phases. 

When a gold nanofilm was added to the liquid–liquid interface, the electron 
transfer mechanism changed to bipolar mechanism, where the nanofilm acts as a 
bipolar electrode, shuttling the electrons between the redox couples in different 
phases and drastically increasing the electron transfer rate. 

Also we have presented theoretical description of this redox electrocatalysis 
process based on Fermi level equilibration of two redox species in separate 
immiscible solutions. This theory was successfully applied to describe the catalysis 
of interfacial heterogeneous electron transfer between the model redox couples 

3–/4
6Fe CN  in an aqueous phase and ferrocene/ferrocenium in an organic phase by 

gold nanoparticle islands. 

Finally, precise control of the Galvani potential difference between the two 
phases allows significant variation of the Fermi levels of electrons in aqueous and 
organic phases, resulting in direct control of the rate and direction of electron 
transfer at a floating gold nanofilm adsorbed at the interface, highlighting the 
electrocatalytic properties of these films. 
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Abstract. The interfacial reduction of oxygen by a lipophilic electron donor, 
decamethylferrocene, dissolved in α,α,α-trifluorotoluene was catalyzed at a gold 
nanoparticle nanofilm modified water-oil interface. A recently developed 
microinjection technique was utilized to modify the interface reproducibly with the 
mirror-like gold nanoparticle nanofilm, while the oxidized electron donor species 
and the reduction product, hydrogen peroxide, were detected by ion transfer 
voltammetry and UV/vis spectroscopy, respectively. Metallization of the soft 
interface allowed the interfacial oxygen reduction reaction to proceed via an 
alternative mechanism with enhanced kinetics and at a significantly lower 
overpotential in comparison to a bare soft interface. Weaker lipophilic reductants, 
such as ferrocene, were capable of charging the interfacial gold nanoparticle 
nanofilm but did not have sufficient thermodynamic driving force to significantly 
elicit interfacial oxygen reduction. 
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1. Introduction 

 

In terms of practical applications, an increasing area of research is concerned 
with the interfacial electrocatalysis of redox reactions for energy studies. It includes 
the oxygen (O2) reduction reaction (ORR)1–11 and the hydrogen (H2) evolution 
reaction (HER),12–20 using soft interfaces functionalized with molecular species, 
metallic NPs or inorganic non-precious metal-based materials. 

As we discussed in Chapter 6 & 7, functionalization of a soft or liquid-liquid 
interface by a one gold nanoparticle thick “nanofilm” provides a conductive 
pathway to facilitate interfacial electron transfer (IET) from a lipophilic electron 
donor to a hydrophilic electron acceptor in a process known as interfacial redox 
electrocatalysis. Gold nanoparticles in a nanofilm are charged by Fermi level 
equilibration with the lipophilic electron donor and act as an interfacial reservoir of 
electrons. In the case of ITIES, chemical or electrochemical polarization of the 
interface adds additional thermodynamic driving force facilitating the IET, which 
can be used to perform the above mentioned reaction (ORR and/or HER). Recently, 
Dryfe et al.21 have reviewed the use of adsorbed solid particles for electrocatalysis at 
electrochemically polarisable soft interfaces. 

Taking into account the main conclusion of Chapter 7 that electron transfer 
(ET) reaction at soft interface mainly conduct by ET-IT mechanism or IET, catalysis 
of interfacial reactions can be classified and divided into three large and 
distinguishable groups of reaction pathways. Namely, there are: (i) facilitating the 
transfer of protons,4,22,23 or other ions,9 across the soft interface, (ii) the use of 
interfacial species, either molecular4,24,25 or solid particles14,17 to coordinate reactants 
to enable electrocatalysis, and, far less common, (iii) the use of NPs as floating 
interfacial electrodes to catalyze via direct IET between a lipophilic electron donor 
and a hydrophilic electron acceptor or vice versa. The last one we called interfacial 
redox electrocatalysis in previous Chapter. 

Generally speaking, the pure interfacial redox electrocatalysis describes outer 
sphere reactions, where surface of metallic particles does not play a significant role 
in coordination of reactive species. However, for real system it is true and most of 
the reaction (especially, hydrogen and oxygen reductions) takes place at the surface 
and, thus, they are a mixture of (ii) and (iii) pathways. Nevertheless, we will call 
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such reaction also as interfacial redox electrocatalysis in order to highlight the 
crucial role of metallic nanoparticles in direct IET process. 

In Chapter 7 we highlighted the use of soft interfaces functionalized with one 
AuNP thick “nanofilms” to catalyze IET between a lipophilic electron donor (D) 
redox couple, ferrocenium cation/ ferrocene (Fc+/0), and a hydrophilic electron 

acceptor (A) redox couple, ferri/ferro-cyanide ( 3 /4
6Fe CN ). Similarly, Dryfe et al. 

catalyzed IET between the same lipophilic electron donor and hydrophilic electron 
acceptor redox couples by functionalizing the soft interface with adsorbed 
conductive carbon nanomaterials, such as few-layer graphene and carbon 
nanotubes.26 Furthermore, they exploited IET mediated by these adsorbed carbon 
nanomaterials to functionalize the latter with metallic NPs by in situ 
electrodeposition at the soft interface.26–28 Finally, in situ generated reduced graphene 
oxide (RGO) at soft interfaces was shown to facilitate IET and enhance the kinetics of 
interfacial O2 reduction in the presence of lipophilic electron donors.10 

Herein, we demonstrate that AuNP nanofilms catalyse IET across a soft 
interface from an electron donor in the organic phase to O2 dissolved in the aqueous 
phase, allowing interfacial O2 reduction to proceed via an alternative mechanism 
with a much lower overpotential to that reported at bare soft interfaces. O2 is 
reduced to H2O2 at liquid-liquid interface, followed by further reduction or 
decomposition of the latter to water. Voltammetry studies revealed that while both 
strong, i.e., decamethlyferrocene (DMFc), and weak, i.e., Fc, lipophilic electron 
donors were capable to inject electrons into the AuNP nanofilm, thereby charging it, 
only DMFc was capable of significantly reducing aqueous O2 by interfacial redox 
catalysis. The latter is discussed in terms of Fermi level equilibration of the redox 
couples in solution with the AuNPs at the soft interface. 

 

 

 

 

 



Chapter 8. Gold Nanofilm Redox Electrocatalysis for Oxygen Reduction at Soft Interfaces 

242 

2. Theoretical aspects 

 

2.1. Standard redox potentials of oxygen reduction in  
trifluorotoluene (TFT) 

The standard redox potentials of the oxygen reduction reactions in 
trifluorotoluene can be estimated with the thermodynamic cycle.29 In general, the 
reduction of O to R in phase α is expressed as: 

( ) R(α)O α ne  (8.1) 

where the standard redox potential can be expressed as:30 

2

0
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So, the standard redox potentials of the reaction 8.1 in TFT and aqueous phase 
are: 

2
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When Eq. 8.3 is subtracted from Eq. 8.4, we immediately obtain: 

TFT w0 0 ,TFT ,TFT ,w ,w
O/R O/R R RO OSHE SHE

w0 w 0 w 0
O/R o R o OSHE

1 ( )

1                     ( )

E E
nF

E G G
nF

TFT TFT w w ),TFT ,TFT ,w ,w ),TFT ,TFT ,w ,w
R

, , ,w, ,w
R RO R

 (8.5) 

where w 0
o iG  is the Gibbs energy of transfer of the species i from oil phase to 

aqueous phase. Standard redox potentials of the following reactions in TFT were 
calculated with Eq. 8.5: 

+
2H 1/ 2He  (8.6) 

+
2 2 2O  + 2H 2 H Oe  (8.7) 
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+
2 21/2 O  + 2H 2 H Oe  (8.8) 

22 2

TFT w
0 0 w 0 w 0

o H oH /H H /H HSHE SHE

1 ( )E E G G
F

 (8.9) 

2 2 2 2 2 2 2 2 2
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O /H O O /H O o H O o O o HSHE SHE

1 ( 1/ 2 2 )
2

E E G G G
F

 (8.11) 

Using the linear dependence of transfer energy between DCE and  

TFT (see Section 1.2 in Chapter 1) and taking +
0,w DCE
H

G  is 53 kJ mol–1,31 the 

standard transfer energy of protons from water to TFT, +
0,w TFT
H

G , was evaluated  

as 69 kJ·mol–1. Unfortunately, the correlation of the standard transfer energies 
between DCE and TFT obtained with four electrode cell32,33 and by droplet 
electrodes8 differ significantly. As these two data sets contain only three common 
ions, further measurements are required to confirm the standard transfer energies 
between water and TFT. 

The transfer energy of water to TFT, 
2

0,w TFT
H OG , was estimated  

as 15.2 kJ mol–1 from liquid-liquid equilibrium data between TFT, water and 
isopropanol from Ref. 34 assuming no excess molar volumes and utilizing the lowest 

isopropanol concentration. Similarly, 
2 2

w 0
o H OG was estimated to be close to the value 

for 
2

w 0
o H OG . The final results are +

2

TFT
0
2H /H SHE

E  = 0.717 V, 
2 2 2

TFT0
O /H O SHE

E = 1.36 V and 

2 2

TFT0
O /H O SHE

E = 1.91 V, respectively, when transfer energies of gasses were 

considered to have little effect on the standard redox potential. 

 

2.2. Interfacial O2 reduction by the ion transfer – electron transfer 
mechanism 

To date, the vast majority of interfacial O2 reduction studies have been carried 
out under acidic conditions involving an ion transfer – electron transfer (IT – ET) 
mechanism (see Eqs 8.12 and 8.13) whereby the soft interface acts as proton pump, 
i.e., proton IT is initiated by varying the interfacial Galvani potential difference 
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across the water-organic interface, w
o , externally using a potentiostat or chemically 

by distribution of a salt.11 The ET step then proceeds homogeneously with reduction 

of O2 dissolved in the organic phase by a suitable lipophilic electron donor, 0
oD : 

typically TTF or Fc and its derivatives, dimethylferrocene (DiMFc) and DMFc.  

IT
w o2H 2H  (8.12) 

ET0
o o 2,o o 2 2,o2D 2H O 2D H O  (8.13) 

where w and o denote the water and organic phases, respectively. The IT step can be 
catalysed by the presence of various aniline derivatives1,22 and free-base- or 
metalloporphyrins35,36, porphines37 or phthalocyanines23 in the organic phase and the 
desired reduction product (H2O versus H2O2) can be favoured by interfacial 
assemblies of cobalt porphyrins4,24,25 or choice of electron donor2. Also, ET step can be 
catalysed by porphyrins, especially in the case of pacman porphyrins. 

Recently, O2 reduction in biphasic liquid systems has been achieved under 
neutral and alkaline conditions.9 Therein, the ET reaction of organic solubilised O2 

with the electron donor 0
oD  was facilitated by IT of hydrated metal cations (M+) 

across the soft interface: 

IT
2 2w o

M H O M H Om m  (8.14) 

ET0
o 2 2,o o 2 1o o

2 2,o

2D 2 M H O O 2D 2 M H O OH

                                                           +H O

m m  (8.15) 

where m is the number of water molecules within the metal ion hydration sphere. 

However, a substantial positive polarisation of the soft interface ( w
o  ≈ +500 mV) is 

required to initiate such an IT reaction.9 

 

2.3. Interfacial redox electrocatalysis 

Following on the results presented in the previous Chapter, here we focus on 
interfacial redox catalysis of O2 reduction. The general mechanism for interfacial 
redox catalysis is: 
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oo0
o int o int  D AuNP D AuNPz nnz  (8.16) 

w w0
w w intint  A AuNP A AuNP z n n z  (8.17) 

where 0
wA  is an aqueous electron acceptor (O2 in experiments as discussed below), 

int denotes the interface, and z is the charge on the AuNP. As we have shown 
previously (see Eq. 1.18 in Section 2.2, Chapter 1), at equilibrium the Fermi level of 

the electrons in the aqueous redox couple ( w
FE ) is equal to that in the organic redox 

couple ( o
FE ). w

FE  is given by the Nernst equation and the Galvani potential of water 

(also called the inner potential, w) on the absolute vacuum scale (AVS) taking the 
electron at rest in vacuum as the origin (in kJ mol–1): 

0
w

0 +
w w 2

w

w wAw 0 0
F wA /A H / 1/2H AVSSHE w A

ln
b

b

cRTE F E E
n F c

 (8.18) 

where +
2

w
0
H / 1/2H AVS

E = 4.44 V is the potential of the standard hydrogen electrode 

(SHE) on the AVS, 0
w w

w
0
A /A SHE

E  is the standard redox potential of the aqueous 

electron acceptor, nw is the number of electrons exchanged in the reaction 8.17, 0
wA

bc

and 
wA

bc  are the bulk concentrations of the oxidized and reduced forms, respectively, 

of the electron acceptor in the aqueous solution and, finally, w the inner potential 

defined by w w w , where w  is the surface potential and w is the outer 

potential of the aqueous phase. Note that in Chapter 7 the Fermi level of electrons 
was written similarly,  being given by: 

o
0 +

o o 2
0
o

o wDo 0 0
F oD /D H / 1/2H AVSSHE o D

ln
b

b

cRTE F E E
n F c

 (8.19) 

By polarising the soft interface using an external power supply, i.e., varying 
w
o , o

FE  is changed with respect to w
FE , and ET takes place to reach a new 

equilibrium at the interface. In the case of the AuNP nanofilm, the Fermi level of 

electrons in the nanofilm ( NP
FE ) adjusts so that both reactions 8.16 and 8.17 happen at 

o
FE
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the same rate. If back-reactions can be neglected, the steady-state NP
FE  can be 

estimated as: 

0
w

0
o

0 sw o
w w ww w o o ANP

F 0 s
w w o o w w o o o o o D

(1 )
ln

(1 ) (1 )
F F n A k cn E n E RTE

n n n n n A k c
 (8.20) 

where  is the potential independent standard rate constant, A is the area available 

for the reaction (being either that of a single NP or of an “island” of electronically 

interacting NPs),  is the charge transfer coefficient (commonly close to 0.5), 0
w

s
Ac  is 

the concentration of 0
wA  at the surface of the AuNP nanofilm on the aqueous side of 

the interface and 0
o

s
Dc  is the concentration of 0

oD  at the surface of the AuNP nanofilm 

on the organic side of the interface. It is worth noting that the position of NP
FE  is 

determined by the surface concentrations of the donor and acceptor species and not 
their bulk concentrations, as concentration polarization occurs. 

For simplicity, O2 reduction is considered as one reaction to give H2O2. If we 
assume that w = o = 0.5, and because the total number of electrons in the aqueous 

and organic reactions are nw = 2 and no = 1, NP
FE can be estimated from Eq. 8.20. In 

addition, the active area available for electrochemical reactions can be considered as 
the projected area available for diffusion. This area is roughly equal on both sides of 
the interface (most likely, particles are split equally by the interface due to stability 
reasons38,39,40), so w o/A A  was chosen equal to unity. As the bulk concentrations of 

both DMFc and O2 are of similar magnitude, and considering that O2 is present in 
both phases and at least two DMFc molecules are needed for each reacted O2 

molecule, the surface concentration ratio
2.w o

s s
O DMFc/ 1c c . Herein, O2 reduction on 

the AuNP nanofilm (Eqs 8.17) is a relatively sluggish process41 in comparison to 
charging of the AuNP nanofilm with DMFc+/0 (Eq. 8.16), a very facile outer-sphere 

one-electron reaction. Thus, based on previously published results ( 0
ok  is close  

to 1 cm·s–1) in Ref. 11 we may assume 0 0
w o/k k 1 × 10−5, considering a typical 0

wk   

of 1 × 10−5 for a sluggish reaction of O2 reduction and Eq. 8.20 becomes: 

w o
F FNP 5

F
2 / 2 2 ln 2 10

3 3

E E RTE  (8.21) 

0k
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Eq. 8.21 indicates that NP
FE  is close to the Fermi level of the electrons in the 

DMFc+/0 redox couple (i.e. o
FE ). Indeed, NP

FE  was raised to the extent that the AuNPs 

acted as an “interfacial reservoir of electrons”. 

 

2.4. Calculations of the Fermi level of the gold nanofilm 

The Nernst equations for oxygen reduction to water and to H2O2 are: 

2
2 2 2 2

ww, pH 7 O0
O /H O O /H O 0 HSHE SHE

ln ln
4

fRT RTE E a
F Fp

 (8.22) 
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2

fRT RTE E a
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 (8.23) 

and the Nernst equation for DMFc oxidation is: 

+ +
oo 0 DMFc

DMFc /DMFc DMFc /DMFcSHE SHE DMFc
ln

aRTE E
F a

 (8.24) 

If we consider that the Fermi level of electrons in the aqueous phase is 
determined by the H2O2/O2 redox couple (O2 reduction, see Eq. 8.17) and the Fermi 
level in the organic phase is determined by the DMFc+/DMFc (DMFc oxidation,  
see Eq. 8.16), and the positions of the Fermi levels can be calculated as: 

2
02 2 2

2

2 2 2

sw Ow 0 s
F O /H O HSHE

O

w
s 0
H O w H /1/2H AVS

ln ln
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                                         ln
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 (8.25) 
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o wDMFco 0 0
oDMFc /DMFc H / 1/2H AVSSHE

DMFc

ln
s

F s

aRTE F E E
F a

 (8.26) 

Herein the fugacity and pressure of oxygen in Eq. 8.23 are changed to 

concentrations with Henry’s law, so that 
0

2O
pc = 1.28 mM is the solubility of oxygen in 
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water equilibrated with oxygen at a partial pressure of 1 atm, and activity coefficient 
for oxygen is assumed as 1. 

Now, we consider a case where we initially have 1 mM of DMFc in the 
organic phase and 0.27 mM of O2 in the aqueous phase at pH 7 (saturated with air). 
If we assume that 1 % of DMFc (10 μM) is oxidized at the gold nanofilm,  
reducing 5 μM of O2 into H2O2 and consuming 10 μM of protons, assuming that this 
happens fast enough that negligible diffusion takes places the pH of the solution at 
the nanofilm surface changes to 9.00. The Nernst potentials at the nanofilm surfaces 
are then 0.299 V vs. aqueous SHE in the water side and −0.038 V vs. aqueous SHE in 
the organic side, assuming that the effects of activity coefficients are negligible. So, 
the Fermi level of electrons in water and TFT can be calculated  
from Eqs 8.25 and 8.26 as −457.2 kJ·mol−1 and −424.8 kJ·mol−1 or −4.74 and −4.40 eV, 
without the effect of the inner potentials. The Fermi level of electrons in the gold 
nanofilm can be estimated from Eq. 8.21, as −428.5 kJ·mol−1 or −4.44 eV (neglecting 
the inner potentials). Finally, the driving forces for both reactions can be calculated 
from the following equations: 

2, w 2 2, w o o

owNP w
F F O /H O DMFc /DMFcAVS AVS

w o 5

3

2                                          ln 2 10
3 3

FE E E E

F RT
 (8.27) 

+2 2 2

owo NP
F F O /H O DMFc /DMFcAVS AVS

5
w o

2
3

2 2                                 ln 2 10
3 3

FE E E E

F RT
 (8.28) 

The driving force is 298 mV for oxygen reduction and 39 mV for DMFc 
oxidation. If the interface is polarized, 2/3 of the additional driving force due to the 
Galvani potential difference goes to the organic phase. Interestingly, if we set the 

ratio 0 0
w o/k k 1 × 10−6, the driving force for the DMFc oxidation becomes negative  

at 0 V Galvani potential difference, and the aqueous phase needs to be polarized 
slightly positive to drive DMFc oxidation. Of course, this analysis does not take into 
account mass transport effects especially for the local pH, and the back-reaction for 
DMFc oxidation should not be neglected at such low overpotentials, but it works as 
a qualitative model to help to understand how the system behaves. 
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For example, now the current for O2 reduction can be expressed as: 

NP w
w F F

2

ow w o
w O /H O2, w 2 2, w DMFc /DMFcAVS o o AVS

2

2(1 ) /0 w,s
w w w O ,w

2(1 ) /
3 30 w,s

w w O ,w

2

2

E E RT

FF E E b RT

i A Fk c e

A Fk c e
 (8.29) 

where 2.w

o

0 s
w w O

0 s
o o DMFc

22 ln
3

A k cRTb
A k c

. 

 

3. Results and Discussion 

 

3.1. Cell compositions 

A photograph of 4-electrode electrochemical cell and cell compositions used 
in the current Chapter are given in Figure 8.1. Cyclic voltammograms (CVs) at bare 
and AuNP nanofilm functionalized water-TFT interfaces were recorded in duplicate 
under both ambient aerobic conditions and anaerobic conditions. Anaerobic 
conditions were achieved using a nitrogen filled glove box. 

 

Figure 8.1. (A) Picture of a soft water-TFT interface in a 4-electrode electrochemical cell functionalized 
with a mirror-like nanofilm of AuNPs after interfacial microinjection of methanol suspended AuNPs 
(note the TFT phase on the bottom contains 1 mM Fc in this instance). Schematic representations of 
the compositions of the electrochemical cell configurations used for 4-electrode cyclic voltammetry 
measurements at (B) the ITIES and (C) with separated phases. (D) Schematic of the “shake-flask” 

experiment to determine the amount of H2O2 generated by interfacial redox catalysis. 



Chapter 8. Gold Nanofilm Redox Electrocatalysis for Oxygen Reduction at Soft Interfaces 

250 

The effect of pH on the interfacial electron transfer was studied by tuning the 
initial pH value in the aqueous phase of the electrochemical cell depicted  
in Figure 8.1B by addition of freshly prepared HCl or LiOH solutions with final 
concentrations of 1 mM each. This resulted in pH values of ca. 3 and 11, respectively. 

 

3.2. Insights into the mechanism of interfacial O2 reduction on AuNP 
nanofilm at ITIES in the presence of DMFc 

Cyclic voltammograms of the relatively weak lipophilic electron donor Fc, 

with a standard redox potential in TFT vs. SHE (
TFT

0
Fc /Fc SHE

E ) of +720 mV, as 

determined in the previous Chapter, in the presence and absence of interfacial 
AuNP nanofilms formed with either 12 or 38 nm mean diameter AuNPs, at neutral 
pH and under either aerobic or anaerobic conditions are shown in Figure 8.2A-B. 

Blank CVs, without Fc or the AuNP nanofilm present, show that the 
polarizable potential window was limited by IT of Li+ and Cl– at the positive and 
negative ends of the potential window, respectively. No detectable IT response for 
Fc+ was observed within the potential window in the absence of the AuNP nanofilm, 
indicating that the IT-ET mechanism at neutral pH with Fc (Eqs 8.14 and 8.15) is 
kinetically limited. Nonetheless, on functionalization of the interface with a AuNP 
nanofilm, a significant IT response was observed at the characteristic half-wave IT 

potential of Fc+ at the water-TFT interface ( w
o 1/2 (Fc+) = +115 5 mV, as shown in 

Chapter 6). The latter wave was also observed under anaerobic conditions (Figure 
8.2B) indicating that interfacial Fc+ was predominantly generated by charging of the 
AuNP nanofilm (Eq. 8.16). 

Next, we considered interfacial O2 reduction by a stronger electron donor, 

DMFc (
TFT

0
DMFc /DMFc SHE

E  = +80 mV) in Figure 8.2C. Unlike Fc, solutions of DMFc 

always contain some oxidized DMFc+ species leading to an IT response  

at w
o 1/2 (DMFc+) = –258±5 mV. The peak current after the reversal of the sweep 

direction at the positive end of the potential window is smaller in comparison with 
the situation for a blank cell (Figure 8.2C). Additionally, the magnitude of the DMFc+ 
IT response diminishes considerably under anaerobic conditions (Figure 8.2D), 
indicating that most of the DMFc+ observed in CVs was generated during interfacial 



Chapter 8. Gold Nanofilm Redox Electrocatalysis for Oxygen Reduction at Soft Interfaces 

251 

O2 reduction as detailed in Eqs 8.14 and 8.15. On functionalization of the interface 
with an AuNP nanofilm under aerobic conditions, the magnitude of the DMFc+ IT 

response increased dramatically and an irreversible wave with an onset w
o  of 

approximately +50 mV was observed (Figure 8.2C). 

 

Figure 8.2. Cyclic voltammograms (CVs) at bare and AuNP nanofilm modified soft interfaces in 
(A), (C) aerobic and (B), (D) anaerobic conditions for (A), (B) Fc and (C), (D) DMFc dissolved in 

organic phase. CVs provide clear evidence of (C), (D) interfacial electron transfer between DMFc and 
aqueous O2 via the AuNP nanofilms due to the appearance of a significant current wave at w

o  = 50 

mV under aerobic conditions only. The electrochemical cells used are described in Figure 8.1B, with a 
blank cell being a CV taken in the absence of an electron donor (x = 0) at a bare soft interface. The scan 

rate was 25 mV s–1 in all cases. Also note in (D) w
o 1/2  (TPropA+)  = –19 mV. 

The role of O2 was further clarified as, under anaerobic conditions, in the 
presence of an AuNP nanofilm, the enlarged DMFc+ IT response remained but the 
irreversible wave disappeared, with the potential window once more limited by the 
IT of Li+ at positive potentials (Figure 8.2D). Thus, in the absence of O2, DMFc+ was 
generated predominately by charging of the AuNP nanofilm (Eq. 8.16), similar to the 
case of Fc and TTF, as discussed in Chapter 5. 
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IET from lipophilic DMFc to aqueous solubilized O2 is responsible for the 
irreversible voltammetric wave at +50 mV, i.e., the positive current is due to the flow 
of negative charge (electrons) from the organic to aqueous phase via the conducting 

AuNP nanofilm. Crucially, the observation of this wave at an applied w
o  

significantly below that required for IT of hydrated Li+ (a key step in the interfacial 
reduction of organic solubilised O2)9 is clear evidence that, under the experimental 
conditions described here, aqueous solubilized O2 is indeed being reduced 
(discussed more below). The reaction took place much faster with the AuNP 
nanofilm present (tens of minutes) than is the case for the Li+ IT induced mechanism 
(Eqs 8.14 and 8.15), which occurs on the time-scale of hours. Hence, the AuNP 
nanofilm acts as an interfacial redox catalyst. The charging of the AuNP nanofilm by 
Fermi level equilibration is discussed in further detail below. 

The magnitude of the IT responses for DMFc+ were greater for  
the 38 nm SG-AuNP film probably due to the more oxidized state of the 38 nm SG-
AuNPs in comparison with the 12 nm ones (in other words, the 38 nm SG-AuNPs 
required more electron donor molecules to reach the same Fermi-level as the 12 nm 
ones). Additionally, larger particles have higher capacitance and hence more charge 
is required to shift the Fermi level of electrons in the nanofilm,42 similarly to what 
was discussed in Chapter 6 for the cases of Fc and TTF. 

Finally, let us consider other possible routes leading to O2 reduction at liquid-
liquid interface. Thermodynamically, the homogenous reduction of O2 to H2O2 or 
H2O by Fc or DMFc in TFT is feasible. The redox potentials were estimated as 

2 2 2

TFT0
O /H O SHE

E  = 1.36 V and 
2 2

TFT0
O /H O SHE

E  = 1.91 V, respectively (see Section 2.1 of the 

current Chapter). Additionally, the solubility of O2 in water is only 0.27 mM, while 
the values in DCE and chlorobenzene are 1.3843 and 1.62 mM44, respectively. Thus, 
the solubility of O2 is 5 to 7 times higher in the organic phase. However, the 
homogenous reduction of O2 by DMFc (and by extrapolation Fc) in TFT catalyzed by 
the AuNP nanofilm is unlikely, as noted earlier, the onset potential of the catalytic 
wave associated with O2 reduction occurs at applied potentials below those required 
to transfer Li+, and the associated hydration shell, across the interface (Eq. 8.14). This 
is key as the catalytic wave appears at applied potentials where protons cannot be 
present in the organic phase, a significant departure from the scenario detailed 
previously in Ref. 9 and in Eqs 8.14 and 8.15. 
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In the latter case, we believe that the mechanism of O2 reduction proceeds by 
DMFc-hydride formation, followed by proton coupled electron transfer (PCET) to O2 
to give the HO2  radical. From there, the reaction can proceed either by ET to give 
HO2– followed by proton transfer from acid, or PCET to give H2O2 directly.9 
However, here, in the absence of protons in the organic phase, the DMFc-hydride is 
not formed and DMFc simply acts as an electron donor. 

Therefore, as detailed by Koper, the first step of the mechanism under these 
conditions in the presence of gold is considered to be ET (from DMFc in our case) to 
O2 forming the superoxide at the surface of the gold substrate.41,45,46 Nevertheless, the 
production of superoxide in the organic phase is very difficult from a 
thermodynamic point of view: the standard redox potential for O2– in water is –0.330 
V vs. SHE, whereas the value in DCE, for example, becomes –0.81 V vs. SHE, as 
calculated by Su.1 The latter value should be of the same order in TFT. Thus, the 
aqueous ORR is more likely via direct IET from the organic electron donor to 
aqueous O2. Furthermore, as the reaction of organic solubilized O2 with DMFc 
catalyzed by the AuNP nanofilm would be homogeneous, the Galvani potential 
difference would not play a role in the homogeneous redox catalysis of superoxide 
generation. 

 

3.3. Comparison of cyclic voltammograms obtained at ITIES and 
physically separated oil-water phases connected by gold electrodes 

In order to confirm that the obtained increase of current was due to electron 
transfer with subsequent O2 reduction in the aqueous phase, an experiment with two 
phases separated but electrically connected with gold electrodes was carried out. 
Comparison of CVs for physically separated oil-water phases with those recorded at 
an ITIES supported 38nm SG-AuNP nanofilm are presented in Figure 8.3. 

Experiments performed in ECSOW configuration show an irreversible wave 
with an onset potential of +50 to +100 mV. As this wave can only result from direct 
IET from the organic phase into the aqueous phase, this experiment confirms that 
IET from lipophilic DMFc to aqueous O2 is responsible for the irreversible 
voltammetric wave at +50 mV also observed in the four-electrode cell. The latter 
confirms the assumption that O2 reduction occurs in the aqueous phase  
as depicted in Scheme 8.1.  
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Figure 8.3. Comparison of CVs (iR compensated) recorded at an ITIES separated by a nanofilm of 
38 nm SG-AuNPs and physically separated oil-water phases electrically connected with 3 mm in 

diameter gold electrodes. Scan rate is 50 mV s−1 in all cases. 

 

 

Scheme 8.1. Representation of the mechanism of O2 reduction in the aqueous phase at a AuNP 
nanofilm modified soft interface. AuNPs were charged by an electron donor (DMFc) in the organic 

phase that acts as a barrier-free shortcut for electrons to the aqueous phase. 

The mentioned above assumption is also in line with the work of  
Dryfe et al.5 who demonstrated in-depth that interfacial O2 reduction could be driven 
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between two physically separated solutions, an acidic aqueous phase and an organic 
phase containing a lipophilic electron donor, that were electrically connected by a 
thermally annealed gold wire. Thus, their system also expressly precluded the 
possibility of IT in the mechanism and highlighted the feasibility of O2 reduction on 
the aqueous side of an adsorbed interfacial AuNP nanofilm. 

 

3.4. Effect of pH on interfacial O2 reduction on AuNP nanofilm at ITIES in 
the presence of DMFc  

Reduction of O2 at the surface of a gold electrode is known to be strongly 
dependent on the pH of the medium.45,41,47 The catalytic activity of gold towards the 
ORR is higher in alkaline rather than acidic media as under these conditions the rate-
determining step (formation of the superoxide anion by outer sphere electron 
transfer) does not depend on pH and overpotentials towards 2 e– and 4 e– reductions 
are lower.45 Also, the d-band of gold was shown to not be involved in the catalytic 
process in a basic environment. The latter leads to the formation of weakly bound 
intermediates and, therefore, increasing the catalytic activity of gold in comparison 
to acidic conditions. However, this behavior is usually a sign of decoupled proton-
electron transfer step in the mechanism.47 

A series of experiments in acidic and alkaline conditions were carried out in 
order to reveal the effect of pH on O2 reduction at AuNP nanofilm modified soft 
interfaces. As expected, pH has a major effect on the cyclic voltammograms 
presented in Figure 8.4. 

In acidic conditions (pH ~3), the onset potential of the electrocatalytic wave 
was shifted to more negative potentials, by ca. 120 mV in comparison with neutral 
conditions. Meanwhile, in an alkaline environment the onset potential was shifted to 
more positive potentials, by ca. 90 mV. If the electrocatalytic performance of the gold 
film did not depend on pH, the expected shift would be ca. 60 mV per pH unit, so, 
from a thermodynamic point of view, the shift of the onset potential in acidic 
conditions should have been 240 mV instead of the observed 120 mV. This is because 
the kinetics of oxygen reduction is slower on gold in acidic conditions, so the 
increased thermodynamic driving force is compensated with additional 
overpotential required to drive the reaction. The same applies to alkaline conditions. 
The thermodynamic driving force for the reaction decreases by 240 mV, but the 
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onset potential decreases by only 90 mV, because less over potential is required for 
oxygen reduction in alkaline conditions on gold. 

 

Figure 8.4. Cyclic voltammograms (CVs) at SG-AuNP (38 nm) nanofilm modified soft interfaces 
showing the strong effect of pH on the onset potential of the irreversible electrocatalytic wave. The 

concentration of DMFc in TFT was set to 0.5 mM. The scan rate was 75 mV s-1 in all cases. 

 

3.5. Quantification of H2O2 formation by the interfacial O2 reduction 
under neutral conditions on AuNP nanofilm at ITIES in the presence of DMFc 

The yield of H2O2 for the shake-flask outlined in Figure 1C with DMFc was  
ca. 22% (see Ref. 10 for a detailed description of this methodology) verifying that 
kinetically rapid interfacial O2 reduction occurred in the presence of a AuNP 
nanofilm. This value represents the ratio of the detected H2O2 concentration (0.10 
mM; from the iodide titration method, see inset Figure 8.5) to the theoretical H2O2 
concentration (0.45 mM; calculated stoichiometrically from the concentration of 
DMFc+ of 0.9 mM detected post-reaction by UV/vis spectroscopy, see Figure 8.5). The 
detection of H2O2 well below the theoretical maximum concentration indicates that 
interfacial O2 reduction proceeds by both the 2 e– and 4 e– reduction pathways 
generating H2O2 and H2O, respectively, or more likely, by (i) direct reduction of H2O2 
to H2O in the 2 + 2 electron mechanism3,4,48 and/or (ii) disproportionation of two H2O2 

molecules to H2O and O2.3,4 
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Figure 8.5. Identification of the presence, and determination of the yields, of the interfacial O2 
reduction reaction products, DMFc+ and H2O2. Main graph: UV/vis spectra of an organic solution  
of 4 mM DMFc in TFT before (t = 0 minutes) and post-reaction for the shake-flask reaction outlined  

in Figure 8.1C. The oxidation product of the interfacial O2 reduction reaction, DMFc+ was quantified 
from the magnitude of its absorption peak using the Beer-Lambert Law; λmax for DMFc+ is 779 nm and 

the extinction coefficient of DMFc+ in a similar organic phase, DCE, is 0.632 mM-1 cm-1.13  
Inset: Characteristic UV/vis spectra of the two distinguishing absorption peaks of the I3– cation in the 
aqueous phase diluted by half (λmax = 288 and 354 nm) formed after interaction of the H2O2 generated 

during the interfacial O2 reduction reaction with an excess of KI over 30 minutes.10 

 

3.6. Mechanism of interfacial O2 reduction by interfacial redox 
electrocatalysis under neutral conditions on AuNP nanofilm at ITIES 

Two different redox couples are present in separate immiscible phases, 
O2/H2O2 in the aqueous phase and DMFc+/DMFc in the organic phase. At 
equilibrium, the Fermi levels of the electrons in both phases are aligned but 
thermodynamic equilibrium may not be reached due to kinetic limitations. 
Adsorption of a nanofilm of metallic AuNPs has two key effects: (i) acting as a 
conductor (or a bipolar electrode due to relatively large diameter of the AuNPs, 12 
nm and 38 nm, respectively, in comparison to the interfacial region, ~1-2 nm) 
facilitating IET across the soft interface and (ii) providing a catalytic surface to 
significantly enhance the rate of reaction for the reduction of aqueous solubilized O2. 
Thus, the AuNP film facilitates Fermi level equilibration between the lipophilic 
donor, DMFc+/0, and an acceptor, O2/H2O2 or O2/H2O redox couples (Scheme 8.2), 
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overcoming the kinetic limitations at bare soft interfaces and thereby achieving 
interfacial redox catalysis. 

Initially, NP
FE  is lower than the Fermi level of electrons in the Fc+/0 couple, as 

evident from the increased interfacial concentration of Fc+ (detected by CV at the soft 
interface, Figure 8.2A) after ET from Fc to the AuNP nanofilm under either aerobic 

or anaerobic conditions. The initial low NP
FE  may be due to Fermi level equilibration 

between the AuNPs and O2 (
2 2

w, pH 7, in air

O /H O SHE
E = +805mV) post-synthesis. The charge 

on the interfacial AuNP nanofilm, under either aerobic or anaerobic conditions, was 
immediately imposed by the DMFc+/0 redox couple on contact due to an electrostatic 
charging process (Scheme 8.2): 

o int o intDMFc AuNP DMFc AuNP  z nzn n  (8.30) 

It should be emphasized that , and therefore the position of NP
FE , may lie 

at more negative (reducing) potentials than 
o o

o
0
D /D SHE

E  (as shown for the DMFc+/0 

redox couple in Scheme 8.2 even when w
o  = 0 V). This is because the redox 

potential of the o oD /D  couple at the AuNP surface is determined by the Nernst 

equation and therefore relies explicitly on the ratio of the surface concentrations of 

oD  and oD . As initially only DMFc is present and no oxygen reduction takes place, 

the Fermi level of the NP increases above the standard redox potential. 

Subsequently, the charged AuNP nanofilm was capable of reducing aqueous 

O2 under neutral conditions with some driving force ( w
o  = +50 mV) provided by 

polarization of the soft interface: 

AuNPint
z n  O2,w  2 Hw

  AuNPint
z n2  2H2O2, w  (8.31) 

4
int 2,w w int 2 wAuNP  O 4 H  AuNP 2H Oz n z n  (8.32) 

Additionally, any H2O2 generated can be further reduced to H2O or 
disproportionate: 

2
int 2 2,w w int 2 wAuNP  H O 2H  AuNP 2H Oz n z n  (8.33) 

2 2,w 2,w 2 w2H O O2O H  (8.34) 

o
FE
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Scheme 8.2. Interfacial redox catalysis: equilibration of the Fermi level of the electrons in a AuNP 
nanofilm ( NP

FE ) adsorbed at a soft interface with those of two redox couples in solution, one in the 

aqueous phase and the other in the organic phase. The AuNP is charged during this process by the 
electron donors, Fc or DMFc, such that it acts as an “interfacial reservoir of electrons”, and the final 

position of NP
FE  (a turquoise line for w

o  = 0 V and a red line for w
o  = 0.1 V, respectively) is 

determined by the kinetics of both the oxidation half-reaction on the organic side of the interfacial 
AuNP nanofilm (Eq. 8.30) and the reduction half-reaction on the aqueous side (Eqs 8.31 and 8.32). 
Interfacial electron transfer (IET) between the two redox couples via the conductive AuNP and the 
provision of a catalytic surface to facilitate O2 reduction both combine to significantly enhance the 

kinetics of the otherwise sluggish interfacial O2 reduction reaction (ORR). The standard redox 
potentials of all redox couples are expressed versus both the Standard Hydrogen Electrode (SHE) and 
Absolute Vacuum Scale (AVS), respectively. The values for oxygen reduction reactions are expressed 
at pH 7, in air, and for unity of activity for H2O2 The black and red dotted lines show the shift of the 

Fermi levels of electrons in redox couples dissolved in the organic phase in relation to aqueous redox 
couples, when w

o  = 0 V and 0.1 V, respectively. 

Theoretically, the equilibrium Galvani potential difference required to drive 
interfacial O2 reduction can be calculated from the following equations, as shown  
in Chapters 6 & 7: 

+ 2 2

o ww
o eq O /H OD /D SHE SHE

E E  (8.35) 

2
2 2 2 2

w w O0
O /H O O /H O 0 HSHE SHE

ln ln
4

fRT RTE E a
F Fp

 (8.36) 
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In this case, the pH of the solution is 7 and the fugacity of O2 can be taken as 
the partial pressure of O2 in air, giving a final value  

of 
2 2

w, pH 7, in air
O /H O SHE

804 mVE . For O2 reduction to H2O2 the final value  

of 
2 2 2

w, pH 7, in air
O /H O SHE

261 mVE , considering activity of unity for H2O2 and  

T = 298 K. If we consider the onset potential as the potential where 1 % of DMFc has 

been oxidized, then +
TFT

DMFc /DMFc SHE
E = –38 mV, so we should see the onset of O2 

reduction to H2O at w
o  = –724 mV and to H2O2 at w

o  = –337 mV (considering the 

Nernst potential for an aqueous solution of 5 M of H2O2 or 2.5 M of H2O and  
10 M OH− produced by oxidation of 10 M of DMFc, as calculated in Section 2.4 of 
the current Chapter). Hence, the required overpotential for the reactions are 774 mV 
for the 4 e– reduction pathway and 387 mV for the 2 e– reduction pathway, 

respectively, as w
o  = +50 mV is required for the onset of reaction. The latter 

indicates that further scope to improve the efficiency of interfacial O2 reduction 
remains. However, these overpotential values are comparable to typical onset 
potentials of O2 reduction on gold electrodes.41 

Additionally, as the overpotential for O2 reduction at the surface of an AuNP 
nanofilm is identical for experiments involving either DMFc or Fc, any current wave 
due to IET for an electrochemical cell containing Fc lies outside the polarizable 
potential window at +690 mV. Therefore, the wave at the edge of the polarizable 
potential window for an electrochemical cell containing Fc and  
the AuNP film (Figure 8.1A) could be either due to slight catalysis of the 
homogeneous ET step in the IT-ET mechanism (an unlikely possibility as discussed 
above) or slight catalysis of IET from Fc to aqueous O2. 

As discussed in Section 3.2 of the current Chapter, the rate-limiting step of 
the ORR on gold is considered to be the irreversible formation of the  
superoxide (Eq. 8.37), followed by fast formation of H2O2 (Eq. 8.38), while the AuNP 
nanofilm is charged by oxidation of DMFc (Eq. 8.39): 

2,w 2,wO e O  (8.37) 

+
2,w w 2 2,wO 2H e H O  (8.38) 

+
o oDMFc  DMFc e  (8.39) 
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In turn, Eqs 8.27-8.28 show that the driving forces for both O2 reduction and 
DMFc oxidation depend on the Galvani potential difference. As O2 reduction and 
DMFc oxidation take place with the same current, and bulk concentrations are 
similar, surface concentration ratios of both redox species in Eqs 8.25 and 8.26 are 
similar. In the case where ratio is 1/100 for DMFc+/DMFc, (corresponding to 5 M 
H2O2 and 10 M OH−), and Galvani potential difference is 0, the Fermi level of 
electrons in the nanofilm can be estimated as −429 kJ·mol-1 (or −4.44 eV). Now the 
driving force for oxygen reduction is 298 mV while the driving force for DMFc 
oxidation becomes 40 mV. Of course, these calculations give only approximate 
relations, as back-reaction for DMFc oxidation should not be neglected at such low 
overpotentials. Additionally, the rate equation for oxygen reduction used here is 
probably too simple, even for alkaline conditions. 

Metallization of the soft interface with AuNPs effectively allows the soft 
interface to mimic neutral O2 reduction at a conventional solid gold electrode, with 
DMFc acting at the electron source and the potential at the soft “electrode” surface 

being adjustable by manipulating w
o . 

 

4. Conclusions 
 

In summary, the interfacial redox electrocatalysis was successfully applied to 
perform a key energy related reaction – the O2 reduction. The demonstrated 
approach consisted in charging a conductive catalytic nanofilm of AuNPs settled at 
the soft interface by the electron donor species dissolved in the organic phase and 
consequent discharging to reduce O2 dissolved in the aqueous phase. Oxygen was 
reduced to hydrogen peroxide and, probably, water with the yield of H2O2 as high as 
22% with respect to consumed amount of DMFc. Notably, the reaction occurred at 
neutral pH condition with much lower overpotential in comparison to previously 
published reports. 

In this Chapter we clearly showed the applicability of the Fermi equilibration 
theory to solve practical issues in the area of the interfacial redox electrocatalysis. 
The utility of interfacial redox electrocatalysis at functionalized soft interfaces to 
probe catalytic reactions without the need for solid substrates is enabled due to three 
main advantages: (i) the ease of functionalization of the soft interface with solid 
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conductive catalytic (nano)materials; (ii) the experimental flexibility provided by the 
solubility of reactants or products in either phase; and (iii) the additional driving 
force provided by electrochemical polarizability of soft interfaces. Therefore, new 
interfacial electrocatalytic pathways are expected to emerge with the soft interface 
allowing their facile interrogation by voltammetric and spectroscopic techniques. 
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Chapter 9. Perspectives: from Colloidosomes through 
SERS to Electrically Driven Marangoni Shutters 

 

In this final Chapter, we address to the development and further potential 
and emerging applications of presented self-assembled AuNPs systems. This 
includes several areas, such as: microencapsulation for drug-delivery systems and 
microreactors; transfer of nanofilms from LLI to a solid interface for reusable  
SERS substrates and covering large area with nanoparticles films for various 
purposes; conductance and thermal properties of nanofilms to use nanofilms for 
direct writing of conductive tracks with self-terminating welding process; liquid 
mirrors at water-air interface and electrically driven Maragoni-type shutters. 

 

1. Microencapsulation: raspberry-like colloidosomes 

In Chapters 4&5 we demonstrated that nanoparticles can be assembled at 
liquid-liquid interfaces, such as nitromethane and propylene carbonate, with quite 
low interfacial tensions (3-15 mN/m). Another interesting property of these LLIs is 
the formation of colloidosomes. Since nitromethane and propylene carbonate have a 
relatively high solubility in water: from 10 to 12 wt%1,2 and ca. 17.5 wt%3  
to ca. 25 wt%,4,5 respectively, it could be possible to drain off the internal organic 
phase by subsequent replacement of aqueous phase to form colloidosomes. 

Colloidosomes were introduced in 2002 as microcontainers similar to vesicles 
but obtained in Pickering emulsion, i.e., emulsions stabilized by solid particles.6–12 
Usually, the preparation of colloidosomes includes self-assembly at an interface of 
two immiscible liquids, such as water and oil, by reduction of the interfacial energy 
due to adsorption of nanoparticles6 or at the interface of water-in-water emulsion by 
using aqueous phase-separated polymer solutions.7 The application of such system 
can be extended from a promising drug-delivery system9 to effective light absorbers 
based on so-called “black gold”.11 

Here, we briefly describe a simple way to fabricate colloidosomes with a size of 
several microns and decorated with AuNPs in a raspberry-like manner. Those 
raspberry colloidosomes can be created in a “one-flask” synthetic route from Metal 
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Liquid-Like Droplets (MeLLDs) simply by subsequent dilution of nitromethane 
(MeNO2) or propylene carbonate (PC) used as an organic phase with water. In the 
case of PC, preparation of MeLLDs can be carried out in the absence  
of TTF (see Chapter 5). Step-by-step reduction of the organic phase volume finally 
leads to disintegration of the organic phase into small droplets covered with  
AuNPs (Scheme 9.1). 

 

Scheme 9.1. Subsequent draining-off of MeNO2 droplet covered by a monolayer of 38 nm AuNPs 
causes formation of a new colloid. At the first stage AuNPs forms a nanofilm on macroscopic droplet 

of organic phase. At the second stage subsequent dilution leads one drop to break apart into many  
micron-sized droplets of colloidosomes. 

This process is also displayed in Figure 9.1. Nitromethane solubility in water 
of 12 w%1,2 is equivalent of 1 mL MeNO2 being dissolved by ca. 9.5 mL of water. The 
procedure can be carried out in a step-by-step manner: the top aqueous phase was 
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substituted with fresh water; next the flask was vigorously shaken and left to settle 
into a single drop of the organic phase (Figures 9.1B-E). At the end the droplet of 
organic phase disappears forming a new “invisible” colloid solution (Figure 9.1F). 
Nevertheless, Tyndall scattering allows visualization the presence of a new colloid 
(Figure 9.1G). 

 

Figure 9.1. Demonstration of step-by-step formation of colloidosomes from bulk MeNO2 droplet 
covered with a monolayer of 38 nm AuNPs by subsequent draining-off process. (A) Initial solution 

mixture of two liquids (AuNPs at the top, MeNO2 at the bottom). (B-F) Subsequent shrinking of 
MeNO2 droplet volume. Numbers under each photo represent removed (“–“) and added (“+”) 

amount of water. (F-G) A new colorless colloid, which can be visible only by scattering of laser beam. 

Interestingly, colloidosomes may be fully recovered back to the initial state of 
macroscopic droplet due to the self-healing nature of a nanofilm consisting of 
TTF@AuNPs (Figure 9.2), as discussed in Chapters 3&4. 

The present colloidosomes consisted of spheres with diameters of few 
microns as shown by SEM investigation (Figure 9.3). Micron-sized spheres kept their 
shape under samples preparation procedure (drying and high vacuum in a 
microscope chamber), most likely, due to large amount of TTF, concentrated during 
draining-off the organic phase. Presence of TTF was confirmed by detection of 
considerable quantity of sulfur atoms by EDX (Figure 9.4). The surface of such TTF-
“balls” was covered by densely packed islands of AuNPs, some of which were fully 
immersed in TTF during drying process by capillary forces (Figure 9.3B). 
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Figure 9.2. Full recovery of MeLLD-state from colloidosomes due to unique self-healing nature  
of TTF@AuNPs. After addition of 0.1 mL of pure MeNO2 solvent colloidosome coalescence back  

into a MeLLD with only little portion of particle present in aqueous state. 

 

 

Figure 9.3. Morphology of colloidosomes obtained during draining-off process at water-MeNO2 
interface. AuNPs of two mean diameters (A, B) 12 nm and (C, D) 38 nm were used to prepare 

presented colloidosomes. 
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Also, EDX analysis revealed that samples may somehow content bare (or not 
covered by AuNPs) TTF-balls (Spectrum 4 in Figure 9.4 and Table 9.1). They are 
similar to ones obtained without AuNPs in blank experiment. Formation of “empty” 
spheres can be explained by insufficient interfacial concentration of gold 
nanoparticles in comparison to largely increased surface area upon transformation of 
macro-droplet into colloidosomes. Small amount of gold detected by EDX in the case 
of Spectra 2-4 in Figure 9.4 and Table 9.1 is below the limit of detection for  
EDX-analysis and likely caused by mathematical errors in fitting of EDX-spectra. 
Nonetheless, it may also origin from separate AuNPs, which are laying on the silicon 
substrate (tiny bright dots in Figure 9.4). 

 

Figure 9.4. SEM image of a colloidosome sample and marked regions where EDX probing was 
carried out. 

 

Table 9.1. Semi-quantitative EDX analysis of colloidosomes and TTF-“balls” obtained during 
draining-off process. 

 

 Si S Au 

    

Spectrum 1 60.27 14.89 24.84 

Spectrum 2 91.76 7.98 0.27 

Spectrum 3 93.01 6.84 0.15 

Spectrum 4 92.17 7.73 0.10 
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To avoid or minimize such empty balls formation, the initial concentration of 
AuNPs was increased. This also led to enlarged concentrations of colloidosomes.  
For example, Figure 9.5 represents experiments with 1 monolayer of nanoparticles 
(called 0.1 mL) and 5 monolayers of nanoparticles (called 0.5 mL). In the case of 
higher nanoparticle load, the final solution of colloidosomes looked denser and 
darker than the diluted one (lesser AuNPs content). 

 

Figure 9.5. Dramatic change of colloidosome solution color with increasing AuNPs content  
by 5 times. On the left, colloidosomes obtained from one monolayer of initial nanoparticles surface 

coverage; on the right – from 5 monolayers. 

As we mentioned in Chapter 7 & 8, gold nanoparticles work as tiny 
numerous biphasic electrodes providing electrical connection between phases and 
an alternative less kinetically limited pathway for interfacial electron transfer 
reactions. Therefore, among potential applications of such colloidosomes there are: 
biphasic microreactors to perform various reactions; encapsulation of molecules and 
drug-delivery system, for example, if drug molecule is highly hydrophobic, and, of 
course, these colloidosomes can be considered as an attractive platform for SERS 
applications. 
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2. From liquid-liquid towards liquid-air interfaces 

 

Gold nanoparticles entrapped at a liquid-liquid interface usually cover the 
entire available surface area of denser organic droplet, as extensively shown in 
Chapters 3 – 5. Similarly, it is possible to make MeLLDs, where the aqueous phase is 
inside the droplet and a less dense organic phase surrounds it. Of course, this type of 
experiment requires silanized glassware in order to have one bulky aqueous droplet 
at the bottom of the flask. For the simplicity, we will call MeLLD with water 
surrounding heavier organic droplet as a “normal” configuration and with less 
dense organic phase surrounding water droplet as a “reverse” configuration. 

Let us consider MeLLD in the normal configuration. We found that the 
aqueous phases could not be removed completely from the top of organic droplet 
even covered by AuNPs without bursting the film. In this context, bursting is not a 
figure of speech, but it describes what actually happening with MeLLD.  

A tiny droplet of the organic solvent is entrapped by water-air interface at the 
top of the aqueous phase. Once the two interfaces (the top interface with the water 
and organic phase, and the bottom interface covered with AuNP nanofilm (even for 
multilayers films!)), are close enough, the mentioned organic droplet floating at the 
water surface meets the bulk of the organic phase and forms a bridge, leaving the 
rest of water aside. In the case of MeLLD, immediately after that, gold nanoparticles 
migrate from MeLLD to freshly formed interfaces; the golden metallic luster 
disappears and the nanofilm turns to a blueish color. Therefore, at any time, the 
organic droplet covered by AuNPs should be protected from air by a water layer. 

Surprisingly, the situation changed radically, if we consider a reverse 
configuration, when a water phase forms a droplet and becomes surrounded by a 
lighter organic phase in a silanized glass vial. The organic phase could be prepared, 
for example, by mixing 1 to 1 DCE and hexane, in order not to alter radically 
properties of the organic solvent. This mixture can be removed completely from the 
surface of nanofilm without the bursting effect, leaving flat, smooth and shiny 
highly reflective surface (Figure 9.6). With this method we managed to create  
up to 20 cm liquid mirror for the exhibition “La nuit de la science” held in Geneva  
in July 2014. 
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Correspondingly, the reverse configuration of MeLLDs allowed formation of 
small droplets of water phase protected by AuNP film and transferring them simply 
inside of a regular plastic pipette. 

The main reason of the radical difference stems from changes in 
thermodynamic energy balance between the normal and reverse configurations. 
However, it is hard to evaluate what exactly alter the properties so drastically: 
change in interfacial tension ( air-DCE  = 33.3 mN·m-1, w-DCE  = 30.5 mN·m-1,  

air-w =72.8 mN·m-1), change in three phase contact angle, change of wetting 

mechanism or something else. The question is still open. 

 

Figure 9.6. Highly reflective liquid mirrors at water-air interface obtained by assembly of gold 
nanoparticles at LLI. (A) Laboratory small scale trial with a mirror 5 cm in diameter, reflection of 

different colors is represented. (B) Large 20 cm in diameter liquid mirror. Top images: some 
experimental aspect of liquid mirror preparation. Bottom image: liquid mirror in action and its 

creators. 

As further continuation of that work we suggest to optimize the preparation 
procedure and substitute the aqueous phase with liquids susceptible to electric 
and/or magnetic fields, as for example, it was shown by Bora for MeLLFs13 and 
Bormashenko for liquid marbles.14 

On the other hand, nanoparticles assemblies at a liquid-air interface can be 
used also for lift-off micropatterning,15 formation of free-standing nanoparticles 
films16 and to cover microhole arrays for various applications.17 
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3. Gold nanoparticles structures for SERS and 
electrochemical SERS 

 

In this Section, we consider perspectives to implement various gold 
nanoparticle structures as cheap, robust and reusable SERS substrates. Among them 
there are: planar film on a solid substrate, wrinkled surface and gold nanoparticle 
sponge. 

 

3.1. Planar structure on a solid substrate (2D) 

As we discuss in Section 2 of the current Chapter, gold nanoparticles 
assembled at a liquid-liquid interface may form a flat and smooth mirroring surface 
at water-air interface without the bursting effect. As a consequence, such nanofilms 
may be transferred from a liquid-air interface to a solid substrate for further using, 
for example, in SERS18–20 or in optical detections techniques based on SPR in Otto or 
Kretschmann configurations.21,22 

We developed a method to transfer the pre-formed nanofilm at a liquid-liquid 
interface onto any kind of surfaces (Figure 9.7). It consists of three main steps:  
(i) preparation of reverse MeLLD in a specially silanized Buchner funnel;  
(ii) complete removing of organic phase and forming a flat and smooth nanofilm at a 
water-air interface; (iii) draining off the aqueous phase and, thus, transferring the 
film onto a solid substrate.  

This method is close to a recently published one,23 however, it has several 
advantages. The main advantage is that functionalization of nanoparticles with long-
chain molecules is not required, as AuNPs may be self-assembled at a bare liquid-
liquid interface. 

Figure 9.7D&E represents the experimental setup used to transfer nanofilms 
and images of nanofilms at solid substrates right after the transfer process. 
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Figure 9.7. Gold nanofilm transfer from LLI to a solid interface. Schematic of the three step process: 
(A) preparation of MeLLD in a specially silanized funnel making the nanofilm stacked at silanisation 
border; (B) complete removing of organic phase (at the end small quantities of organic phase can be 

evaporated); (C) draining off the aqueous phase leaving desired substrate covered by the gold 
nanoparticles film. An experimental setup to cover solid substrates with nanofilms: (D) an images of 

the overall setup, (E) an image of nanofilm on the substrates right after film transfer. 

 

3.2. Wrinkled surfaces covered by gold nanoparticles (folded 2D) 

Another interesting idea how to use nanoparticles to prepare SERS substrates 
is a wrinkled interface. In a recently published paper, Gabardo et al.24 demonstrated 
that a film of nanoparticles may be wrinkled under controllable conditions. They 
used polystyrene substrate with shape memory and heat treatment to obtain 
variously wrinkled (uniaxial and biaxial) samples and examined them as SERS 
substrates. 

Here, we suggest using special UV-cured glue to fix nanoparticles at LLI and 
form a solid “pill” covered by wrinkled gold nanofilm. We used polymer  
glue UV-2108 from PolyTec, Germany. The process was pretty simple: (i) UV-cured 
glue was added to DCE phase before shaking step of MeLLD preparation procedure;  
(ii) certain time was given to settle and consolidate microdroplets into the MeLLD, 
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similar as for a regular MeLLD; (iii) the obtained macrodroplet underwent 
polymerization with a UV-lamp during several minutes (Figure 9.8); (iv) water was 
removed and DCE was evaporated from UV-cured polymeric structure to form a 
solid pill covered by wrinkled nanofilm. At the last step a sight vacuum may be 
used to speed up the process. 

 

Figure 9.8. Ongoing UV-curing process. Bright blue phase at the bottom of the flask is DCE with 
polymer glue covered by 1/8 monolayer (ML) of nanoparticles. 

By conducting preliminary experiments, we found that the ratio between  
UV-cured glue and DCE should be ca. 1 to 4 in order to achieve well defined 
substrate shape after drying process. Too low concentrations of the glue led to  
jelly-like structure and required longer time to be polymerized (up to half an hour), 
whereas too high concentration resulted in a stable emulsion taking much longer 
time for consolidation into a MeLLD. 

The shrinking of the MeLLD into a pill and decreasing in dimension was 
achieved by evaporation of the DCE phase during the step (iv). This reduction in 
size is a function of the ratio between DCE phase and polymeric glue. Whereas, 
wrinkling formation strongly depended on nanoparticles surface  
coverage (Figure 9.9). The higher surface coverage, the more wrinkled interface was 
obtained, as reduction of droplet size was the same for all presented samples. This 
finding is illustrated by SEM-images of obtained samples for surface coverage  
of 0, 1/8, 1/4, 1/2 and 1 monolayer (ML) of gold nanoparticles. 
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Figure 9.9. Wrinkled surfaces with varying AuNPs load to use as SERS substrates. SEM-images of 
obtained wrinkled samples after drying of DCE phase. AuNPs are supported by polymer formed 

during UV-curing process. Scale bars from left to right: 10 μm, 2 μm, 1 μm. 

In the case of a bare interface (absence of solid particles), some minor folding 
and wrinkles were observed around holes remaining after DCE  
evaporation (Figure 9.9, the first row). The rest of the polymer surface was relatively 
flat and smooth. Therefore, only particles at the interface caused wrinkle formation; 
their role is to pin the interface and buckle it under compression during evaporation 
of DCE. The higher the amount of nanoparticles was, the wider and deeper the 
wrinkles were (Figure 9.9, 1/2 and 1 ML samples). 
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Since nanoparticles are deposited at interface of polymer, the final pill can be 
cut in pieces and the same substrate can be used for multiple analyses. Figure 9.10 
shows SERS spectra obtained from wrinkled polymer surface. Observed bands  
at ca. 500 and 750 cm-1 correspond to TTF remaining in the polymer  
(see Section 2.3(i), Chapter 3 for detailed investigation of TTF on the surface of 
AuNP film). 

 

Figure 9.10. SERS spectra obtained from a wrinkled nanoparticle film deposited on the polymer 
substrate. 

 

3.3. Gold nanoparticle sponge (3D) 

In the Chapter 5, we discussed that AuNPs can be transferred from the 
aqueous to the PC phase and they are covered with a protective layer of TTF 
molecules. Thus, TTF@AuNPs in PC was concentrated by several subsequent 
centrifugations to obtain very dense and concentrated solution. For example, we 
managed to prepare a solution of AuNPs in PC with a black color and a specific 
density of 1.32 g·cm–3, where specific density of PC is only 1.2 g·cm–3 (10 w% of 
AuNPs loading). 

Such dense suspension is an ideal solution for immediate, on-demand 
preparation of, so-called, a “gold sponge” to use for maximization of the intensity of 
Raman scattering in SERS experiments. To do that, a drop of dense AuNP solution 
was placed on a silicon substrate pre-treated with oxygen plasma. Indeed, similar 
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results may be obtained with many other substrates: glass, metals, ITO etc. After 
evaporation of PC solvent under mild vacuum the gold sponge was formed.  
Figure 9.11 demonstrates SEM-image of a gold sponge, where the thickness of 
prepared film was about 4 to 5 μm.  

 

Figure 9.11. Gold sponge made of nanoparticles as SERS substrate. (A, B) low and high 
magnification SEM-images of obtained sponge made of 38 nm SG-AuNPs. (C) Cross-section view 

demonstrating thickness of the obtained sponge (ca. 4-5 μm). 

 

3.4. Reusable substrates and electrochemical SERS 

In all considered cases, the surface of gold nanoparticles was covered by TTF-
molecules. To eliminate their appearance in Raman spectrum we used oxygen 
plasma treatment of varying duration to clean the surface (Figure 9.12). The 
treatment of gold sponges during 60 s leads to complete removal of TTF from the 
surface of nanoparticles (Figure 9.12A). At the same time, morphology of sponges 
did not alter significantly: no particle merging or particle geometry change was 
observed after plasma treatment (Figure 9.12B&C). This cleaning procedure allows 
using the same gold sponge, as the multi-use substrate, simply by burning out 
analyzed molecules from the surface. 
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Figure 9.12. Oxygen plasma treatment (cleaning) of the gold sponge. (A) Raman recorded from gold 
sponge sample after different treatment times: 0, 6, 18 and 60 s (exposure time, laser intensity and lens 
sets are the same for all experiments). (B, C) SEM-images of gold nanoparticle sponge before and after 

oxygen plasma treatment, respectively. 

Finally, as a conclusion to this Section, we see that all the presented methods 
are suitable to prepare SERS substrates on ITO or polymer-based electrodes. Also, 
we demonstrate in Figure 9.13 the design of the electrochemical cell for 
electrochemical SERS measurements using an inverted SERS-microscope. Similar 
design has been recently described by Ibanez et al.25  

 

Figure 9.13. The electrochemical cell for electrochemical SERS measurements in an inverted 
Raman microscope: (A) a design of the cell in SolidWorks™ and (B) a photograph of the cell installed 

in the microscope. 
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Combined with the Fermi level equilibration theory, developed  
in Chapter 6 – 8, the present preliminary work opens a broad way to a complex field 
of electrochemical SERS measurements. 

 

4. How to measure the conductivity at the microscale? 

 

The main purpose of this section is to highlight some aspects of nanofilm 
conductance measurements at the microscale with Scanning ElectroChemical 
Microscopy (SECM). As SECM was widely used to probe conductive properties of 
solid substrates,26–28 we wanted to implement similar approach to study local 
conductance of MeLLD films in situ at a liquid-liquid interface. However, there were 
several experimental problems. 

The working principle of the SECM experiment to probe conductivity of 
MeLLD is described in Scheme 9.2. Aqueous or organic phase should contain redox 
mediator, which is continuously oxidized or reduced at the surface of an ultra-
microelectrode (UME).  

 

Scheme 9.2. Schematic illustration of the SECM feedback modes: (A) “negative” feedback and (B) 
“positive” feedback or reactive substrates. 

Without gold nanoparticles, the bare water-organic solvent interface is non-
conductive. Approaching the interface with an UME results in gradual decrease of 
the measured current, because confining the semi-spherical diffusion to UME by the 
LLI will lead to depletion of R species and accumulating of O species (Scheme 9.2A). 
This mode is called “negative feedback”. Oppositely, if a conductive film is present 
at the LLI, the measured current will not drop, but, instead, will grow, because the 
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film will reduce back O species into R species under UME, while being recharged or 
refilled with electrons somewhere on the edges (Scheme 9.2B). This mode is called 
“positive feedback”. 

In the case of nanoparticle films, the size of the conductive island will be 
determined by the tunneling or hoping probability from one nanoparticle to another. 
Recently, Kim and Kotov29 reviewed different aspects of the charge transfer dilemma 
between separated nanoparticles. In particular, they highlighted the role of 
Coulombic blockade and co-tunneling in overall conductance. 

Dr. Momotenko in his thesis work30 performed modelling and theoretical 
calculations of nanofilm conductance with increasing nanoparticles surface 
coverage. He clearly showed that an ideal film of randomly distributed particles 
does not possess conductance up to the percolation threshold. Depending on the 
packing model, this threshold is about 0.6 for SCP and 0.5 for HCP. The latter is 
explained as nanoparticles need to establish a contact with their neighbors in order 
to maintain electrical conductivity by jumping or hoping of electrons from one NP to 
another by tunneling effect. However, in a real system nanoparticles at the interface 
preferred to form dendrites and networks rather than to distribute randomly over 
available surface area, as we showed in Chapter 4&5. Thus, it will lower the 
threshold. 

As we showed in Chapter 3, MeLLDs at a macroscopic scale are not 
electrically conductive, because the number of hopping events in tunneling 
mechanism is too large. However, at a microscopic scale the nanofilm could be 
conductive enough to allow electron hopping over, for example, hundreds or, 
maybe, thousands of NPs. The first attempt to resolve microscopic conductive 
properties of interfacial nanoparticles assemblies was conducted by Pingping et al.,31 
however, the obtained results were not consistent enough with previously described 
percolation theory. 

Therefore, we tried to examine gold MeLLD, which suits perfectly to proof 
the percolation theory with SECM, to answer two questions: (i) how will 
conductance vary with increasing of nanoparticle content (in other words, surface 
coverage) and (ii) will multilayer film have higher conductance. The detailed 
description of the experiment is given in Refs 30 and 31. 

To investigate small AuNPs islands at water-DCE interface, we developed a 
procedure to fabricate a tiny platinum UMEs with a glass pipette puller (P-1000, 
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Sutter Instrument). The microelectrode has an overall diameter of 30-35 μm with a 20 
μm platinum wire in the tip, thus, giving Rg ~1.5-1.7 (Figure 9.14). 

 

Figure 9.14. SEM-image of a typical ultra-microelectrode (UME) fabricated with a glass pipette 
puller. SEM-images are given in two magnifications and for two detectors (InLens and HE-SE2). Scale 

bars for (A) and (B) are 5 μm. The surface of the UME is covered by some chemical residuals and 
shifted out-of-plane with respect to the surrounding glass during sample preparation. 

There are several restrictions for redox mediators to be used in this type of 
SECM experiment. Firstly, mediator molecules should not partition between 
aqueous and organic phases, keeping the concentration constant in the selected 
phase and to limit the diffusion of the species from the other phase to the electrode 
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positioned close to the LLI, as it may change the measured current and may lead to 
misinterpretation of the obtained data. Secondly, both reduced and oxidized forms 
of a mediator must be stable over long period of time and should not undergo side 
reactions. For example in Ref. 31, DMFc was used as an organic soluble redox couple 
to study conductive properties of interfacial films, however, in Chapter 8 we clearly 
demonstrated that DMFc combined with a gold nanofilm leads to oxygen reduction 
in water phase, and this may affect the obtained data. 

Therefore, almost all organic (mainly, ferrocene-based: FcMeOH,28,32 Fc-TMA33 
etc.) highly stable redox couples was excluded from the consideration, because of 
high partitioning, even in the case of fully ionic redox couples,33 and due to stability 
issues. Consequently, the choice of a redox couples was restricted to inorganic redox 
mediators and multi-charged ions. 

We examined 3 /4
6Fe(CN) , 3 /4

6Ru(CN) , 2 /3
3 6Ru(NH )  and 1/MClz z

x ,  

where M = Ru, Ir, Pd. Unfortunately, none of them showed reproducible approach 

curves. Redox mediators such as 3 /4
6Fe(CN) , 3 /4

6Ru(CN)  and 2 /3
3 6Ru(NH )  had 

stability problems over a long period of time, whereas 1/MClz z
x -type mediators had 

an unexpected side reaction with TTF  species. For example, there are few reports 

that TTF can substitute potassium ions in 1/MClz z
x -type salts with the formation of 

water-insoluble precipitate. This was shown for FeII,34 IrIII,34,35 RuII,34 PtII,35 PdII,36 AuI.35 
The precipitate covers gold nanoparticles with an insulation layer, blocking any of 
redox reaction on its surface. For example, reported conductivity for TTF2IrCl4 salt 
was 2.40x10-5 S·cm-1,34 whereas bulky gold conductance is 4.10×105 S·cm-1. 

The above mentioned side reaction of 2 /3
6IrCl  was observed not only 

electrochemically by detecting the change in the ratio between 3Ir  and 4Ir  forms, 
but also with the naked eye from the variation of the solution color close and far 
away from MeLLD at the LLI (Figure 9.15). 

Another experimental problem was devoted to continuous drifting of water-
DCE interface, because of evaporation of the organic solvent. For UMEs this issue 
does not play a significant role, however, using nanoelectrodes to study conductance 
at the nanoscale may represent a real experimental problem. 
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Figure 9.15. Changing of redox mediator concentrations close and faraway of the interface caused 
by an interfacial reaction. CVs recorded in 0.1M KNO3 solution of 1 mM 4 /3 2 /3

6Ir Cl  mixture. 

Arrows show estimated position of the microelectrode during measurements. Scan rate 25 mV/s. 

Finally, based on our experience with such systems, we would suggest further 
requirements for the redox mediator and improvements of the experiment design. In 

our opinion, the most relevant redox mediator can be 2 /
2UO  with the standard 

redox potential of +50 mV.37 This mediator has the following advantages in 
comparison with considered above: (i) both forms are positively charged, so the 

partition coefficient is low; (ii) both forms should not interact with TTF  in contrast 

with, for example, 1/MClz z
x ; (iii) stability of reduced and oxidized forms and, thus, 

improved reproducibility of approach curves; (iv) fast kinetics of the electrode 
reaction, leading to reversible voltammograms. 

We didn’t consider here AuNP nanofilm at water-PC interface that can be 
obtained without TTF (see Chapter 5), as high miscibility of PC with water makes 
the search of an appropriate redox couple even more problematic. 
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Nevertheless, the interesting and intriguing consequence of experiments with 

TTF and 4 2
6Ir Cl  is the interfacial synthesis of protection/separation shells at LLIs. 

The interfacial reaction led to formation of brownish nanocrystals of – most likely – 
3

2 4TTF Ir Cl  compound directly at the LLI according to the following equation: 

4 3
2 6(w) (o) (w) 2 4(int)K Ir Cl +2TTF 2KCl TTF Ir Cl  (9.1) 

The formed solid particles of the precipitate separates microdroplets of 
organic phases as in Pickering emulsions, stabilizing system in this state at the time 
scale of hours (Figure 9.16). However, no interfacial reaction was observed with 

3 3
6Ir Cl  salt. 

 

Figure 9.16. Pickering emulsion formation as a result of the interfacial reaction. TTF reduces 
4 2

6Ir Cl salt at water-DCE interface (on the left) with formation of 3
2 4TTF Ir Cl . For comparison, no 

redox reaction was observed between TTF and 3 3
6Ir Cl . 
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5. Thermal properties of self-assembled gold nanoparticles: 
self-terminated welding 

 

The key feature of nanomaterials is large surface area and considerable 
number of surface atoms. This affects different properties of nanoparticles. Among 
other properties, nanoparticles demonstrate reduced melting temperature in 
comparison with bulk materials: the smaller the size, the lower the melting 
temperature.38 The size-effect on the melting temperature is so sharp, that it can be 
used for self-terminating welding of nanoparticles. The latter allows formation of a 
conductive network between particles. 

Self-terminating welding means that two nanoparticles heated to a certain 
temperature can be melted and welded together establishing a solid contact, but 
further welding requires higher temperature, as a part of surface atoms has already 
been eliminated. This type of welding can be performed not only with thermal 
energy by heating the sample, but also with using laser or electron beams and 
chemical reagents for effective welding of nanoparticle.39,40 Therefore, it opens an 
ultimate pathway to direct writing of nanoscopic conductive tracks for micro- and 
nano-electronic devices on considerably less conductive pads of self-assembled 
nanoparticles arrays. 

We carried out a preliminary work to determine the frontiers of melting for 
nanofilms consisted of SG 38nm AuNPs. The films were transferred to silicon 
substrates by method described in Section 3.1 of the current Chapter and then were 
heated up to 300°C and 500°C during 30 min in the furnace. Gold does not wet a 
bare silicon surface, so we also performed an experiment on a metallic foil 
(aluminum). Recorded SEM-images are presented in Figure 9.17.  

Despite the melting temperature of bulk gold of 1064°C, AuNPs were 
successfully melted already at 300°C. At that temperature, they attached to the 
closest neighbors forming particles about 100 nm in diameter, which is equivalent to 
3-4 nanoparticles. However, if the temperature was raised up to 500°C, nanoparticles 
merged into large islands of more than 200 nm in diameter, which were significantly 
separated from each other. At the same time, the substrate with improved wetting 
properties such as aluminum foil allowed formation the film with established 
electrical pathways at 300°C.  
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Figure 9.17. Self-terminating melting and welding of gold nanoparticles film at different 
temperatures on silicon (poor wetting) and aluminum foil (good wetting). 

Additional experiments to define precisely the range of melting temperatures 
should be carried out using Differential Scanning Calorimetry (DSC). 

In Chapter 4 we showed that AuNP nanofilms effectively absorb light due to 
plasmon coupling between nanoparticles in the range of 650 – 850 nm. Therefore, a 
red sapphire laser (785 nm) with moderate power (~30-50 mW) can be used for 
effective welding of AuNPs. For example, Figure 9.18 shows melting and even 
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burning out of a part of a nanofilm deposited at liquid-liquid interface by a focused 
beam of a pulsed laser. 

 

Figure 9.18. A photograph of a spot obtained by melting and burning out gold nanoparticles (red 
arrow) deposited at the water-DCE interface with laser irradiation. 

 

6. Electrovariable plasmonics 

 

Partially adopted from: G. C. Gschwend, E. Smirnov, P. Peljo, and H. H. Girault, 
Accepted to Faraday Discussions, 2016, DOI: 10.1039/C6FD00238B – Adapted by 
permission of The Royal Society of Chemistry. 

 

The last but not least, we should present the recent progress in electrovariable 
plasmonics. In Section 4.4(i), Chapter 1 we described that nanoparticles possessing 
the unique optical response can be adsorbed at and desorbed from an ITIES with an 
electric field forming, in particular, mirrors and filters. 

Unfortunately, fully reversibly assembled mirrors or filter at ITIES is still 
under development. However, we propose in this Section an alternative way how to 
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manipulate nanoparticles at an ITIES and call it Marangoni-type shutters. This type 
of electrically driven mirrors is based on the Marangoni effect, i.e. mass transfer 
along an interface of two liquids caused by changes in physical properties 
(interfacial tension, temperature etc.). 

 

6.1. Arms setup to study angular dependence of the reflectance 

We developed a robust and rigid, but at the same time light setup to monitor 
the angular dependence of laser beam reflectance from a liquid-liquid interface. To 
make the setup as light as possible we used 3D printing of hollow plastic holders for 
necessary optical components, such as λ/4 plate, a polarizer and an eye-lash to 
control the spot size, before the four-electrode electrochemical rectangular cell. A 
tiny displacement of each piece could cause a giant mismatch of the laser spot at the 
end on the detector side, whereas rigid fixation helps to avoid that. The total weight 
of the setup was reduced twice down to 300g that also prevented bending of 
aluminum rails and alignment errors. Figure 9.19A show a photograph of the entire 
“arms setup”, whereas Figure 9.19B depicts a close view of 3D-printed parts. 

 

Figure 9.19. Design of home-made arms setup to investigate angular dependence of the laser 
reflectance from interfacial nanofilms. (A) The setup consisted of simultaneously moving “arms”, a 
laser light source, necessary optical components and a detector. (B) A close view on the 3D-printed 

parts of the optical component holder: the λ/4 plate (red-blue), polarizer (orange) and  
eye-lash (green-pink) to control the spot size. 



Chapter 9. Perspectives: from Colloidosomes through SERS to Electrically Driven Marangoni Shutters 

292 

6.2. Simulations for the current distribution 

The secondary current distribution in the electrochemical cell used to study 
Marangoni-type shutter was simulated with COMSOL Multiphysics 5.2a. The 
geometry of the cell was approximated as a 2 cm radius cylinder in 2D-axis 
symmetry, where the electrodes of 1 cm in radius were placed 1 cm above and below 
the ITIES, as shown in Figure 9.23B. The potential distribution was solved from the 
Ohm’s law for both phases, with the following equation: 

i i iJ E  (9.2) 

where J is the current density flux, E is the electric field, i  and i  are the 

conductivity and the Galvani potential of the phase i. w was measured  

as 145 μS·cm–1 and o  = 167 μS·cm–1. The forward and backward transfer (water to 

oil, oil to water) of ions was described with the Butler-Volmer type expressions, 
where the rate constants were expressed as:41  
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The concentrations of ions were calculated with the Fick’s second law. This 
approach was used instead of the more rigorous Nernst-Planck equation, as the 
solution of the tertiary current distribution is computationally more intensive. The 
simulation took ca. two days with Intel Core quad-core i-7-4870HQ CPU @ 2.50 GHz, 
with 16 GB of RAM (MacBook Pro running Windows 7 as the operating system). 
However, less accurate simulations could be performed in 1 to 3 h, depending on the 
density of the mesh, but leading to sometimes significant inaccuracies and oscillation 
in the boundary fluxes. 

 

6.3. Rectangular four-electrode electrochemical cell 

Another source of errors and deviations is the use of a small area ITIES and, 
especially, curved interfaces. Curved interfaces work as collecting or diverging 
lenses depending on the direction of curvature. Thus, a small alignment mismatch 
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from a saddle point may cause large displacement of the reflected spot on the 
detector side. For small area interface this problem is especially acute. 

To eliminate it, we developed a special procedure to silanize a large area 
rectangular quartz cell. The silanization resulted in an extremely flat interface, which 
was curved only around hydrophilic glass tubes for organic reference and working 
electrodes (Figure 9.20). The flat interface made alignment possible for the full range 
of angles (from 50 to 85 degrees) in a single experimental run. 

 

Figure 9.20. Silanized four-electrode electrochemical cell with an extremely flat and smooth 
interface. 

 

6.4. Marangoni-type shutters instead of mirrors 

(i) Experimental evidences 

Taking advantages of a novel arm setup and using silanized quartz cell with 
an ultimately flat interface, we repeated the experimental procedure of the former 
LEPA post-doc. At that time, it was found that applying a Galvani potential 
difference between aqueous phase, containing AuNPs and surfactant such as 
Sodium Dodecyl Sulfate (SDS), and organic phase (DCE) led to a significant increase 
of the laser beam reflectance. Thus, the electrically driven mirror was made of 
nanoparticles at the ITIES. 

Nevertheless, several major improvements to the experimental procedure 
were performed: (i) DCE was substituted with TFT, because water-TFT system has a 
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wider potential window in comparison with water-DCE; (ii) the concentration of 
SDS was increased from 0.01 μM to 0.1 μM to ensure the complete surface coverage 
of ITIES by the surfactant; (iii) all necessary blank experiments were carefully 
carried out and checked to confirm obtained results. 

Scheme 9.3 shows electrochemical cell compositions used in this preliminary 
study. As LiCl salt at 10 mM concentration significantly affect stability of gold 
nanoparticles, only residual ions and SDS molecules was used to establish electrical 
conductance in aqueous phase. Concentrated solution of SDS was added to the 
aqueous phase, mixed and left for half an hour to let SDS molecules settle and 
organize at the interface. Then, a half of the water was substituted with solution of 
12 nm AuNPs. 

 

Scheme 9.3. Composition of electrochemical cell used to show Marangoni-type shuttering effect at 
the ITIES. 

To carry out reflectance experiment a green laser (532 nm) was selected. The 
recorded angular dependence of the reflectance from a bare water-TFT agrees well 
with the theoretically predicted one. The estimated value of the critical angle for the 

total internal reflectance (TIR) conditions is exp
TIR 70  (Figure 9.21, the black curve), 

whereas the theoretical value is theor
TIR 70.05 . 

Addition of SDS decreased the overall intensity of the reflected light above 
the critical angle by ca. 10%, whereas the following addition of the gold 
nanoparticles into the cell did not affect the reflectance (Figure 9.21, red and blue 
curves). Notably, the normalization of the reflectance was carried out to the maximal 
intensity at the bare water-TFT interface. There are two possible contributions to the 
drop of the intensity above the critical angle: (i) scattering and/or absorbance of the 
light by SDS molecules, (ii) instability of the diode laser intensity over time. Based 
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on the observed angular dependence, two angles below (66°) and above (72.4°) TIR  

were chosen to investigate the influence of the electric field on the reflectance. 

 

Figure 9.21. Effect of SDS and 12 nm AuNPs on the angular dependence of the reflectance. All 
graphs were normalized to the intensity of the bare water-TFT interface (the black curve). 

The data recorded at these two angles are presented in Figure 9.22 A&B, 
while alternating the electric field across the interface by cyclic voltammetry. The 
scan rate in both cases was 25 mV·s–1. Changes of the reflected light intensity 
occurred at both edges of the potential window, however, the intensity increased 
much more at the negative end of the potential window, where anions (A-) transfer 
across the ITIES from water into the organic phase. A similar behaviour was also 
observed above the critical angle (Figure 9.22B) during at least 9 cycles. 
Unfortunately, upon cycling, the system underwent aggregation process, turning the 
solution color from red to bluish (Figure 9.22C). Also, we found that gold 
nanoparticles were moving during sweeping of the potential from the middle of the 
cell to the corners and backward. Recently, Scanlon et al. have reported the 
observation of a similar effect in the case of floating carbon nanotubes at LLI.42  

Notably, the reflectance oscillations upon transfer of supporting electrolyte 
were recorder for the bare interface and the cell with only gold nanoparticles 
without SDS. However, the amplitude of the changes was extremely small, below 2% 
of the overall intensity. Additionally, similar behavior was observed in the case of 
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SDS covered interface without gold nanoparticles. Thus, addition of ionic surfactant 
molecules is a critical step for Marangoni-type shutters. 

 

Figure 9.22. Marangoni-type shutter at the ITIES driven by electric field. (A) Change of the 
reflectance upon sweeping the potential at θ=66º (below the critical angle TIR ). (B) Similar effect 

observed for θ=72.4º (above the critical angle TIR ). (C) An electrochemical cell after several tens of 

cycles, blueish color of AuNPs solution indicates degradation of the system. 

Finally, we show Marangoni-type shutter in action. Figure 9.23 demonstrates 
snapshots from video recorded during testing of a Marangoni-type shutter  
at 66° (below the critical angle TIR ). This set of snapshots clearly illustrates how the 

reflected laser intensity increased and decreased because the gold nanoparticles 
move in and out the spot of the laser at the ITIES. 

In the middle of the polarizable potential window the gold nanoparticles 
were distributed around the perimeter of the cell. However, a portion of light 
reflected from the bare ITIES (Figure 6.23A, bottom-left snapshot) remained at 66°, 
as shown in Figure 9.21. Immediately after, anions began to transfer from the 
aqueous to the organic phases, and gold nanoparticles started to migrate in the 
middle region of the cell. They rapidly accumulated, causing a vast increase in the 
reflected light (Figure 9.23A, top-right snapshot). The effect lasted as long as the 
transferred anions stayed in the organic phase (ca. 20 s). Then the system returned to 
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its initial state with the gold nanoparticles spread around the perimeter of the cell 
(Figure 9.23A, bottom-right snapshot). 

Figure 9.23. Marangoni-type shutter in action. (A) A part of cyclic voltammogram with 
corresponding snapshots taken from the recorded video. Starts in panel (A) correspond to the curves 
in panel (C). Results of COMSOL simulation for (B) the electric field distribution at w

oΔ 415 mV

and (C) the current density distributions at various Galvani potential differences.  
r denotes the distance from the center of the electrode.  

For clarity the position of counter electrodes in both phases are shown. 

(ii) Possible working principles of Marangoni-type shutters 

There are three possible effects contributing to the behavior of Marangoni-
type shutters: (i) changes of the interfacial surface tension ( w/o ) upon applying the 

Galvani potential difference, (ii) instabilities caused by the transfer of surfactant 
molecules (SDS), and (iii) a non-uniform electric field distribution between the 
working electrodes and the ITIES. 
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In the case of the ITIES, the interfacial surface tension is a function of the 
applied Galvani potential difference due to electrocapillary effect.43 These changes 
are expressed in a differential form as the Gibbs-Lippman equation:44 

w
w o o ww/o

w w
o o1 1, ,i

n n
j

j j j j
j jT i j T

q FZ  (9.5) 

where w/o  is the interfacial surface tension, w
o  is the Galvani potential difference, 

wq  is the surface charge density in the diffuse layer of the aqueous phase, jZ  is the 

charge of ion j, o,w
j  is the surface excess of ions j, F  is the Faraday constant, w

j is 

the electrochemical potential of ions j, whereas w and o denotes the aqueous and the 
organic phases, respectively. 

For 1:1-electrolytes, Eq. 9.5 can be transformed into Eq. 9.6:45 

w w
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where w
o PZC  is the applied potential at the point of zero charge (PZC) or the 

electrocapillary maximum. A and B are integration constants. 

The electrocapillary effect described by Eqs. 9.5 and 9.6 lowers the interfacial 
surface tension, when the ITIES is polarized, and establishes the maximum when 

w w
o o PZC . Thus, if the observed displacement of the nanoparticles is related 

only to the variations of the interfacial surface tension with the applied potential, 
then it should be continuous over the all available polarizations of the ITIES. 
However, the major changes of the reflected light intensity were recorded only on 
one side of the polarizable potential window, where the transfer of the anions 
(including SDS) occurred. The changes are sharp and coincide quite well with the 
transfer of the anions. 

Therefore, we should also consider the transfer of SDS molecules across the 
ITIES. Changing the surface coverage with an electric field could cause the 
Marangoni instabilities that lead to the spontaneous oscillation of the interfacial 
surface tension.46–48 Recently, Kovalchuk has reviewed this topic with the absence of 
the electric field.49 
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Finally, a non-uniform electric field distribution could significantly influence 
the nanoparticle assemblies when the interfacial surface tension is significantly 
reduced. The platinum mesh electrodes did not cover the entire surface area of the 
interface, causing the non-uniform distribution of the electric field at ITIES, as shown 
by COMSOL simulation (see the electric field profiles in Figure 9.23B&C). The 
results show identical current distribution for the negative and positive ends of the 
potential window. Hence, the non-uniform electric field distribution cannot be solely 
responsible for the movement of the particles observed only at the negative end of 
the potential window. 

Nevertheless, we demonstrated for the first time a working prototype of 
Marangoni-type shutter. However, the true working mechanism of the presented 
Marangoni-type shutter still remains unclear and more follow-up work is needed to 
reveal it. Also, further development of this type of electrically driven interfacial 
plasmonic device should be carried out in terms of overall stability and reliability of 
the system. 

To conclude, we observed that nanoparticles at ITIES could be positioned 
with an external electric field. We have shown the encouraging example of a 
working Marangoni-type shutter at the ITIES, which is based on the displacement of 
the gold nanoparticles in the plane of the ITIES. The presented shutter demonstrated 
moderate stability upon cycling, and could be switched on and off for at least tens of 
cycles. 
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General Conclusions 
 

This thesis work describes recent results on self-assembly of nanoparticles  
at various liquid-liquid interfaces promoted by redox reaction of AuNPs in aqueous 
phase with organic soluble tetrathiafulvalene. It is also addressed to investigation of 
physical and electrochemical properties of these assemblies such as optical 
properties, and their reactivity. These studies not only provide the experimental 
observations, but also propose the theoretical background to explain the 
experimental results. At the last Chapter of the current thesis we summarized 
various ideas for further development and possible application for self-assembled 
gold nanofilms. 

In Chapters 3&4, we demonstrated a facile and rapid way to self-assemble 
AuNPs at various liquid-liquid interfaces into gold MeLLD. It was achieved by 
direct charging of gold nanoparticles by a lipophilic electron donor, 
tetrathiafulvalene. TTF molecules are present at the surface of nanoparticles in two 

forms 0TTF  and TTF . Combination of both forms determines self-healing nature 

of MeLLDs and mechanical properties of the interfacial film, because of  
π-π-interaction between TTF molecules. 

However, in water-organic solvent with low interfacial tension MeLLDs form 
in the absence of TTF, whereas the presence of TTF may contribute to the 
“extraction” of AuNPs from aqueous to organic phase. In the latter case, AuNPs are 
heavily protected by TTF and, thus, can be concentrated by centrifugation in 
solution, containing up to 10 w% of gold. 

Detailed and extensive study of MeLLD optical properties revealed a 
distinguishable border between two potential applications: liquid filters and liquid 
mirrors. We showed that smaller nanoparticle (<10-15 nm in diameter) are more 
suitable for filtering applications, whereas larger particles (>25-30 nm in diameter) 
are good candidates to make a liquid mirror. Also, reflectance and extinction of 
MeLLDs was not a linear function of nanoparticle surface coverage, but rather 
depending on interfacial MeLLD morphology. Nevertheless, by varying the nature 
of the organic solvent and the nature of the lipophilic organic molecule, we 
demonstrated that a maximal reflectance of 58% can be easily achieved in the case of 
38 nm AuNPs at water-nitrobenzene interface. 
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To study reactivity of gold nanofilms at liquid-liquid interfaces, we developed 
a simple, reproducible and scalable method to settle AuNP films inside of  
four-electrode electrochemical cell. This method of capillary microinjection allowed 
formation mirror-like films with controlled AuNP surface coverages.  
We successfully showed that the AuNP nanofilm at the water-TFT interface had no 
significant influence on ions transfer across ITIES, making the nanofilm permeable 
for ions transfer. The precise control over the film deposition process made possible 
to detect transfer of positively charged ions of electron donor molecules across the 
ITIES, which were oxidized by AuNPs in the narrow interfacial region during the 
deposition. 

To explain the obtained results, we developed the Fermi level equilibration 
theory. Another sets of experiments revealed that gold nanoparticles significantly 
influenced the kinetic of interfacial reaction between two redox pair in adjunct 

phases or “interfacial redox electrocatalysis“ (in our case, 3–/4
6Fe CN  in water 

and /0Fc  in TFT). When a gold nanofilm was added to the liquid–liquid interface, 
the electron transfer mechanism changed to bipolar mechanism, where the nanofilm 
acts as a bipolar electrode, shuttling the electrons between the redox couples in 
different phases and drastically increasing the electron transfer rate. The precise 
control of the Galvani potential difference between the two phases allows significant 
variation of the Fermi levels of electrons in aqueous and organic phases, resulting in 
direct control of the rate and direction of electron transfer at a floating gold nanofilm 
adsorbed at the interface, highlighting the electrocatalytic properties of these films. 

Finally, in the Chapter 8, we implemented this theory to understand how 
gold nanoparticles placed at the interface can catalyze oxygen reduction in aqueous 
phase by simply being charged by DMFc in the organic phase. Therefore, the 
presence of the nanofilm resulted in hydrogen peroxide formation with  
a yield of 22% according to consumed DMFc. 

Overall, we have shown that gold nanoparticles can be easily self-assembled 
at liquid-liquid interface forming a liquid mirror or a liquid filter; whereas reactivity 
of such assemblies can be control by Galvani potential difference across the interface. 
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