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Consider again that dot. That’s here. That’s home. That’s us. On it everyone
you love, everyone you know, everyone you ever heard of, every human being
who ever was, lived out their lives. The aggregate of our joy and suffering,
thousands of confident religions, ideologies, and economic doctrines, [...] - on
a mote of dust suspended in a sunbeam.

Carl Sagan

Abstract

Janus nanoparticles (JPs) are colloidal entities in which there are two differenti-
ated spatial domains with different physicochemical properties. This anisotropy
can lead to the spontaneous self-assembly of nanoparticles when exposed to
an external stimulus such as a magnetic or electric field, pH or temperature
gradients, etc. In particular, JPs with a wettability contrast between the two
spatial domains are able to stabilize Pickering emulsions and provide the benefits
from traditional molecular amphiphiles, e.g. the orientation of the hydrophobic
and hydrophilic parts towards the oil and water phase in a water/oil interface,
and the benefits of Pickering emulsions, e.g. the enhanced stabilization of foams
and emulsions stabilized by nanoparticles due to the nanoparticles being in
contact with each other and preventing the coalescence or the Ostwald ripening.
Nevertheless, the different synthesis routes of JPs are costly and produce really
small amounts of nanoparticles at the laboratory scale. Thus, it is important to
verify if the JPs are better than the corresponding homogeneous nanoparticles
(HPs), much easier to synthesize and already widely applied in the industry as
foam and emulsion stabilizers. But the small amounts synthesized does not allow
to perform easy tests in which a emulsion is formed with JPs and in this thesis we
propose a collection of several techniques to characterize the interfacial activity of
such JPs at water/air and water/oil interfaces. In the first chapter of introduction,
we compile the state of the art regarding the JPs with interfacial activity through
the following publication:

M.A. Fernandez-Rodriguez†, M.A. Rodriguez-Valverde†, M.A. Cabrerizo-
Vilchez† and R. Hidalgo-Alvarez†,∗, Surface activity of Janus particles adsorbed
at fluid-fluid interfaces: Theoretical and experimental aspects, Advances
in Colloid and Interface Science, In Press, 2015, ISSN 0001-8686, DOI:
10.1016/j.cis.2015.06.002.
† Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, 18071 Granada (Spain)
∗ rhidalgo@ugr.es
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18 Abstract

The interfacial activity characterization is performed by pendant drop tensiom-
etry. With this technique, the interface area is of a few square millimeters and
small amounts of sample are required in comparison with other interfacial tension
measurements as the Langmuir balance with the Whihelmy plate or the Nouy
ring. Moreover, in this work we deposit the nanoparticles from outside at the
pendant drop water/air interface using a spreading solvent, requiring even less
nanoparticles than if the nanoparticles are in the bulk of the pendant drop and
have to reach the interface. When the spreading solvent is an organic solvent, the
violent evaporation process also provides a significant amount of energy to the
nanoparticles to become attached to the interface in case that there is an energy
barrier to the adsorption. Thus, we monitor the surface or interfacial tension over
time until the spreading solvent is fully evaporated, keeping the volume of the
pendant drop constant. In usual conditions, the final interfacial tension is stable
over time and decreases as the number of deposited nanoparticles is increased.
After the solvent evaporation, the pendant drop is grown and shrinked several
times at the lowest speed to obtain the surface or interfacial pressure against
different area per particle of the pendant drop (i.e. different area of the pendant
drop with a fixed amount of deposited nanoparticles per experiment). Combining
the results of different runs with different amounts of deposited nanoparticles
it is possible to build a piecewise-like compression isotherm, analogous to the
usual compression isotherms obtained with the Langmuir balance. Moreover, the
several growing and shrinking cycles gives extra information about the hysteresis
of the process and the reproducibility of the measurements. When possible, we
tried to fit the compression isotherms with different models as the hard disk
model or the Frumkin model that have a geometric part, similar to the hard
disk model, and an interaction part in which the lateral interaction between
nanoparticles at interfaces is accounted. Finally, the pendant drop tensiometry
experiments are enriched by the possibility to study the interfacial dilatational
rheology through periodic variations of the volume of the pendant drop and
computing the interfacial dilatational elastic and viscous moduli. The pendant
drop technique was validated through the characterization of 2 nm-diameter
gold HPs functionalized by hexanethiol and dispersed in tetrahydrofurane (THF),
where the piecewise-like compression isotherm was fitted by a simply hard disk
model for both water/air and water/decane interfaces:

M.A. Fernandez-Rodriguez†, Y. Song‡, M.A. Rodriguez-Valverde†, S. Chen‡,
M.A. Cabrerizo-Vilchez† and R. Hidalgo-Alvarez†,∗, Interfacial Activity of AuC6
Nanoparticles Using the Pendant Drop Technique, Journal of Colloid Science
and Biotechnology, Volume 3, Number 2, 2014, Pages 184-187, ISSN 2164-9634,
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DOI: 10.1166/jcsb.2014.1084.
† Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, 18071 Granada (Spain)
‡ Department of Chemistry and Biochemistry, University of California, 1156 High Street,
Santa Cruz, CA 95064 (USA)
∗ rhidalgo@ugr.es

Several techniques were used to complement the interfacial activity charac-
terization. The size and morphology of the nanoparticles were studied by high
resolution TEM, cryo-SEM and dynamic light scattering (DLS) based devices as
the Zetasizer Nano Z and the NanoSight (both from Malvern). In the former DLS
device it is possible to obtain also the electrophoretic mobility which accounts
for the electrostatic charge of the nanoparticles in bulk. All DLS measurements
enable to characterize the the colloidal stability of the nanoparticles in bulk.
The structured illumination microscopy also enabled to show the true Janus
character of one of the studied JPs. Moreover, the interfacial microstructure was
characterized by freeze fracture shadow casting cryo-SEM (FreSCa cryo-SEM), a
technique developed by Prof. Lucio Isa and the measurements collected in this
work where performed during the three months research stay at the Laboratory
of Interfaces, Soft matter and Assembly in the ETH-Zurich. With this technique, it
was possible to measure in a direct way the contact angle of the nanoparticles at
the water/oil interface.

This work is focused on the interfacial activity characterization of JPs. Thus,
each chapter in the Result and Discussion part is devoted to a different collection
of JPs, synthesized by several international groups and enterprises. Each of
these chapters is the result of an international collaboration. The interfacial
activity of 3.5 nm-diameter HPs functionalized by hexanethiol and true JPs half
functionalized by hexanethiol and half by 2-(2-mercapto-ethoxy)ethanol (MEE)
was characterized by pendant drop tensiometry, resulting in a clear improvement
of the interfacial activity of JPs compared to HPs for both water/air and wa-
ter/decane interfaces. Although the hard disk model fitted the HPs piecewise-like
compression isotherms, it underestimated the interfacial activity of the JPs. These
results are published in:

M.A. Fernandez-Rodriguez†, Y. Song‡, M.A. Rodriguez-Valverde†, S. Chen‡,
M.A. Cabrerizo-Vilchez† and R. Hidalgo-Alvarez†,∗, Comparison of the Interfacial
Activity between Homogeneous and Janus Gold Nanoparticles by Pendant
Drop Tensiometry, Langmuir, Volume 30, Issue 7, 2014, Pages 1799-1804, ISSN
0743-7463, DOI: 10.1021/la404194e. Cited by 7.

http://dx.doi.org/10.1166/jcsb.2014.1084
http://dx.doi.org/10.1021/la404194e
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† Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, 18071 Granada (Spain)
‡ Department of Chemistry and Biochemistry, University of California, 1156 High Street,
Santa Cruz, CA 95064 (USA)
∗ rhidalgo@ugr.es

The interfacial activity and collective behaviour of 100 nm-diameter
silver Janus-like nanoparticles functionalized in a one-pot method by 11-
mercaptoundecanoic acid and 1-undecanthiol ligands and dispersed in methanol
was studied at the water/air interface. The interfacial activity was analogous
to that of the molecular amphiphiles but with larger nanoparticles and the
piecewise-like compression isotherm was fitted by the Frumkin model in which
apart from the hard disk part it is included a term regarding the lateral interac-
tions between nanoparticles at the interface. The interfacial dilatational rheology
showed an elastic shell behaviour that point out these nanoparticles as good
emulsion stabilizers. These results are published in:

M.A. Fernandez-Rodriguez†, M.A. Rodriguez-Valverde†, M.A. Cabrerizo-
Vilchez† and R. Hidalgo-Alvarez†,∗, Surface activity and collective behaviour
of colloidally stable Janus-like particles at the air-water interface, Soft
Matter, Volume 10, Issue 19, 2014, Pages 3471-3476, ISSN 1744-683X, DOI:
10.1039/C3SM52624K. Cited by 5.
† Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, 18071 Granada (Spain)
∗ rhidalgo@ugr.es

PMMA-HPs (119 nm-diameter) dispersed in water, silica functionalized
nanoparticles (silica-FPs) with methacryloxypropyltrimethoxysilane (181 nm-
diameter) dispersed in water, and the aforementioned silver JPs (Ag-JPs) were
characterized at the water/decane interface. The direct contact angle (CA) was
obtained by FreSCa cryo-SEM. Although the CA was similar for both silica-FPs and
Ag-JPs, the interfacial activity was much higher for the Ag-JPs, needing 100-times
more particle concentration to match the interfacial activity of Ag-JPs with
silica-FPs or PMMA-HPs. This points out to the importance of the physicochemical
properties of the capping ligands and the Janus structure to design nanoparticles
with enhanced interfacial activity. These results are published in:

M.A. Fernandez-Rodriguez†, J. Ramos‡,§, L. Isa‖, M.A. Rodriguez-Valverde†,

http://dx.doi.org/10.1039/C3SM52624K
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M.A. Cabrerizo-Vilchez† and R. Hidalgo-Alvarez†,∗, Interfacial Activity and
Contact Angle of Homogeneous, Functionalized, and Janus Nanoparticles
at the Water/Decane Interface, Langmuir, Volume 31, Issue 32, 2015, Pages
8818-8823, ISSN 0743-7463, DOI: 10.1016/acs.langmuir.5b02137.
† Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, Granada, Spain
‡ POLYMAT, Bionanoparticles Group, Applied Chemistry Department, UFI 11/56, Faculty of
Chemical Sciences, University of País Vasco UPV/EHU Donostia-San Sebastián, Spain
‖ Laboratory for Interfaces, Soft matter and Assembly, ETH Zürich, Vladimir-Prelog-Weg 5,
8093 Zürich, Switzerland
§ Department of Materials, Department of Bioengineering, and the Institute for Biomedical
Engineering, Imperial College London, London SW7 2AZ, United Kingdom
∗ rhidalgo@ugr.es

The importance of the election of the capping ligands was studied by com-
paring the aforementioned gold JPs half covered by MEE with similar JPs but
covered by a shorter and more hydrophilic capping ligand than MEE, the 1,2-
mercaptopropanediol (MPD). Apart from the hydrophilic capping ligand, both
JPs were dispersed in THF and were similar in fabrication process, hydrophobic
capping ligand, wettability contrast, size and charge. Nevertheless, the JPs with
MPD were clearly much more interfacial active than the JPs with MEE. These
results are published in:

M.A. Fernandez-Rodrigueza, L. Chenb, C.P. Demingb, M.A. Rodriguez-Valverdea,
S. Chenb, M.A. Cabrerizo-Vilcheza, and R. Hidalgo-Alvareza,∗, A simple strategy
to improve the interfacial activity of true Janus gold nanoparticles: a shorter
hydrophilic capping ligand, Soft Matter, Accepted Manuscript, 2015, ISSN
1744-683X, DOI: 10.1039/C5SM01908G.
a Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, Granada, Spain.
b Department of Chemistry and Biochemistry, University of California, 1156 High Street,
Santa Cruz, CA 95064, USA.
∗ rhidalgo@ugr.es

The role of capping ligands and spreading agent on the interfacial activity
of gold JPs (of 13 nm and 23 nm-diameter) half functionalized by polystyrene
(PS) and half by polyethylene glycol (PEG) was analyzed at water/air and
water/decane interfaces. The HPs exhibited no interfacial activity compared to
the JPs, pointing out the ability of the later JPs as foam stabilizers. The spreading

http://dx.doi.org/10.1021/acs.langmuir.5b02137
http://dx.doi.org/10.1039/C5SM01908G
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agents tested were water, a mixture of water/CHCl3 and the better resulted to
be the pure CHCl3. In these conditions, the water/air interface behaved as an
elastic shell which pointed out also the ability of these JPs as foam stabilizers.
The interfacial activity was near zero when the pendant drops were immersed in
decane probably due to an irreversible aggregation of the nanoparticles in decane.
This work was carried out thank to the following collaboration:

M.A. Fernandez-Rodriguez1, A.M. Percebom2,3,4, J.J. Giner-Casares3, M.A.
Rodriguez-Valverde1, M.A. Cabrerizo-Vilchez1, L.M. Liz-Marzán3 and R. Hidalgo-
Alvarez1,∗, Interfacial activity of gold nanoparticles coated by a polymeric
Janus shell and the role of spreading agents.
1 Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, Granada, Spain.
2 Department of Physical Chemistry, Institute of Chemistry, University of Campinas -
UNICAMP, P.O. Box 6154, 13084-862 Campinas, SP, Brazil.
3 CIC biomaGUNE, Paseo de Miramón 182, 20009 Donostia-San Sebastián, Spain.
4 Department of Chemistry, Pontifical Catholic University of Rio de Janeiro (PUC-Rio), Rua
Marquês de São Vicente 225, Gávea, 22451-900, Rio de Janeiro, RJ, Brazil.
∗ rhidalgo@ugr.es

A completely different route of synthesis, without inorganic core and capping
ligands, was explored with polymethylmethacrylate/polytert-butylmethacrylate
(PMMA/PtBMA) JPs (in the range of 160-200 nm-diameter) fabricated by Elec-
trohydrodynamic Co-Jetting and dispersed in water. The true Janus character
was demonstrated by super-resolution imaging in which the two spatial domains
appear separated. Although there was a trend of the JPs being more interfacial
active than the HPs, the cationic character of these nanoparticles resulted in easy
pollution of the samples and irreproducibility in the measurements. Moreover,
the interfacial dilatational rheology of JPs showed an elastic shell behavior that
also might point out to the ability of these particles as emulsifiers. This work was
carried out thank to the following collaboration:

M.A. Fernandez-Rodriguez1, S. Rahmani2,3,6, C.K.J. Yu2,5, M.A. Rodriguez-
Valverde1, M.A. Cabrerizo-Vilchez1, C.A. Michel2,4, J. Lahann2−6 and R. Hidalgo-
Alvarez1,∗Synthesis and interfacial activity of PMMA/PtBMA Janus and
homogeneous nanoparticles at water/oil interfaces: the difficulties of using
cationic nanoparticles.
1 Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, 18071 Granada, Spain.
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2 Biointerfaces Institute, University of Michigan, Ann Arbor, MI 48109, USA.
3 Biomedical Engineering, University of Michigan, Ann Arbor, MI 48109, USA.
4 Chemical Engineering, University of Michigan, Ann Arbor, MI 48109, USA.
5 Material Science & Engineering, University of Michigan, Ann Arbor, MI 48109, USA.
6 Institute of Functional Interfaces (IFG), Karlsruhe Institute of Technology (KIT), 76131
Karlsruhe, Germany.
∗ rhidalgo@ugr.es

Finally, we found some issues when we tried to fit the compression isotherms
to the model proposed by Aveyard et al. in “Compression and Structure of
Monolayers of Charged Latex Particles at Air/Water and Octane/Water Interfaces”
(Langmuir 2000; 16(4), 1969-1979). We explain the problems found in the
following manuscript:

M.A. Fernandez-Rodriguez†, M.A. Rodriguez-Valverde†, M.A. Cabrerizo-Vilchez†

and R. Hidalgo-Alvarez†,∗, Comment on the Compression and Structure of
Monolayers of Charged Latex Particles at Air/Water and Octane/Water
Interfaces.
† Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, 18071 Granada (Spain)
∗ rhidalgo@ugr.es

After all the results obtained through the different collaborations and works
produced in this thesis, we are able to state that in general, JPs present greater
interfacial activity than the corresponding HPs. Furhter, The characterization tech-
niques, such as pendant drop tensiometry and FreSCa cryo-SEM are a successful
way to explore small samples of JPs.





Considera de nuevo ese punto. Eso es aquí. Eso es nuestra casa. Eso somos
nosotros. Todas las personas que has amado, conocido, de las que alguna vez
oíste hablar, todos los seres humanos que han existido, han vivido en él. La
suma de todas nuestras alegrías y sufrimientos, miles de ideologías, doctrinas
económicas y religiones seguras de sí mismas [...] - en una mota de polvo
suspendida en un rayo de sol.

Carl Sagan Resumen

Las nanopartículas Janus (JPs, del inglés Janus nanoparticles) son entidades
coloidales con dos dominios espaciales diferenciados con diferentes propiedades
fisicoquímicas. Esta anisotropía puede conducir al auto-ensamblaje espontáneo
de dichas nanopartículas cuando se exponen a un estímulo externo, como un
campo magnético o eléctrico, o ante un gradiente de pH o de temperatura, etc.
En particular, las JPs con un contraste de mojabilidad, entre los dos dominios
espaciales, son capaces de estabilizar emulsiones de Pickering y proporcionan los
beneficios de los anfífilos moleculares tradicionales (esto es, los surfactantes),
como por ejemplo la reorientación de la parte hidrófoba e hidrófila hacia las fases
aceite y agua, respectívamente, en una interfaz agua/aceite, y los beneficios de las
emulsiones de Pickering, como por ejemplo la mayor estabilización de espumas y
emulsiones debido a que las nanopartículas entran en contacto entre sí previnien-
do la coalescencia o la maduración de Ostwald. Sin embargo, las diferentes rutas
de síntesis de las JPs son costosas y producen realmente pequeñas cantidades de
nanopartículas a escala de laboratorio. Por lo tanto, es importante verificar si las
JPs son mejores que las nanopartículas homogéneas correspondientes (HPs, del
inglés homogeneous nanoparticles), mucho más fáciles de sintetizar y aplicadas
ampliamente en la industria como estabilizadores de espumas y emulsiones.
Sin embargo, las pequeñas cantidades sintetizadas no permiten realizar pruebas
sencillas en las que se forma una emulsión con JPs. En esta tesis se propone una
colección de varias técnicas para caracterizar la actividad interfacial de tales JPs
en las interfaces agua/aire y agua/aceite. En el primer capítulo de introducción,
compilamos el estado del arte respecto a las JPs con actividad interfacial en la
siguiente publicación con título “Actividad superficial de nanopartículas Janus
adsorbidas en interfaces fluido-fluido: aspectos teóricos y experimentales”:

M.A. Fernandez-Rodriguez†, M.A. Rodriguez-Valverde†, M.A. Cabrerizo-
Vilchez† and R. Hidalgo-Alvarez†,∗, Surface activity of Janus particles adsorbed
at fluid-fluid interfaces: Theoretical and experimental aspects, Advan-
ces in Colloid and Interface Science, In Press, 2015, ISSN 0001-8686, DOI:
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10.1016/j.cis.2015.06.002.
† Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, 18071 Granada (Spain)
∗ rhidalgo@ugr.es

La caracterización de la actividad interfacial se realiza por tensiometría de gota
pendiente. Con esta técnica, el área de la interfase es de unos pocos milímetros
cuadrados y se requieren pequeñas cantidades de muestra en comparación con
otras mediciones de tensión interfacial como la balanza de Langmuir con la
placa de Whihelmy o el anillo de Nouy. Además, en este trabajo depositamos
las nanopartículas desde fuera en la interfaz agua/aire de la gota pendiente
utilizando un agente de extensión, lo que requiere aún menos nanopartículas para
cubrir la interfaz que si las nanopartículas están dispersas en el seno de la gota
pendiente y tienen que alcanzar la interfaz. Cuando el agente de extensión es un
disolvente orgánico, el proceso de evaporación violento también proporciona una
cantidad significativa de energía para que las nanopartículas se adsorban en la
interfaz agua/aire, en caso de que exista una barrera de energía a la adsorción.
Así, hacemos un seguimiento de la tensión superficial o interfacial a lo largo del
tiempo hasta que el agente de extensión se evapora totalmente, manteniendo
el volumen de la gota pendiente constante. En condiciones normales, la tensión
interfacial final es estable en el tiempo y disminuye a medida que se incrementa el
número de nanopartículas depositadas. Después de la evaporación del disolvente,
la gota pendiente se somete a ciclos de inyección y extracción de volumen a la
velocidad más baja posible para obtener la presión superficial o interfacial versus
el área por partícula de la gota pendiente (es decir, áreas diferentes de la gota
pendiente para una cantidad fija de nanopartículas depositadas por experimento).
Combinando los resultados de diferentes experimentos con diferentes cantidades
de nanopartículas depositadas, es posible construir una isoterma de compresión
a trozos, de manera análoga a las isotermas de compresión habituales obtenidas
con la balanza de Langmuir. Por otra parte, los ciclos de inyección/extracción dan
información adicional sobre la histéresis del proceso y la reproducibilidad de las
medidas. Cuando ha sido posible, hemos tratamos de ajustar las isotermas de
compresión con diferentes modelos como el modelo de disco duro o el modelo
de Frumkin que tiene una parte geométrica, similar al modelo de disco duro, y
una parte de interacción en el que se tiene en cuenta la interacción lateral entre
las nanopartículas adsorbidas en una interfaz. Por último, los experimentos de
tensiometría de gota pendiente se enriquecen con la posibilidad de estudiar la
reología interfacial dilatacional a través de variaciones periódicas del volumen
de la gota pendiente y el cálculo de los módulos interfaciales dilatacionales de
elasticidad y viscosidad. La técnica de gota pendiente fue validada a través de la
caracterización de HPs de oro de 2 nm de diámetro funcionalizadas con hexanotiol

http://dx.doi.org/10.1016/j.cis.2015.06.002
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y dispersadas en tetrahidrofurano (THF), donde la isoterma de compresión a
trozos fue ajustada por un modelo de disco duro simple tanto para interfaces
agua/aire como agua/decano, en el trabajo titulado “Actividad interfacial de
nanopartículas AuC6 usando la técnica de la gota pendiente”:

M.A. Fernandez-Rodriguez†, Y. Song‡, M.A. Rodriguez-Valverde†, S. Chen‡,
M.A. Cabrerizo-Vilchez† and R. Hidalgo-Alvarez†,∗, Interfacial Activity of AuC6
Nanoparticles Using the Pendant Drop Technique, Journal of Colloid Science
and Biotechnology, Volume 3, Number 2, 2014, Pages 184-187, ISSN 2164-9634,
DOI: 10.1166/jcsb.2014.1084.
† Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, 18071 Granada (Spain)
‡ Department of Chemistry and Biochemistry, University of California, 1156 High Street,
Santa Cruz, CA 95064 (USA)
∗ rhidalgo@ugr.es

Se utilizaron varias técnicas para complementar la caracterización de la
actividad interfacial de las JPs. El tamaño y la morfología de las nanopartículas
fueron estudiados por TEM de alta resolución, crio-SEM y dispersión de luz
dinámica (DLS, del inglés dynamic light scattering) mediante dispositivos basados
en DLS como el Zetasizer Nano Z y el NanoSight (ambos de Malvern). En el
primer dispositivo de DLS es posible obtener también la movilidad electroforética
que representa la carga electrostática de las nanopartículas en el seno del agua.
Las mediciones DLS de tamaño y movilidad electroforética permiten caracterizar
la estabilidad coloidal de las nanopartículas en el seno del agua. La microscopía
de iluminación estructurada también permitió demostrar el verdadero carácter
Janus de una de las JPs estudiadas. Por otra parte, la microestructura interfacial se
caracterizó mediante una técnica consistente en vitrificar la interfaz agua/decano
con un chorro de propano muy frío y la posterior fractura de la interfaz, dejando
visible las nanopartículas en la interfaz y los huecos que estas dejan en la otra
interfaz. Se cubre con una capa de tungsteno formando 30◦ con la interfaz y las
nanopartículas hacen de máscaras, impidiendo el recubrimiento con tungsteno
y generando una “sombra”. Esta sombra se puede medir en un crio-SEM y así se
puede estimar el ángulo de contacto de cada nanopartícula en la interfaz. Esta
técnica, Fresca cryo-SEM (del inglés freeze fracture shadow casting cryo-SEM) fue
desarrollada por el Profesor Lucio Isa en el Laboratorio de Interfases, de la Materia
Blanda y el Ensamblaje en el centro de investigación ETH-Zurich. Las medidas
recogidas en este trabajo se realizaron durante la estancia de investigación de
tres meses en su laboratorio bajo su supervisión. Con esta novedosa técnica, fue
posible medir de forma directa el ángulo de contacto de las nanopartículas en la

http://dx.doi.org/10.1166/jcsb.2014.1084
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interfaz agua/aceite.

En este trabajo nos centramos en la caracterización de la actividad interfacial
de distintas JPs. Por lo tanto, cada capítulo de la parte de Resultado y Discusión
está dedicado a una colección diferente de JPs, sintetizadas por varios grupos y
empresas internacionales. Cada uno de estos capítulos son el resultado de dichas
colaboraciones internacionales. El primer sistema estudiado involucrando JPs
fue caracterizar la actividad interfacial de HPs de oro de 3.5 nm de diámetro
funcionalizadas con hexanotiol y JPs reales funcionalizadas en una mitad con
hexanotiol y la otra mitad con 2-(2-mercapto-etoxi)etanol (MEE) mediante
tensiometría de gota pendiente. El resultado fue una clara mejora de la actividad
interfacial de las JPs en comparación con las HPs, tanto para interfaces agua/aire
como agua/decano. Aunque el modelo de disco duro ajustó para las isotermas de
compresión a trozos de las HPs, este modelo subestimaba la actividad interfacial
de las JPs. Estos resultados están publicados en el trabajo con título “Comparación
de la actividad interfacial entre nanopartículas de oro homogéneas y Janus
mediante tensiometría de gota pendiente”:

M.A. Fernandez-Rodriguez†, Y. Song‡, M.A. Rodriguez-Valverde†, S. Chen‡,
M.A. Cabrerizo-Vilchez† and R. Hidalgo-Alvarez†,∗, Comparison of the Interfacial
Activity between Homogeneous and Janus Gold Nanoparticles by Pendant
Drop Tensiometry, Langmuir, Volume 30, Issue 7, 2014, Pages 1799-1804, ISSN
0743-7463, DOI: 10.1021/la404194e. Cited by 7.
† Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, 18071 Granada (Spain)
‡ Department of Chemistry and Biochemistry, University of California, 1156 High Street,
Santa Cruz, CA 95064 (USA)
∗ rhidalgo@ugr.es

La actividad interfacial y el comportamiento colectivo de nanopartículas
de plata de 100 nm de diámetro al estilo Janus (Janus-like en inglés) fueron
estudiadas en la interfaz agua/aire. Se dicen que son Janus-like porque fueron
funcionalizadas en un método de un solo recipiente con los ligandos ácido
11-mercaptoundecanoico y 1-undecanotiol y dispersos en metanol y se supuso
una separación espontánea de los ligandos en la interfaz. La actividad interfacial
medida fue análoga a la de los anfífilos moleculares pero con nanopartículas
más grandes y la isoterma de compresión a trozos fue ajustada por el modelo de
Frumkin mencionado anteriormente. La reología interfacial dilatacional mostró
un comportamiento de “cáscara” elástica de la gota pendiente que señala a estas
nanopartículas como buenas estabilizadoras de emulsiones. Estos resultados están

http://dx.doi.org/10.1021/la404194e
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publicados en el trabajo titulado “Actividad superficial y comportamiento colectivo
de partículas al estilo Janus coloidalmente estables en la interfaz agua/aire”:

M.A. Fernandez-Rodriguez†, M.A. Rodriguez-Valverde†, M.A. Cabrerizo-
Vilchez† and R. Hidalgo-Alvarez†,∗, Surface activity and collective behaviour
of colloidally stable Janus-like particles at the air-water interface, Soft
Matter, Volume 10, Issue 19, 2014, Pages 3471-3476, ISSN 1744-683X, DOI:
10.1039/C3SM52624K. Cited by 5.
† Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, 18071 Granada (Spain)
∗ rhidalgo@ugr.es

HPs de PMMA (de 119 nm de diámetro) dispersas en agua, nanopartículas de
sílice funcionalizadas homogéneamente con metacriloxipropiltrimetoxisilano (de
181 nm de diámetro) dispersas en agua, y las JPs de plata antes mencionadas
se caracterizaron en la interfaz agua/decano. El ángulo de contacto de las
nanopartículas en la interfaz se obtuvo mediante la técnica Fresca cryo-SEM
anteriormente mencionada. Aunque el ángulo de contacto fue similar para las
partículas de sílice y las JPs de plata, la actividad interfacial fue mucho mayor
para la JPs de plata, necesitando 100 veces más concentración de partículas de
sílice o de PMMA para alcanzar la actividad interfacial de las JPs de plata. Esto
apunta a la importancia de las propiedades fisicoquímicas de los ligandos que
forman parte de las nanopartículas y la estructura Janus para diseñar nanopar-
tículas con mayor actividad interfacial. Estos resultados están publicados en el
trabajo titulado “Actividad interfacial y ángulo de contacto de nanopartículas
homogéneas, funcionalizadas y Janus en la interfaz agua/decano”:

M.A. Fernandez-Rodriguez†, J. Ramos‡,§, L. Isa‖, M.A. Rodriguez-Valverde†,
M.A. Cabrerizo-Vilchez† and R. Hidalgo-Alvarez†,∗, Interfacial Activity and
Contact Angle of Homogeneous, Functionalized, and Janus Nanoparticles
at the Water/Decane Interface, Langmuir, Volume 31, Issue 32, 2015, Pages
8818-8823, ISSN 0743-7463, DOI: 10.1016/acs.langmuir.5b02137.
† Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, Granada, Spain
‡ POLYMAT, Bionanoparticles Group, Applied Chemistry Department, UFI 11/56, Faculty of
Chemical Sciences, University of País Vasco UPV/EHU Donostia-San Sebastián, Spain
‖ Laboratory for Interfaces, Soft matter and Assembly, ETH Zürich, Vladimir-Prelog-Weg 5,
8093 Zürich, Switzerland
§ Department of Materials, Department of Bioengineering, and the Institute for Biomedical
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Engineering, Imperial College London, London SW7 2AZ, United Kingdom
∗ rhidalgo@ugr.es

La importancia de la elección de los ligandos con los que se funcionali-
zan las nanopartículas se estudió mediante la comparación de las JPs de oro
mencionadas anteriormente cubiertas en una mitad por MEE con JPs similares
pero funcionalizadas con un ligando más corto y más hidrófilo que el MEE, el
1,2-mercaptopropanediol (MPD). Aparte de la diferencia en el ligando hidrófilo,
ambas JPs se dispersaron en THF y fueron similares en proceso de fabricación,
ligando hidrófobo, contraste de mojabilidad, tamaño y carga. Sin embargo, las
JPs con MPD fueron claramente mucho más activas interfacialmente que las JPs
con MEE. Estos resultados están publicados en el trabajo titulado “Una estrategia
simple para mejorar la actividad interfacial de nanopartículas Janus de oro reales:
un ligando más corto e hidrófilo”:

M.A. Fernandez-Rodrigueza, L. Chenb, C.P. Demingb, M.A. Rodriguez-Valverdea,
S. Chenb, M.A. Cabrerizo-Vilcheza, and R. Hidalgo-Alvareza,∗, A simple strategy
to improve the interfacial activity of true Janus gold nanoparticles: a shorter
hydrophilic capping ligand, Soft Matter, Accepted Manuscript, 2015, ISSN
1744-683X, DOI: 10.1039/C5SM01908G.
a Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, Granada, Spain.
b Department of Chemistry and Biochemistry, University of California, 1156 High Street,
Santa Cruz, CA 95064, USA.
∗ rhidalgo@ugr.es

Analizamos el papel de los ligandos y el agente de extensión en la actividad
interfacial de JPs de oro (de 13 nm y 23 nm de diámetro) funcionalizadas en
una mitad con poliestireno (PS) y en la otra mitad con polietilenglicol (PEG) en
interfaces agua/aire y agua/decano. Las HPs no exhibieron actividad interfacial
en comparación con las JPs, señalando la capacidad de estas JPs como estabiliza-
dores de espumas. Los agentes de extensión probados fueron agua, una mezcla
de agua/cloroformo (CHCl3) y el mejor resultado fue obtenido cuando fue
usado CHCl3 puro como agente de extensión. En estas condiciones, la interfaz
agua/aire se comportó como una “cáscara” elástica que pone de manifiesto
también la capacidad de estas JPs como estabilizadores de espumas. Por otro
lado, la actividad interfacial fue cercana a cero cuando las gotas pendientes se
sumergieron en decano probablemente debido a la agregación irreversible de
estas en decano. Este trabajo se llevó a cabo gracias a la siguiente colaboración

http://dx.doi.org/10.1039/C5SM01908G
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titulada “Actividad interfacial de nanopartículas de oro cubierta por una corteza
polimérica Janus y el rol de los agentes de extensión”:

M.A. Fernandez-Rodriguez1, A.M. Percebom2,3,4, J.J. Giner-Casares3, M.A.
Rodriguez-Valverde1, M.A. Cabrerizo-Vilchez1, L.M. Liz-Marzán3 and R. Hidalgo-
Alvarez1,∗, Interfacial activity of gold nanoparticles coated by a polymeric
Janus shell and the role of spreading agents.
1 Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, Granada, Spain.
2 Department of Physical Chemistry, Institute of Chemistry, University of Campinas -
UNICAMP, P.O. Box 6154, 13084-862 Campinas, SP, Brazil.
3 CIC biomaGUNE, Paseo de Miramón 182, 20009 Donostia-San Sebastián, Spain.
4 Department of Chemistry, Pontifical Catholic University of Rio de Janeiro (PUC-Rio), Rua
Marquês de São Vicente 225, Gávea, 22451-900, Rio de Janeiro, RJ, Brazil.
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Una ruta completamente diferente de síntesis sin un núcleo inorgánico
y funcionalización con ligandos se exploró con JPs enteramente hechas de
polimetilmetacrilato/polytert-metacrilato de butilo (PMMA/PtBMA) (en el
intervalo de 160-200 nm de diámetro) fabricadas por co-eyección electrohidro-
dinámica y dispersas en agua. El verdadero carácter Janus fue demostrado por
imágenes de super-resolución en la que los dos dominios espaciales de cada
polímero aparecen separados. Aunque hubo una tendencia de las JPs a ser más
activas interfacialmente que las HPs, el carácter catiónico de estas nanopartículas
dio como resultado que fuesen contaminadas fácilmente y por tanto, hubo irre-
producibilidad en las medidas. Por otra parte, la reología interfacial dilatacional
de las JPs mostró un comportamiento de “cáscara” elástica que también señala la
capacidad de estas partículas como emulsionantes. Este trabajo se llevó a cabo
gracias a la siguiente colaboración titulada “Síntesis y actividad interfacial de
nanopartículas homogéneas y Janus de PMMA/PtBMA en interfaces agua/aceite:
las dificultades de usar nanopartículas catiónicas”:

M.A. Fernandez-Rodriguez1, S. Rahmani2,3,6, C.K.J. Yu2,5, M.A. Rodriguez-
Valverde1, M.A. Cabrerizo-Vilchez1, C.A. Michel2,4, J. Lahann2−6 and R. Hidalgo-
Alvarez1,∗Synthesis and interfacial activity of PMMA/PtBMA Janus and
homogeneous nanoparticles at water/oil interfaces: the difficulties of using
cationic nanoparticles.
1 Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, 18071 Granada, Spain.
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Por último, encontramos algunos problemas al intentar ajustar de las isotermas
de compresión con el modelo publicado por Aveyard y colaboradores en “Com-
presión y estructura de monocapas de partículas cargadas de látex en interfaces
aire/agua y agua/octano” (Langmuir 2000; 16 (4), 1969 a 1979). Exponemos
estos problemas en el siguiente trabajo titulado “Comentario sobre el trabajo
titulado Compresión y estructura de monocapas de partículas cargadas de látex
en interfaces aire/agua y agua/octano”::

M.A. Fernandez-Rodriguez†, M.A. Rodriguez-Valverde†, M.A. Cabrerizo-Vilchez†

and R. Hidalgo-Alvarez†,∗, Comment on the Compression and Structure of
Monolayers of Charged Latex Particles at Air/Water and Octane/Water
Interfaces.
† Biocolloid and Fluid Physics Group, Applied Physics Department, Faculty of Sciences,
University of Granada, 18071 Granada (Spain)
∗ rhidalgo@ugr.es

Después de todos los resultados obtenidos a través de las diferentes colaboracio-
nes internacionales y los diferentes trabajos de esta tesis, estamos en condiciones
de afirmar que las JPs presentan en general mayor actividad interfacial que las HPs
correspondientes. Las técnicas de caracterización utilizadas, como la tensiometría
de gota pendiente y FreSCa cryo-SEM son un medio eficaz para caracterizar JPs
cuando son tan escasas en su producción a escala de laboratorio.
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Figure 1.1: Graphical abstract.

Highlights

• Janus particles exhibit surface activity at fluid-fluid interfaces.

• Physical properties of Janus particle-laden interfaces are studied.

• Shape and wettability of Janus particles affect their arrangement at fluid-
fluid interfaces.

• Surface activity of Janus particles is explored using pendant drop tensiome-
try.

Abstract

Since de Gennes coined in 1992 the term Janus particle (JP), there has been a con-
tinued effort to develop this field. The purpose of this review is to present the most
relevant theoretical and experimental results obtained so far on the surface activ-
ity of amphiphilic JPs at fluid interfaces. The surface activity of JPs at fluid-fluid
interfaces can be experimentally determined using two different methods: the
classical Langmuir balance or the pendant drop tensiometry. The second method
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requires much less amount of sample than the first one, but it has also some exper-
imental limitations. In all cases collected here the JPs exhibited a higher surface
or interfacial activity than the corresponding homogeneous particles. This reveals
the significant advantage of JPs for the stabilization of emulsions and foams.

Keywords: Janus particles; Surface and interfacial activity; Fluid-fluid interfaces;
Particle-laden interfaces; Pendant drop tensiometry.

1.1 Introduction

Janus Particles (JPs), named after the double-faced Roman god, are anisotropic colloids
with two spatial domains of different physicochemical properties [1]. The contrast be-
tween the spatial domains can induce spontaneous self-assembly of the nanoparticles and
be responsive to external stimuli such as magnetic or electric fields, pH or temperature
gradients [2–4]. Depending on the particular Janus character of the nanoparticles, they
cover a wide range of applications such as biosensors, drug-delivery and immunotherapy
[5–9], water-repellent textile [10], photonic micro-scale elevator [11] or nanoparticles
that become aligned by an external electric or magnetic field [12–19].

In recent years, there is an increasing interest in the design and synthesis of JPs and
their self-assembly and physical properties in particle-laden interfaces [20–28]. The JPs
are being developed to be used in electronic paper, asymmetrical carriers for catalysis,
sensing and drug delivery, nanoscale machinery in the conversion of solar energy into
electrical current, colloidal surfactants [29]. More explicitly the JPs laden-interfaces have
currently applications as artificial antigen-presenting cells for T-cell activation [30], and
in the fabrication of superhydrophobic surfaces formed by micropillars with hydrophobic
sidewalls and hydrophilic tops, which are Janus micropillars [10].

One of the most fascinating applications of JPs is the stabilization of multiphasic fluid
mixtures such as emulsions and bubbles because these particles are adsorbed to the in-
terfaces more efficiently than their homogeneous counterparts [25, 31–33]. To develop
these applications it is mandatory to evaluate properly the colloidal stability in bulk and
the interfacial activity of JPs and their interplay. However, there are a few woks devoted
to study these properties. Glaser et al. were the first to measure the interfacial activity
of JPs (composed of gold and an iron oxide moiety) at liquid-liquid interfaces (water-
hexane) by using pendant drop tensiometry [28]. Casagrande et al. [25] performed the
first experiments on the behavior of JPs at water-oil interfaces, but they only focussed
their experiments on the position of particles at that interface. Most recently, Ruhland
et al. [34] have performed the first study on the self-assembly behavior of Janus cylin-
ders at liquid-liquid interfaces using pendant drop technique and microscopic imaging.
Kumar et al. [26] have published a review on amphiphilic JPs at fluid interfaces where
they survey the recent development in the use of these particles as colloidal surfactants
to stabilize multiphasic mixtures such as emulsions. They also discuss on the importance
of controlling the shape of JPs, which has a significant impact on their behavior at fluid
interfaces. Obviously, the area occupied by the JPs at the interface changes drastically as
they aggregate because they lose their original size and shape. Ruhland et al. [34] were
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the first in describing an experimental study on the self-assembly of Janus cylinders at liq-
uid interfaces. These authors found significant differences in the structures formed at the
interface. More recently, the same authors have studied again the influence of JP shape
on their interfacial behavior at liquid-liquid interfaces [35]. More specifically they investi-
gated the self-assembly behavior of JPs with different geometries (spheres, cylinders and
discs) trapped at an oil-water interface.

JPs with wettability anisotropy can be used to stabilize Pickering emulsions during
longer periods of time and under experimental conditions more stressing (temperature
changes or shear effects, for instances) than with homogeneous particles (HPs). Unlike
HPs, amphiphilic JPs can exhibit high interfacial activity regardless of the degree of am-
phiphilicity, due to the spatial separation of the different wettability regions [31]. Thus,
amphiphilic Janus-like gold nanoparticles functionalized with thiol-terminated polyethy-
lene glycol chains and short alkane-thiols have been used as water/oil emulsion stabilizers
because the authors state that the domains rearrange when the JPs are placed at the in-
terface [36]. However, recently Reguera et al. [37] found that the capping ligands of gold
nanoparticles functionalized with 1-octanethiol and 6-mercapto-1-hexanol did not rear-
range when placed at a fluid-fluid interface. Moreover, gold JPs half functionalized with
polydopamine show that the electrostatic repulsion between nanoparticles determine the
resulting particle self-assembly at water/oil interfaces as a result of the hydrophilic poly-
dopamine and hydrophobic gold faces of each particle [38]. In addition, micrometer-sized
gold-silica JPs have been found to stabilize water/oil emulsions for longer than one year,
compared to 2 h of demulsification when homogeneous silica nanoparticles were used
[39]. Importantly, not only the wettability contrast of the JPs rules the interfacial activity,
their morphology also controls the interfacial activity at a given water/oil interface, which
determines the packing behavior of the JPs [35]. Thereby, nonspherical drops of emulsion
have been obtained by using asymmetrical JPs [40].

There are different synthesis strategies involving bulk methods in which the JPs are
synthesized in a solvent, usually one-pot method [13, 36, 41]. On the other hand, in
other strategies the particles are trapped at a given liquid interface to be functionalized
[27, 42], usually resulting in noticeably lower amount of JPs than in bulk methods. It
should be noted that the details on the synthesis of JPs are out of focus of the aims of this
review. Recently, some reviews on the JP synthesis have been published [24, 25].

Characterization of the surface activity of JPs is of fundamental interest as they rep-
resent a completely new class of Pickering surfactants [26]. The surface characterization
of colloidal monolayers formed by JPs becomes a difficult task [43, 44]. To explore the
surface activity of spherical JPs at fluid interfaces, the following factors are crucial: the col-
loidal stability of the particles in bulk, the presence of traces of the surface-active reagents
used in the particle synthesis and of the spreading agent typically employed to prepare col-
loidal monolayers. These factors may hinder the effect of the interface area on the surface
pressure due exclusively to the presence of JPs. The extremely low colloidal stability of JPs
is a serious limitation in their utilization as colloidal surfactants. Park et al. [45] have stud-
ied the self-assembly behavior of JPs at fluid interfaces in detail. These authors found that
JPs form a fractal-like aggregate structure spontaneously, which means that their interac-
tions are predominantly attractive. The formation of aggregates at fluid interfaces makes
unrealizable the study of colloidal monolayers, because these aggregates lead to multi-
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layers or unresolved monolayers. Nie et al. [46] found that amphiphilic polymeric JPs
assembled into supermicelles. Chen et al. [47] found that JPs with a hydrophobic hemi-
sphere and a negatively charged hemisphere aggregate in supracolloidal objects ranging
from spherical clusters to fibrillar triple helices. Furthermore, it has been reported that
metallo-dielectric JPs form fibrillar-like shapes under external electric or magnetic fields
[12–18]. Yu et al. [48] found similar fibers external field but by preferential wetting of
the hemispheres of silica and gold JPs. Shah et al. [49] reported that the fibers formed by
metallo-dielectric Janus ellipsoids under AC electric field kept a shape-memory of the state
before the external field is applied. From simulations, Beltran-Villegas et al. [50] found
that Janus spheres under sedimentation form lamellar structures. Instead, as reported by
Luo et al. [51], a stable colloidal monolayer can be formed with electrically charged JPs.
Simulations performed by Hong et al. [52] on the assembly of charged Janus spheres
showed that the charge asymmetry of a single JP is preserved in the cluster acting as a
larger charged JP.

From theoretical calculations, an amphiphilic JP, half hydrophobic and half hy-
drophilic, can be up to three times more active at the interface than the corresponding
HP [31]. In these energetic calculations, the JPs are not aggregated, which is rather diffi-
cult to achieve experimentally if the particles exhibit a strong wettability contrast between
both hemispheres. One way to avoid the aggregation of the JPs is to functionalize the par-
ticle surface with hydrophobic and hydrophilic ligands [27, 43]. The electrical charge of
the hydrophilic ligand plays a decisive role in the stabilization of JPs and the hydrocarbon
chain of the hydrophobic ligand also introduces a steric effect between particles. A com-
bination of both effects is expected to stabilize metallic particles through an electrosteric
mechanism [27, 43]. As reported by Garbin et al. [44], capping ligands play a prominent
role in determining both interparticle interactions and the particle-fluid interactions. The
simplest model to describe the interfacial arrangement of particles is the hard disk model
in which the particles are represented by hard entities placed at the interface. These par-
ticles do not interact when there is enough room for every nanoparticle, but they become
close-packed when the area per particle is sufficiently low [53]. However, when the par-
ticles are functionalized with large polymers, Monte Carlo simulations and experimental
data show a complex behavior compared to hard objects at liquid/liquid interfaces [54].

The direct deposition of the nanoparticles dispersed in a spreading solvent at the in-
terface requires lower amount of nanoparticles than adsorption from the bulk. From the
growing and shrinking of the pendant drop the interfacial activity of the nanoparticles can
be evaluated and compared within a wide range of area per particle. Glaser et al. [28] ob-
served that the self-assembly of JPs at the water-hexane interface resulted in a significant
decrease in the interfacial tension. Furthermore, they demonstrated an adequate control
over the interfacial activity by tuning the particles’ amphiphilicity via ligand exchange re-
actions. Liu et al. [55] simulated JPs with capping ligands of different length confined in
a fluid-fluid interface and stretched the available area. The nanoparticle arrangement ex-
hibited a reversible transition between random and long-ranged configurations that could
be effectively controlled by various structural parameters of the Janus morphology and the
applied pressure. They revealed that conformational entropy effect of the capping ligands
and capping ligand differences dominated the collective nanoparticle organization in the
mechanical response.
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1.2 Adsorption of Janus particles at fluid-fluid inter-
faces: theoretical aspects

Janus particles in particle-laden interfaces are being extensively studied due to their
promising properties for applications in biotechnology, nanotechnology, electronics, and
clean energy [56]. Particles larger than a few nanometers can be permanently attached
to interfaces (e.g. water/oil) as the interfacial tension and the contact angle, which can
result in large adsorption energy, Eads:

Eads = πr2γ12 (1± cos θ12)2 (1.1)

where r is the particle radius, γ12 is the interfacial tension between the fluids and θ12 is
the three-phase contact angle. It should be noted that the interfacial tension (γ12) between
both fluids strictly exists only when the particle size is small (smaller than 100nm). For
larger particle sizes, however, three phases are present and the interfacial tension is not
defined. In this case, what is rigorously defined is the change of interfacial Gibbs energy,
and it should be referred to as apparent interfacial tension. The sign ± inside the bracket
is negative for removal from the water phase, and positive for removal from the air or
oil phase. To get an idea about the order of magnitude of the adsorption energy, we
assume a HP of r = 10-8 m adsorbed at the water/toluene interface (γ12 = 0.036N/m)
with θ12 = 90◦ and according to Eq. 1.1, Eads is 2750 kBT [23]. Above or below 90◦,
Eads decreases rapidly such that for θ12 between 0◦ and 20◦ or between 160◦ and 180◦

this energy is relatively small (< 10 kBT ). One consequence of the very high energy of
adsorption of particles with θ12 = 90◦, relative to the thermal energy, is that these particles
once placed at the interface are effectively irreversibly adsorbed. Therefore, we can say
that colloidal particles spontaneously adsorbed at the interface between two immiscible
fluids to minimize the interfacial area between the two phases. Nevertheless, the shape
and wettability of particles have a strong influence on their configuration and interactions
at fluid-fluid interfaces. For that reason, we will consider in this review both aspects:
particle shape and wettability.

Binks and Fletcher [31] performed a theoretical comparison between the desorption
energy of spheres of uniform wettability (HPs) and JPs adsorbed at an oil-water interface
as the amphiphilicity is tuned from zero to the maximum value. In comparing the adsorp-
tion of HPs and JPs, it is useful to distinguish between surface activity and amphiphilicity.
A surface-active particle shows a tendency to adsorb at interfaces, whereas an amphiphilic
particle possesses a diblock structure in which the two domains have different affinities for
each fluid phase. HPs for which the contact angle at the oil-water interface is around 90◦

are strongly surface active although they are not amphiphilic. Instead, JPs are both surface
active and amphiphilic [31]. The amphiphilicity of JPs can be tuned through variation of
both the angle α (parameterizing the relative areas of the polar and apolar domains, see
Fig. 1.2) and the magnitude of the difference between θA and θP , the equilibrium contact
angles of the two domains of the particle adsorbed at the oil-water interface. Zero am-
phiphilicity (corresponding to HPs) corresponds to either α = 0◦/180◦ or (θA − θP ) = 0◦.
The strongest amphiphilicity is expected when α = 90◦ and |θA − θP | = 180◦. The total
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Figure 1.2: Geometry of a Janus particle within an oil-water interface. The rela-
tive areas of the polar and apolar particle surface regions are parameterized by the
angle α. The immersion depth of the particle in the oil-water interface is param-
eterized by the angle β. Reprinted with permission from [31]. Copyright (2001)
American Chemical Society.

surface free energy E of a JP at an oil-water interface as a function of the angle β (char-
acterizing the immersion depth of the particles, see Fig. 1.2) are given by:
for β ≤ α

E(β) = 2πr2

[
γAO(1 + cosα) + γPO(cosβ − cosα) + γPW (1− cosβ)− 1

2
γOW (sin2 β)

]
(1.2)

and for β ≥ α

E(β) = 2πr2

[
γAO(1 + cosβ) + γAW (cosα− cosβ) + γPW (1− cosα)− 1

2
γOW (sin2 β)

]
(1.3)

where r is the particle radius and γAO, γPO, γAW , γPW and γOW are the interfacial
tensions of the apolar-oil, polar-oil, apolar-water, polar-water, and oil-water interfaces,
respectively. Eqs. 1.2 and 1.3 are valid under conditions such that the radius of curvature
of the oil-water interface is negligible relative to the particle radius and are applicable to
the case in which micrometer-sized liquid drops are coated with nanometer-sized particles.
For the case of nanoparticles considered by Binks and Fletcher [31] where their density is
not too different to that of the bulk oil and water phases, the oil-water interface shape is
not significantly deformed by particle buoyancy effects. It is further assumed that the JPs
are oriented with the apolar region all or mostly in the oil phase and the polar region all or
mostly in the water. In addition, effects of the line tension associated with the liquid-solid
perimeter line around the particle were neglected. The desorption energies for different
particle radii and interfacial tension scale as the product γOW · r2.

The contact angles θA and θP correspond to the equilibrium angles given by the Young’s
equation as follows:
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cos θA =
γAW − γAO

γOW
(1.4)

cos θP =
γPW − γPO

γOW
(1.5)

The average contact angle of the JP is weighted by the relative areas of the polar and
apolar domains as follows:

θaverage =
θA(1 + cosα) + θP (1− cosα)

2
(1.6)

The immersion angle β corresponding to the minimum surface energy configuration of
the JPs depends on the relative magnitudes of α, θA and θP . The three possibilities are
listed here:

For α < θA < θP , then β = θA

For θA < α < θP , then β = α

For θA < θP < α, then β = θP

(1.7)

Eqs. 1.2 and 1.3 together with the inequalities in Eq. 1.7 allow the calculation of
the minimum surface energy of the adsorbed particle, Eads. The surface energy of the
particle located entirely in either the bulk oil (Eoil) or water (Ewater) is given by Eqs.
1.2 and 1.3 with β set to either 0◦ (for the particle in oil) or 180◦ (for the particle in
water). The surface activity of the particle was calculated by Binks and Fletcher [31] as
the desorption energy, which is defined as the free energy required to desorb the particle
from the interface into either the bulk oil or water phase, (Eoil−Eads) or (Ewater−Eads),
whichever is the lowest.

Fig. 1.3 shows the variation of particle desorption energy in units of kBT per particle
for different values of the angle ∆θ (defined as |θA− θP |/2). For this series, α, r, and γOW

were set to constant values of 90◦, 10nm, and 36mN/m−1, respectively. According to the
different selected contact angles, the appropriate combinations of surface energies were
obtained by solution of Eqs. 1.4 and 1.5.

For this series at constant α, the particle amphiphilicity is tuned by changing ∆θ. The
case ∆θ = 0◦ corresponds to a HP with zero amphiphilicity, ∆θ = 90◦ corresponds to the
maximum possible amphiphilicity in which the polar region of the particle is completely
wetted by water and the apolar region is completely wetted by oil.

As can be seen in Fig. 1.3, as increasing the particle amphiphilicity through ∆θ, the
strength of particle adsorption increases up to a maximum of 3-fold for θaverage of 90◦. In
addition, the JPs maintain strong adsorption with average contact angles near 0◦ or 180◦,
where the surface activity of the HPs is low.

The most important conclusions that may be drawn of the study made by Binks and
Fletcher [31] are: first, desorption energies may be increased 3-fold by maximizing the
amphiphilicity of JPs; second, unlike HPs, JPs retain their strong adsorption even for av-
erage contact angles of 0◦ and 180◦.

In relation to the stability of symmetric JPs (where the two different surface domains
are of equal area) at fluid-fluid interfaces, Cheung and Bonn [57] demonstrated using
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Figure 1.3: Variation of particle desorption energy with area-weighted average
contact angle for particles of radius 10nm and α = 90◦. The oil-water tension was
set to 36mN · m−1. In order of increasing desorption energies, the curves refer
to ∆θ = 0◦ (the homogeneous particle case), 20, 40, 60 and 90◦. Reprinted with
permission from [31]. Copyright (2001) American Chemical Society.
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Figure 1.4: The dimensionless adsorption energy gi as a function of the con-
tact angle θ for ε = 0 (solid line), ε = 0.2 (dashed line), and ε = 0.4 (dot-

ted line). The other parameters are α = π/2, γA =
γ1A − γ2A

γ12

= −0.25, and

γB =
γ1B − γ2B

γ12

= 0.25. The minimum denoted by the filled circle coincides with

the anchoring angle (indicated by an arrow) when ε = 0 and 0.2, while it is given
by Young’s equation for ε = 0.4. Reprinted with permission from [32]. Copyright
[2007], AIP Publishing LLC.

Monte Carlo simulations that the presence of the particle at the interface became more
stable as increasing the difference in affinity of the two faces with the respective liquid
phase.

Hirose et al. [32] investigated the effect of the interface curvature on the JP adsorption
and showed that although the equilibrium contact angle is determined by the classical
Young’s equation (being independent of the curvature), the adsorption energy is affected
by the interfacial curvature. Fig. 1.4 shows the dimensionless adsorption energy (gi(θ, ε),
in Eq. 1.8 as a function of the contact angle θ and ε = r/R (r and R are the JP and
the liquid drop radii, respectively), for a flat interface (ε = 0) and two curved interfaces
(ε = 0.2 and 0.4).

gi(θ, ε) =
wi

2πr2γ12
− γ − τ cosα− r(p1 + p2)

3γ12
(1.8)

If the JP is divided into two parts as an angle α: A (hydrophilic) and B (hydrophobic),
wi (i = A,B) is the corresponding interfacial energy, 1 and 2 are the two fluid phases
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of the interface, γ12 is the interfacial tension between both fluids, γ =
γ1A + γ2B

γ12
, τ =

γ1A − γ2B

γ12
, p1 and p2 are the pressures in each fluid.

Recently, the chance of to stabilize thermodynamically Pickering emulsions using JPs
has been theoretically addressed by Aveyard [58]. The key-point is how the magnitude of
the adsorption free energy of JPs can affect the emulsion formation with negative changes
in its free energy. In the lateral interactions between particles adsorbed at drop surfaces
the electrical, hydration and van der Waals forces were taken into account. Following a
simple approach, Aveyard showed that emulsions stabilized by JPs are thermodynamically
stable because the large adsorption energy of these particles can overcome the free energy
increase for the formation of a bare oil-water interface. Furthermore, Aveyard found that
the long-range electrostatic repulsion can play a prominent role in the stabilization of
Pickering emulsions with JPs and the van der Waals attraction appears to be negligible
in all cases. A theoretical study performed by Tu et al. [59] confirmed that the Pickering
emulsions can be stabilized by using amphiphilic Janus dumbbells, which are nonspherical
particles made of two partially fused spherical particles of opposite wettability. To the best
of our knowledge, there is not yet experimental evidence of these theoretical predictions.

Recently, there is a growing interest in the study of non-spherical JPs and particularly
in ellipsoidal particles with different aspect ratio adsorbed at liquid-liquid interfaces [49,
60–63]. This type of JP has an additional degree of freedom in tuning the particle char-
acteristics, for example, Janus paramagnetic ellipsoids have been shown to exhibit unique
response to a rotating magnetic field [64]. Park and Lee [60] theoretically studied the
equilibrium orientation of nonspherical JPs adsorbed at an oil-water interface. The equi-
librium orientation of a Janus nanoparticle at this interface is the result of two competing
driving forces: (1) the minimization of the unfavorable water-oil interactions, which is
obtained when the Janus nanoparticle occupies as much interfacial area as possible, and
(2) the minimization of Janus nanoparticle-solvent interactions, which is obtained when
the polar beads on the Janus nanoparticle interact preferentially with water beads. Two
types of particles were considered: Janus ellipsoids and Janus dumbbells. The equilib-
rium orientation was calculated on the basis of a minimum condition in the adsorption
energy as a function of the orientation angle respect to the oil-water interface. In general,
it was found that this type of JPs adopts the upright orientation (i.e., the major axis of
the ellipsoid or dumbbell is perpendicular to the interface) if the difference in the wet-
tability of the two regions is large or if the particle aspect ratio is close to 1. Otherwise,
the nonspherical JPs would tend to have a tilted orientation at equilibrium. Another im-
portant conclusion of this theoretical study is that the interaction potential between Janus
dumbbells showed only a primary energy minimum indicating that these particles prefer
always to be in a single orientation, whereas Janus ellipsoids, under appropriate condi-
tions, can be kinetically trapped in a metastable state due to the presence of a secondary
energy minimum. In consequence, as Park and Lee affirm, the orientation of nonspherical
JPs likely will have important influence on their ability to stabilize emulsions and modify
the rheological properties of fluid interfaces. Whereas Park and Lee [60] found theoret-
ically that in some cases it is possible that an ellipsoidal JP at a liquid-liquid interface
adopts two well-defined orientations (one is representative of the equilibrium orientation,
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while the second one represents a local minimum in the free-energy landscape), Luu et
al. [61] using dissipative particle dynamics simulations found that the ellipsoidal JP has
one preferential orientation although they oscillate around it. The same conclusion was
reached when the ellipsoidal JPs were assembled at spherical oil-water interfaces [63]. It
is possible that the temperature of simulated systems provide sufficient fluctuations that
the JPs escape the local minima discussed by Park and Lee [60]. Concerning to interfacial
tension, Luu et al. [61] found that the ellipsoidal JPs reduce the decane-water interfa-
cial tension more efficiently than spherical ones, provided that the nanoparticle surface
density is high. For a given nanoparticle shape, the interfacial tension reduction becomes
more significant as the percent of nonpolar beads on the nanoparticle surface increases.
Analysis of simulation results suggested that prolate and oblate nanoparticles are more
effective than spherical particles in reducing the interfacial tension because of the larger
excluded volume, which increases when the nanoparticle orient their longer axis parallel
to the interface. These results are consistent with experimental data obtained by Ruhland
et al. [34] with Janus cylinder.

Although in literature there is none comparative study of the self-assembly and rhe-
ological behavior between ellipsoidal Janus and homogeneous particles, there are good
experimental data with ellipsoidal homogeneous particles [65–67]. However, theoreti-
cally we know that in the study of the interactions of ellipsoidal JPs at an oil-water in-
terface unlike homogeneous ellipsoids with quadrupolar deformations, Janus ellipsoids
induce a hexapolar interface shape due to the change in meniscus sign by crossing the
Janus boundary. The overlapping of such distortions for neighboring particles leads to
long-ranged capillary interactions [62].

Gao et al. [68] have also studied using molecular dynamics simulations the influence of
shape of JPs on their orientation and interface activity at fluid-fluid interfaces. Three types
of JPs were considered: spheres, rods and discs. In the simulations, Gao et al. considered
four types of beads: JPs constructed by lumping Lennard-Jones (LJ) beads with different
types at one of the two halves of the JP surface. Two “atomic” types of LJ beads modeled
the immiscible fluids.

The beads interacted with each other through a shifted-force Lennard-Jones potential.
A linear term was added so that the force smoothly went to zero at cut-off distance in Eqs.
1.9 and 1.10.

U(rij) =

4ε

[(
σ

rij

)12

− αij
(
σ

rij

)6
]

+ ∆U(rij) rij < rc

0 rij ≥ rc
(1.9)

and

∆U = − (rij − rc)
∂ULJ

∂rij
(rc) (1.10)

Here, rij is the distance between two beads, σ is the bead size, ε is the interaction
potential well depth, and the potential is cut-off at rc = 2.5σ. For simplicity, all the beads
in the system had the same size σ and mass m. The symmetric coefficient matrix αij = αji
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Figure 1.5: Free energy UF as a function of the particle distance from the interface
at different θint with the parameter β = 0.08 for Janus spheres, Janus rods, and
Janus discs. The schematics of Janus particles show their final orientations at the
fluid-fluid interface. The error bars represent one standard deviation from the
average. The aspect ratio of Janus particles is 1, 3.3, and 0.3 for Janus sphere, rod,
and disk, respectively. Reprinted with permission from [68]. Copyright [2014],
AIP Publishing LLC.

(0 ≤ α ≤ 1) controls the attraction between beads of different types in the simulations,
which in turn determined the wetting properties.

The free energy profiles for the different morphologies Janus spheres, Janus rods and
Janus discs transferring from a fluid phase to the interface are shown in Fig. 1.5. In this
scheme, θint corresponds to the initial orientation angle between the JP and the planar
interface and β = α0 − α1 (0 ≤ β ≤ 1) the index of amphiphilicity, being α0 and α1 a
measure of the surface wettability of the JP by the two fluids. For Janus spheres and rods,
they had a free energy minimum at the interface, irrespective of the initial orientation
of the JPs. Therefore, there is one equilibrium orientation for both Janus spheres and
Janus rods at the fluid-fluid interface. In comparison, upon contact to the interface, Janus
discs with different initial orientation angles follow different pathways ending up in two
different final orientations, corresponding to forward orientation and reverse orientation,
respectively. The existence of two different orientations of the Janus discs at the fluid-
fluid interface indicates that some Janus discs can be kinetically trapped in a metastable
orientation, and the initial orientations of Janus discs have a great impact on their final
orientation. Apparently, Janus discs are the most efficient to stabilize a fluid interface. But
this interface may be metastable depending on the orientation of the Janus discs at the
interface.

The fluid-fluid interfacial tension, γ, was calculated from the difference in the diagonal
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components of the pressure tensor (a planar interface was assumed in the simulations)
averaged over the entire interface as follows:

γ =
1

2

〈
Lz

(
Pzz −

Pxx + Pyy

2

)〉
(1.11)

where Lz is the box length in z direction (i.e., normal to the planar interface), and Pii

is the diagonal component of the viral tensor (i = x, y or z). Fig. 1.6 shows the time
evolution of interfacial tension of fluid-fluid interface by adsorbing, respectively, Janus
spheres, Janus rods, and Janus discs with different β at a particle volume fraction of
0.13. The interfacial tension showed a rapid decrease at early stages of adsorption for all
types of JPs, which leveled off and reached a stable value. A change in shape of the JPs
led to different adsorption behavior at the interface. As can be seen in Fig. 1.6, Janus
spheres are not so efficient to decrease the interfacial tension; in contrast Janus rods most
efficiently reduced the interfacial tension. Janus discs with smaller values of β showed
similar efficiency on interfacial tension reduction, but increasing β will decrease the ability
of Janus discs to reduce the interfacial tension. These results clearly demonstrated that
anisotropy in the shape of JPs, as earlier indicated by Park and Lee [60], leads to a decisive
influence on the surface activity. It should be noted that for Janus spheres and Janus
rods the interfacial tension reduction was independent on β, while for Janus discs the
interfacial tension reduction became more significant as β decreased. These simulated
results of interfacial tension are in a reasonable agreement with the experimental data of
interface activity measured by Ruhland et al. [35] with JPs of similar geometries to those
used by Gao et al. [68].

1.3 Surface activity and interfacial behavior of
Janus particles adsorbed at fluid-fluid inter-
faces: experimental data

1.3.1 Experimental studies performed using a Langmuir bal-
ance

The Langmuir film balance technique is very used to characterize the interfacial activity
and arrangement of nanoparticles at water/air and water/oil particle-laden interfaces [27,
43, 69–71].

To the best of our knowledge, Sashuk et al. [43] were the first ones to experimen-
tally study the surface activity of Janus-type nanoparticles at the water/air interface using
a Langmuir balance. The aim of this study, however, was to develop a simple method
to obtain close-packed and charged colloidal monolayers of well-defined surface charge
at the air-water interface, which can be easily transferred onto solid substrates. This
method is based on the fact that ligands forming the protecting layer around noble metal
nanoparticles exhibit ability to arrange at the nanoparticles surface [72, 73]. Sashuk et
al. demonstrated that if the protecting layer is composed of a mixture of hydrophobic
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Figure 1.6: Time evolution of interfacial tension γ for Janus particles with different
shapes and different β. In these simulations, the aspect ratio of Janus particles
is 1, 3.3, and 0.3 for Janus sphere, rod, and disk, respectively. Reprinted with
permission from [68]. Copyright [2014], AIP Publishing LLC.

(1-undecanethiol (UDT)) and hydrophilic charged ligands (11-mercaptoundecanoic acid
(MUA) and N,N,N-trimethyl (11-mercaptoundecyl) ammonium chloride (TMA), for the
negatively silver and positively gold charged nanoparticles, respectively) in appropriate
proportions (10−15% of the hydrophilic ligand), the nanoparticle becomes Janus-like with
a contrast of wettability between both hemispheres of the particle. The surface pressure-
area (Π−A, where Π = γ0−γ, with γ0 the surface tension without JPs and γ the measured
surface tension with JPs) isotherm recorded by Sashuk et al. for the colloidal monolayer
composed of positively charged gold containing 10% of TMA in the protecting layer (10Au
+) is shown in Fig. 1.7. As can be seen in this figure, the compression proceeded without
any noticeable change in Π down to ' 200nm2/nanoparticle. Below this point (the gas-
liquid transition), a steep rise in the surface pressure was observed. The threshold value of
about 200nm2/nanoparticle corresponds to the average surface-surface distance between
the nanoparticles of about 3nm, which can serve as a rough estimate of the Debye screen-
ing length in the aqueous phase. The presence of electric charge allowed compressing the
colloidal monolayer up to a relatively high surface pressure of about 40mN/m. Further
compression resulted in the collapse of the colloidal monolayer. At the collapse point,
the area occupied by a single nanoparticle was about 100nm2, which is very close to the
value found for a hexagonally close-packed monolayer, 117.5nm2/nanoparticle assuming
a radius of 5.42nm per particle.

The hysteresis displayed by the Π−A isotherm in Fig. 1.7 was mostly due to migration
of a small fraction of 10 Au + nanoparticles into the aqueous phase. From thermodynam-
ics point of view, the existence of hysteresis cycles is always interpreted as an experimental
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Figure 1.7: The Π−A isotherm of a monolayer of 10Au (+) NPs. The monolayer is
compressed at ∼ 100nm2/NP. This point (marked in red) corresponds to the close-
packed hexagonal structure. (b) Photograph of a glass slide covered with 10 Au
(+) NPs using the up-stroke deposition method. Reprinted from [43], Copyright
(2012), with permission from Elsevier.
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evidence of lack of equilibrium.
The contact angles of both hemispheres were (91.5±2)◦ and (80.5±1.5)◦, which proved

that the two hemispheres of the nanoparticles presented different hydrophilicity. Also,
data obtained with FTIR spectroscopy suggested that the Janus structure was formed dur-
ing the ligand exchange process but the ligands only rearranged when the nanoparticles
were brought at the water/air interface.

Recently, Reguera et al. [37] have presented an experimental approach based on Neu-
tron Reflectivity (NR) that allows in-situ measurements of the contact angles of nanopar-
ticles (NPs) adsorbed at fluid interfaces. They used two sets of gold nanoparticles, one
coated by a single ligand, perdeuterated 1-octanethiol (d-OT) and the other one coated by
two ligands, perdeuterated 1-octanethiol and 6-mercapto-1-hexanol (d-OT:MHol 1 : 1).
In the first set of NPs, the experimental value of contact angle was 119.5±5.5◦, which was
in good agreement with 121◦ determined from simulation. Concerning to the d-OT:MHol
1 : 1 sample of NPs, the value of contact angle was 85 ± 10◦, which is much lower than
that of d-OT NPs as expected due to the presence of hydrophilic ligands. The most im-
portant conclusion of this comprehensive study on the contact angle measurement is that
the Janus structure was not present in their NPs because the ligands were uniformly dis-
tributed on the gold surface, suggesting that the capping ligands did not rearrange in
Janus-like form when the NPs were placed at the interface. This would imply that the
one-pot method might be in fact a wrong strategy for synthesis of JPs. Nevertheless,
nanoparticles synthesized by one-pot method and that involves the sequential function-
alization of the particle surface with thiol-terminated polyethylene glycol (PEG) chains
and short alkane-thiol molecules have demonstrated to be highly effective emulsifying
agents. This emulsification effect is due to the strong adsorption of this type of particles
at oil-water and air-water interfaces, although they must not be considered as JPs [36].

1.3.2 Experimental studies performed using pendant drop ten-
siometry

Pendant drop tensiometry is an extensively employed method for measuring surface and
interfacial tension of liquids [74]. The surface tension of JPs can be measured using
pendant drop tensiometry. As Ruhland et al. [34] state, an elegant way of determining
the influence of particles at liquid-liquid interfaces is to analyze the interfacial tension of
a dispersion of the desired material via the pendant drop method. This technique enables
to measure the surface or interfacial tension of colloidal monolayers using a much smaller
amount of particles than that the well-established technique of Langmuir balance, where
the particles are spread on a fluid subphase from a volatile solvent to form the monolayer
[44]. Instead, the colloidal monolayer is formed onto the surface of a pendant drop with
a few microliters of solution. This is very important because for the JPs synthesis simple
strategies are still being developed for the preparation of large amounts of JPs [24].

A typical set-up is composed of a CMOS camera interfaced with a computer-based data
acquisition system, which is used to capture the image of an equilibrium drop [75]. Then
edge-detecting software is used to fit the drop shape to the Young-Laplace equation using
the Axisymmetric Drop Shape Analysis Profile (ADSA-P) [74]. Real time drop images are
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processed at each step of volume variation and the drop area and surface tension are
calculated [74]. It is strongly required for the reference system of two fluids that the
drop phase and the particle solution are immiscible. An initially relatively high interfacial
tension is additionally beneficial to produce a large driving force for the JPs to assemble at
the interface. Furthermore, the density of the liquid forming the drop needs to be higher
than the surrounding dispersion liquid in order to ensure the development of a hanging
drop at the end of the syringe needle. To the best of our knowledge, Kwok et al. [76] were
the first in using the axisymmetric drop shape analysis (ADSA) as a film balance. They
studied the surface behavior of an octadecanol monolayer.

Although the quantity of nanoparticles required is much lower than that necessary for
a standard Langmuir film balance experiment, a certain amount of nanoparticles is still
necessary for the experiments that involve the adsorption of JPs at the interface of a pen-
dant drop from the bulk [25, 34, 42, 77]. When the sample amount is insufficient to study
the adsorption from the bulk to the interface of the pendant drop, the direct deposition of
the nanoparticles onto the drop interface from a volatile solvent allows the study of the
interfacial activity. Moreover, solvent evaporation is a violent and rapid process, which
helps the nanoparticles to be adsorbed at the interface of the pendant drop, faster than
the diffusion from the bulk [44]. This methodology enables to control the amount of
nanoparticles deposited at the interface, contrary to the diffusion from bulk experiments
in which the control parameter is the initial concentration of particles in the bulk. Nev-
ertheless, neither method presents the possibility to know a priori the exact amount or
microstructure of the particles that finally are placed onto the interface.

a) Water/hexane.

Glaser et al. [28] were the first in presenting experiments on the interfacial activity of
JPs (gold and an iron oxide moiety) at fluid-fluid interfaces, where the JPs were diffusing
from the hexane phase onto the water pendant drop interface. The aim of this study
was to provide an experimental confirmation of Binks’ theoretical prediction whereby the
stabilization of Pickering emulsions should be considerably improved when JPs instead of
HPs are used [31]. The JPs were made of an Au and Fe3O4 part following the protocol of
Yu et al. [78]. The mean diameter of the gold particle was around 4nm and the diameter
of iron oxide was about 10nm, resulting in an overall diameter of about 14nm.

To establish the effect of the Janus character of the particles on their interfacial activity,
HPs of both gold and iron oxide of comparable sizes were synthesized as well, 10 and
7nm in diameter, respectively. Oleic acid and oleylamine were used as ligands for the
homogeneous iron oxide nanoparticle as well as the iron oxide part of the JPs. To increase
the amphiphilic character of the JPs further, dodecanethiol (DDT) and octadecanethiol
(ODT) molecules were attached to the gold part via ligand exchange. The excess thiol and
ligands at the iron oxide part were properly removed. This cleaning process is crucial to
obtain meaningful values of interfacial tension using pendant drop tensiometry because
the desorption of any ligand from the JP greatly can affect to the interfacial tension. For
quantitative comparison, the homogeneous gold nanoparticles were also capped with DDT
following the same procedure as for the JPs.

The concentration of nanoparticles in solution was about 1.2 · 10−4mmol/L (i.e., 7 ·
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Figure 1.8: Interfacial tension in terms of time. Water was used as the drop phase,
and n-hexane was used as the ambient phase in which the nanoparticles were
diluted. (NP: homogeneous nanoparticles; JP: Janus particles. The gold moieties
were modified using dodecanethiol (DDT) or octadecanethiol (ODT).). Reprinted
with permission from [28]. Copyright (2006) American Chemical Society.

1016 nanoparticles/L). As can be seen in Fig. 1.8, as soon as the water drop is formed,
the water/n-hexane interfacial tension begins to decrease as the particles adsorb at the
interface. For the homogeneous particles, similar values of the interfacial tension were
found after 1000 s (Fe3O4: 34.5mN/m; Au: 33mN/m). These values were lower than
for the water/hexane interface, which was around 48mN/m in the absence of surface-
active agents.

For the JPs modified with DDT (JPDDT ) the interfacial tension dropped up to
22.5mN/m. This decrease in the interfacial tension of the JPs in comparison with the HPs
confirmed that the JPs are considerably more effective to reduce the interfacial tension
as expected and according to the Binks’ theoretical prediction [31]. It can be concluded
that the JPs orient at the liquid-liquid interface. Because of its nonpolar character, the
hydrocarbon ligand-covered gold part should point to the hexane phase, and the polar
iron oxide should be (partially) immersed in the water phase (see scheme in Fig. 1.9).
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Figure 1.9: Schematic representation of Janus particles at the hexane-water in-
terface (red: gold part; gray: iron oxide part). Reprinted with permission from
[28]. Copyright (2006) American Chemical Society. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of
this article.)

If ODT (C18H37SH) replaces DDT (C12H25SH) then the interfacial tension reached a
minimum value of 18mN/m. Obviously, the particle concentration of JPDDT in hexane
plays an important role in the decreasing of the interfacial tension and the lowest value
of the interfacial tension measured was around 12mN/m at a JPDDT concentration of
3.9 · 10−4mmol/L. This value of concentration is approximately 4 orders of magnitude
lower than for typical surfactant, e.g., AOT. This reveals the significant advantages of JPs
in the stabilization of emulsions and foam.

b) Perfluorinated oil-dioxane and perfluorinated oil-dimethyl sulfoxide inter-
faces.

Ruhland et al. [34] were the pioneers in the study of the self-assembly of Janus cylinders
at liquid-liquid interfaces. The Janus cylinders were characterized by a phase separa-
tion along the major axis into two hemicylinders of different wettability. They used the
pendant drop tensiometry and microscopic imaging to characterize the adsorption behav-
ior and self-assembly of Janus cylinders at perfluorinated oil-dioxane and perfluorinated
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oil-dimethyl sulfoxide interfaces. The key difference between spherical and anisotropic
particles is the number of transitions in interfacial tension that can be encountered during
concentration changes.

The synthetic pathway to obtain cylindrical Janus structures was based on a
template-assisted synthesis, involving cross-linking of a microphase-segregated lamellar-
cylinder morphology of a bulk film of polystyrene-block-polybutadiene-block-poly-(methyl
methacrylate) (SBM) block terpolymer, followed by a sonication treatment. This process
resulted in the formation of core-crosslinked cylinders, possessing a polybutadiene (PB)
core and two hemicylinders of PS and PMMA. The PB cylinder had an average diameter of
approximately 23nm with a surrounding corona, leading to a total diameter of the cross
section of 80nm. They chose perfluorooctane (PFO) as the drop phase and dimethyl sul-
foxide (DMSO) and dioxane as solvents in order to get sufficiently high interfacial tensions
with values of 21.7 (PFO/DMSO) and 10.7mN/m (PFO/dioxane), respectively.

In a first series of experiments, they assessed the influence of different length of the
Janus cylinder on the interfacial tension of liquid-liquid interfaces for the two systems.
Fig. 1.10 displays a series of pendant drop tensiometer measurements for cylinders with
number of average lengths of 2300, 1600, 800 and 350nm, dissolved in dioxane at a con-
centration of 1 g/L. As can be seen in Fig. 1.10, the interfacial tension decreased with
time and approached quasi-equilibrium. At early stages of adsorption, the interfacial ten-
sion decreased rapidly. Subsequently, the decrease in interfacial tension slowed down, and
finally, it approached a plateau, where the maximum coverage of the interface with cylin-
ders was obtained. After reaching the plateau value, the Janus cylinders were located and
arranged at the interface. An increase of the average length of the Janus cylinders led to an
enhanced adsorption at the interface, and the plateau was reached earlier. The differences
observed in Fig. 1.10c are probably due to the lower viscosity of dioxane (1.37mPa · s)
compared to DMSO (2.24mPa · s), which affects obviously to the diffusion coefficients
and the adsorption kinetics of cylinders onto liquid interfaces.

Presumably, the Janus cylinders are orientated parallel to the liquid-liquid interface
and their interfacial assembly is evidently determined by a minimization of the free en-
ergy. Hence, the longest Janus cylinders had most influence on the interfacial tension
and the highest surface activity (see Fig. 1.10). Considering the values of solubility pa-
rameters of the various polymers, it has sense to assume that PS is preferably orientated
towards the PFO phase and the PMMA side chains towards the external solute phase
(dioxane or DMSO). If we compare the interfacial tension isotherms of the uncrosslinked
polymer (SBM) and the Janus cylinders (see Fig. 1.10), we can conclude that the block
terpolymer provides a minor reduction of around 10% of the interfacial tension for both
solvents, however, the Janus cylinders showed a significantly stronger decrease, i.e., an up
to 5-fold better performance for the PFO-dioxane solvent system and up to 4-fold better
performance for PFO-DMSO. These results indicate that Janus cylinders are more efficient
stabilizing agents for the nanostructuration of interfaces than the block terpolymers.

Concerning to the mechanism of cylinder adsorption, Ruhland et al. [34] found that
the adsorption took place following three different stages (see Fig. 1.11). First, there
was free cylinder diffusion to the interface (I). Therefore, the number of particles at the
interface increased rapidly, the cylinders packed closer, and the decrease in interfacial
tension slowed down (II). Furthermore, similar to phase II a closer cylinder organization
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Figure 1.10: Influence of the length of Janus cylinders on the interfacial tension.
(A) Interfacial tension isotherms of solutions of Janus cylinders in dioxane at the
PFO/dioxane interface and (B) in DMSO at the PFO/DMSO interface (c = 1 g/L).
Interfacial tension isotherms for uncrosslinked SBM and homogeneous BS core-
shell cylinders are included. (C) Relative decrease of quasi-equilibrium interfacial
tensions as a function of the cylinder length for both solvent systems. Reprinted
with permission from [34]. Copyright (2011) American Chemical Society.
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played an important role in order to get more cylinders to the interface (III). Here, the
adsorption of new Janus cylinders came along with a rearrangement and better ordering
of already adsorbed cylinders at the interface. These microscopic arrangements of the
Janus cylinders at the interface were confirmed by ex-situ TEM images (see Fig. 1.11).

c) Toluene-water interface.

Recently, Ruhland et al. [35] have again studied the influence of JP shape (spheres,
cylinders and discs) on their interfacial behavior at liquid-liquid interfaces, but now us-
ing the toluene-water interface. As previously, the synthetic pathway to obtain JPs was
based on a template-assisted synthesis, involving cross-linking of a bulk terpolymers and
a subsequent sonication treatment. The block terpolymer precursors used in the prepara-
tion of cylinders and spheres JPs were: the two polystyrene-block-polybutadiene-block-
poly(methyl methacrylate) block terpolymers S41B41M45 and S44B8M48, respectively.
Whereas, the polystyrene-block-polybutadiene-block-poly(tert-butyl acrylate) block ter-
polymer S42B10T48 was the block terpolymer precursor of the Janus discs. The geometries
of JPs synthesized by Ruhland et al. [35] are shown in Fig. 1.12.

Pendant drop tensiometry isotherms of the interfacial tension at the toluene/water in-
terface (γ = 34mN/m) were measured on a Krüss DSA100 tensiometer at room tempera-
ture. The measurements were performed with a degassed Milli-Q-water droplet saturated
with toluene immersed in a toluene solution of the JPs saturated with water. The inter-
facial tension was measured as a function of time (see Fig. 1.13). Different adsorption
dynamics for spheres, cylinders, and discs were observed. The addition of Janus cylinder
resulted in the maximum reduction in the equilibrium interfacial tension, from 34 to ca.
14mN/m. In comparison, Janus spheres showed a moderately lower surface activity with
an intermediate γinf value of ca. 17.5mN/m. Janus discs provided the smallest amount
of effective interfacial tension reduction, from 34 to ca. 19mN/m. Additionally, the Janus
discs showed a different trend of adsorption dynamics, which clearly pointed towards a
change in the packing of the Janus discs at the interface with time due to the anisotropic
shape.

As pointed out by the authors of this very interesting comparative study on the self-
assembly behavior of JPs with different geometries at the toluene/water interface, one
reason for the different adsorption kinetics is the size of the JPs. The Janus spheres were
50nm in diameter, whereas the cylinders had a length of 2300nm and the discs were
around 300nm. Smaller sizes led to higher diffusion coefficients and thus faster adsorption
kinetics, however, the particle shape is also a determining factor of the quasi-equilibrium
state and the final value of the interfacial tension. The ability for stabilization slightly
decreases from Janus cylinders to Janus spheres to Janus discs. Ruhland et al. [35]
simulated the free energy change upon adsorption of the various types of JPs to get a better
understanding of the adsorption behavior and kinetics of JPs at liquid-liquid interfaces.
The free energy of adsorption for the particles at the interface was calculated similarly to
the method used by Pieranski [79] at a series of rotations and translations through the
interface from the Eq. 1.12.
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Figure 1.11: Left top: adsorption curves in linear and logarithmic presentation.
(A-H) Series of TEM images (obtained from Lacey grids) of 2300nm Janus cylin-
ders (1 g/L) adsorbing at the PFO/dioxane interface at different times as noted in
the interfacial isotherms (scale bars: 1µm). Reprinted with permission from [34].
Copyright (2011) American Chemical Society.
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Figure 1.12: Overview of possible janus particle architectures: (A) spheres, (B)
cylinders, and (C) discs. Reprinted with permission from [35]. Copyright (2013)
American Chemical Society.

Figure 1.13: Influence of the Janus particle shape on the interfacial tension. (A)
Interfacial tension isotherms of solutions of Janus particles in toluene at a wa-
ter/toluene interface. (B) Logarithmic representation of the data in (A). Reprinted
with permission from [35]. Copyright (2013) American Chemical Society.
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∆Gad =
∑
P

AP1γP1 +
∑
P

AP2γP2 −A12γ12 (1.12)

where Aij represents the area and γij the interfacial tension with the subscripts P1,
P2 and 12 for the polymer phase in liquid 1, the polymer phase in liquid 2, and the
fluid-fluid interface, respectively. The values of the areas were calculated by simply sum-
ming the area of triangles of the PMMA or PS phase in the corresponding liquid phase.
The interfacial tension values used in the calculations were: water-toluene, 34mN/m;
PS-toluene, 6.5mN/m; PS-water, 32mN/m; PMMA-toluene, 11.4mN/m; PMMA-water
16mN/m. The simulation method was the same used by Morgan et al. [80] to evaluate
the adsorption energy of hematite particles at a liquid interface. On the basis of calculated
data, these authors found a favored orientation of PS to the toluene phase and PMMA
side chains to the water phase. The energy barrier for the removal an isolated Janus
sphere from the interface is ' 5 ·105 kBT . In comparison, the energy profile of Janus discs
showed two energy minima and therefore predicted the existence of two different orien-
tations, which correspond to the global and local minimum energies, of the Janus discs
at the toluene-water interface. The energy barriers were ' 1.5 · 106 kBT and 5 · 105 kBT ,
respectively. The Janus cylinders had one energy global minimum of 1 · 106 kBT with an
orientation parallel to the interface. On the basis of the experimental data and simulation
results, Ruhland et al. [35] were able to describe the fundamental aspects of adsorption
kinetics of the JPs at liquid-liquid interfaces, which depend not only of the particle size
but also of the geometrical shape of particles. Whereas the adsorption kinetics of spheres
and cylinders can be described by three different adsorption stages, the discs require of
four stages (see Fig. 1.13).

d) Water/air and water/decane interfaces.

Park et al. [45] have studied the behavior of JPs (gold-coated polystyrene particles-AuPS)
at an oil-water interface formed between decane (superphase) and an aqueous subphase
with 2wt.% of Gellan (Gellan gum is a water-soluble anionic polysaccharide produced by
the bacterium Sphingomonas elodea), JPs were inserted at the interface with a spreading
solvent (isopropanol). The spreading agent plays a crucial role in the formation of well-
structured colloidal monolayers, although the effects that cause on the colloidal stability
of particles and the surface tension of the fluid-fluid interfaces are not very well under-
stood yet [81]. To investigate the effect of the wettability of the gold hemisphere on the
interfacial behavior of JP, the gold surface was modified using 1-dodecanethiol (DDT), 1-
octadecanethiol (ODT) and 3-mercaptopropionic acid (MPA). The water contact angles of
a water drop on a un-modified and thiol-modified gold (Au) were: Au (119±5)◦, DDT-Au
(139± 3)◦, ODT-Au (152± 2)◦ and MPA-Au (62± 2)◦.

The behavior of the amphiphilic JPs at the decane-water interface was completely dif-
ferent from that of un-modified PS particles (PS, diameter 2.9µm). Whereas the un-
modified PS particles and MPA-Au-PS are organized into a stable hexagonal lattice, Au-PS
JPs, ODT-Au-PS, and DDT-Au-PS immediately are aggregated giving rise to fractal struc-
tures. This observation suggested to Park et al. [45] that the formation of stable col-
loidal monolayers was the result of long-range electrostatic dipolar repulsions between
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the electrically charged particles [79] and that the attractive interaction associated with
the uncharged JPs and the formation of fractal structures was due to capillary interactions
provoked by an undulating contact line around the particle surface [82]. A simpler ex-
planation could be that the weakly charged colloidal particles coagulate easily when they
are placed at fluid interfaces [83]. Hong et al. have experimentally found the formation
of clusters of charged Janus spheres [52]. The cluster shapes were analyzed by combined
epifluorescence microscopy and Monte Carlo computer simulations with excellent agree-
ment. The most interesting result obtained in that work was that the charge asymmetry
of individual JPs was preserved in the clusters. The low colloidal stability of the most JPs
explains why the fluid-like, glass-like and hexagonal solid structures are not present at the
JPs laden-interfaces, whereas these microstructures appear very often at the homogeneous
particles laden-interfaces [84, 85]. On the contrary, the amphiphilic JPs tend to form su-
permicelles because they behave like surfactants [46]. In this context, Beltran-Villegas et
al. [50] have recently simulated using Brownian dynamics the equilibrium phase behavior
of Janus colloids by implementing a sedimentation equilibrium approach, but the obtained
information is not applicable to the possible microstructures at JPs laden-interfaces. Fur-
thermore, Tran et al. [86] recently found the coexistence of multiple stable mesophases
for JPs based on lipids and stabilized by Pluronic F127 surfactant.

On the other hand, Fernandez-Rodriguez et al. have made a comparative study be-
tween gold and Janus gold particles behavior at air-water and water-decane [87]. Ho-
mogeneous gold nanoparticles (AuC6) capped with hexanethiol (HPs) were synthesized
following the Brust protocol [88]. Janus gold nanoparticles (JPs) were synthesized by
functionalizing a hemisphere of the HPs with 2-(2-mercapto-ethoxy)ethanol (MEE) using
the Chen protocol [27, 71]. In some cases the hydrophilic MEE was substituted by the
3-mercaptopropane-1,2-diol (MPD). The terminal groups were -CH3 and -OH for the hex-
anethiol and MEE or MPD functionalized hemispheres, respectively. Both nanoparticles
were redispersed separately in tetrahydrofuran as a spreading agent (THF). The JPs di-
ameter quantified from isolated nanoparticles in High Resolution TEM (HRTEM) pictures
was (3.5 ± 0.9)nm. The amphiphilic character of the Janus gold particles was examined
by contact angle measurements. The hydrophobic side showed an average contact angle
of (63.3 ± 2.7)◦ (using MPD) or (56.1 ± 1.8)◦ (using MEE), whereas it decreased up to
(53.4 ± 2.9)◦ (MPD) or (49.0 ± 1.3)◦ (MEE) into the hydrophilic side. The wettability dif-
ferences between -CH3 and -OH terminal groups suggested a surface activity of the JPs.
Atomic Force Microscopy (AFM) confirmed the amphiphilic nature of these Janus gold
particles [89]. The mean value of the adhesion force between the Janus gold particles and
a modified gold surface was found to be (31.5 ± 10.0)nN , whereas this force diminished
up to (27.5±4.5)nN when homogeneous (AuC6) particles were used. This latter value of
adhesion force was very close to the mean value estimated for the direct contact between
the AFM tip and the modified gold surface (C6 self-assembled monolayer surface). In any
case, Perro et al. have pointed out that the direct visualization of the surface dis-symmetry
of the JPs is not a simple task, as the difference between the two hemispheres is at the
molecular level [21]. In addition to the AFM characterization of the structural details
of the JPs, Nuclear Overhauser Enhancement Spectroscopy (NOESY) has also been used
[71]. This is a two-dimensional phase-sensitive NMR technique that detects the distance-
dependent nuclear Overhauser effect between proton spins. This spectroscopy technique
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also confirmed that the gold JPs prepared by Chen’s method exhibited segregated distri-
bution of the two kinds of ligands, supporting the amphiphilic structural model of these
JPs prepared using the Langmuir-Blodgett technique. Nevertheless, it must be pointed out
that because of the anisotropic characteristics and absence of electric charges on the JP
surface, extensive aggregation was also observed in selected solvent media (THF) [87].
The low colloidal stability of these JPs is a serious drawback for a proper characterization
of their interfacial behavior or surface activity.

Fernandez et al. [87] used the pendant drop tensiometry to precise change and control
the volume and therefore the area of a MilliQ water pendant drop using a microinjec-
tor. The growing and shrinking of the pendant drop volume forced different nanoparticle
arrangements, once a fixed amount of nanoparticles was adsorbed at the pendant drop
interface. First, they deposited a given amount of the HPs or JPs dispersed in THF onto
a MilliQ water pendant drop in air with a microsyringe and a micropositioner and waited
until full evaporation of the spreading solvent. As stated before, the evaporation of the
spreading solvent ensured that the nanoparticles had enough energy to adsorb at the in-
terface, compared with the slow process of adsorption from the bulk [44]. In Fig. 1.14,
it can be observed the surface tension evolution over time after different amounts of HPs
and JPs deposited at the pendant drop. The surface tension decreased as the nanopar-
ticle concentration increased at the pendant drop surface. This decrease was greater for
JPs than for HPs, suggesting enhanced interfacial activity of the Janus nanoparticles as
compared to the homogeneous equivalents.

Next, for each particle concentration the shrinking and growing experiment enabled
to build a piecewise-like compression isotherm with the pendant drop in air or immersed
in decane (see Fig. 1.15). Given that the adsorption energy of the nanoparticles at the
interface is of the order of kBT when the nanoparticle diameter is in the range of a few
nanometers [77], the 3.5nm-diameter HPs and JPs were expected to desorb from the
pendant drop interfaces due to thermal fluctuations. However, both HPs and JPs exhib-
ited a significant and stable effect on the surface tension after the THF evaporation and
low hysteresis during the growing and shrinking experiments, suggesting that there were
nanoparticles at the interface and that they did not desorb from the pendant drop in-
terface over time. Once again, the JPs showed higher interfacial activity than the HPs.
Furthermore, the hard disk model (Eq. 1.13) fitted the HPs compression isotherm and
underestimated the JPs results.

Π(Ap) =
kBT

Ap

(
1− πd2

4Ap

) (1.13)

Eq. 1.13 is written in terms of the surface pressure Π for a given area per particle at
the interface Ap, where kB is the Boltzmann constant, T is the temperature and d is the
hard disk diameter.

Finally, Fernandez-Rodriguez [90] examined the surface activity and the collective be-
havior of colloidally stable silver Janus-like particles synthesized following the Sashuk
et al. protocol [43] deposited at the water/air interface. The capping ligands were
11-mercaptoundecanoic acid and 1-undecanethiol, hydrophilic and hydrophobic, respec-
tively. They showed an average particle diameter of (100± 40)nm and were dispersed in
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Figure 1.14: Surface tension evolution over time after depositions of gold HPs and
JPs at the surface of an initial 5µL MilliQ water pendant drop and subsequent
growing at a 0.08µL/s rate up to 20µL. Each line corresponds to different de-
positions with different number of HPs or JPs. After the solvent evaporation, the
surface tension remained stable. Reprinted with permission from [87]. Copyright
(2014) American Chemical Society.
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(a) Water/air interface

(b) Water/decane interface

Figure 1.15: Surface pressure against the area per particle for different number
of gold JPs (red dots) and HPs (black dots) deposited at the interface. Each black
or red symbol corresponds to a single JP or HP deposition at the interface of the
pendant drop. The solid line is the hard disks model (Eq. 1.13) for disks of
1nm diameter. Reprinted with permission from [87]. Copyright (2014) Ameri-
can Chemical Society. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).
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Figure 1.16: Surface tension γ as a function of time for different silver Janus-
like particle concentrations during the formation of the pendant drop and the
subsequent deposition of the monolayer [90]. Reproduced by permission of The
Royal Society of Chemistry.

methanol or a mixture of methanol and 2-propanol. The JPs in aqueous media showed
colloidal stability at pH values above 5. All experiments of surface activity and collective
behavior were performed at pH ∼ 6.

Using pendant drop tensiometry, they measured the surface tension of JP monolayers
as a function of time, as the spreading solvent was evaporating at different particle surface
concentrations and the corresponding adsorption isotherms from the growing and shrink-
ing cycles (surface pressure as a function of area per particle) in a similar way as their
previous work [87].

After the evaporation of the spreading solvent, the final surface tension decreased as
increasing amounts of JPs were deposited at the interface. As can be seen in Fig. 1.16, the
final surface tension decreased 15mN/mwhen the amount of JPs deposited was increased
3.5 times.

They found that the mixture of 2-propanol and methanol as spreading solvent resulted
in higher interfacial activity than the methanol alone. This might be due to the formation
of complexes between the methanol, 2-propanol and water as reported by Grossmann and
Ebert [91].
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Figure 1.17: Surface pressure as a function of surface area per particle for different
silver Janus-like particle concentrations using methanol as spreading agent. The
gray line is an eye guide and the dashed line the fitting with the Frumkin model
[90]. Reproduced by permission of The Royal Society of Chemistry.

For each shrinking and growing experiment, the surface pressure Π against the drop
area divided by the number of JPs was plotted in Fig. 1.17. The effective surface tension
γ of a JP-laden interface was lower than the surface tension of the bare interface due to
the bidimensional osmotic pressure Π generated by the colloidal monolayer.

The hysteresis displayed by the isotherms in Fig. 1.17 is much smaller than that shown
by the isotherms obtained by the conventional Langmuir balance [43]. This indicates that
the pendant drop tensiometry enables to measure surface pressure values under experi-
mental conditions very close to the thermodynamic equilibrium and that the migration of
JPs deposited at the interface into the aqueous phase was almost negligible. The interface
compression produced changes in the surface pressure (around 5mN/m) at high values of
area (5 ·104 nm2/particle), which reveals the sensitivity of this technique. Below this point
a gas-liquid transition can be identified from the steep rise in the surface pressure. It is no-
ticeable that the complete compression isotherm throughout the range of interfacial area
is not single-valued, i.e. the curves obtained with different particle concentration do not
overlap perfectly. This can be explained because each part of the compression isotherm
corresponds to a different shrinking and growing experiment with different JP amounts in
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which different self-assembly dynamics could take place. The isotherm collapse is found
in Fig. 1.17 between 104 and 2 ·104 nm2/particle. This collapse corresponds with the close
packing of 100nm particles at the interface, which takes place when the area per particle
is 4R2 being R the particle radius (a hexagonally close-packed monolayer). Moreover, the
surface tension at the collapse state (around 25mN/m) is in agreement with the reported
values for similar JPs [43].

The contact angles of both hemispheres of the JPs are expected to be around 80◦ and
92◦, which does not represent a large wettability contrast in both faces of the JPs used
in this study [43]. This reveals that the colloidal stability of the JPs in the bulk solution
and at the interface plays a more important role in their interfacial activity rather than
the contact angle difference between their faces. Finally, they fitted the Frumkin model
[92] (Eq. 1.14), which relates the surface pressure (Π) with the area per particle at the
interface (Ap).

Π(Ap) = −kBT
A0

ln

(
1− A0

Ap

)
− β

A2
p

(1.14)

where A0 is the particle geometrical area and β is the interaction constant. The
first term was negligible and the second term was fitted with a positive value of β =
(1.15± 0.08) · 10−26mJ ·m2. The negligible geometrical term in comparison with the high
interaction term pointed out to the dominant effect of the lateral attractive interactions
between JPs at the water/air interface.

As above mentioned, the shape and wettability of particles have a strong effect on the
configuration and interactions between particles placed at fluid-fluid interfaces. In this
sense, Park et al [93] performed a very interesting experimental study on the behavior
of double hydrophilic Janus cylinders at air-water and decane-water interfaces. The as-
semblies of multiple double hydrophilic Janus cylinders at the air-water interface showed
structures of nondeterministic assembly behaviors, which are noticeably different from
those observed in geometrically anisotropic but chemically homogeneous particles, such
as ellipsoids and cylinders [66].

1.4 Interfacial rheology of Janus particles adsorbed
onto liquid interfaces

The viscosity increase of a solution containing JPs of SiO2 and Fe3O4 when it is applied
with an external AC electric and magnetic fields due to the formation of chains was stud-
ied by Ren and Kretzschmar [94]. However these measurements referred to particles in
the bulk of a solution. In order to study the viscosity and elasticity of the JPs at a fluid-
fluid interface it is necessary to study the interfacial rheology of the interface [95]. The
dilatational rheology of the colloidal layers formed at the pendant drop interface can be
measured with the oscillating pendant drop tensiometry. An oscillatory perturbation is ap-
plied to the interface by injecting and extracting volume to the drop. The system records
the response of the surface tension to the area deformation. The average dilatational
modulus (E), the mean surface tension (γ) and the surface dilatational viscosity (ηd) are
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obtained from this response [95]. To obtain the dilatational modulus it is required a quasi-
equilibrium drop shape for the calculation of the surface tension to avoid excessive per-
turbation of the colloidal monolayer and the departure from the viscoelastic linear region
as discussed by Hilles et al. [96]. However, above this viscoelastic linear region it is still
possible to obtain an average dilatational modulus in which the main contribution comes
from the dilatational modulus in the viscoelastic linear region. Fernandez et al. [90]
studied the interfacial rheology of silver Janus-like particles in water/air interface. The
initial pendant drop volume was 20µL or 10muL, which depended on the surface particle
concentration. In all rheology experiments, they applied a sinusoidal oscillation in the
pendant drop volume with 1µL amplitude and a frequency of 0.1Hz, which was above
the viscoelastic linear region. They distinguished two different behaviors depending on
the spreading agents used in the deposition of the JPs. The average dilatational modulus
changed dramatically when the colloidal monolayer collapsed (from E = (62± 2)mN/m
to (620±50)mN/m) when 2-propanol and methanol mixture was used as spreading agent.
On the other hand, when methanol only was used as spreading agent, the average dilata-
tional modulus was low in comparison and did not change significantly after the collapse
(always below E < 28mN/m). In all cases the average dilatational viscosity was very low
(ηd < 14mN/(m · s)). The values of E and ηd obtained upon these states agree, which in-
dicates that the collective behavior of the JPs is practically independent of the geometrical
arrangement of particles in the colloidal monolayer. This illustrates again the decisive role
played by the spreading agent. The elastic network formed by the JPs at the interface at
high surface pressure is strongly influenced by the presence of solvent molecular clusters
established with water [91].

1.5 Conclusions

Since de Gennes published in 1992 his inspiring work coining the term Janus particle (JP),
there has been a strong effort to develop different routes to synthesize JPs. These particles
with two spatial domains of different wettability are able to stabilize Pickering emulsions
rather than homogeneous particles (HPs) due to the desorption energy of JPs, three times
greater than for HPs. Different methods are being used to characterize the interfacial activ-
ity of JPs-laden interfaces as the Langmuir balance, but often the synthesis produces small
amount of JPs, not enough to perform an experiment of Langmuir balance. Otherwise,
pendant drop tensiometry allows exploring the interfacial activity of JPs in different fluid-
fluid interfaces with much less number of JPs. Furthermore, if the particles are deposited
onto the interface dispersed in a spreading solvent, the necessary quantity of JPs is even
lower and the evaporation of the spreading solvent provides enough energy to place the
JPs at the interface faster than the diffusion-driven adsorption of JPs from the bulk of the
pendant drop. Also, the pendant drop tensiometry enables to easily perform dilatational
surface rheology to characterize the collective behavior of the JPs at the interface of the
pendant drop. In all the theoretical and experimental works there are several parameters
that condition the interfacial activity of the JPs: shape, morphology and distribution of
the spatial domains which confers the Janus character to the particle, spreading solvent,
colloidal stability, charge and composition of the JP. Finally, regardless of the synthesis
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and characterization methods, the JPs show an enhanced interfacial activity compared to
the corresponding HPs.
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Science is a way of thinking much more than it is a body of
knowledge.

Carl Sagan

2Expanding our knowledge on Janus
nanoparticles with interfacial activity

In this chapter we will describe the different approaches and strategies that we
have followed to improve our knowledge on the interfacial activity of Janus
nanoparticles. One important issue is that we have focused on the physicochem-
ical characterization of Janus nanoparticles rather than in their synthesis. At the
beginning of this thesis, we performed a careful survey in literature after the year
2010 about Janus nanoparticles and next, we wrote several emails to stablish col-
laborations. The deal was simple: they would provide us with Janus nanoparticles
and we would explore their interfacial activity. It was a successful strategy since
a lot of colleagues answered positively. However, we realized soon two things: i)
we needed nanoparticles with no surfactants, that hinders the interfacial activity
of the nanoparticles (we had to discard some nanoparticles synthesized by using
a high amount of surfactants) and ii) the usual quantities of synthesized Janus
nanoparticles were really small, typically in the range of 1 mg, to perform exper-
iments with the Langmuir balance or even to prepare oil/water emulsions (e.g.
there are no enough Janus nanoparticles to mix them with water and oil and ex-
amine the final emulsion in a small flask). Thus, we decided that the pendant drop
tensiometry was the most suitable technique because it needed small amounts of
nanoparticles to measure their interfacial activity. In fact, because in most cases
we did not have enough nanoparticles for the bulk of the pendant drop, we had to
deposit the nanoparticles from outside as it is described in Chapter 3. Nonetheless,
we achieved to study such scarce nanoparticles and designed several strategies to
cover the different aspects of Janus nanoparticles.

In the previous Chapter 1, we collect the models, methodologies, strategies
and results obtained with Janus nanoparticles at fluid-fluid interfaces as a descrip-
tion of the state-of-the-art. Regarding the Methodology used in this thesis, we
describe in Chapter 3 the pendant drop tensiometry through the interfacial char-
acterization of 3.5 nm-diameter homogeneous gold nanoparticles functionalized
with hexanethiol, synthesized by Dr. Yang Song and Prof. Shaowei Chen (Depart-
ment of Chemistry and Biochemistry, University of California), at the water/air
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and water/decane interfaces. In this chapter, we explain how it is conducted the
deposition of nanoparticles at the pendant drop interface with a spreading sol-
vent and how a piecewise-like compression isotherm can be built from different
pendant drop experiments.

In Chapter 4, we adapt the pendant drop tensiometry to cover the characteriza-
tion of highly surface-active nanoparticles by using a bigger capillary and further
the interfacial dilatational rheology that enables to characterize the interfacial di-
latational elasticity and viscosity of the water/air and water/decane particle-laden
interfaces. Also, in this Chapter 4, we explain the importance of cleaning in all
their aspects because the interfacial tension is very sensitive to any pollutants.
Also, we describe the Dynamic Light Scattering-based techniques that we used to
characterize the size and electrophoretic mobility of the nanoparticles in water.
Finally, we describe in this chapter the new technique developed by Prof. Lucio Isa
in which the microscopic contact angle of nanoparticles can be obtained by Freeze
Fracture Shadow-Casting cryo-SEM. This technique was used during the short-
term research stay in the Laboratory for Interfaces, Soft matter and Assembly at
ETH-Zurich under the supervision of Prof. Lucio Isa.

Next, in the Results and Discussion part we compile several published and un-
published works as a result of the aforementioned international collaborations.
In Chapter 5, we compare the interfacial activity of homogeneous gold nanopar-
ticles as in Chapter 3 with true Janus gold nanoparticles half functionalized by
hexanethiol and half by 2-(2-mercapto-ethoxy)ethanol (MEE), where the former
capping ligand acts as the hydrophobic one and the later one as the hydrophilic
one. Both nanoparticles were also synthesized by Dr. Yang Song and Prof. Shaowei
Chen. Thus, we can answer to the question: Are Janus nanoparticles more interfa-
cially active than homogeneous nanoparticles?

In Chapter 6, we study in more depth silver Janus nanoparticles, including their
interfacial dilatational rheology characterization. The nanoparticles studied in this
chapter are composed of a larger 100-nm diameter silver core and 1-undecanthiol
and 11-mercaptoundecanoic acid as hydrophobic and hydrophilic capping ligands,
respectively, synthesized by our partner enterprise Icon Nanotech (Spain). In this
case, we cannot ensure that they are true Janus nanoparticles since they are syn-
thesized in a one pot-method that assumes that spontaneous separation of capping
ligands occurs in bulk. For this reason, we refer to them as Janus-like nanoparti-
cles.

The next step is to study the microstructure of the Janus nanoparticles at the in-
terface. With this aim, in Chapter 7 we study systematically the interfacial activity
and intend to relate it to the arrangement and orientation of the nanoparticles at
the interface. This is performed by the direct measurement of contact angle at the
water/decane interface of homogeneous 119 nm-diameter PMMA nanoparticles
(purchased to Microparticles in Germany), 181 nm-diameter silica nanoparticles
functionalized with methacryloxypropyltrimethoxysilane (synthesized by Dr. Jose
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Ramos, from POLYMAT, Bionanoparticles Group, Applied Chemistry Department,
Faculty of Chemical Sciences, University of País Vasco) and the 100 nm-diameter
silver Janus-like nanoparticles studied in Chapter 6. We used the Freeze Fracture
Shadow-Casting cryo-SEM technique, described in Chapter 4, during my 3 month
research stay at the ETH-Zurich.

In order to study how the interfacial activity of the Janus nanoparticles is
affected by their capping ligand constituents, in Chapter 8 we compare the in-
terfacial activity, including the interfacial dilatational rheology, of the 3.5 nm-
diameter gold Janus nanoparticles previously studied in Chapter 5 and similar
gold Janus nanoparticles but with a shorter and more hydrophilic capping ligand
(1,2-mercaptopropanediol). These nanoparticles were synthesized by Dr. Limei
Chen, Dr. Christopher P. Deming and Prof. Shaowei Chen (Department of Chem-
istry and Biochemistry, University of California).

Next, in Chapter 9 we explored the role of the capping ligands of Janus gold
nanoparticles of 13 nm and 23 nm-diameter half covered by polystyrene and half
by polyethylene glycol. The role of the polymers is studied by comparing between
homogeneous and Janus nanoparticles. Different spreading solvents used during
deposition of the homogeneous and Janus nanoparticles at the pendant drop in-
terface were explored: water, a mixture of water and chloroform and pure chloro-
form. All the nanoparticles were synthesized by Dr. Ana Maria Percebom, Dr. Juan
Jose Giner Casares and Prof. Luis Liz-Marzan (CIC biomaGUNE in Donostia-San
Sebastián), during the postdoctoral research stay of Dr. Percebom.

All the Janus nanoparticles mentioned before were composed of an inorganic
core plus two different capping ligands. In Chapter 10, we study true Janus
nanoparticles made of two hemispheres of different organic polymers with a
wettability contrast: poly-tert-butylmethacrylate as the hydrophobic part and
polymethylmethacrylate as the hydrophilic part. The homogeneous and Janus
nanoparticles were synthesized by Electrohydrodynamic Co-Jetting conducted by
Dr. Sahar Rahmani, Dr. Chris K. J. Yu, Dr. Charnelle A. Michel and Prof. Joerg
Lahann at the Biointerfaces Institute in the University of Michigan. The problem
with these nanoparticles was that they were synthesized using CTAB, a cationic
surfactant, that made the nanoparticles cationic. The cationic nanoparticles are
known to be polluted easily even with the negatively charged silicates of clean
glass flasks.

Finally, in Chapter 11 we present the difficulties that we found when we tried
to use a known theoretical model to fit our compression isotherms developed by
Prof. Aveyard et al. (University of Hull, UK). We tried to publish this as a comment
to his work but since it was first published in 2000, it was rejected. Nevertheless,
we prefer to explain here the difficulties that we found to try to apply this model.
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The universe is not required to be in perfect harmony with
human ambition.

Carl Sagan
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10 l water pendant drop in air with 5·1012 

AuC6-NPs (left) and 17·1012 AuC6-NPs (right).

Figure 3.1: Graphical abstract.

Abstract

The structure and orientation of nanoparticles at the liquid-liquid interface may
be useful for the preparation of robust, self-assembled structures, devices, and
membranes. The pendant drop technique enables to study the interfacial activity
of nanoparticles with smaller amounts and upon more controlled conditions than
with the traditional Langmuir film balance technique. The pendant drop tech-
nique was applied to characterize the interfacial activity of 2nm-diameter AuC6
nanoparticles. The AuC6 nanoparticles in tetrahydrofuran solution deposited at
the water/air interface described a violent adsorption process as the tetrahydro-
furan was evaporated. Growing and shrinking experiments for the water/air and
water/decane interfaces enabled to explore the arrangement of the AuC6 nanopar-
ticles at each interface. A simply scaled particle theory of hard disks model was in
agreement with the experimental data.

Keywords: Pendant drop; Interfacial activity; Nanoparticles; Water/air interface; Wa-
ter/oil interface.

3.1 Introduction

The Langmuir film balance is a technique widely used to study the arrangement and in-
terfacial activity of nanoparticles at water/air and water/oil interfaces [1–3]. It is further
used to synthesize nanoparticles with interfacial activity [4, 5]. On the other hand, the
pendant drop tensiometer is usually used to characterize the diffusion of nanoparticles
from bulk toward the interface [6, 7]. Due to the interface geometry and sample size in
both techniques, the pendant drop technique enables to study the interfacial activity of
nanoparticles with smaller amounts and upon more controlled conditions than with the
traditional Langmuir film balance technique. Also, the pendant drop technique enables the
study of interfacial dilatational rheology and subphase exchange when a coaxial double
capillary is used [8].
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Diffusion of alkanethiol-capped gold nanoparticles from the oil phase to the interface
is studied by pendant drop technique due to the colloidal stability of these nanoparticles
[6]. When the nanoparticle diameter is in the range of a few nanometers, the adsorption
energy of the nanoparticles at the interface is of the order of kBT , thus the nanoparticles
are expected to leave the interface due to thermal fluctuations [6]. The pendant drop
technique has been proven to study complex systems as Janus cylinders which exhibit
strong interfacial activity with different adsorption regimes [7].

Direct deposition of nanoparticles at the interface of a pendant drop from a volatile
solvent produces a violent process in which solvent evaporation helps the nanoparticles
to be adsorbed at the interface faster than the slower process of diffusion from the bulk
toward the interface [9]. Also, this procedure allows to precisely control the amount of
nanoparticles that are deposited at the interface.

There are several models that intend to explain the behavior of the nanoparticles at liq-
uid/liquid interfaces. The simplest attempt is the hard disk model in which the nanopar-
ticles are modeled like hard entities placed at the interface. The nanoparticles behave
as hard disks without interaction when there is room enough for every nanoparticle but
become a close-packed arrangement when the area per nanoparticle is decreased [10].
Nevertheless, if the particles were charged, it should be considered the repulsion between
like-charged particles [11]. On the other hand, Montecarlo simulations and experimen-
tal data of nanoparticles functionalized with large polymers exhibit a complex behavior
compared to hard objects at liquid/liquid interfaces [12].

In this study, we characterized the interfacial activity of 2nm-diameter gold nanoparti-
cles capped with hexanethiol at the water/air and water/decane interfaces by the growing
and shrinking pendant drop technique. The nanoparticles dispersed in a volatile solvent
were directly deposited at the water/air interface using a microsyringe. The different
arrangements of the nanoparticles at the interface were explored by changing the drop
volume, thus the interface area available was changed for a fixed amount of nanoparti-
cles.

3.2 Materials and Methods

3.2.1 Sample preparation

The Brust protocol [13] was used for the synthesis of gold homogeneous nanoparticles
capped with hexanethiol (AuC6-NPs). Next, the fraction of 2nm-diameter nanoparticles
was selected by fractionation [4, 5]. The nanoparticles were redispersed in tetrahydrofu-
ran (THF, Sigma Aldrich) and the final concentration was 1.7 · 1012 AuC6-NPs per 1µl of
THF solution.

3.2.2 Electrophoretic mobility

The electrophoretic mobility of the AuC6-NPs was measured with a Malvern Zetasizer
Nano (Malvern) device. It was measured at 25 ◦C in MilliQ water (−1.4±1.2)·10−8m2/(V ·
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s) and in sodium citrate (Sigma Aldrich) at 10−2M concentration (−1.1±0.7)·10−8m2/(V ·
s).

3.2.3 Growing and shrinking pendant drop

The pendant drop technique consists in increasing and decreasing the volume of a MilliQ
water pendant drop with the AuC6-NPs deposited at the interface. Real time drop images
are processed at each step of volume variation and the drop area and surface tension are
calculated by Axysymmetric Drop Shape Analysis Profile (ADSA-P) [14]. The pendant
drop technique can explore the interfacial activity of nanoparticles at the water/air and
water/oil interfaces. In this study, the oil phase studied was decane (Sigma Aldrich). THF
was used as spreading solvent and 5µl of THF deposited at a water pendant drop were
fully evaporated (i.e. recovered the initial surface tension) after 350 s. For that reason,
we waited twice this time to ensure that there was no presence of THF in all depositions.

Each pendant drop experiment involves two stages:

• First stage: deposition of the desired amount of AuC6-NPs in THF solution onto the
surface of a 5µl MilliQ water pendant drop in air with a 5µl microsyringe (Hamil-
ton) and a micropositioner (Fig. 3.2a). While the THF was evaporating, the volume
of the pendant drop was slowly increased at 0.08µl/s up to the final 20µl volume
and maintained until the surface tension was stable.

• Second stage: growing and shrinking the water/air or water/decane interface.

* Water/air interface: the shrinking and growing volume rate was 0.08µl/s and
the volume range was 20µl ↔ 10µl, the shrinking was repeated 3 times and
the growing twice (Fig.3.2b).

* Water/decane interface: first the pendant drop was placed inside the oil phase
but with a volume of 5µl to avoid the fall of the drop when it was immersed
in the decane phase. Next the pendant drop was grown up to 30µl and the
process was repeated like for water/air case but with drop volumes between
30µl↔ 10µl (Fig.3.2c).

The surface pressure Π = γ0 − γ, where γ0 is the surface tension of the phase without
nanoparticles and γ is the measured surface tension, is plotted against the area of the
pendant drop divided by the deposited AuC6-NPs number. Due to the low hysteresis of
the growing/shrinking cycles, within the order of resolution of the technique, the cycles
were averaged for each AuC6-NPs concentration.

3.3 Results and Discussion

Growing and shrinking pendant drop experiments were performed for water/air and wa-
ter/decane interfaces and for different AuC6-NPs concentrations directly deposited at the
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5 l 

20 l 

Growing 0.08 l/s

(a) Diagram of AuC6-NPs deposition at the sur-
face of a initial 5µl MilliQ water pendant drop
and subsequent growing at a 0.08µl/s rate and
up to 20µl.

Growing x3

Shrinking x2

20 l 
10 l 

0.08 l/s

(b) Growing and shrinking pendant drop experi-
ment in water/air interface between 20µl↔ 10µl
at a 0.08µl/s rate.

Growing x3

Shrinking x2

0.08 l/s
5 l 

30 l 

10 l 

Decane Decane Decane

Growing 

0.08 l/s 

(c) Immersion of 5µl water pendant drop with
AuC6-NPs deposited at the interface and growing
and shrinking pendant drop experiment in wa-
ter/decane interface between 30µl ↔ 10µl at a
0.08µl/s rate.

Figure 3.2: Diagram of deposition of AuC6-NPs at a water/air interface and sub-
sequent growing and shrinking pendant drop experiments with water/air and wa-
ter/decane interfaces.
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Figure 3.3: Surface tension against time when different number of AuC6-NPs in
THF were deposited onto the MilliQ water pendant drop. The initial drop volume
was 5µl and it grew at 0.08µl/s rate up to 20µl. After the THF evaporation, the
surface tension remained stable. The error due to the calculation of the surface
tension from each pendant drop profile was in the range of 1mN/m and the room
temperature was 25 ◦C.

interface as described in the Section 3.2.3. For the first stage of the pendant drop experi-
ments the surface tension was plotted against time for different AuC6-NPs concentrations
in Fig. 3.3. After the deposition of the AuC6-NPs onto the initial 5µl water drop, the sur-
face tension strongly decreased because of the surfactant effect of THF at the interface.
After the THF evaporation the surface tension remained constant over time. A decrease in
the final surface tension was observed as the AuC6-NPs concentration was increased for
the same drop area (the area corresponding to a final 20µl pendant drop, as described
in Section 3.2.3). It can also be noticed a change in the pendant drop opacity as the
AuC6-NPs concentration was increased (see Fig. 3.4).

Although the 2nm-diameter AuC6-NPs were expected to desorb from the interfaces
due to thermal fluctuations [6], in our experiments the AuC6-NPs exhibited a significant
and stable effect on the surface tension after the THF evaporation. Moreover, the surface
tension was lower as the AuC6-NPs number was increased (see Fig. 3.3). These evidences
are pointing out that the AuC6-NPs interface coverage is stable and that the thermal fluc-
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Figure 3.4: 10µl MilliQ water pendant drop in air with ∼ 5 · 1012 AuC6-NPs (left)
and ∼ 17 · 1012 AuC6-NPs (right).

tuations are not forcing the AuC6-NPs to leave the water/air or water/decane interfaces.
Due to limitations in the area range coverage in a single growing and shrinking exper-

iment, several growing and shrinking experiments were performed with different AuC6-
NPs number at the interface in order to cover a wide range of AuC6-NPs per area of
pendant drop. The surface pressure against the area per nanoparticle from the growing
and shrinking pendant drop experiments are plotted in Fig. 3.5, for water/air and wa-
ter/decane interfaces and for different AuC6-NPs concentrations.

The particles exhibited a near zero electrophoretic mobility (see Section 3.2.2). This
affects to the models based in the repulsion between charged particles [11] which pre-
dict negligible surface pressures due to the low effective electric charge of the AuC6-NPs.
Moreover, the relative short chains of the hexanethiol coverage of the AuC6-NPs are read-
ily oriented rather than large polymers [12]. In fact, the simply scaled particle theory of
hard disks model [10] (see Eq. 3.1) is in agreement with the experimental data for hard
disks with 1nm diameter (see Fig. 3.5).

Π(Aparticle) =
kB · T

Aparticle ·
(

1− π · d2

4 ·Aparticle

)2 (3.1)

Equation 3.1 is written in terms of surface pressure Π against the area per particle at
the interface Aparticle, where kB is the Boltzmann constant, T is the temperature and d
is the hard disk diameter. The agreement between experimental results and the simply
scaled particle theory of hard disks model (Fig. 3.5) was good with 1nm diameter rather
than 2nm diameter of the AuC6-NPs. This result may point out that not all the AuC6-NPs
deposited at the interface were really adsorbed at it. If the actual amount of AuC6-NPs
was lower, then there was necessary less available area to get a close-packed arrangement
and thus the hard disk model provide a lower effective diameter.

The hard disk behavior can be explained because at low concentrations there is not
significant effect on the surface tension and at high concentrations (i.e. lower area per
particle) the particles are near close-packed. Although the final amount of AuC6-NPs at
the interface might not be equal to the nominal value, the low hysteresis of growing and
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Figure 3.5: Surface pressure against the interface area of the pendant drop divided
by the deposited AuC6-NPs number for water/air and water/decane interfaces
and for different AuC6-NPs concentrations. The solid line is the hard disks model
(Eq. 3.1) for disks of 1nm diameter.

shrinking experiments (see Section 3.2.3) might point out that the remaining AuC6-NPs at
the water/air or water/decane interfaces are effectively anchored to the interface. At the
water/air interface, the hydrophobic character of the hexanethiol coverage of the AuC6-
NPs can explain that the AuC6-NPs were successfully adsorbed at the interface. Instead, at
the water/decane interface, the gold core may act as the hydrophilic part of an amphiphilic
nanoparticle that is placed at the interface.

3.4 Conclusions

The pendant drop technique was successfully used to characterize the interfacial activity
of nanoparticles available in small amounts. The pendant drop technique was applied
to 2nm-diameter AuC6 nanoparticles at water/air and water/decane interfaces. The ex-
ternal deposition of the nanoparticles dispersed in tetrahydrofuran onto the water/air
interface and the subsequent growing and shrinking experiments enabled to characterize
the arrangement of the AuC6 nanoparticles at the interface, as the area per nanoparticle
available on the pendant drop was changed. Finally, the results of surface pressure against
area per AuC6 nanoparticle were in agreement with the simply scaled particle theory of
hard disks model.
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To succeed, planning alone is insufficient. One must improvise
as well.
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4Physicochemical characterization
techniques and models

In this chapter we will describe the different techniques, procedures and mod-
els that we have used to characterize physicochemically homogeneous and Janus
nanoparticles. In particular, the pendant drop tensiometry was an effective way to
measure the interfacial activity of nanoparticles from very low amounts as usually
the synthesis at the laboratory scale produces. The interfacial dilatational rheology
enabled to study the interfacial properties under stress conditions. The Dynamic
Light Scattering techniques were used to characterize the size and the electrostatic
charge of the nanoparticles in bulk. The Freeze Fracture Shadow Casting Cryo-
Scanning Electron Microscopy offered a microscopic view of the arrangement of
the nanoparticles at the water/oil interfaces.

4.1 Pendant drop tensiometry and interfacial dilata-
tional rheology

Part of the pendant drop tensiometry experiments were described in the previous
Chapter 3. The experimental setup was completely designed and assembled by
Prof. Miguel Angel Cabrerizo-Vilchez in the Biocolloid and Fluid Physics group
at the University of Granada. The setup is formed by a Hamilton microinjector
pump with a syringe of 250µL that inject and extract water to/from the capillary
from a water reservoir, a capillary micropositioner, a light source, a camera and
a micropositioner for the microsyringe used for deposition of the nanoparticle
dispersion at the water/air interface (see Fig 4.1 and 4.2).

Previous to any measurement, optics has to be properly calibrated. First, the
pixel/cm ratio is extracted from a calibration mesh image taken with the camera
(see Fig. 4.3a) where the mesh interspacing is 0.025 cm. Next, we take a picture
of a plumb-line to correct any possible tilting of the camera and a picture of a
bar immersed in decane to correct any refraction effect. With these calibrations
and taking into account the differences between the densities of the water/air and
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Figure 4.1: (a) Top view and (b) side view of the pendant drop tensiometer. The
setup was completely designed and assembled by Prof. Miguel Angel Cabrerizo-
Vilchez in the Biocolloid and Fluid Physics group.
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Camera Microinjector pump

Computer

Figure 4.2: Pendant drop setup layout. The camera and the microinjector pump
are controlled automatically by the computer. The camera and computer pic-
tograms were downloaded from openclipart.org.

water/decane phases, we can start to measure surface (water/air) and interfacial
(water/decane) tension. As explained in the previous Chapter 3, all experiments
begin with the deposition of nanoparticle dispersion at the water/air pendant drop
interface. If a spreading solvent is used, then we must monitor the evaporation
of the solvent. Next, to measure the water/decane interface, the pendant drop is
immersed in a decane filled cuvette as in Fig. 4.3b.

The software Dinaten© created by Dr. Juan Antonio Holgado-Terriza and Prof.
Miguel Angel Cabrerizo-Vilchez in the Biocolloid and Fluid Physics group is used
to manage the microinjector pump and to perform processes in which the pendant
drop volume is maintained constant during solvent evaporation, the growing and
shrinking cycles and the dilatational rheology experiments. Also this software
controls the image acquisition and computes in real time the interfacial tension,
volume and area of the pendant drop and other control parameters as can be seen
in Fig. 4.4a. Once that the pictures are stored, we can perform different analysis
with the software Contacto© made by Dr. Juan Antonio Holgado-Terriza and Prof.
Miguel Angel Cabrerizo-Vilchez in the Biocolloid and Fluid Physics group, such
as the fitting of the Laplacian curve to the pendant drop interface and rheology
calculations, as can be seen in Fig. 4.4b. Both softwares are based on the algorithm
Axisymmetric Drop Shape Analysis-Profile (ADSA-P). This method assumes that
the pendant drop is axisymmetric and solves the Young-Laplace equation using
the profile of the pendant drop [1]:
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(a) (b)

Figure 4.3: (a) Image (1280x1024 pixels) of the calibration mesh of 0.025 cm
and (b) water pendant drop of 10µL with deposited gold Janus nanoparticles just
before the immersion in the decane filled cuvette.
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∆P = γ

(
1

R1

+
1

R2

)
(4.1)

where ∆P is the pressure difference along the interface, γ is the unknown sur-
face/interfacial tension and R1 and R2 are the principal curvature radii.

4.1.1 Low interfacial tension pendant drop tensiometry

The ADSA-P method works fine when there is an effective counterbalance of the
gravity force and the surface or interfacial tension. Thus, there are two extreme
cases in which the pendant drop tensiometry fails, when the pendant drop is small,
the gravity is not so significant and the drop shape is nearly a hemisphere. On the
other hand, there is a maximum pendant drop weight that a given capillary can
support, where the gravity effect exceeds the surface or interfacial tension and the
drop falls. In Fig. 4.5 it can be seen that for the first “small” capillary that we used,
the range in which ADSA-P works is between 10 and 20µL for water/air and up
to 30µL for water/decane interfaces. Comparing the surface or interfacial tension
γ to the drop volume and the expected values for pure water/air (∼ 72.5mN/m)
and water/decane interfaces (∼ 52.3mN/m). This volume range changes as the
surface or interface tension is lower, displacing to lower volumes because the max-
imum pendant drop volume decreases.

This setup was useful for the first nanoparticles that we explored, but the
nanoparticles studied in Chapter 7 and the following Chapters were very inter-
facially active and the pendant drop fell off even for very low volumes such as
10µL. For this reason, we changed the initial “small” capillary by a “bigger” capil-
lary with a “hat” or pedestal (see Fig. 4.6) that enabled to extend the pendant drop
volume range to 15 and 45µL for both water/air and water/decane interfaces.

4.1.2 Interfacial dilatational rheology

The growing and shrinking cycles mentioned in Chapter 3 are performed at the
lowest microinjection speed possible of 0.08µL/s. This experiment at fixed low in-
jection/extraction speed does not cover the possible dependence with the injection
speed. In fact, if we perform growing and shrinking experiments by using a sinu-
soidal oscillating volume at different speeds, we end up with an attenuation and
a phase shift between the volume input of microinjector and the surface or inter-
facial tension output. These attenuation and phase shift account for a relaxation
process where a dilatational elastic E modulus can be defined as [2]:

E = Ed + ωηd (4.2)

where Ed is the interfacial dilatational elasticity as storage part, ω = 2πν is the
angular speed of the sinusoidal oscillation of frequency ν and ηd is the interfacial
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(a) Dinaten software

(b) Contacto software

Figure 4.4: (a) Water/air pendant drop in Dinaten©, the software to control the
microinjector and the picture acquisition and with ADSA-P real time calculation
and (b) water/decane pendant drop in Contacto©, the software to finely control
the ADSA-P fitting and more complex calculations as the dilatational rheology
parameters.
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Figure 4.5: Surface and interfacial tension of a growing water pendant drop in air
(red) and decane (blue) against the volume of the pendant drop. The horizon-
tal lines correspond to the expected values of pure water/air and water/decane
interfaces, respectively.

(a) “Small” capillary (b) “Big” capillary

Figure 4.6: (a) “Small” capillary with a 20µL water pendant drop (1.55 mm ex-
ternal diameter) and (b) “big” capillary with a 45µL water pendant drop, both
immersed in decane (2.8 mm and 4.2 mm external diameters for the capillary and
the cap, respectively). Both capillaries are made of polytetrafluoroethylene. Note
that the magnification of both pictures is different.
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dilatational viscosity accounting for the loss part. In Fig. 4.7, we plot the sinu-
soidal form of increasing concentrations of interfacially active nanoparticles, as
the number of particles increases, the mean interfacial tension decreases and the
amplitude increases as the interfacial tension changes much more for the same
volume oscillation.

For example, an usual behavior when the Ed modulus is very high is that the
pendant drop is shaped as a “pacifier” when the volume extracted is high enough.
In Fig. 4.8 we illustrate this behavior. This corresponds to a really highEd modulus
and we refer to it in the following Chapters as an “elastic shell” behavior.

4.2 Cleaning procedure

Given that the presence of any agent with interfacial activity would hinder the
effect of the homogeneous and Janus nanoparticles at interfaces, we need to be
sure that no surfactant nor unknown pollutant are present in our experiments.
This is assured by following several actions:
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(a) 20µL (b) 15µL

Figure 4.8: Water/air pendant drops with nanoparticles with high interfacial ac-
tivity of (a) 20µL and (b) after extraction of 5µL.

• The dispersion to characterize must be surfactant-free. This is specially crit-
ical because certain Janus nanoparticles are synthesized by emulsion pro-
cesses in which surfactants are needed. We discarded those nanoparticles.

• The chemicals and specially the spreading agents must be of HPLC grade.
To detect any impurity, we measured the surface tension of the pure solvent
(see Fig. 4.9). We have used chloroform (CHCl3), tetrahydrofurane (THF ),
methanol, methanol+propanol and MilliQ water as spreading solvents.

• When an organic solvent is used, the flasks must be of glass and with CHCl3
and THF even the caps and the microsyringes must be made of glass as in
Fig. 4.10. This was specially critical with centrifugation, because we had to
restrict to glass tubes. However, the use of glass flasks was a bad choice for
cationic nanoparticles as explained in Chapter 10.

• All glassware was cleaned as the following protocol: washing with Micron
90, rinsing with tap water, distilled water, 2-propanol, distilled water and
finally MilliQ water. The glassware was left to dry in an oven or at room
temperature because drying with N2 actually increased pollution.

• All pendant drop tensiometry measurements were performed in an isolated
room with controlled temperature. We used Kimtech paper towels that do
not release fibers when used on the capillary of the pendant drop tensiome-
ter.
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(a) Glass flask (b) Glass microsyringes

Figure 4.10: (a) Glass flasks and (b) glass microsyringes used with the organic
spreading solvents, such as CHCl3 and THF .
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4.3 Dynamic Light Scattering

The Malvern Zeta Sizer Nano Z is a device based on Dynamic Light Scattering
enables to measure the size and electrophoretic mobility of a nanoparticle water
dispersion. The basic principle is a light source that produces light scattering
when passes through a colloidal dispersion. The mean value of the intensity I(q, t)
collected upon a given wave number q respect to the incident light beam and time
t is given by:

〈I(q)〉 = lim
T→∞

1

T

∫ T

0

I(q, t′)dt′ (4.3)

and the autocorrelation function GI(q, τ) at a time τ is given by:

GI(q, τ) ≡ 〈I(q, t)I(q, t+ τ)〉 = lim
T→∞

1

T

∫ t+T

t

I(q, t′)I(q, t′ + τ)dt′ (4.4)

where GI(q, τ) ≈ 〈I(q, t)2〉 when τ → 0 and GI(q, τ) ≈ 〈I(q, t)〉2 when τ → ∞. If

we normalize gI(q, τ) =
GI(q, τ)

〈I(q, t)〉2
, we can write the Siegert relation [3] as:

gI(q, τ) ≡ 1 + β |gE(q, t)|2 (4.5)

where β is a constant depending on the device optics and gE(q, t) is the normalized
correlation function of the electric field, rather than the intensity of the light. For
monodisperse, independent and identical particles, the expression becomes:

gE(q, t) = e
−
q2

6
〈∆R2(t)〉

(4.6)

where the mean squared displacement for Brownian motion is 〈∆R2(t)〉 = 6D0t,

and the Stokes-Einstein diffusion constant is D0 =
kBT

6πηrh
, where η is the viscosity

of the solvent and rh is the hydrodynamic radius of the particles.
The Malvern NanoSight device is based on the same principle than Nano Z but it
measures the particles one by one, from the diffraction of individual nanoparti-
cles and measuring their individual tracks. From these measurements the mean
squared displacement is obtained and the size is calculated similarly to the afore-
mentioned (see Fig. 4.11). It is worth to mention that the hydrodynamic radius is
always higher than the radius extracted from HRTEM and SEM pictures because
it accounts for the effective radius of the moving particle immersed in the water
dispersion bulk.

The electrophoretic mobility is also measured with the Malvern Zeta Sizer Nano
Z from the gold plates that are available in the sample cuvette. An external electric
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(a) Diffraction of nanoparticles

(b) Particle size distribution

Figure 4.11: (a) Frame of a movie in which the nanoparticles are tracked in the
Malvern NanoSight and (b) size distribution of the nanoparticles in (a).
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field
−→
E is applied to the cuvette through the gold plates and the charged nanopar-

ticles move according to:
−→v e = µe

−→
E (4.7)

where µe is the electrophoretic mobility and −→v e can be extracted from the mean
squared displacement as mentioned above subtracting the Brownian motion.

4.4 Freeze Fracture Shadow Casting Cryo-Scanning
Electron Microscopy

One problem when we perform an interfacial activity characterization from macro-
scopic techniques like the pendant drop tensiometry is that there is no informa-
tion on the orientation/microstructure of the nanoparticles placed at the interface.
During my visit at the Interfaces, Soft Matter and Assembly Laboratory at the ETH-
Zurich under the supervision of Prof. Lucio Isa, we were able to measure directly
the contact angle of the nanoparticles at the water/decane interface as discussed
in Chapter 7. We used a novel technique developed by Prof. Lucio Isa [4] which
consisted in the following steps summarized in Fig. 4.12:

• Filling 1mm square copper wells and copper caps with the water particle
dispersion and decane (see Fig 4.13a).

• Jet freezing the wells with propane to vitrify the sample (see Fig 4.13b).

• The vitrified sample is inserted in a vacuum device which splits the well into
two and the sample fractures by the interface, keeping the nanoparticles at
the interface and the hollows in the other phase (see Fig 4.13c).

• In this same step, inside the device, a tungsten filament is turned on and a
thin tungsten layer is deposited over the interface at 30◦.

• The sample is then examined under cryo-SEM (see Fig 4.13c).

At all steps the sample must be placed in a special arm filled with liquid nitrogen.
When the tungsten layer is deposited at 30◦, the nanoparticles act as masks and
produce a shadow of tungsten behind them. From the size of this shadow and the
nominal size of the nanoparticle, it can been obtained the direct contact angle as
explained in Fig. 4.12.
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Figure 4.12: Representation of (a) a hydrophilic and (b) a hydrophobic nanoparti-
cle of radius r at the ice interface after metal evaporation. The three-phase contact
angle θ, the metal deposition angle α and thickness δ, the height h of the particle
relative to the interface, its projection l along the metal deposition direction and
the length of the shadow k are highlighted. (c) Scheme of the sample prepara-
tion for FreSCa cryo-SEM imaging. Reprinted from [4] with permission of Nature
Publishing Group.



110 Chapter 4. Physicochemical characterization techniques and models

(a) 1mm copper wells (b) Propane jet freezer

(c) Freeze-fracture device (d) Cryo-SEM

Figure 4.13: (a) Prof. Lucio Isa preparing the 1mm copper wells with the nanopar-
ticle water dispersion and decane. (b) Propane jet freezer to vitrify the sample.
In (c) the pre-cooled freeze-fracture device at −140◦C (Bal-Tec/Leica BAF060)
where the tungsten coating occurs. In (d) Prof. Lucio Isa examines the samples
with cryo-SEM.
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4.5 Theoretical models for compression isotherms

One of the main results of our pendant drop tensiometry experiments is a
piecewise-like compression isotherm in which interfacial pressure Π is plotted
against the area per particle (area of the pendant drop divided by the number of
deposited nanoparticles) or the normalized area (area of the pendant drop divided
by the area of all nanoparticles as if they were forming an hexagonal compact
monolayer). One characteristic of these experiments is that typically the range of
volume and area that can be sweeped is not enough to cover the whole compres-
sion isotherm as in typical Langmuir balance experiments [5]. Thus, in order to
extract any information about the compression isotherm it is needed to find the
envelope curve. We first used the Aveyard’s model [6] which resulted in nanopar-
ticle charges too high (several orders of magnitude of the expected charge). For
this reason we tried to use the data in his paper: “Compression and Structure of
Monolayers of Charged Latex Particles at Air/Water and Octane/Water Interfaces”
[6] to test his model on his own data. We obtained meaningless particle charge
values as described in Chapter 11. We tried to contact Prof. Aveyard unsuccessfully
and as a result we wrote a comment to his work submitted to Langmuir journal
that was rejected because this work was published in year 2000.

After no reply from Prof. Aveyard, finally we got a reply from Prof. Kralchevsky
who expanded the work of Aveyard in “Surface Pressure Isotherm for a Monolayer
of Charged Colloidal Particles at a Water/Nonpolar-Fluid Interface: Experiment
and Theoretical Model Interface: Experiment and Theoretical Model” in 2014 [7].
Even though he warned us: “q is the charge in CGSE units, as in the Aveyard’s
formulas”, using CGSE units was also unsuccessful.

On the other hand, we applied successfully the hard disk model of Santos et al.
[8] to our piecewise-like compression isotherm of homogeneous gold nanoparti-
cles as described in Chapter 3. Moreover, the Frumkin model which adds a second
term to the hard disk equation describing the interaction between the particles at
the interface [9] succeeded for our piecewise-like compression isotherm of silver
Janus-like nanoparticles in Chapter 6.
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Figure 5.1: Graphical abstract.

Abstract

The interfacial activity of 3.5 nm homogeneous (HPs) and amphiphilic Janus
gold nanoparticles (JPs) was characterized by pendant drop tensiometry for wa-
ter/air and water/decane interfaces. This technique requires a smaller quantity of
nanoparticles than the traditional Langmuir balance technique. The direct depo-
sition at the interface of the nanoparticles dispersed in a spreading solvent also
requires smaller quantities of sample than does adsorption from the bulk. From
the growing and shrinking of the pendant drops, the interfacial activity of the
nanoparticles can be evaluated and compared within a wide range of area per
particle. In this work, the JPs exhibited a higher interfacial activity than did the
HPs in all cases. A hard disk model fits the piecewise compression isotherm of the
HPs, yet this model underestimates the interactions between the JPs adsorbed at
the interface.

Keywords: Janus gold nanoparticle; Interfacial activity; Water/air interface; Water/oil
interface; Pendant drop tensiometry.

5.1 Introduction

Janus nanoparticles are anisotropic colloidal entities with two regions of different physic-
ochemical properties. This anisotropy can lead to the spontaneous self-assembly of
nanoparticles or can be responsive to an external stimulus such as a magnetic or elec-
tric field, pH or temperature gradients, and so forth [1, 2]. Depending on the particular
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anisotropy of the nanoparticles, they cover a wide range of applications such as biosensors
[2], drug delivery and immunotherapy [3], water-repellent textiles [4] and nanoparticles
that become aligned in an external electric or magnetic field [5–7].

Janus nanoparticles with a wettability anisotropy can be used to stabilize Pickering
emulsions. Unlike homogeneous nanoparticles, amphiphilic Janus nanoparticles can ex-
hibit a high interfacial activity regardless of the degree of amphiphilicity because of the
spatial separation of the different wettability regions [8]. Thus, amphiphilic Janus-like
gold nanoparticles functionalized with thiol-terminated poly(ethylene glycol) chains and
short alkane thiols have been used as water/oil emulsion stabilizers because they rear-
range when placed at the interface [9]. Moreover, Janus gold nanoparticles half func-
tionalized with polydopamine show that the electrostatic repulsion between nanoparticles
determines the resulting particle self-assembly at water/oil interfaces as a result of the
hydrophilic polydopamine and hydrophobic gold faces of each particle [10]. In addition,
micrometer-sized Janus gold-silica nanoparticles have been found to stabilize water/oil
emulsions for longer than 1 year, compared to 2 h of demulsification when homogeneous
silica nanoparticles were used [11]. Importantly, not only does the wettability contrast of
the Janus nanoparticles condition the interfacial activity but also their morphology con-
trols the interfacial activity at a given water/oil interface, which determines the packing
behavior of the Janus nanoparticles [12]. Therefore, nonspherical emulsion droplets have
been obtained by using Janus nanoparticles with asymmetrical morphology [13]. There
are different synthesis strategies involving bulk methods in which the Janus nanoparticles
are synthesized in a solvent, usually one pot methods [6, 9, 14]. However, other strate-
gies involve the particles being placed at a given liquid interface to be functionalized [15,
16], usually resulting in noticeably smaller quantities of Janus nanoparticles than in bulk
methods. The Langmuir film balance technique is widely used to characterize the interfa-
cial activity and arrangement of nanoparticles at water/air and water/oil interfaces [16–
20]. Another experimental approach is to use growing/shrinking drop tensiometry [21,
22] because the quantity of nanoparticles required is much smaller than for a standard
Langmuir film balance experiment. Nevertheless, a certain number of nanoparticles are
still necessary for the experiments that involve the adsorption of Janus nanoparticles at
the interface of a pendant drop from the bulk [2, 12, 23, 24]. When the amount of sample
available is insufficient for studying the adsorption from the bulk to the interface of the
pendant drop, the direct deposition of nanoparticles at the pendant drop interface from a
volatile solvent allows the study of the interfacial activity. Moreover, solvent evaporation
is a violent and rapid process that helps the nanoparticles to be adsorbed at the interface
of the pendant drop, faster than diffusion from the bulk toward the pendant drop interface
[25]. This technique enables us to control the number of nanoparticles deposited at the
pendant drop interface. The simplest model used to describe the interfacial arrangement
of the nanoparticles at the interface is the hard disk model in which the nanoparticles
are represented by hard entities placed at the interface. The nanoparticles do not in-
teract when there is enough room for every nanoparticle, but they become close packed
when the area per particle is sufficiently low [26]. However, when the nanoparticles are
functionalized with large polymers, Monte Carlo simulations and experimental data show
complex behavior compared to that of hard objects at liquid/liquid interfaces [27].

In this study, we characterized the interfacial activity of 3.5-nm-diameter homogeneous
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gold nanoparticles capped with hexanethiol and Janus gold nanoparticles with hydropho-
bic hexanethiolates on one hemisphere and hydrophilic 2-(2-mercapto-ethoxy)ethanol on
the other. The pendant drop technique enabled the study of the interfacial activity of those
particles at the water/air and water/decane interfaces. Moreover, because of the small
number of nanoparticles available, the nanoparticles dispersed in a volatile solvent were
directly deposited at the pendant drop water/air interface using a microsyringe. By the
controlled deposition of a desired number of nanoparticles at the pendant drop interface
and subsequent shrinkage-growth cycles of the pendant drop, we studied the different in-
terfacial arrangements of nanoparticles for different values of the drop area available per
nanoparticle.

5.2 Materials and Methods

5.2.1 Sample preparation
Homogeneous gold nanoparticles capped with hexanethiol (HPs) were synthesized follow-
ing Brust’s protocol [28]. Janus gold nanoparticles (JPs) were synthesized by functionaliz-
ing a hemisphere of the HPs with 2-(2-mercapto-ethoxy)ethanol (MEE) using Chen’s pro-
tocol [16, 20]. The terminal groups were −CH3 and −OH for the hexanethiol- and MEE-
functionalized hemispheres, respectively. The Janus morphology of JPs was thoroughly
evaluated by Chen and co-workers [16, 20, 29]. They reported contact angle measure-
ments of nanoparticle ensembles [16], AFM adhesion force measurements of individual
nanoparticles [29], and NOESY NMR measurements of the polarization interactions be-
tween neighboring spins of the nanoparticle surface capping ligands [16]. The wettability
differences between hexanethiol and MEE terminal groups suggest interfacial activity of
the JPs. Both nanoparticles were redispersed separately in tetrahydrofuran (THF) as the
spreading agent. The JP diameter quantified from high-resolution TEM micrographs of
the isolated nanoparticles was (3.5± 0.9)nm (see Figure 5.2a and 5.2b).

5.2.2 Electrophoretic mobility
The electrophoretic mobility of both HPs and JPs was measured with a Zetasizer Nano
device (Malvern) in a 10−2M sodium citrate MilliQ water solution, and these were the
values found: µe,HP = (−1.1±0.7) ·10−8m2/(V ·s) and µe,JP = (−3.2±0.6) ·10−8m2/(V ·
s). The 1:1 electrolyte added to the nanoparticle solutions enabled the measurement of
stable mobility values because the electrical double layer of both nanoparticles was fairly
stabilized.

5.2.3 Growing and shrinking pendant drop
We used a homemade pendant drop tensiometer [30] that enables a change in the drop
volume and area using a microinjector (Hamilton). The volume of a water pendant
drop, usually in the range of 10 to 30 µL, allows us to work with smaller quantities of
nanoparticle rather than the higher working volumes of the traditional Langmuir balance
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Figure 5.2: (a) High-resolution TEM micrograph of the JPs studied. (b) High-
resolution TEM micrograph of the JPs at higher magnification.

tensiometer [16–20]. The growth and shrinkage of the pendant drop volume enables
different nanoparticle arrangements at the interface once a fixed number of nanoparticles
is adsorbed. Real time drop images are processed by the axisymmetric drop shape analysis
profile (ADSA-P) [31] providing the pendant drop area and surface tension. Water/oil
interfaces can be explored with the pendant drop tensiometer readily by submerging the
pendant drop in oil. In this study, as-received decane (Sigma-Aldrich) was used as the oil
phase.

To perform a growing and shrinking pendant drop experiment, first it is necessary to
adsorb the nanoparticles at the drop interface. Usually, the experiments are performed
with adsorption of nanoparticles from the bulk to the pendant drop interface [2, 12, 23,
24]. but when the quantity of nanoparticles available is insufficient for this kind of study,
the direct deposition of the desired number of nanoparticles in a spreading solvent at the
interface with a microsyringe is an alternative. In this study, the spreading solvent used
was THF and the deposition was performed on the surface of a 5 µLMilli-Q water pendant
drop in air with a 5 µL microsyringe (Hamilton) and a micropositioner. Immediately after
the deposition of the nanoparticles, the surface tension decreased markedly because of
the spreading solvent. While the THF was evaporating, the volume of the pendant drop
was slowly increased at 0.08 µL/s up to the final 20 µL volume and maintained until the
surface tension was stable. Thereby, this process avoided the fall of the pendant drop due
to the abrupt decrease in the surface tension because of the spreading solvent effect on the
interface. For higher volumes of spreading solvent, to avoid the drop fall it was necessary
to perform a 10 µL stabilization step before the final growth up to 20 µL. In all cases, the
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Figure 5.3: Surface tension evolution over time of JP deposition at the surface of a
initial 5 µL MilliQ water pendant drop and subsequent growth to 20 µL at a 0.08
µL/s rate. After the solvent evaporation, the surface tension remained stable.

evaporation of the spreading solvent ensured that the nanoparticles had enough energy to
adsorb at the interface, compared to the slow process of adsorption from the bulk [25]. In
Figure 5.3, we can observe the surface tension evolution over time after the JP deposition
at the water/air interface. The procedure followed is illustrated with a visual scheme.

The growing and shrinking pendant drop experiment was performed with slightly dif-
ferent protocols for water/air or water/decane interfaces. For both water/air and wa-
ter/decane interfaces, the shrinking and growing volume rate was 0.08 µL/s but the vol-
ume range was 20 µl↔10 µl for water/air and 30 µl↔ 10µl for water/decane interfaces
because the pendant drop was larger when immersed in decane before the drop fall. Addi-
tionally, the volume was decreased up to 5 µL prior to the immersion of the water pendant
drop in decane to avoid the drop fall. For each particle concentration, the shrinkage was
repeated three times and the growth was repeated twice. The surface pressure Π = γ0−γ,
where γ0 is the surface tension of the phase without nanoparticles and γ is the measured
surface tension, is plotted against the area of the pendant drop divided by the number of
deposited nanoparticles. A growing and shrinking pendant drop experiment is illustrated
in Figure 5.4.
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5.3 Results and Discussion

The direct deposition of the JPs and HPs at the water/air interface produced a decrease in
the surface tension once the spreading solvent was fully evaporated. The surface tension
evolution over time for different amounts of HPs and JPs deposited at the drop surface
is plotted in Figure 5.5. The stable values of surface tension after the spreading solvent
evaporation are compiled in Table 5.1. The surface tension decreased as the nanoparticle
concentration increased. This decrease is greater for JPs than for HPs, suggesting an
enhanced interfacial activity of the JPs as compared to the HPs [32].

The Pickering emulsions become increasingly stabilized with increasing particle size.
In this context, small nanoparticles (∼100 nm) need to be tightly anchored at the inter-

Table 5.1: Stable Surface Tension after the Spreading Solvent Evaporation for
Different Numbers of Deposited HPs and JPs

Deposited particles γHP (mN/m) γJP (mN/m)
1.7·1012 72.40± 0.07 71.5± 0.3
5·1012 71.38± 0.11 66.7± 0.3
8·1012 70.78± 0.10 63.7± 0.3
17·1012 68.84± 0.06 59.50± 0.20
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face to avoid desorption [2]. The adsorption energy at the interface is on the order of
kBT when the nanoparticle diameter is in the range of a few nanometers [23]. Thus,
the 3.5-nm-diameter HPs and JPs were expected to be expelled from the pendant drop
interface because of thermal fluctuations or even by the drop shrinkage [33]. Although
the drop surface revealed visible aggregates and noticeable opacity as the nanoparticle
concentration increased (Figure 5.6), both HPs and JPs exhibited a significant and stable
effect on the surface tension after THF evaporation. This suggests that a significant num-
ber of nanoparticles did not desorb from the drop interface over time. From molecular
dynamics, Udayana-Ranatunga et al. [34] suggest that ligand rearrangement contributes
significantly to the energetics of nanoparticles at interfaces.

Because of the experimental limitations in the drop area range reproduced with a sin-
gle growth and shrinkage experiment, several growth and shrinkage experiments were
performed for different numbers of deposited nanoparticles to probe a wider range of
area per particle. Results for the growing and shrinking pendant drop experiments at the
water/air and water/decane interfaces are plotted in Figure 5.7 for different concentra-
tions of HPs and JPs. We averaged the different growth and shrinkage cycles for each
nanoparticle concentration because of the low hysteresis. It can be seen that the surface
pressure increased as the area per particle decreased for both JPs and HPs. The interfacial
activity reached similar values with both types of nanoparticles for the most expanded
interfacial states (i.e., highest values of area per particle, >18 nm2/particle). However,
the interfacial activity was higher with the JPs than with the HPs for the most compressed
states (<2 nm2/particle) where the surface pressure was 2.5 times higher for the JPs than
for the HPs at the water/air interface and 1.2 times higher at the water/decane inter-
face. At both interfaces, the JPs reached the same surface pressure: 19.3 ± 0.4 mN/m
for the most compressed interfacial state. The higher interfacial activity of HPs at the wa-
ter/decane interface for the most compressed state may reveal that the HPs move more
freely in the presence of the decane phase because of its affinity for hydrophobic particles.
This nanoparticle mobility allowed us to realize arrangements with greater interfacial cov-
erage and higher surface pressure.

Different models were explored to fit the experimental data with a hypothetical piece-
wise compression isotherm. A model based on the repulsion between charged particles
[35] results in negligible surface pressure resulting from the low effective electric charge
of HPs and JPs, with its small size and effective charge. Moreover, the short chains of
the hexanethiol and MEE capping ligands did not require a large polymer correction [27].
The simply scaled particle theory of the hard disks model [26] is in reasonable agreement
with the HP results for both water/air and water/decane interfaces for hard disks with 1
nm diameter (Figure 5.7). In the hard disk model, the surface pressure Π for a given area
per particle at the interface Aparticle is written as follows

Π(Aparticle) =
kB · T

Aparticle ·
(

1− π · d2

4 ·Aparticle

)2 (5.1)

where kB is the Boltzmann constant, T is the temperature, and d is the hard disk di-
ameter. The hard disk model predicts no interactions when there is enough room for all
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nanoparticles at the interface and a significant effect on the surface tension at high con-
centrations when the nanoparticles are near close-packed. The fitted diameter of 1 nm
points out that not all of the nanoparticles were really adsorbed at the interface or that
they were aggregated. In such a situation, the number of particles at the interface was
smaller than expected, and it is necessary to shrink the pendant drop further to reach the
close-packed regime, resulting in a lower effective diameter of the hard disk model. This
simple model underestimates the results of surface pressure against area per particle for
the JPs. Further models taking into account the interaction between the Janus nanopar-
ticles are needed to explain the results. Such models should incorporate the role of the
wettability contrast between the two hemispheres of the JPs, with the low effective charge
and steric interactions between these nanoparticles.

Although there is evidence that not all nanoparticles are uniformly distributed at the
pendant drop interface (visible aggregates in Figure 5.6 and underestimated effective di-
ameter for the HPs as discussed before), the nanoparticles placed at the interface seem to
be well anchored at both the water/air and water/decane interfaces because the different
growth and shrinkage cycles for a given nanoparticle concentration show a very low hys-
teresis value, pointing out that the nanoparticles did not desorb from the interface as the
drop area was changed. From these results, the JPs exhibited enhanced interfacial activity
as compared to the HPs.

5.4 Conclusions

The interfacial activity of homogeneous 3.5 nm gold nanoparticles capped with hex-
anethiol and Janus 3.5 nm gold nanoparticles capped half with hexanethiol and half with
MEE was explored using pendant drop tensiometry. The direct deposition of the nanopar-
ticles in a spreading solvent at the interface of the pendant drop with a microsyringe
rendered it possible to explore the surface tension evolution over time as the spreading
solvent was evaporating at different nanoparticle concentrations. The direct deposition
needed only a small quantity of nanoparticles in contrast to the conventional adsorption
of nanoparticles from the pendant drop bulk or a conventional Langmuir balance experi-
ment. The growing and shrinking pendant drop technique allowed us to study the surface
pressure for a wide range of area per nanoparticle at the water/air and water/decane in-
terfaces by varying the drop area and the number of nanoparticles deposited on the drop
surface. For both interfaces studied, the homogeneous nanoparticles showed lower inter-
facial activity than the Janus nanoparticles. A hard disk model could fit the experimental
results for the homogeneous particles, but it underestimated the interaction between the
Janus nanoparticles at the interface.
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Figure 6.1: Graphical abstract.

Abstract

In this work we report an experimental study on the surface activity and the col-
lective behaviour of colloidally stable Janus-like silver particles at the air-water
interface. The colloidal stability of silver nanoparticles has been enhanced us-
ing different capping ligands. Two polymers coated the silver particles: 11-
mercaptoundecanoic acid and 1-undecanthiol. These capping ligands adsorbed
onto the particle surface are spontaneously rearranged at the air-water interface.
This feature leads to Janus behaviour in the silver particles with amphiphilic char-
acter. The surface activity of the silver particles at the air-water interface has been
measured using pendant drop tensiometry. The Janus-like silver particles revealed
a surface activity similar to that shown by conventional amphiphilic molecules but
with much larger area per particle. The variation of the surface pressure with
the area per particle was described properly using the Frumkin isotherm up to
the collapse state. Furthermore, oscillating pendant drop tensiometry provided
very useful data on the rheological properties of Janus particle monolayers; these
properties depended on the lateral interactions between particles and were closely
related to the monolayer microstructure. We revealed the close relationship be-
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tween the collective behavior and the surface activity of Janus-like silver particles.

6.1 Introduction

Janus Particles (JPs) are special types of particles whose hemispheres have two
or more distinct physical or chemical properties [1]. In recent years, there is an
increasing interest in the design and synthesis of JPs and their self-assembly and
physical properties are being further addressed [2–8]. There are many reasons to
think that JPs are a very interesting colloidal system for electronic paper, asym-
metrical carriers for catalysis, sensing and drug delivery, nanoscale machinery in
the conversion of solar energy into electrical current and colloidal surfactants [9].
To develop these applications it is mandatory to evaluate properly the colloidal
stability in bulk and the interfacial activity of JPs and their connection. However,
there are a few works devoted to study these properties. The first experiments
on the interfacial activity of JPs (gold and an iron oxide moiety) at liquid-liquid
interfaces (water-hexane) were reported by Glaser et al., using pendant drop ten-
siometry [10]. Most recently, Ruhland et al. [11] have performed the first study
on the self-assembly behaviour of Janus cylinders at liquid-liquid interfaces using
pendant drop technique and microscopic imaging. Kumar et al. [8] have published
a review on amphiphilic JPs at fluid interfaces where they survey the recent devel-
opment in the use of these particles as colloidal surfactants to stabilize multiphasic
mixtures such as emulsions. They also discuss on the importance of controlling the
shape of JPs, which has a significant impact on their behaviour at fluid interfaces.
Obviously, the area of JPs occupied at the interface changes drastically as they ag-
gregate because they lose their original size and shape.
The surface characterization of colloidal monolayers formed by JPs becomes a
difficult task [12, 13]. To explore the surface activity of spherical JPs at fluid in-
terfaces, the following factors are crucial: the colloidal stability of the particles
in bulk, the presence of traces of the surface-active reagents used in the particle
synthesis and of the spreading agent employed to prepare the colloidal mono-
layer. These factors hinder the effect of the interface area on the surface pressure
due exclusively to the presence of amphiphilic particles. Park et al. [14] have
studied the self-assembly behaviour of JPs at fluid interfaces in detail. These au-
thors found that JPs form a fractal-like aggregate structure spontaneously, which
means that their interactions are predominantly attractive. The formation of ag-
gregates at fluid interfaces makes unrealizable the study of colloidal monolayers,
because these aggregates lead to multilayers or unresolved monolayers. Instead,
as reported by Luo et al. [15] a stable colloidal monolayer can be formed with
electrically charged JPs. Simulations performed by Hong et al. [16] on the assem-
bly of charged Janus spheres showed that the charge asymmetry of individual JPs
is preserved in the cluster acting as a larger charged JP.
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The extremely low colloidal stability of JPs is a serious limitation in their uti-
lization as colloidal surfactants. From theoretical calculations, an amphiphilic
particle, half hydrophobic and half hydrophilic, can be up to three times more
surface active than the corresponding homogeneous particle [17]. In these ener-
getic calculations, the JPs are not coagulated, which is rather difficult to achieve
experimentally if the particles exhibit a strong wettability contrast between both
hemispheres. To avoid the coagulation of the JPs we have prepared silver parti-
cles coated by a mixture of hydrophobic and hydrophilic ligands in appropriate
proportions, which go through a phase separation when the particles are located
at the air-water interface. Very recently, Sashuk et al. [12] have experimentally
confirmed the Janus behaviour of this type of particles. The electrical charges of
the hydrophilic ligand play a decisive role in the stabilization of silver particles
and the long alkyl chain of the hydrophobic ligand also introduce a steric effect
between particles. A combination of both effects is expected to stabilize silver par-
ticles through an electrosteric mechanism. As reported by Garbin et al., capping
ligands play a prominent role in determining both interparticle interactions and
the particle-fluid interactions [13].
In this work, we examined the surface activity and the collective behaviour of col-
loidally stable silver Janus-like particles (AgJPs) deposited at the air-water inter-
face. First, using pendant drop tensiometry, we measured the surface tension of JP
monolayers as a function of time at different particle surface concentrations and
the corresponding adsorption isotherms (surface pressure as a function of area
per particle). Next, the rheological response of these colloidal monolayers was
evaluated using oscillating pendant drop tensiometry. An attempt has been made
to relate the rheological properties of JP monolayers to the lateral interactions
between particles and the monolayer microstructure.

6.2 Experimental

6.2.1 Preparation of negative Janus-like Ag particles (AgJPs)

Silver nanoparticles (AgNPs) were prepared using the procedure described by Jana
and Peng. [18] Firstly, 344mg of decanoic acid (DA) were dissolved into 20mL
of toluene. Next, 6.4µL of anhydrous N2H4 were dissolved into DA solution by
sonication. This solution was then mixed with 0.2mL of dilute tert-buthyl am-
monium bromide (TBAB) solution (5.0mg of TBAB in 20mL of toluene). Finally,
34mg of silver acetate dissolved in 0.4mL of dodecyl amine solution (1 M) in
toluene were injected during stirring. Dark red colour appears within 5 min-
utes of mixing indicating particle formation. Stirring continued for 10-15 min-
utes till the reaction was completed. Next, Janus-like silver particles (AgJPs)
were prepared using the procedure described by Sashuket al. [12], with cer-
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Figure 6.2: SEM micrograph of the AgJPs studied.

tain modifications. Firstly, 20mL of methanol were added to a solution of DA-
capped AgNPs (0.02mmol-Ag, 2mL). After precipitation of nanoparticles, the
supernatant solution was decanted. The resulting nanoparticles were dissolved
in 5mL of chloroform. Nanoparticle solution was injected into a solution of
11-mercaptoundecanoic acid and 1-undecanthiol ligands (0.04mmol) of a given
ratio (1 : 1) in dichloromethane (5mL) upon stirring. The reaction mixture
left stirring overnight. Then the nanoparticles were centrifuged and purified by
dissolution-precipitation. The nanoparticles precipitate was dissolved in methanol
(1.5mL) followed with addition of 1.5mL of 2-propanol and precipitated with n-
cyclohexane (40 − 50mL). Precipitated AgJPs were centrifuged (5000 rpm) and
the dissolution-precipitation cycle was repeated twice. Finally, 2mmol of AgJPs
were dissolved in 3mL solvent (1.5mL 2-propanol and 1.5mL methanol). From
Scanning Electron Microscopy (SEM), an average particle diameter of (100 ± 40)
nm was obtained by particle size distribution (see Fig. 6.2).
Using Photon Correlation Spectroscopy (Malvern 4700c Dynamic Light Scatter-
ing) we monitored the time dependence of the average diameter at a 10−2M KBr
solution and it remained practically constant during almost one and a half hour.
Longer times were not possible to be measured due to particle sedimentation.
This proved that the AgJPs were stable in the colloidal sense. Sashuket al. [12]
demonstrated the Janus behaviour of this type of silver particles at the air-water
interface, although they indeed do not behave as JPs in bulk solution. The aver-
age size of our AgJPs is much larger than the nanoparticles prepared by Sashuk et
al, (∼ 5nm) [12]. Fresh Milli-Q water was used for the preparation of aqueous
solutions. All glassware was washed with 10% Micro-90 cleaning solution and ex-
haustively rinsed with water, isopropanol, deionized water, and Milli-Q water in
this sequence. All chemicals (Aldrich and Panreac) were of analytical grade and
used as received.
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6.2.2 Experimental Methods

The electrophoretic mobility of the AgJPs was measured with a Nano Zeta-Sizer
(Malvern) at room temperature. Pendant drop tensiometry is an extensively em-
ployed method for measuring surface and interfacial tension of liquids [19]. The
surface tension of AgJPs was measured using pendant drop tensiometry. This
technique enables to measure the surface or interfacial tension of colloidal mono-
layers using a much smaller amount of particles than that conventional technique
of Langmuir balance, where the particles are spread on a fluid subphase from a
volatile solvent to form the monolayer [13]. Instead, the colloidal monolayer is
formed onto the surface of a 20µL pendant drop depositing a given amount of
solution with nanoparticles (see Fig. 6.3).
This is very important because simple strategies are still being developed for the
preparation of large amounts of JPs. 4Our set-up is composed of a CMOS camera
interfaced with a computer-based data acquisition system, which is used to cap-
ture the image of an equilibrium drop [20]. Then edge-detecting software is used
to fit the drop shape to the Young-Laplace equation using the Axisymmetric Drop
Shape Analysis Profile (ADSA-P) [19]. In our case, increasing and decreasing the
volume of a Milli-Q water pendant drop with AgJPs deposited carefully at the air-
water interface allowed to explore the dynamic surface response of the monolayer.
Real time drop images were processed at each step of volume variation and the
drop area and surface tension were calculated (see Fig. 6.4) [20].
The dilatational rheology of the colloidal monolayers formed at the air-water in-
terface from different surface particle concentrations was measured with the os-
cillating pendant drop tensiometry. An oscillatory perturbation was applied to the
interface by injecting and extracting volume to the drop. The system monitors
the response of the surface tension to the drop area deformation. The dilatational
modulus (E), the mean surface tension (γ) and the surface dilatational viscosity
(ηd) were obtained from this response. This experimental procedure requires a
quasi-equilibrium drop shape for the calculation of surface tension. Hence, the
oscillations applied to the drop area were maintained below 1% of amplitude to
avoid excessive perturbations of the colloidal monolayer and the departure from
the viscoelastic linear region. The initial pendant drop volume was 20µL or 10µL,
which depended on the surface particle concentration. In all rheology experi-
ments, we applied a sinusoidal oscillation in the pendant drop volume with 1µL
amplitude and a frequency of 0.1Hz.

6.3 Results and discussion

The electric state of the AgJPs in aqueous media was analysed by measuring the
electrophoretic mobility as a function of pH at constant ionic strength of 10−2M
of KBr. As can be seen in Fig. 6.5, the electrophoretic mobility of AgJPs is negative
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and pH-dependent. The ξ-potential of AgJPs obtained using the Smoluchowski
equation varies from −(8±6)mV (3.3 pH) to −(46±11)mV (10.8 pH). According
to these ξ-potential values, the AgJPs were colloidally stable at pH values above
5. All experiments of surface activity and collective behaviour were performed at
pH ∼ 6.
To explore different interfacial coverage degrees of AgJPs, the surface activity ex-
periments were performed with different amounts of particles deposited at the
surface of a MilliQ water pendant drop. Each experiment involved two stages:

1. Deposition of a certain amount of AgJPs suspended in a spreading agent onto
the surface of a 5µL drop in air using a 5µL microsyringe (Hamilton) and
a micropositioner. As can be seen in Fig. 6.3, while the spreading solvent
was evaporating, the drop volume was slowly increased at 0.08µL/s up to
10µL (first increase of surface tension observed in Fig. 6.6). Next, the drop
volume was maintained constant during 3 minutes. Then, the drop volume
was increased up to 20µL (second increase of surface tension) and main-
tained until the surface tension stabilized. This stage of the pendant drop
experiment finished once the spreading solvent was fully evaporated.

2. Shrinking and growing of the air/water interface at 0.08µL/s within a vol-
ume range from 20µL to 10µL. The shrinking of the pendant drop was
repeated three times and the growing twice. The shrinking and growing
stages were accordingly averaged for each particle concentration.

After the first stage of the pendant drop experiments, the final surface tension
decreased as increasing amounts of AgJPs were deposited at the interface. As
can be seen in Fig. 6.6, the final surface tension decreased 15mN/m when the
amount of AgJPs deposited was increased 3.5 times. Furthermore, it is observed
a decreasing trend in the surface tension with time particularly as particle
concentration increases. As it is well known, get completely stationary values of
surface tension when particles are adsorbed at fluid interfaces is a very difficult
task to accomplish. In our case the maximum rate of variation of the surface
tension with time is around 10−3mN/(m · s). In any case this variation of the
surface tension is within the experimental fluctuations of our measurements.
To examine the effect of the spreading agent on the surface tension of the AgJPs
monolayers, we used two different volatile liquids (methanol and 1 : 1 methanol-
propanol). Two pendant drops were formed with the supernatants obtained from
the solutions with 109 particles dispersed in methanol and the methanol-propanol
mixture (centrifugation at 14000 rpm for 15 minutes). The methanol-propanol as
spreading agent was not fully evaporated compared to methanol for 2-3 minutes
because the surface tension reached values lower with methanol-propanol than
with methanol (see Fig. 6.7) [21].
For each shrinking and growing experiment, the surface pressure Π = γ0 − γ,
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where γ0 is the surface tension of water and γ is the measured surface tension of
the colloidal monolayer, against the drop area divided by the number of AgJPs
was plotted. The effective surface tension γ of a JP-laden interface is lower than
the surface tension γ0 of the bare interface due to the bidimensional osmotic
pressure Π generated by the colloidal monolayer, γ = γ0 − Π. In thermodynamic
equilibrium, Π is a function of the surface density of JPs, Γ. To the best of our
knowledge, there are no experimental data of Π(Γ) for JPs monolayers formed at
the air-water interface.
In Fig. 6.8, the compression isotherm of the AgJPs dispersed in methanol-
propanol is plotted. Near the collapse zone, the highest surface pressure
measured is ∼ 45mN/m. This value of surface pressure is higher than that
obtained in previous works using similar AgJPs, which is attributable to the
spreading solvent effect, not fully evaporated because of the stable molecular
aggregates formed between propanol and water [21]. However, the hysteresis
displayed by the isotherm in Fig. 6.8 is much smaller than that shown by the
isotherms obtained by the conventional Langmuir balance [12]. This indicates
that the pendant drop tensiometry enables to measure surface pressure values
under experimental conditions very close to the thermodynamic equilibrium
and that the migration of AgJPs deposited at the interface into the aqueous
phase is almost negligible. In the case of high surface pressure (i.e. low surface
tension), the pendant drop was highly deformed (see inset in Fig. 6.8). Under
these conditions, the pendant drop also exhibited higher surface elasticity as the
rheology results (see Table 6.1).
We performed shrinking and growing experiments for different amounts of
AgJPs deposited at the air-water interface. Since the values of drop volume
and area were fixed in all experiments, the drop area divided by the number of
AgJPs deposited at the interface enabled to reproduce a piecewise compression
isotherm rather than a traditional compression isotherm, such as obtained with
the Langmuir balance [12]. This is noticeable in Fig. 6.9 using methanol as
spreading agent. The number of particles was enough to form a monolayer for
all concentrations and compression states above 1.0 · 109 particles. We observe
in Fig. 6.9 how the low hysteresis found in the isotherms is further lower due
to the surface tension error. The interface compression produced changes in the
surface pressure (∼ 5mN/m) at high values of area (51̇04 nm2/particle), which
reveals the sensitivity of this technique. Below this point a gas-liquid transition
can be identified from the steep rise in the surface pressure. It is noticeable that
the complete compression isotherm throughout the range of interfacial area is not
single-valued, i.e. the curves obtained with different particle concentration do
not overlap perfectly. This can be explained because each part of the compression
isotherm corresponds to a different shrinking and growing experiment with dif-
ferent AgJP amounts in which different self-assembly dynamics could take place.
The isotherm collapse is found in Fig. 6.9 between 104 and 2 · 104 nm2/particle.
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This collapse might correspond with the close packing of 100nm particles at the
interface, which takes place when the area per particle is 4R2 being R the particle
radius (a hexagonally close-packed monolayer). Moreover, the surface tension
at the collapse state (∼ 25mN/m) is in agreement with the reported values for
similar AgJPs [12]. The contact angles of both hemispheres of the AgJPs are
expected to be around 80◦ and 92◦, which do not represent a large wettability
contrast in both faces of the AgJPs used in this study [12]. This reveals that the
colloidal stability of the AgJPs in the bulk solution and at the interface plays
a more important role in their interfacial activity ratherthan the contact angle
difference between their faces.

The Frumkin equation for a monolayer relates the surface pressure (Π) with
the area per particle at the interface (Γ−1) as follows [22]:

Π (Γ) = −kBT
a

ln 1− aΓ− βΓ2

where kB is the Boltzmann constant, T is the temperature, a is the particle geo-
metrical area and β is the interaction constant. The Frumkin equation was fitted
to the experimental data in Fig. 6.9 before the collapse, resulting in the dashed
black line.
The first term of the equation is referred to the geometry of the system (i.e. how
the particles are arranged at the interface) and the second term describes the
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Table 6.1: Dilatational rheology response of the AgJP monolayer under different
compression states. States 1, 2 and 3 correspond to the values obtained with three
different compression states on the isotherm shown in Fig. 6.8; whereas states 4
and 5 refer to two compression states of the isotherm shown in Fig. 6.9.

Compression state of AgJP monolayer E (mN/m) ηd (mN/ms) γ (mN/m)
1 620± 50 14.0± 0.1 34± 1
2 69± 2 3.3± 0.2 48± 1
3 62± 2 2.2± 0.2 57± 1
4 23± 1 1.71± 0.05 47± 1
5 28± 2 1.0± 0.1 65± 1

interaction between the particles at the interface. The first term is negligible
for our experimental data but the second term is fitted with a positive value of
β = (1.15 ± 0.08) · 10−26mJ ·m2. The negligible geometrical term in comparison
with the high interaction term points out to the dominant effect of the lateral at-
tractive interactions between AgJPs at the air-water interface.
The dilatational rheology of the colloidal monolayers at the air-water interface
has been studied using the procedure described in the experimental methods with
different AgJP concentrations and under different values of surface pressure and
compression states. This has allowed us to explore the collective behaviour of the
AgJPs particles at the interface. Table 6.1 shows the values obtained for the dilata-
tional modulus (E) of the colloidal monolayer, the mean surface tension (γ) and
the surface dilatational viscosity (ηd) [23]. We can distinguish two different be-
haviours depending on the spreading agents used for the deposition of the AgJPs.
The results, corresponding to the states 1, 2 and 3 obtained from the compres-
sion isotherm performed with the methanol-propanol mixture (Fig. 6.8), indicate
that the dilatational modulus changed dramatically when the colloidal monolayer
collapsed (state 1), whereas the dilatational modulus remains practically constant
when the AgJPs adopted a close-packed hexagonal structure (states 2 and 3). A
similar behaviour was observed for the values of surface dilatational viscosity ob-
tained with the three compression states. The states 4 and 5, reproduced from the
isotherm performed with methanol as spreading agent (Fig. 6.9), corresponded to
the collapsed and extended colloidal monolayer, respectively. The values of both
E and ηd obtained upon these compression states agree, which indicates that the
collective behaviour of the AgJPs is practically independent of the arrangement of
particles in the colloidal monolayer. This illustrates again the decisive role played
by the spreading agent. The collapsed monolayer was reproduced to lower val-
ues of surface pressure using methanol (∼ 25mN/m) instead of the mixture of
methanol-propanol (∼ 45mN/m). The elastic network formed by the AgJPs at the
interface at high surface pressure is strongly influenced by the presence of solvent
molecular clusters established with water [21].
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6.4 Conclusions

The surface activity of colloidally stable Janus-like silver particles at the air-water
interface was experimentally determined using the pendant drop tensiometry.
These particles revealed a surface activity similar to that shown by amphiphilic
molecules but with much larger area per particle. We have demonstrated the in-
terplay between bulk colloidal stability and surface activity of Janus-like particles.
Oscillating pendant drop tensiometry provided very useful data on the rheological
properties of the Janus-like silver particle monolayers; these properties depended
on the lateral interactions between particles and were closely related to the mono-
layer microstructure.
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Figure 7.1: Graphical abstract.

Abstract

Surface heterogeneity affects the behavior of nanoparticles at liquid interfaces. To
gain a deeper understanding on the details of these phenomena, we have mea-
sured the interfacial activity and contact angle at water/decane interfaces for
three different types of nanoparticles: homogeneous poly(methyl methacrylate)
(PMMA), silica functionalized with a capping ligand containing a methacrylate
terminal group, and Ag-based Janus colloids with two capping ligands of different
hydrophobicity. The interfacial activity was analyzed by pendant drop tensiome-
try, and the contact angle was measured directly by freeze-fracture shadow-casting
cryo-scanning electron microscopy. The silver Janus nanoparticles presented the
highest interfacial activity, compared to the silica nanoparticles and the homoge-
neous PMMA nanoparticles. Additionally, increasing the bulk concentration of the
PMMA and silica nanoparticles up to 100-fold compared to the Janus nanoparti-
cles led to silica particles forming fractal-like structures at the interface, contrary
to the PMMA particles that did not show any spontaneous adsorption.

Keywords: Interfacial activity; FreSCA cryo-SEM; Pendant drop tensiometry; Janus
nanoparticles; Water/decane interface.

7.1 Introduction

Janus particles with two spatially separated domains displaying different physicochemical
properties are suitable to develop responsive nanomaterials [1, 2]. The physicochemical
differences between the domains of such nanoparticles enable their self-assembly or re-
orientation as a response to a given stimulus (e.g., changes in the pH, temperature, ionic
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strength, etc.) [2].
In particular, Janus particles obtained from the partial surface modification of silica

particles via silane functionalization have been successfully validated for different appli-
cations, such as catalysis [3], ultrahydrophobic films [4], water-repellent fabrics [5] and
as emulsion [6–8] and foam [9] stabilizers.

The usual way to synthesize Janus nanoparticles involves the selective functionaliza-
tion of each hemisphere with different capping ligands [1]. A different approach has been
reported for heterogeneous silver nanoparticles functionalized with two capping ligands
with different hydrophobicity [10]. The capping ligands on such silver nanoparticles re-
orient toward the preferred liquid phase when placed at a water/oil interface, becoming
Janus nanoparticles in situ [10, 11].

Although they are used as interfacial stabilizers, the behavior of Janus particles at liquid
interfaces is still controversial [9, 12]. The measured contact angle (CA) of nanoparticles
at interfaces depends upon the technique used [12]. In particular, the hydrophobicity of
silica nanoparticles is affected by the addition of surface-active molecules, such as sur-
factants or alcohols [13]. Thus, the effect of the spreading agent in Langmuir isotherm
experiments must be taken into account because it can affect the final surface tension and
the CA of the deposited particles [11, 12].

The problem of measuring CAs of Janus particles is even more complex. Whether Janus
particles actually behave as amphiphiles at the interface or not depends upon the Janus
ratio (i.e., the ratio between the areas of the two different domains) and the wettability
contrast between both patches. Strictly, real Janus behavior, namely, the correspondence
of the three-phase contact line with the boundary between domains, can only be observed
for Janus ratios close to unity and large wettability contrasts. How this scenario demon-
strated for microparticles is applicable to nanoparticles is still a matter of debate [14].

Regardless of all of the controversy, Janus nanoparticles act as better emulsion stabi-
lizers than homogeneous nanoparticles. It is known that Janus nanoparticles obtained by
surface modification of bare silica particles successfully allow for the stabilization of oil
droplets in water with higher long-term stability than emulsions stabilized with homo-
geneous silica nanoparticles [15]. This fact agrees with the theoretical prediction that a
Janus particle with equal hydrophilic and hydrophobic areas is 3 times more surface-active
than the corresponding homogeneous particle at a water/oil interface [16]. Moreover, in
the case of nanoparticles, the thickness of the capping ligands is usually comparable to the
core size. Therefore, ligand reconfiguration can affect the adsorption of the nanoparticles
at liquid interfaces, as shown by molecular dynamic simulations and experiments [9], and
complicated energies and interactions within the polymer-capped nanoparticles govern
the formation of nanostructures [17].

In this work, we focused on the comparison between CA and interfacial activity of
three different nanoparticles at the water/decane interface: poly(methyl methacrylate)
(PMMA) homogeneous nanoparticles, silica nanoparticles functionalized with methacry-
loxypropyltrimethoxysilane (MPS), and silver Janus nanoparticles. We measured the CA
of these nanoparticles with freeze-fracture shadow-casting cryo-scanning electron mi-
croscopy (FreSCa Cryo-SEM) [14, 18] and the interfacial tension with a pendant drop
tensiometer.



148
Chapter 7. Interfacial activity and contact angle of homogeneous, functionalized and

Janus nanoparticles at the water/decane interface

7.2 Materials and Methods

7.2.1 Homogeneous, Functionalized and Janus Nanoparticles

PMMA research particles with a radius of 105 nm, standard deviation (SD) of 4 nm, and
5% (w/v) aqueous suspension (values supplied by Microparticles GmbH, Germany) were
used as homogeneous nanoparticles (labeled as PMMA-HPs).

Tetraethyl orthosilicate (TEOS, Acros Organics, 98%), ethanol (Scharlau, absolute,
reagent grade), ammonia (Scharlau, 32% solution), MPS (Sigma-Aldrich), and ultrapure
distilled water (Milli-Q Academic, Millipore) were used for the synthesis of silica nanopar-
ticles according to the Stöber procedure [19]. For each reaction, absolute ethanol, ammo-
nia, and water were mixed in a 500 mL reaction vessel. Then, TEOS was added quickly,
and the reaction mixture was stirred at 350 rpm and room temperature for 24 h. The mo-
lar concentration of the mixed solution was 2.49:1.06 water/ammonia for the synthesis of
silica nanoparticles of 208 nm in diameter. The volume of absolute ethanol was adjusted
up to 500 mL, and the concentration of TEOS was fixed to 0.2 M. Silica nanoparticles were
collected by centrifugation (15000 rpm for 15 min) and washed by repeated redispersion
in absolute ethanol 3 times. The final product was dried in a vacuum oven at 80◦C for 24
h. The method of partial functionalization of silica nanoparticles was reported in previous
works [20–22]. First, 1.6 g of silica nanoparticles was introduced into a beaker. Next, 0.8
mL of deionized water was added to the silica nanoparticles. Then, 52 mL of toluene con-
taining 1.0 mL of MPS and 2.0 mL of triethylamine was added. The mixture was stirred
for 3 days at room temperature. Subsequently, the solid was collected by centrifugation
(12000 rpm for 5 min) and dried under vacuum for 24 h after being washed 3 times in
ethanol. These silica nanoparticles are partially modified with MPS because a fraction
of the particle surface remains covered with hydroxyl groups with high affinity to water
and the other fraction of the particle surface is modified with MPS groups, less polar and
with higher affinity to oil. From thermogravimetric analysis, assuming that the amount
of MPS is homogeneously distributed over all of the surface, the MPS surface coverage
is 2.27 · 10−4molMPS/gSiO2 . The final functionalized silica nanoparticles are labeled as
silica-FPs and are dispersed in Milli-Q water.

Silver Janus nanoparticles (labeled as Ag-JPs) were synthesized as described in pre-
vious work [11], with a size of 175 nm measured by FreSCa Cryo-SEM. The synthe-
sis is based in the exchange of 11-mercaptoundecanoic acid and 1-undecanthiol ligands
with silver nanoparticles functionalized with decanoic acid. The Ag-JPs are dispersed in
methanol.

All nanoparticle dispersions are surfactant-free. The size and electrophoretic mobility
of the nanoparticles were measured by dynamic light scattering (DLS) with a Malvern
Zetasizer Nano Z device in a solution of BrK at an ionic strength of 10−4 M and a pH of
5.5.
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7.2.2 Pendant drop tensiometry

Pendant drop tensiometry was performed with a homemade setup as described in previous
works [11, 23]. First, a water pendant drop was formed in a capillary with a Hamilton
microinjector pump. Different amounts of Ag-JPs dispersed in methanol were deposited
with a Hamilton microsyringe on the surface of the initial water pendant drop. In the
case of PMMA-HPs and silica-FPs, the microsyringe was loaded with a 1:1 particle dis-
persion/methanol mixture. Once the pendant drop was formed, side-view images of the
droplet were captured by a CMOS camera and processed with the Dinaten software to ob-
tain the corresponding surface tension by axisymmetric drop shape analysis of the pendant
drop profile (ADSA-P) [24]. The surface tension was monitored until full evaporation of
methanol (i.e., Langmuir layer formation [9]). Next, we immersed the pendant drop in
decane [high-performance liquid chromatography (HPLC) grade, Sigma] and performed
growing and shrinking cycles at 0.08 µL/s, varying the drop volume within 40 and 15 µL
as described in previous works [11, 23], and the corresponding interfacial tension was
measured. In addition, drops of the suspensions containing the nanoparticles at different
concentrations were formed in the case of aqueous suspensions (PMMA-HPs and silica-
FPs). In this process, the particles adsorb at the interface from the pendant drop bulk (i.e.,
Gibbs layer formation, significantly slower than the Langmuir layer formation [9]).

7.2.3 Freeze-fracture Shadow-Casting

The FreSCa cryo-SEM technique, described in previous works [14, 18], consists of the
immobilization and imaging of nanoparticles at a water/oil interface in a cryo-SEM. The
immobilization is provided by vitrification of the interface with a propane jet freezer, and
the imaging is performed after fracturing the sample in cryo and ultrahigh vacuum con-
ditions and after directional coating by a thin tungsten layer, deposited at a 30◦ angle
relative to the interface. The shadow projected by the nanoparticles trapped in the wa-
ter/decane interface upon tungsten casting is measured by cryo-SEM and used to calculate
the CAs of individual nanoparticles. The silica-FPs and PMMA-HPs are measured after ad-
sorption directly from the water phase, and the Ag-JPs are deposited from methanol in a
water phase, waiting until full evaporation of the methanol. Thus, the methanol evapo-
ration process is absent for silica-FPs and PMMA-HPs, and we expect a lower number of
nanoparticles reaching the interface because of the absence of the energy provided by the
methanol evaporation.

7.3 Results and Discussion

The results of electrophoretic mobility, size, and CA measured for the different nanopar-
ticles are collected in Table 7.1. First, we discuss the similarities and differences between
nanoparticles to establish possible comparisons. The capping ligands of the silica-FPs
consist of a silane group anchored to the silica core, a propyl hydrocarbon chain, and a
terminal methacrylate group. The silica-FPs are comparable in size and mobility with the
PMMA-HPs, both dispersed in water. The PMMA-HPs serve as an example of a homoge-
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neous organic nanoparticle, and the silica-FPs serve as an example of a heterogeneous
nanoparticle made of a silica inorganic core (hydrophilic) and less hydrophilic organic
capping ligands. On the other hand, the Ag-JPs are also comparable in size to the other
nanoparticles; however, their mobility is lower (half), and they are dispersed in methanol.
Moreover, the capping ligands of the Ag-JPs are reoriented at the water/oil interface into
different spatial domains, with the more hydrophilic one toward the water phase and the
more hydrophobic one toward the oil phase [10, 11]. When the capping ligands do not
present a difference in hydrophobicity, simulations have shown that the Janus particles
place randomly at the interface, although there is some ordering when the interface is
stretched [25].

From Table 7.1, the nanoparticle size is systematically overestimated by DLS compared
to the direct measurement obtained from the FreSCa cryo-SEM images (see Figure 7.3).
This is expected because DLS gives an effective hydrodynamic radius that is greater than
the real radius of the dehydrated nanoparticles.

The CA distribution was measured counting 176 PMMA-HPs, 229 silica-FPs, and 53 Ag-
JPs. The lower number of Ag-JPs is due to the lower concentration that we could obtain
with these nanoparticles. The values of CA in Table 7.1 were calculated as the mean and
standard deviation of the measured CAs for each kind of nanoparticle. The CAs obtained
with the FreSCa cryo-SEM technique for the silica-FPs, PMMA-HPs, and Ag-JPs deposited
at water/decane interfaces present a wide distribution (see Figure 7.2). Nevertheless,
the distribution is narrower for the PMMA-HPs than for the silica-FPs and Ag-JPs. The
silica-FPs presented the highest CA (over 90◦), followed by the Ag-JPs (close to 90◦), and
finally the PMMA-HPs (76◦). The values of CA enable prediction of the behavior of the
nanoparticles as emulsifiers: CAs smaller than 90◦ tend to stabilize oil-in-water emulsions,
and values greater than 90◦ tend to stabilize water-in-oil emulsions [26]. Nonetheless, this
emulsion stabilization mechanism has to be taken carefully into consideration because it
is affected by coalescence effects. Stancik et al. [27] studied the coalescence of particle-
laden drops with homogeneous particles and found that the precise nature of the particle
dynamics and microstructures during coalescence are not straightforward to anticipate.

The wide distribution of measured CAs agrees with the results obtained with other
techniques for direct CA measurement of nanoparticles placed at liquid interfaces such as
the gel trapping technique [28] or Bessel beam microscopy [29]. We assume that this scat-
tering is due to the dependence of the CA upon the details of the different nanoparticles
and their kinetics as they reach the interface. Furthermore, the narrower distribution of
CAs for the PMMA-HPs might point to less CA variation of the homogeneous nanoparti-
cles rather than the heterogeneous nanoparticles. The high CA of the silica-FPs compared
to PMMA-HPs is in agreement with previous molecular dynamics simulations of silica
nanoparticles (3 nm diameter) with tunable surface activity at a water/decane interface
[26]. In this work, the surface activity was modulated through the ratio between methyl
and hydroxyl groups at the interface and the homogeneous nanoparticles presented CAs
typically lower than 90◦, whereas the Janus nanoparticles revealed CAs usually greater
than 90◦. Even though our silica-FPs are not strictly Janus nanoparticles, they are less
hydrophilic than the homogeneous PMMA nanoparticles. The macroscopic CA of a water
drop deposited on a smooth PMMA film was reported to be 67.8◦ ± 1.4◦ (water/air inter-
face); although with a later treatment that provided more roughness and functional group
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Table 7.1: Electrophoretic Mobility and Size Measured by DLS and Size and CA
Measured by FreSCa cryo-SEM of the Nanoparticles Studied

Mobility
(10−8m2/(V ·
s))

DLS size
(nm)

FreSCa size
(nm)

FreSCa CA
(deg)

PMMA-HPs −2.7± 0.6 156.9± 0.5 119± 27 76± 9
Silica-FPs −3.0± 0.4 216± 16 181± 23 94± 14
Ag-JPs −1.5± 0.6 210± 18 175± 43 86± 19

Table 7.2: Interfacial Tension of a 20 µL Water Pendant Drop in Air and a 30 µL
Water Pendant Drop in Decane, for Different Concentrations of Each Nanoparticle
upon Spreading.

γWater/Air (mN/m) γWater/Decane (mN/m)
2.43 · 108 PMMA-HPs 72.7± 0.1 50.2± 0.2
4.86 · 108 PMMA-HPs 70.5± 0.1 52.2± 0.1
9.72 · 108 PMMA-HPs 72.4± 0.1 52.3± 0.1
1.05 · 108 silica-FPs 70.3± 0.1 52.2± 0.1
2.10 · 108 silica-FPs 71.4± 0.1 50.3± 0.1
4.20 · 108 silica-FPs 70.0± 0.1 51.1± 0.1
0.96 · 108 Ag-JPs 71.8± 0.2 48.3± 0.5
1.92 · 108 Ag-JPs 71.0± 0.4 48.5± 0.5
3.84 · 108 Ag-JPs 64.1± 0.4 42.9± 0.4

reorientation to the PMMA film, the CA increased up to 154.3◦ ± 3.9◦ [30]. The CA of
PMMA-HPs of the same manufacturer but with a larger size (1–2 µm) measured by the gel
trapping technique in a water/n-octane interface was 56◦ ± 2◦ [31], which is significantly
lower than the value obtained for our PMMA-HPs at a water/decane interface measured
by FreSCa cryo-SEM. This reveals a strong dependence of the observed CA and specific
PMMA surface, i.e., in terms of the particle size and roughness and in relation to the type
of oil phase. This invalidates any comparison between the CA of a sessile water drop on a
PMMA substrate and the CA of PMMA-HPs deposited at a water/oil interface. Finally, the
Ag-JPs CA seems lower than the CA of the silica-FPs, but actually, they overlap within their
standard deviations. From this, we cannot state differences between these nanoparticles.

To investigate further the effects of surface chemistry on the behavior at the interface,
the interfacial activity of the nanoparticles was explored by pendant drop tensiometry.
Stable interfacial tension values were obtained after forming water pendant drops with
different numbers of particles deposited in air and, subsequently, immersed in decane.
The numbers of particles were chosen to obtain the same coverage between different
nanoparticles, starting from the assumption that all of them were placed at the interface,
assuming close-packing. The stable values of interfacial tension are collected in Table 7.2,
measured after 30 min.
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Figure 7.2: CAs of PMMA-HPs, silica-FPs, and Ag-JPs at water/decane interfaces
measured by FreSCa cryo-SEM.

At room temperature, the water surface tension is around 72 mN/m and the wa-
ter/decane interfacial tension is around 52 mN/m. The values in Table 7.2 confirm that
the surface tension of the PMMA-HPs and silica-FPs suspensions do not depend upon the
particle concentration. Although the errors are low because the values are constant over
time, within a 2 mN/m margin, it is not possible to say that they differ significantly be-
cause of the limits of the pendant drop tensiometry. Only for the Ag-JPs at the highest
concentration, the surface tension was significantly decreased. This might point out that
the PMMA-HPs and silica-FPs are scarcely adsorbed at the water/air interface or that they
are very poorly interfacially active. However, all nanoparticles certainly adsorbed at the
water/decane interface as shown in Table 7.2 and Figure 7.3. Provided the extensive use
of silica nanoparticles as emulsion stabilizers, these results point out that they stabilize
through a steric effect rather than by their amphiphile character [16].

The results of compression/expansion cycles of each water pendant drop immersed
in decane are plotted in Figure 7.4, where the interfacial pressure Π is defined as Π =
γ0−γ, with γ0 being the interfacial tension in the absence of nanoparticles. The interfacial
pressure is plotted against the normalized area. The normalized area is calculated as the
pendant drop area divided by the total area that the nanoparticles would occupy if they
were all placed at the interface, assuming close packing. The piecewise-like compression
isotherms are similar to the observed ones for other Janus systems studied previously, and
they are piecewise-like as a result of the limitations to vary the interfacial area over a large
range in a single pendant drop experiment [11, 23].

When a film is compressed beyond a certain pressure (i.e., the pendant drop is shrunk),
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a particle-laden drop may undergo buckling [32]. When buckling occurs, it is expected
to observe a change in the slope of the compression isotherm [33]. However, this behav-
ior is not observed in our measurements, and this suggests the absence of such buckling
processes within the range of volumes and interfacial tensions studied. Also, the compres-
sion/expansion cycles in Figure 7.4 were closed for each concentration and nanoparticle,
pointing out that there was no significant adsorption or desorption during the experi-
ments. The Ag-JPs showed discontinuities in the surface pressure for similar compression
states. This might indicate that they are very sensitive to the initial compression state
upon adsorption of different particle numbers. In fact, the monolayers may evolve differ-
ently when the surface is compressed, and the internal stress may relax in different ways.
Finally, it can be concluded that Ag-JPs presented significantly higher interfacial activity
compared to the negligible interfacial activity of silica-FPs and PMMA-HPs, as previously
demonstrated. To try to obtain a similar surface pressure as the Ag-JPs for the other two
nanoparticle types, we performed different experiments in which the pendant drop was
made of the aqueous silica-FPs and PMMA-HPs dispersions. In this case, we did not spread
the particles aided by methanol, but we monitored the spontaneous adsorption from the
bulk. Under these conditions, the available number of particles that can adsorb at the
interface could be increased 100 times. The results of compression/expansion cycles of
such water pendant drops immersed in decane are plotted in Figure 7.6 of the Supporting
Information.

The PMMA-HPs and silica-FPs, similar in size and with the same particle number in
the water bulk phase, behave differently at the water/decane pendant drop interface. In
comparison to the homogeneous aspect of the pendant drop of PMMA-HPs (Figure 7.5a),
the silica-FPs are visibly accumulated with fractal-like structures at the bottom of the drop
(Figure 7.5b). The number of particles that reach the interface will be different as a
result of electrostatic repulsions and dipolar interactions through the oil phase and the
different and slow relaxation processes of such particles reaching the interface [34]. The
fractal-like structure of silica-FPs is in agreement with a study in which silica nanoparticles
form dense, connected patches surrounding uncovered areas [7]. Some authors report
that the homogeneous nanoparticles are arranged in a hexagonal pattern as a result of
long-range electrostatic repulsion, contrary to Janus nanoparticles that show a fractal-like
arrangement as a result of attractive interactions [35, 36]. Furthermore, Xu et al. [37]
observed attraction and repulsion of homogeneous particles in a water/oil pendant drop.
This effect was observed when a water drop (immersed in an oil phase) was brought
close to a flat oil-water interface as a result of electrostatic interactions between the two
interfaces. The attractive interactions for silica-FPs might be due to capillary interactions,
where different roughness or chemical heterogeneity may deform the three-phase contact
line around the particle, leading to nanoparticle aggregation [38]. Finally, the FreSCa
images in Figure 2 also indicate that the silica-FPs have stronger tendency to aggregate at
the interface compared to the PMMA-HPs.
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(a) (b)

(c)

Figure 7.3: FreSCa cryo-SEM pictures of (a) PMMA-HPs, (b) silica-FPs, and (c)
Ag-JPs. The tungsten shadow projected by the nanoparticles enables estimating
the CA of the nanoparticles. All of the scale bars are 500 nm.
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(a) Homogeneous PMMA
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(b) Functionalized silica
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Figure 7.5: Pendant drops (5 µL) with a suspension of 21.7 ·1011 nanoparticles/mL
of (a) PMMA-HPs and (b) silica-FPs, both immersed in decane. The presence of
fractal-like clusters of the silica-FPs is clearly noticeable in the images.
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7.4 Conclusions

The interfacial activity of PMMA-HPs, silica-FPs, and Ag-JPs with similar sizes (∼200 nm)
was studied at the water/decane interface via interfacial tension and direct CA measure-
ments. The highest CA was obtained for the silica-FPs and Ag-JPs, and the lowest CA was
obtained for the PMMA-HPs. The wide CA distribution for all nanoparticles might be due
to the heterogeneity in the surface properties and adsorption of the nanoparticles that
reach the interface. The interfacial activity of Ag-JPs was significantly higher compared
to silica-FPs and PMMA-HPs at equivalent particle concentrations. Although the silica-
FPs and PMMA-HPs did not show a strong effect in reducing the water/decane interfacial
tension, they were certainly adsorbed as reflected by FreSCA cryo-SEM images. A 100-
fold higher concentration of silica-FPs and PMMA-HPs was necessary to obtain a similar
reduction of the interfacial tension at the water/decane interface as for the case of the
Ag-JPs. Thus, the silica nanoparticles are expected to stabilize emulsions by steric effect
rather than by its amphiphile character. At higher concentrations, the silica-FPs exhibited
fractal-like structures as a result of attractive interactions, unlike PMMA-HPs. Despite the
fact that the CAs of silica-FPs and Ag-JPs were similar within errors, only the latter led to
a significant reduction of the interfacial tension at the same surface coverage, probably as
a result of its surface chemistry and Janus character. From our findings, in the absence
of surfactants, Janus silver nanoparticles may act as better emulsifiers as a result of their
remarkable interfacial activity at the water/decane interface compared to homogeneous
PMMA or heterogeneously functionalized silica nanoparticles.
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Figure 8.1: Graphical abstract.

Abstract

Janus gold nanoparticles (JPs) of ∼ 4 nm-diameter half functionalized with
1-hexanethiol as hydrophobic capping ligand exhibit significantly higher inter-
facial activity, reproducibility and rheological response when the other half
is functionalized with 1,2-mercaptopropanediol (JPs-MPD) than with 2-(2-
mercaptoethoxy)ethanol (JPs-MEE), both acting as the hydrophilic capping ligand.
The interfacial pressure measured by pendant drop tensiometry reaches 50 mN/m
and 35 mN/m for the JPs-MPD at the water/air and water/decane interface, re-
spectively. At the same area per particle, the JPs-MEE reveal significantly lower
interfacial pressure: 15 mN/m and 5 mN/m at the water/air and water/decane
interface, respectively. Interfacial dilatational rheology measurements also show
an elastic shell behaviour at higher compression states for JPs-MPD while the JPs-
MEE present near-zero elasticity. The enhanced interfacial activity of JPs-MPD is
explained in terms of chemical and hydration differences between the MPD and
MEE ligands, where MPD has a shorter hydrocarbon chain and twice more hy-
droxyl terminal groups than MEE.

8.1 Communication

Pickering emulsions can be thermodynamically stabilized by amphiphilic Janus
nanoparticles (JPs) with a wettability anisotropy [1–3].It is known that JPs show
three times more adsorption energy than homogeneous nanoparticles [2, 4].
Strong efforts have been made to synthesize and simulate JPs with different mor-
phologies and surface chemistry to control the way in which these particles self-
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assemble at fluid interfaces [5–9].
Gold nanoparticles randmonly functionalized with 1-undecanethiol and N,N,N-

trimethyl (11-mercaptoundecyl) ammonium chloride are reported to become
Janus-like when the capping ligands rearrange at the water/air interface [10].
Nevertheless, recently Reguera et al. [11] demonstrated by neutron reflectiv-
ity that such rearrangement does not happen with gold nanoparticles function-
alized with 1-octanethiol and 6-mercapto-1-hexanol at the water/air interface. A
way to obtain gold JPs with true separate domains is to selectively functionalize
each hemisphere of the core with the desired capping ligands immobilizing the
nanoparticles in a Langmuir balance [12, 13].

It is fundamental to select the appropiate capping ligands that will confer the
Janus character to the nanoparticles because of the significant dependence be-
tween these capping ligands and the interfacial activity of the final JPs. We propose
a simple strategy to enhance the interfacial activity, rheological response and re-
producibility through colloidal stability of true gold Janus nanoparticles. We syn-
thesized Janus gold nanoparticles half capped by 1-hexanethiol and the other half
by 2-(2-mercapto-ethoxy)ethanol (JPs-MEE) or 1,2-mercaptopropanediol (JPs-
MPD) in surfactant-free conditions as described in previous works (see Fig. 8.2)
[12–14]. The sizes obtained by high resolution TEM measurements (see Fig.
S1†) are 3.5 ± 0.9nm and 3.7 ± 1.9nm for the JPs-MEE and JPs-MPD, respec-
tively. The electrophoretic mobility of both JPs was measured with a ZetaSizer
Nano (Malvern) in a 10−2M sodium citrate MilliQ water solution to stabilize the
electrical double layer obtaining µe,JPs−MEE = (−2.2 ± 1.5) · 10−8m2/(V · s) and
µe,JPs−MPD = (−2.9 ± 0.4) · 10−8m2/(V · s). From previous works, the JPs-MEE
showed an average macroscopic contact angle of (56.1 ± 1.8)◦ and (49.0 ± 1.3)◦

in each hemisphere, whereas the JPs-MPD showed (63.3 ± 2.7)◦ and (53.4 ± 2.9)◦

in their respective hydrophobic and hydrophilic hemispheres [12, 13]. The con-
tact angles are slightly lower for the JPs-MEE likely due to the fabrication pro-
cess: for MEE adsorption, the close-packed monolayer of 1-hexanethiol covered
gold nanoparticles was immersed in a water solution containing MEE [13] and
this might produce greater hydrophilic capping ligand exchange and thus lower
contact angle than for the JPs-MPD in which the functionalization with MPD was
performed directly in the Langmuir balance, exchanging the MPD ligands from the
water subphase [12]. The contact angle values in the hydrophilic hemispheres are
similar within errors, which reflects that the differences between MPD and MEE
are not reflected macroscopically in the contact angle and the wettability contrast
(i.e. contact angle differences between hemispheres) is simila.r in both JPs-MEE
and JPs-MPD within errors. The pendant drop tensiometry was conducted as fol-
lows: different amounts of Janus nanoparticles (JPs-MEE and JPs-MPD) dispersed
in tetrahydrofuran (THF, HPLC grade) were deposited on a water pendant drop
with a handheld microsyringe and a micropositioner. The surface tension was
obtained by axisymmetric drop shape analysis upon THF evaporation, while the
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Figure 8.2: MEE (left) and MPD (right) capping ligands. The SH group is the
anchor group at the gold nanoparticle surface.

pendant drop volume was kept constant. The results in Fig. 8.3 show a decrease
in the final surface tension after evaporation of THF which is higher as the con-
centration of JPS-MPD is increased (refer to previous work for the JPs-MEE similar
characterization [15]). The experiments are highly reproducible as can be seen in
the different runs for a fixed concentration of JPs (different curves with same color
in Fig. 8.3).

After the THF evaporation, growing and shrinking experiments were performed
at 0.08µL/s for each JP concentration. Next, the pendant drop was immersed in
decane and the growing and shrinking experiments were performed again. We
plot the interfacial pressure (Π = γ0 − γ, where γ0 is 72.5mN/m for the water/air
(W/A) and 52.3mN/m for the water/decane (W/O) interfaces and γ is the mea-
sured interfacial tension) against the drop area per particle (Ap, the area of the
pendant drop divided by the number of deposited JPs). A piecewise compression
isotherm can be seen in Fig. 8.4a and Fig. 8.4b for W/A and W/O interfaces, re-
spectively. The first remarkable fact is the lower interfacial activity of JPs-MEE
compared to JPs-MPD at the same Ap values. At the lowest Ap reached for JPs-
MPD, Π is 50mN/m and 35mN/m and 15mN/m and 5mN/m for the JPs-MEE
at the W/A and W/O interfaces, respectively. The highest Π values obtained for
JPs-MEE, after further compression, are 30mN/m and 20mN/m at the W/A and
W/O interfaces, respectively. Contrary to JPs-MEE, the compression isotherms for
JPs-MPD at the W/A interface exhibit open cycles at the beginning of the experi-
ments pointing out that the colloidal monolayer rearranges into a final state that is
preserved in further compression cycles. This behaviour is attenuated at the W/O
interface as the hysteresis cycles are much smaller (i.e. the upper compression and
lower expansion curves are closer) which might be due to the fact that enough en-
ergy is provided to reach a more relaxed state when it is immersed in decane.
Moreover, the low hysteresis of the JPs-MEE compression cycles compared to the
JPs-MPD might be due to the lower interfacial activity of these particles. Since
the fabrication process, hydrophobic capping ligand, wettability contrast, size and
charge were similar for both JPs-MEE and JPs-MPD, the differences between in-
terfacial activity must come from the interfacial activity of the MEE and MPD
hydrophilic capping ligands. Whereas MEE has a longer hydrocarbon chain (four
CH2 and one oxygen) and one hydroxyl terminal group, the MPD has a shorter
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Figure 8.3: Surface tension evolution over the time after the deposition of dif-
ferent number of JPs-MPD in THF on the surface of an initial 5µL MilliQ water
pendant drop and growth up to 45µL. Same color curves correspond to differ-
ent experiments with the same number of deposited JPs-MPD. After the solvent
evaporation, the surface tension remained stable.
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hydrocarbon chain (three CH2) and two hydroxyl terminal groups (see Fig. 8.2).
The lower number of hydrocarbon groups and higher number of hydroxyl groups
of MPD might result in higher hydration of the hydrophilic hemisphere of the JPs
(i.e. establishing hydrogen bonds between water and the hydrophilic capping lig-
ands). These chemical differences might play a decisive role in the final interfacial
activity of these JPs.

The interfacial dilatational rheology of the JPs was evaluated by ten peri-
odic volume variations of 1µL for different periods. When a periodic injec-
tion/extraction of volume is performed to the pendant drop, the interface tries
to re-establish the equilibrium. This counteraction is represented by a complex
quantity composed by a storage part and a loss part:

E = Ed + iωηd (8.1)

where E is the surface dilatational modulus that accounts for the change in surface
tension produced by a small change in a surface area, Ed is the interfacial dilata-
tional elasticity, ω is the oscillation frequency and ηd is the interfacial dilatational
viscosity [16]. If the viscosity is negligible during the relaxation process after per-
turbation of the interface, the interface present an essentially elastic behavior. The
extraordinary interfacial activity of JPs-MPD is reflected in the rheology results in
Fig. 8.5a and 8.5b (see Fig. S2 and S3†). For both W/A and W/O interfaces, E
decreases slightly and η increases for increasing periods. For the W/A interface,
Ed and ηd increases clearly with the compression state of the colloidal monolayer.
This trend is also observed for the W/O interface but with lower values of both
Ed and ηd. The high Ed value is a signal that the colloidal monolayer creates an
elastic shell on the pendant drop at higher compression states. This elastic be-
haviour again suggests the ability of the JPs-MPD as emulsifiers. Further rheology
experiments were performed for a fixed period of 10 s comparing the response of
JPs-MEE and JPs-MPD. The results in Fig. 8.6a and 8.6b point out that the JPs-
MPD reach significantly higher Ed and ηd values upon compression (i.e. lower Ap)
than the JPs-MEE (∼ 10 times higher Ed and ηd for JPs-MPD than JPs-MEE at the
W/A interface and 2 times at the W/O interface), suggesting that the elastic shell
behaviour is not present for the JPs-MEE. A final consideration must be taken into
account for gold nanoparticles in the range of a few nanometers (i.e. less than
10nm), the adsorption energy at the interface is of the order of KBT [17] and
they are expected to easily leave the interface. Nevertheless, the stable interfacial
tension over time after the THF evaporation, the closed growing/shrinking cycles
and the dilatational rheology seem to point out that the JPs-MEE and JPs-MPD are
irreversibly anchored at the W/A and W/O interfaces, probably due to its Janus
character.

In conclusion, the JPs-MEE and JPs-MPD are similar in fabrication process, hy-
drophobic capping ligand, wettability contrast, size and charge, but are functional-
ized with different hydrophilic capping ligand. The JPs-MPD exhibit a significantly
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Figure 8.4: Surface pressure against the area per particle for different number of
JPs-MEE and JPs-MPD deposited at the (a) W/A and (b) W/O interfaces. For a
more detailed characterization of the JPs-MEE, please refer to Fernandez et al.[15]
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higher interfacial activity at W/A and W/O interfaces. Moreover, the dilatational
rheology suggests an elastic shell-like behaviour of the pendant drop when the
JPs-MPD are deposited at W/A and W/O interfaces. This elastic shell behaviour
seems to be absent with the JPs-MEE. This points out the importance of the chem-
ical structure of the capping ligands in JPs to predict the interfacial activity and
therefore their ability as emulsifiers. Shorter hydrocarbon chain and more hy-
droxyl terminal groups in the hydrophilic capping ligands seems to be a route to
obtain enhanced interfacial activity of this kind of JPs via enhanced hydration of
the hydrophilic hemisphere of the JPs. To the best of our knowledge, it is the
first time that such high interfacial activity is obtained with ∼ 4nm-diameter gold
nanoparticles in surfactant-free conditions.
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(a) Interfacial dilatational elasticity Ed
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(a) Interfacial dilatational elasticity Ed for 10 s period
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8.2 Supporting Information

20 nm

JPs-MEE JPs-MPD

Figure 8.7: High Resolution TEM micrographies of the JPs-MEE (left) and JPs-
MPD (right). The sizes are 3.5 ± 0.9nm and 3.7 ± 1.9nm for the JPs-MEE and
JPs-MPD, respectively.
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Figure 8.8: 45µl water pendant drops in air with different number of JPs-MPD
deposited at the interface, after THF evaportion: (A) Bare water/air interface, (B)
1.6 · 1012 JPs-MPD, (C) 3.2 · 1012 JPs-MPD, (D) 4.8 · 1012 JPs-MPD, (E) 8.0 · 1012

JPs-MPD and (F) 16.0 · 1012 JPs-MPD, this last pendant drop fell off due to the
low surface tension and it wasn’t possible to perform the rheology experiments.
It is noticeable the increasing opacity and shape change of the pendant drop with
increasing number of JPs-MPD deposited at the interface.
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Figure 8.9: 45µl water pendant drops immersed in decane with different number
of JPs-MPD deposited at the interface, corresponding to the drops in Fig. 8.8:
(A) Bare water/decane interface, (B) 1.6 · 1012 JPs-MPD, (C) 3.2 · 1012 JPs-MPD,
(D) 4.8 · 1012 JPs-MPD and (E) 8.0 · 1012 JPs-MPD. It is noticeable the increasing
opacity and shape change of the pendant drop with increasing number of JPs-MPD
deposited at the interface.
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Figure 9.1: Graphical abstract.

Abstract

Gold Janus nanoparticles (JPs) of 13 nm and 23 nm were synthesized in surfac-
tant free conditions, half functionalized with polystyrene and half with polyethy-
lene glycol as hydrophobic and hydrophilic ligands, respectively. The interfacial
activity of the JPs was compared to homogeneous hydrophilic nanoparticles (HPs)
fully functionalized with PEG by pendant drop tensiometry. The nanoparticles
were placed at the water/air and water/decane interfaces. We compared three
different spreading agents: water, water/chloroform and pure chloroform to eval-
uate their effect on the final interfacial activity exhibited by both JPs and HPs.
The JPs interfacial activity was close to zero (∼ 2mN/m) when the spreading
agent was water and increased to (∼ 14mN/m) when the spreading agent was
water/chloroform. When the nanoparticles were deposited with pure chloroform
the interfacial activity reached ∼ 60mN/m when the maximum surface pressure
was achieved by compression. In all cases, JPs exhibited higher interfacial activity
than HPs which were not interfacial active, regardless of the spreading agent. The
interfacial activity at the water/decane interface was significantly lower than at
the water/air interface because of aggregation in decane. Interfacial dilatational
rheology showed that the JPs formed a strong elastic shell at the pendant drop
interface, compared to HPs. The significantly high interfacial activity obtained
with JPs in this study reflects the importance of the polymeric Janus shell and the
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spreading agent.

Keywords: Janus nanoparticles; Interfacial activity; Polymer shell; Water/air inter-
faces; Water/decane interfaces; Dilatational interfacial rheology.

9.1 Introduction

Janus nanoparticles (JPs) with a wettability contrast are extensively studied as emulsion
stabilizers due to their interfacial activity [1, 2]. These JPs combine the benefits of wet-
tability contrast of surfactants, the benefits of Pickering emulsions [3], and the plasmonic
features of the Au core [4]. The capabilities of Janus nanoparticles to stabilize emul-
sions come from the spatial separation of the different wettability domains. This spatial
separation lead to an enhanced interfacial activity regardless of the amphiphilicity of the
nanoparticles, compared to homogeneous nanoparticles [5]. In fact, JPs show up to three
times more adsorption energy than the corresponding homogeneous nanoparticles with
randomly placed capping ligands [5]. Thus, it is necessary to understand the role of the
capping ligands that form the two separate wettability domains of such JPs on the final
interfacial activity [6].

Amphiphilic gold nanoparticles with thiol-terminated polyethylene glycol chains and
short alkane-thiols as capping ligands are proper water/oil emulsion stabilizers [3]. The
authors claim that these nanoparticles only become Janus-like when the capping lig-
ands rearrange at the interface of the emulsion. Nevertheless, this capping ligand re-
arrangement did not occur with gold nanoparticles functionalized with 1-octanethiol and
6-mercapto-1-hexanol at the water/air interface when it was studied by neutron reflectiv-
ity [7]. Thus, different approaches are needed to ensure that the nanoparticles are true
JPs [8]. For example, controlling the adsorption of the capping ligands to ensure spatial
separation in different domains while the capping ligands are exchanged from bulk [9].
Previous attempts to obtain amphiphilic gold nanoparticles functionalized by PEG and PS
were made by Zubarev et al. [10], where 2 nm-diameter gold and silver cores were func-
tionalized by V-shaped PS-b-PEG diblock polymers. The V-shaped polymers are expected
to reorient at the interface in a Janus-like way thanks to the small size of the gold core
compared to the polymers. In fact, they found that if the molecular weight of PS block
was adjusted to be two times higher than the PEG block, the nanoparticles aggregated in
water forming cylindrical micelles due to this capping ligand reorientation.

Janus gold nanoparticles can also be obtained through the spontaneous segregation of
two dissimilar polymers on the surface of the nanoparticle. The Janus character is well-
defined by characterization by Nuclear Overhauser Effect Spectroscopy (NOESY NMR), by
the growth of a silica half shell only over the hemisphere coated by one of the polymers
and by Transmission Electron Microscopy (TEM) Tomography images of the Janus gold
nanoparticles selectively stained. Since one hemisphere is coated by a hydrophilic polymer
(polyethylene glycol) and the other by a hydrophobic one (polystyrene), the nanoparticles
can assemble in definite clusters, whose sizes can be tuned by alterations in different
factors as: polymer length, polymer proportion, core size and polarity of the medium
[11].
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The spreading agent also plays a decisive role when the particles are deposited at fluid
interfaces. This is because the evaporation of volatile spreading agents provide energy to
the nanoparticles to reach and anchor to the interface. This process forms the so-called
Langmuir monolayer, in contrast with a Gibbs monolayer in which the nanoparticles have
to reach the interface from the bulk. The latter process is very slow compared with the
usual laboratory timescales and are impractical in industrial processes [6].

In this study, we examine the importance of the polymeric Janus shell in gold nanopar-
ticles and the spreading agent used during the deposition at water/air and water/decane
interfaces. We compare the interfacial activity by pendant drop tensiometry of true gold
JPs of 13 nm and 23 nm half functionalized with polystyrene (PS) and half with polyethy-
lene glycol (PEG) and homogeneous nanoparticles functionalized only with PEG. More-
over, the spreading agent role is studied by comparing pure water, water/CHCl3 and
pure CHCl3. Finally, the particle-laden interfaces are studied by interfacial dilatational
rheology.

9.2 Methods

Preparation of Janus nanoparticles
The nanoparticles investigated in the present study were prepared by using the method-
ology proposed in reference [11]. In summary, gold nanoparticles were synthesized by
reduction of HAuCl4 in presence of citrate and added to a solution of thiol-terminated
polymers for coating. For the HPs, an aqueous equimolar mixture solution of PEG-SH was
used. For the JPs, a mixture of PEG-SH and PS-SH in THF was used. The main difference
between the preparation of the nanoparticles in this study and the previous one in refer-
ence [11] is the purification process. To guarantee that there were no traces of citrate,
free polymer or THF in the sample, the step of centrifugation with supernatant exchange
was repeated 5 times in the present study. The last supernatant was also analyzed to ver-
ify the purity, and the absence of substances that could interfere in the surface tension
measurements.

Characterization of Nanoparticles
As described in reference [11], the nanoparticles were characterized by TEM and DLS to
obtain information regarding the sizes of the individual nanoparticles and their assembles.
Table 7.1 summarizes the obtained results.

Pendant drop tensiometry
We used a homemade setup described in previous work [12]. We started depositing a
given amount of nanoparticle dispersion with a microsyringe on a 20µl MilliQ water pen-
dant drop in air. Next, the pendant drop was grown up to 45µl and we monitored the
surface tension keeping constant the pendant drop volume. We used a bigger polytetraflu-
oroethylene capillary with a cap (with an external diameter of 2.8 mm and 4.2 mm of the
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Sample Polymer
coating

Core size
(TEM) /
nm

Solvent Electrophoretic
mobility
(10−8m2/(V ·
s))

13 nm-
JPs

PEG 1
kDa +
PS 2 kDa

13± 1 H2O −2.0± 0.9

13 nm-
HPs

PEG 1
kDa

13± 1 H2O −1.3± 1.1

23 nm-
JPs

PEG 1
kDa +
PS 2 kDa

23± 2 CHCl3 −0.5± 0.3

23 nm-
HPs

PEG 1
kDa

23± 2 H2O −1.5± 0.9

*All results, except the electrophoretic mobility, from reference [11].

Table 9.1: Results from characterization of each system of nanoparticles.*

capillary and the cap, respectively, see Fig. 9.2) to avoid the fall of the pendant drop due
to the low tension values reached. We monitor the surface tension (γ) evolution over time
for these experiments.

After 20 min, the surface tension was stable over time in most cases. Next, we per-
formed growing and shrinking cycles in air varying the total volume of the drop between
45 ↔ 15µl. When pure CHCl3 was used as spreading solvent, the evaporation pro-
cess was violent and in few seconds was completed (see Fig. 9.2). In the case of using
water/CHCl3 as spreading agent, half of the microsyringe was loaded with the water
nanoparticle dispersion and half with CHCl3. We also performed growing and shrink-
ing experiments at the water/decane interface. This was done by shrinking the pendant
drop to 10µl, next immersing in decane and growing again up to 45µl. Finally the same
growing and shrinking cycles were performed in contact with the decane phase. For these
experiments the surface pressure is plotted, defined as Π = γ0 − γ, were γ0 is 72.5mN/m
and 52.3mN/m for water/air and water/decane interfaces and γ is the surface tension
measured with nanoparticles. The surface pressure is plotted against the pendant drop
area or the area per particle Ap (the area of the pendant drop divided by the number of
deposited nanoparticles).

The dilatational interfacial rheology was performed as described in previous work [13]
by growing and shrinking the pendant drop at different periods with a fixed 1µl ampli-
tude. From the differences in amplitude and phase of the input volume oscillation and
the output surface tension it is possible to obtain the interfacial elastic modulus Ed and
viscosity ηd, analogous to the storage and loss modulus in 3D rheology.
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A                 B

Figure 9.2: (A) 20µl water pendant drop in air with 5.9 · 109 of 23 nm-JPs in
CHCl3 deposited. Note the CHCl3 on the bottom of the pendant drop. (B) 45µl
water pendant drop after evaporation of CHCl3 in (A), this pendant drop fell off
because of the low surface tension.

9.3 Results and Discussion

Effect of Spreading Agent

The role of the spreading agent is studied by depositing a given amount of 13 nm-JPs at
the water/air interface. First, it is deposited using only water and next it is deposited with
the microsyringe half loaded with the water nanoparticle dispersion and half with CHCl3,
the result is that the interfacial activity is close to zero (∼ 2mN/m for the highest com-
pression state) when it is deposited using water (see Fig. 9.3a and 9.3b). The interfacial
activity increases up to ∼ 14mN/m when the water/CHCl3 is used. In Fig. 9.3a, the
purity of the CHCl3 used as spreading agent is confirmed in the black curve, correspond-
ing to the deposition of 5µl of CHCl3. Chloroform was chosen as the spreading agent
due to an effect observed when the JPs were dispersed in CHCl3 and water was added
to this dispersion. Since chloroform and water are immiscible and the first is denser, ad-
dition of water generates a top phase. Interestingly, the interface between the two phases
became golden when we had JPs in the bottom phase (see Fig.9.4). It indicates that the
nanoparticles coated by PEG+PS tend to assemble at the CHCl3/water interface. On
the other hand, the homogeneous nanoparticles do not present this assembly. From this
observation, we expected that chloroform would be an efficient spreading agent for this
system. The interfacial activity difference between using pure water or water/CHCl3 as
spreading agent can be explained in terms of the Langmuir monolayer vs Gibbs mono-
layer formation [6]. When the JPs are deposited from water, they join the water subphase
and a Gibbs monolayer process occur in which they have to reach the pendant drop inter-
face very slowly [6]. This is specially unfavorable for few nanometers sized nanoparticles
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in which the adsorption energy is in the range of kBT [14]. On the other hand, when
water/CHCl3 is used as spreading agent, the abrupt evaporation of the CHCl3 promotes
a Langmuir monolayer process in which the nanoparticles are able to reach the interface
much faster, which it is evidenced by the stable surface tension reached in Fig. 9.3a.

Concerning the homogeneous vs Janus interfacial activity, the 13 nm-HPs show no in-
terfacial activity compared to the 13 nm-JPs (see Fig. 9.3a and 9.3b), even for higher
concentrations of 13 nm-HPs and using the water/CHCl3 as spreading agent. The PS lig-
ands are hydrophobic and the PEG hydrophilic. Thus, the 13 nm-HPs only functionalized
with PEG are expected to be more hydrophilic, preferring to stay in the water subphase.
On the other hand, the interfacial activity of the 13 nm-JPs must come from the Janus
character of these nanoparticles.

Nanoparticles Dispersed in an Organic Solvent
We redisperse the JPs in pure CHCl3 to study if the interfacial activity could be increased
this way. For this purpose, we redispersed 23 nm-JPs in CHCl3. First, we characterized
the water/air interface as it can be seen in Fig. 9.5. In Fig. 9.5a, the black curve corre-
sponds to the supernatant of the 23 nm-JPs, after centrifugation at 5500 g and 30 min
in a glass tube (to avoid the CHCl3 from dissolving the centrifugation tube plastic). It
can be seen that the supernatant was clean, recovering the interfacial activity of pure wa-
ter/air interface (∼ 72.5mN/m) which points out that the redispersion in CHCl3 did not
desorbed the polymers nor contaminated the nanoparticle dispersion. Moreover, Fig. 9.5a
shows that the final stable surface tension after CHCl3 evaporation increased with the
concentration of 23 nm-JPs used and was moderately reproducible for two separate runs
(solid and dashed lines of each color in Fig. 9.5a) whereas the 23 nm-HPs, dispersed in
water, exhibited no interfacial activity for even higher concentrations as expected. Thus,
the 23 nm-HPs serves as the control case of nanoparticles with no interfacial activity. In
Fig. 9.5b, the growing and shrinking cycles performed for the different initial concentra-
tions enabled to build a piecewise-like compression isotherm. At high values of surface
area between 8 · 104 nm2/particle and 14 · 104 nm2/particle, the surface pressure Π starts
in zero and increases upon decreasing Ap (i.e. increasing the compression state) up to
∼ 60mN/m (see Fig. S1 in Supplementary Information) which is the highest surface
pressure reached with these few nanometers gold Janus nanoparticles to the best of our
knowledge. This value is significantly higher than the maximum value Pi ∼ 20mN/m
reported with gold JPs of ∼ 4nm half functionalized with hexanethiol and half with 2-
(2-mercapto-ethoxy)ethanol and dispersed in tetrahydrofuran [12]. Also, a change in the
slope is visible in Fig. 9.5b around Ap = 104 nm2/particle which was also observed for
silver Janus-like nanoparticles measured by Fernandez et al. [15]. In this case, as we don’t
have enough particles to obtain a close-packed monolayer, it is possible that the change in
the slope is due to the nanoparticles becoming in contact with each other by percolating
domains in a fractal-like way, as observed by several authors for JPs [16, 17]. Also, other
main factor might be the role of the nanoparticle size in the interfacial adhesion energy
Eads at interfaces that follows Equation 9.1 [5], where R is the radius of the particle, γ12

is the surface tension of the bare fluid-fluid interface and θ12 is the three-phase contact
angle. The Eads ∝ R2 is more than three times bigger for the 23 nm-nanoparticles than
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Figure 9.3: γ evolution over time after deposition of (a) 13 nm-JPs (squares) and
-HPs (circles) at water/air interfaces with different spreading agents (pure water
or a mixture of water/CHCl3). The Π against Ap of the growing and shrinking
cycles for (a) curves is plotted in (b). The black curve in (a) corresponds to the
evaporation of pure CHCl3 deposited at the interface to test the purity of the
spreading solvent.
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Figure 9.4: Pictures of samples of nanoparticles dispersed in chloroform in the
presence of an extra top phase of water. The interface between the two phases
does not change in color for homogeneous nanoparticles (left), but it is golden for
nanoparticles coated by two polymers (right). The insets show top views.

for the 13 nm-nanoparticles. Thereby, the bigger nanoparticles are expected to be better
anchored at the interface.

Eads = πR2γ12 (1± cos θ12)2 (9.1)

Finally, the interfacial activity of the 23 nm-JPs is compared to the 23 nm-HPs for the
higher concentrations and in Fig. 9.5b can be seen that the 23 nm-HPs show no interfacial
activity, compared to the Π ∼ 60mN/m that reach the 23 nm-JPs. This is a clear proof
that the combination of size and polymers used to synthesize the 23 nm-JPs lead to high
interfacial activity than homogeneous nanoparticles. The foamability of these nanopar-
ticles was previously reported by Hunter and Jameson, who studied the adsorption of
120 nm and 300 nm polystyrene nanoparticles functionalized by PEG-Monomethacrylate
(PEGMA) at the water/air interface [18]. The PEGMA functionalization stabilized ster-
ically the nanoparticles. The highest surface pressure obtained for the 300 nm particles
greatly depended on the water subphase pH: 27 mN/m for pH 2 and 7 mN/m for pH 6, be-
cause these nanoparticles are strongly positively charged at pH 2, and discharged at pH 6
(namely producing aggregation of the nanoparticles). Similar behavior was found for the
120 nm nanoparticles (22-25 mN/m at pH 2). These nanoparticles showed a good ability
to produce foams, with good agreement between the Langmuir balance experiments at
the water/air interface and the foaming behavior: lower pH leads to stronger adsorption
and the formation of a more robust steric barrier. Nevertheless, these nanoparticles were
randomly functionalized and this is probably why the interfacial activity was much lower
than that obtained for our 23 nm-JPs.
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Figure 9.5: (a) γ evolution over time after deposition of 23 nm-JPs (squares)
and -HPs (circles) at water/air interfaces dispersed in CHCl3 (which is used as
spreading agent) and (b) the Π against Ap of the growing and shrinking cycles
corresponding to the curves in (a). The black curve in (a) corresponds to the
evaporation of 1µl of the supernatant of 23 nm-JPs dispersed in CHCl3 after
centrifugation, to test that the CHCl3 is not desorbing the polymers of the 23
nm-JPs.
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Interfacial Dilatational Rheology

Moreover, the interfacial dilatational rheology in Fig. 9.6 show that Ed is of one order of
magnitude bigger than ηd for each Ap studied, pointing out a solid elastic-shell behavior.
Ed decreases and ηd increases with the period because for higher periods the perturbation
is lower and the surface show less elastic behavior. There is a clear trend of increasing
Ed and ηd for decreasing Ap for the 23 nm-JPs, showing the elastic shell behavior that
becomes more important as there are more particles per unit of area. On the other hand,
the 23 nm-HPs at higher concentrations show once more no interfacial activity through no
elasticity nor viscosity, similar to the bare water/air interface. This elastic shell behavior in
which the elastic modulus increases from 25mN/m to 450mN/m point out the interfacial
activity of such JPs and their capability as foam stabilizers (see Fig. S2 in Supplementary
Information).

Tension at Interface of Two Liquids

Next, the pendant drop was immersed in decane for the highest concentrations measured
with 23 nm-JPs, see the results plotted in Fig. 9.7. The interfacial activity of the pendant
drop immersed in decane is near zero. No interfacial activity is observed for the 23 nm-
HPs both in water/air and in water/decane interfaces. The immersion of the pendant drop
in decane might produce aggregation of the nanoparticles, leading to a low interfacial
activity in water/decane compared to water/air interfaces. However, from previous works
with similar methodology and also true Janus gold nanoparticles but of 4nm-diameter
and functionalized by hexanethiol and mercaptoethoxyethanol [12], the surface tension
measured at water/air and water/decane interfaces was similar for similar Ap. Thus, the
difference of interfacial activity of the 23 nm-JPs at water/air and water/decane interfaces
must come from either the size or the polymers. From Equation 9.1, the Eads is 33
times higher for the 23-nm gold nanoparticles than for the 4-nm nanoparticles of our
previous work [12] and then the bigger particles are expected to withstand better the
immersion in decane. This points out to the polymers as responsible of the interfacial
activity differences at water/air and water/decane interfaces. When we tried to transfer
the JPs to decane it was not possible because they irreversibly aggregated and precipitated.
Thus, the aggregation hypothesis is the most probable. In any case, this is an evidence that
not all nanoparticles that show a high interfacial activity in water/air interfaces show also
a high interfacial activity in water/oil interfaces (see Fig. S3 in Supporting Information).

This behavior is reproduced with interfacial dilatational rheology in Fig. 9.8, where
it can be seen that the elasticity and viscosity is always greater for water/air than for
water/decane interfaces. Also, for water/air interfaces, when the pendant drop is shrunk,
the elasticity and viscosity increases significantly as explained before.

9.4 Conclusions

The interfacial activity of gold Janus nanoparticles (JPs) in the range 13-23 nm, synthe-
sized in surfactant free conditions is studied by pendant drop tensiometry. The particles
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Figure 9.6: (a) Interfacial dilatational elastic modulus (E) and (b) viscosity (ηd)
of 23 nm-JPs (squares) and -HPs (circles) dispersed in CHCl3 against different
periods for different Ap compression states at the water/air interface.
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are half functionalized with polystyrene (PS of 2 kDa) and half with polyethylene glycol
(PEG of 1 kDa) as hydrophobic and hydrophilic polymers, respectively. Homogeneous
hydrophilic nanoparticles (HPs) fully functionalized with PEG are synthesized to compare
the interfacial activity with the corresponding JPs. The HPs exhibited no interfacial activ-
ity compared to the JPs, pointing out the ability of the laters as better foam stabilizers.
Moreover, we tested the ability of water and a water/CHCl3 as spreading agents, and
the better spreading agent was pure CHCl3 reaching surface pressures of 60mN/m at
water/air interface. In these conditions, the water/air interface behaved as an elastic shell
which pointed out also the ability of these JPs as foam stabilizers. Finally, the interfacial
activity was near zero when the pendant drops were immersed in decane, which might
be due to an irreversibly aggregation of the nanoparticles during immersion in decane.
Thus, the role of the polymers and spreading agent is revealed as very important when
designing JPs with high interfacial activity in a specific interface.
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A                B                 C

D                 E                    F

Figure 9.9: 45µl water pendant drop with (A) no particles, (B) 3.9·108, (C) 9.4·108

and (D) 3.9 · 109 23nm-JPs, after CHCl3 evaporation. It can be seen the changes
in opacity and shape for increasing number of particles deposited at the interface.
(E) correspond to the picture in color of (D) in which it can be seen the red color
of the interface and (D) is after immersion in decane.
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A                B                 C

shrinking 1 μl 

Figure 9.10: 15µl water pendant drop with 3.9 · 109 23nm-JPs, after CHCl3 evap-
oration. The (A), (B) and (C) correspond to the initial, medium and final states of
the interfacial rheology (extracting 1µl). It can be seen the change in the shape
which reflects an elastic shell behavior.
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A                 B                 C

D                 E                 F

Figure 9.11: Water/air (A-C) and water/decane (D-F) interfaces with 3.9 · 109

23nm-JPs particles deposited at the pendant drop, after CHCl3 evaporation. Pen-
dant drop volumes: 45µl (A,D), 30µl (B,E) and 15µl (C,F).
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A subtle thought that is in error may yet give rise to fruitful
inquiry that can establish truths of great value.
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homogeneous nanoparticles: the difficulties of using cationic nanoparticles

Figure 10.1: Graphical abstract.

Abstract

Polymethylmethacrylate/Poly-tert-butylmethacrylate Janus nanoparticles were
synthesized by Electrohydrodynamic Co-Jetting. The Janus character was demon-
strated by super-resolution imaging with Structured Illumination Microscopy. The
Janus nanoparticles and the corresponding homogeneous ones were morpholog-
ically characterized. All nanoparticles presented interfacial activity which was
measured by pendant drop tensiometry at water/decane interfaces. At high con-
centrations and compression states, the Janus nanoparticles exhibited higher in-
terfacial activity than the homogeneous nanoparticles. This is in agreement with
theoretical and experimental works in which Janus nanoparticles present higher
interfacial activity than homogeneous nanoparticles. The Janus nanoparticles also
produced an elastic shell behaviour from measurements of interfacial dilatational
rheology and this points out to their ability as emulsifiers.

Keywords: Electrohydrodynamic co-jetting; PMMA/PtBMA; Janus nanoparticles; In-
terfacial activity; Pendant drop tensiometry.

10.1 Introduction

Polymeric Janus nanoparticles are able to self-assemble spontaneously at interfaces due to
the contrast between their spatial domains and further to be responsive to external mag-
netic or electric fields, pH or temperature gradients and light [1–4]. Janus particles have a
theoretical stability at liquid-liquid interfaces higher than their homogenous counterparts
and can act as surfactants to stabilize such systems [5]. There are three main strategies
to synthesize Janus nanoparticles with polymeric capping ligands concerning the core and
molecules used. The first one involves the selective functionalization of an inorganic or
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polymeric core with different polymers in each hemisphere as capping ligands [6, 7]. The
second approach consists of selective polymerization over an inorganic core [8–10]. The
last strategy involves the selective polymerization of entirely Janus polymeric nanoparti-
cles [2–4, 11]. Another possible technique is the template-assisted synthesis in which a
bulk film of block terpolymers is cross-linked [12]. Depending on the affinity of the poly-
mer constituents toward water or oil, it is possible to produce amphiphilic polymeric Janus
particles with enhanced interfacial activity [11]. One particular technique used to synthe-
size polymeric Janus nanoparticles is the Electrohydrodynamic Co-Jetting [6, 13]. This
technique can be used to fabricate nanoparticles and fibers with multiple compartments,
each of which can contain a different polymer or perhaps encapsulate a different molecule
[13]. With respect to self-assembly applications, this technique is advantageous due to its
ability to incorporate a wide range of polymers into each hemisphere of the particles
regardless of the polymers’ amphiphilic nature or polymerization techniques, which can
be a limiting factor in other particle fabrication techniques [14–17]. Ruhland et al. [12]
synthesized polymeric Janus nanoparticles with different morphologies with the template-
assisted technique. They studied the self-assembly of their nanoparticles at water/toluene
interfaces by pendant drop tensiometry. They found that the interfacial tension decreased
firstly by using Janus cylinders, followed by Janus spheres and Janus discs. Park et al. [18]
synthesized and studied homogeneous polystyrene (PS) nanoparticles and gold-coated PS
Janus nanoparticles at water/decane interfaces. Whereas the homogeneous PS nanopar-
ticles exhibited a hexagonal lattice at the water/decane interface, the Janus nanoparticles
aggregated in fractal structures. Furthermore, Nie et al. [19] found that amphiphilic poly-
meric JPs assembled into supermicelles. The Janus clusters seem to keep the asymmetry
charge and Janus character, acting as larger Janus entities [20].

In this work, we used polymethylmethacrylate and poly-tert-butylmethacrylate as poly-
mers because they exhibit a large contact angle difference (of water in a polymer-coated
silicon wafer): 68◦ [21] and 108◦ [22], respectively. Thus, they are expected to have
significant interfacial activity. We synthesized cationic homogeneous spherical nanopar-
ticles made of the mentioned polymers and Janus nanoparticles with the polymers sepa-
rated into two hemispheres by Electrohydrodynamic Co-Jetting. The morphology of such
nanoparticles was characterized by SEM, DLS, and super-resolution imaging with Struc-
tured Illumination Microscopy (SIM). The interfacial activity at water/decane interfaces
and interfacial dilatational rheology was studied with pendant drop tensiometry.

10.2 Materials and Methods

10.2.1 Materials

Polymethylmethacrylate (PMMA) with a molecular weight of 20 kDa, hexadecyltrimethy-
lammonium bromide (CTAB), chloroform, dimethylformamide (DMF), poly(9,9-
dioctylfluorene-alt-benzothiadiazole) (green dye) and decane HPLC were purchased from
Sigma Aldrich, USA. Poly-tert-butylmethacrylate (PtBMA) was purchased from Poly-
sciences, USA, and ADS306PT (red dye) was purchased from American Dye Source,
Canada. ProLong Gold antifade reagent was provided by Life Technologies.
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10.2.2 Janus and homogeneous nanoparticles fabrication and
characterization

Nanoparticles were fabricated through the Electrohydrodynamic Co-Jetting process by
flowing multiple polymeric solutions through metal capillaries in a side-by-side config-
uration [6, 13]. The flows are reproduced under a laminar regime and at the tip of the
capillaries the solutions come together to form a drop, to which an electric voltage is ap-
plied. The application of the electric field causes the solutions to form a Taylor cone, which
creates a spray of individual droplets that accelerate towards the counter electrode. Dur-
ing this process, the surface area to volume ratio of the nanoparticles decreases rapidly
and the solvents used evaporate quickly resulting in polymeric nanoparticles deposited
on the counter electrode. Due to the rapid evaporation of the solvents and the laminar
regime used, the solvents do not have sufficient time to mix and the resulting nanopar-
ticles have individual compartments made of each polymer solution instead of a mixture
of all solutions used. In this work, Janus nanoparticles were fabricated by using two lam-
inar flows, each of which contained a different polymer (one flow contained PMMA and
the other contained PtBMA). For the PMMA flow, a polymer concentration of 5% w/v, a
hexadecyltrimethylammonium bromide (CTAB) concentration of 2.5% w/v, and a solvent
ratio of 70 : 30 chloroform:DMF was used. For the PtBMA flow, a polymer concentration
of 5% w/v, a CTAB concentration of 2.5% w/v, and a solvent ratio of 85 : 15 was used. For
homogeneous nanoparticles composed of each neat polymer the same solvent ratios were
used, respectively. The flow rate used for all nanoparticles was 0.1ml/h with a distance
of 35 cm between the needles and the counter electrode. Once fabricated, the nanoparti-
cles were analyzed with Scanning Electron Microscopy (SEM) to determine their size and
shape and ImageJ analysis to determine their size distribution.

10.2.3 Structured Illumination Microscopy (SIM) of Janus
Nanoparticles

Janus nanoparticles with a separate dye in each domain (red and green) were fabricated
as described above. The nanoparticles were directly jetted onto glass cover slips and
were incubated in ProLong Gold antifade reagents overnight before imaging with a Zeiss
Structured Illumination Microscope to demonstrate their bicompartmental nature.

10.2.4 Nanoparticle Isolation and Characterization

The nanoparticles were dispersed in DI water and separated via centrifugation at
3220RCF for 6 hours to isolate the desired fraction. The particle size distribution was
analyzed via Dynamic Light Scattering (DLS) and their concentration was determined by
Nanoparticle Tracking Analysis (NTA) with a Nanosight equipment. The electrophoretic
mobility was measured using a Malvern Zetasizer. Before particle analysis measurements,
the nanoparticles were repeatedly washed with DI water in glass containers to remove
any trace of CTAB present in the solutions to eliminate the impact of this molecule in the
experiments.
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10.2.5 Pendant drop tensiometry

Pendant drop tensiometry is an extensively employed method to measure surface and in-
terfacial tensions of liquids [23]. The pendant drop experiments are performed in a similar
way as previous work with gold Janus nanoparticles [24]: first we deposit a given amount
of particle dispersion with a microsyringe on an initial 20µL MilliQ water pendant drop in
air. Next the pendant drop is shrunk down to 10µL to immerse the capillary in decane (see
Fig. 10.5a and 10.5b). The immersion in decane provides a lower bare interfacial tension
and thus a better adsorption of the particles at the interface [25]. Next, the pendant drop
is grown up to 45µL inside the decane phase (see Fig. 10.5c) and the interfacial tension is
monitored during 1h up to reach a stable value. This interfacial tension stabilization was
measured for three initial concentrations of nanoparticles deposited at the pendant drop
interface in separate experiments. The concentrations were calculated to get the same
area covered by the different nanoparticles if all of them were arranged at the pendant
drop interface with close-packing. Finally, for the intermediate concentration of nanopar-
ticles, we performed growing and shrinking experiments in which the interfacial pressure
Π = γ0 − γ (where γ0 is the interfacial tension of pure water/decane, 52.3mN/m, and
γ is the interfacial tension) is plotted against the pendant drop area. Additionally, inter-
facial dilatational rheology is performed by growing and shrinking the pendant drop at
different periods with an amplitude of 1µL. From the phase and amplitude differences
between the sinusoidal excitation and the oscillating interfacial tension we are able to es-
timate an interfacial dilatational elastic modulus Ed and viscosity ηd as in previous works
[26]. These measurements were made at the water/air interface because the behavior is
the same in both water/air and water/decane interfaces but the signal-to-noise ratio was
higher at water/air interfaces.

10.3 Results and Discussion

The homogeneous nanoparticles made of PMMA, PtBMA and the Janus nanoparticles with
PMMA in one hemisphere and PtBMA in the second hemisphere (labeled as JPs) were
synthesized by Electrohydrodynamic Co-Jetting [6, 13]. This technique is represented
in Fig. 10.2a. To create the nanoparticles by Electrohydrodynamic Co-Jetting, the solu-
tion parameters were changed in order to increase the dielectric constant of the jetted
material. Specifically, a higher ratio of dimethylformamide (dielectric constant of 38)
than chloroform (dielectric constant of 4.81) and a charged surfactant (CTAB) were em-
ployed to change the solution parameters, resulting in cationic nanoparticles as shown
by the positive electrophoretic mobility in table in Fig. 10.3. Based on these changes,
the nanoparticles obtained had significantly monodisperse populations as it can be ob-
served by SEM imaging (Fig. 10.2b-d). The following average sizes were obtained: (i)
PMMA homogenous nanoparticles: 100.8 ± 51.3nm; (ii) PtBMA homogenous nanoparti-
cles: 82.2± 33.1nm; (iii) Janus nanoparticles: 90.2± 39.5nm.

To demonstrate the compartmental nature of the Janus particles, super-resolution
imaging with Structured Illumination Microscopy (SIM) was used. These particles con-
tained a green dye in the PtBMA compartment and a red dye in the PMMA compartment.
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Figure 10.2: Fabrication of nanoparticles and their size characterization. (A)
Schematic of Electrohydrodynamic Co-Jetting of Janus Nanoparticles. (B-D) SEM
images of the as-fabricated PMMA, PtBMA, and Janus nanoparticles respectively.
All scale bars are 500nm.

As demonstrated in Fig. 10.4, the dyes are in two distinct regions of these particles, signi-
fying the two separate domains.

To create a more monodispersed solution of particles and remove any potential ag-
gregates, fractionation via centrifugation was used. In this technique, the larger particles
are removed at lower centrifugation times/durations, while the smaller sized particles are
isolated at longer durations and higher speeds. The average size after fractionation is
similar for each nanoparticle and in the range of 200nm in diameter, as measured by DLS
(see Fig. 10.3) and NTA (table in Fig. 10.3). Specifically, based on NTA measurements the
nanoparticles averaged at 163±39.2nm for PMMA nanoparticles, 217±39.6nm for PtBMA
nanoparticles, and 172 ± 27.8nm for the Janus nanoparticles. The total concentration of
the nanoparticle, which was then used to determine the surface area of each sample, was
measured via NTA analysis. Also, all nanoparticles had high electrophoretic mobility val-
ues (3.1 − 3.5 · 108m2/(V · s)), which is expected to stabilize and prevent aggregation in
the water dispersion and at the water/decane interface.

The interfacial activity of the nanoparticles was characterized by pendant drop ten-
siometry (see Fig. 10.5). The interfacial tension of different concentrations of nanopar-
ticles is represented in Fig. 10.6. In all experiments, the pendant drop was maintained
to a constant drop volume of 45µL. Many curves showed a first increase over time, this
might be due to aggregation or reconfiguration of the nanoparticles at the water/decane
interface during the first minutes. The measurements with PMMA nanoparticles showed
an erratic behavior (see Fig. 10.6a) in which no trend was observed. PtBMA nanoparticles
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Figure 10.3: Particle analysis after fractionation into a specific size range via cen-
trifugation. Top: Size distribution of each set of nanoparticles based on Dynamic
Light Scattering analysis. Bottom: Table with the average sizes based on Nanopar-
ticle Tracking Analysis and electrophoretic mobilities (µe) for each particle set.
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Figure 10.4: Super-resolution imaging of Janus nanoparticles with Structured Illu-
mination Microscopy. (A-H) Images of specific Janus nanoparticles demonstrating
their Janus nature.

showed a clear trend and reproducibility showing lower interfacial tension for increasing
nanoparticle concentration (see Fig. 10.6b). Janus nanoparticles showed no trend with
the particle concentration but for higher particle concentration the reproducibility seems
to improve (see Fig. 10.6c). This erratic behavior can be explained with the cationic na-
ture of the nanoparticles. As Ramos et al. [27] showed that cationic nanoparticles tend
to be easily polluted by the media and especially with the negative silicates of glass flasks.
Finally, for the majority of the measurements it seems that after 1 hour, the interfacial
tension still is evolving. This may be caused because the spreading solvent is water, as
well as the pendant drop. We can expect a Gibbs monolayer in which the nanoparticles
are placed in the bulk and have to reach the interface in a slow process compared to
laboratory timescales [28]. However, in the laboratory timescale, many of the growing
and shrinking experiments show closed hysteresis cycles (see Fig. 10.7). Thus, the in-
terfacial tension evolves in such a slow pace that for the entire experiment this change
is not very significant. In Fig. 10.7, we plot the interfacial pressure Π against the nor-
malized area (the area of the pendant drop divided by the area of all particles if they
were forming an hexagonal compact monolayer). The fact that the x-values are far above
from the unity (i.e. very low number of nanoparticles) and we obtain a high interfacial
pressure reinforces our hypothesis of the pollution associated with cationic nanoparticles.
Moreover, different color correspond to different kind of nanoparticle and cycles in the
same x-range correspond to same number of nanoparticles deposited. Thus, it is clear that
different runs with the same particle concentration lead to irreproducible cycles. One is
attempted to extract some order from the chaos, but it is impossible to state anything from
these irreproducible results. The only fact visible to the naked eye is a general trend of
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Figure 10.5: (a) Experimental setup. (b) A 10µL water pendant drop with Janus
nanoparticles just before immersion in decane. (c) The same pendant drop illus-
trated in (b) grown up to 45µL in decane.

higher interfacial pressure values for Janus nanoparticles (red curves) compared to PMMA
(green) and PtBMA (blue) nanoparticles. This would be in agreement with the theoret-
ical prediction that a Janus nanoparticle with equal hydrophilic and hydrophobic areas
present three times more surface activity than the corresponding homogeneous particles
at a water/oil interface and previous experimental results in which Janus nanoparticles
presented higher interfacial activity than homogeneous nanoparticles [5, 24]. If we take
this idea further, the PMMA/PtBMA Janus nanoparticles would be better emulsifiers than
the PtBMA or PMMA nanoparticles because of the interfacial activity. In any case, these
results are a good example of the difficulties regarding the characterization of cationic
nanoparticles that become polluted very easily.

Given the quantity of studies devoted to PMMA and PtBMA laden interfaces, we were
interested in developing a deeper characterization of the PMMA/PtBMA Janus behavior at
interfaces. As explained in the Materials section, the interfacial dilatational rheology was
performed for different area per particle (i.e. different monolayer compression states) at
water/air interfaces after testing that the behavior was the same at both water/decane
and water/air interfaces but with lower signal-to-noise ratio at water/decane interfaces.
The results of interfacial dilatational elastic modulus Ed and viscosity ηd are plotted in
Fig. 10.8 against different periods for different areas per particle. It can be seen that Ed

decreases and ηd increases with increasing periods. This can be explained in terms of the
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perturbations, where higher periods produce slower perturbations that result in less elastic
and more viscous interfaces. Moreover, upon compression (i.e. lower area per particle)
Ed and ηd increases clearly, pointing out an elastic shell behavior of the particle-laden
interface. This elastic shell behavior points out the ability of these particles as emulsifiers
as they are strongly adsorbed at the interfaces. However, further studies have to be taken
to clarify that the elastic shell is not due to pollution, but because of the Janus nature of
the nanoparticles as founded in previous works [26].

10.4 Conclusions

Polymethylmethacrylate/Polytert-butylmethacrylate (PMMA/PtBMA) Janus nanoparticles
were fabricated by Electrohydrodynamic Co-Jetting. The Janus character was demon-
strated by super-resolution imaging with Structured Illumination Microscopy, in which
the two domains are revealed to be separated. The Janus nanoparticles and homoge-
neous nanoparticles of PMMA and PtBMA were characterized by SEM, NTA and DLS,
revealing relative monodisperse nanoparticle dispersions with diameters in the range of
160− 200nm. All nanoparticles had high positive electrophoretic mobility values. The in-
terfacial activity was studied by pendant drop tensiometry depositing different amounts of
nanoparticles at water pendant drops and subsequent immersion in decane. All pendant
drop experiments showed irreproducibility due to the cationic nature of the nanoparticles.
Nevertheless, as general behavior, the Janus nanoparticles reach higher interfacial pres-
sures in growing and shrinking pendant drop experiments, pointing out to their capability
as emulsifiers. Moreover, the interfacial dilatational rheology showed an interfacial elastic
shell.
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In the work published by Aveyard and coworkers[1] it is proposed a model for
the compression isotherm of micrometric polystyrene (PS) particles adsorbed at a
water/octane interface. This model takes into account the partial screening of the
electric charge of the PS particles in the water phase respect to the part submerged
in the octane phase. Thus, each particle behaves like an effective dipole and the
dipole-dipole interaction between particles has to be considered. The model re-
sults in Equation 6 of the cited work, reproduced in Eq. 11.1 here:

Π(x) =
q2

2
√

3εoilR3x3/2

[
1− 1

(1 + 4β/x)1/2
+ ln

1 + (1 + 4β/x)1/2

2

]
(11.1)

where x is the ratio between the measured area of the water/octane interface
with adsorbed PS particles and the area corresponding to the close packing of the
monolayer, Π(x) is the surface pressure at each compression state of the interface
with PS particles, q is the effective charge of the dipole (the part submerged in
the oil phase, not screened, and the corresponding mirror charge through the
water/octane interface), εoil is the dielectric constant of the polar phase, R is
the radius of the PS particles and β is a factor that takes into account the ratio
between the effective length of each dipole (corresponding to a single PS particle)
and the radius of the particle. Eq. 1 is written in the CGSE system. In Table 1 of
the cited work, the surface charge density of the PS particles with a diameter of
(2.60± 0.12)µm is reported to be 7.7µC/cm2. This results in a net electric charge
of (1.64±0.01) ·10−12C per particle. Furthermore, combining Eqs. A.3 and 5 from
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Figure 11.1: Data reproduced from Figure 16 in the R. Aveyard and coworkers
work[1] of a compression isotherm of polystyrene particles ((2.60 ± 0.12)µm-
diameter) in a water/octane interface. The line correspond to a fit of the ex-
perimental data made using the Eq. 1.

the cited work, β = (3 + cos(θ))2/4, where θ is the contact angle of the particle at
the water/octane interface. If we assume θ = 90◦ for a particle placed half in the
water phase and half in the oil phase, it results in β = 0.56. We used Eq. 1 with
the following input parameters: R = 1.3 · 10−4 cm, εoctane = 2, β = 0.56, and the

CGSE to SI conversion factor:
q2

εoil
=

q2
SI

4πε0εoil
. Our result of the fitting of the data

reported by Aveyard et al. (see Figure 16 in the cited work) is plotted in Fig. 11.1
with a particle charge of q = (2.89± 0.03) · 10−10C.

The particle charge resulting from our fitting is two orders of magnitude higher
than the net charge calculated from the value collected in Table 1 of the cited
work, although it should be much lower because of the screening in the water
phase and the low degree of ionization of the surface groups in the oil phase due
to its low dielectric constant. In our opinion, these deficiencies should be known
by the scientific community.
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One never notices what has been done; one can only see what
remains to be done.

Maria Skłodowska-Curie

12Conclusions
The term Janus particle was coined by de Gennes in 1992, since then multiple
synthesis routes have been developed to create a vast collection of different Janus
nanoparticles (JPs). In particular, JPs in which there is a wettability contrast be-
tween the two hemispheres of the JP have the potential to stabilize Pickering
emulsions. All theoretical and simulation works point out to an improved abil-
ity of JPs to stabilize Pickering emulsions rather than the corresponding homo-
geneous nanoparticles (HPs). Some authors state that the desorption energy of
JPs at interfaces is three times greater than for HPs. Nevertheless, there was a
lack of knowledge on the characterization of the interfacial activity of JPs. Thus,
in this work we have studied a collection of HPs and JPs thank to several col-
laborations with international research groups to try to answer the simple arising
question: Are JPs better than HPs regarding the interfacial activity at water/air
and water/oil interfaces? Or in other words, do JPs worth the effort of intrincate
synthesis processes? We compile here the main conclusions of this work:

• The presence of surfactants hinder the role of the HPs and JPs at the inter-
face. Thus, we studied nanoparticles without surfactants in bulk and synthe-
sis routes in surfactant-free conditions were required.

• The pendant drop technique is a good compromise to characterize the in-
terfacial activity of JPs from small amounts synthesized in laboratory. These
samples are not enough to perform Langmuir balance experiments or emul-
sion characterization.

• The deposition of JPs from outside with a spreading solvent requires even
lower number of JPs and the evaporation of the spreading solvent provides
enough energy to place the JPs at the interface faster than the diffusion-
driven adsorption of JPs from the bulk of the pendant drop.

• The pendant drop technique successfully enables to characterize the interfa-
cial activity of nanoparticles by three ways:
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1. Monitoring the direct deposition of HPs or JPs at the water/air interface
with a spreading solvent from the surface tension evolution over time.

2. Building of a piecewise compression isotherm by performing cycles
of growing and shrinking of the pendant drop for water/air and wa-
ter/decane interfaces.

3. Interfacial dilatational rheology by periodic volume oscillations of the
pendant drop, obtaining an interfacial dilatational elasticity and viscos-
ity. This enables to characterize the collective behavior of the JPs at the
interface of the pendant drop under stress conditions.

• There are multiple parameters that rule the interfacial activity of the JPs:
shape, morphology and distribution of the spatial domains which confer the
Janus character to the particle, spreading solvent, colloidal stability, charge
and composition of the JP. In particular, the synthesis of JPs by one-pot meth-
ods lead to Janus-like nanoparticles rather than true JPs obtained by immo-
bilization of HPs and functionalization of one side of the nanoparticle or by
other synthesis routes as the Electrohydrodynamic Co-Jetting process that
enables to produce nanoparticles with two halves with different polymers.

• The Freeze Fracture Shadow Casting Cryo-SEM (FreSCa cryo-SEM) tech-
nique allows to measure in a direct way the microscopic contact angle of
HPs and JPs at the water/decane interface. Thus, it is possible to explore
the microstructure of the nanoparticles at the water/decane interface, com-
plementing the macroscopic interfacial activity characterization obtained by
pendant drop tensiometry.

• 2 nm-diameter gold HPs functionalized by hexanethiol and dispersed
in tetrahydrofurane (THF) were characterized at the water/air and wa-
ter/decane interfaces. The results were in agreement with the simply scaled
particle theory of hard disks.

• 3.5 nm-diameter gold HPs capped with hexanethiol and true JPs capped half
with hexanethiol and half with 2-(2-mercapto-ethoxy)ethanol (MEE), both
dispersed in THF, were characterized at water/air and water/decane inter-
faces. The HPs showed lower interfacial activity than the JPs. A hard disk
model could fit the experimental results for the HPs, but it underestimated
the interaction between the JPs at the interface.

• 100 nm-diameter Janus-like silver nanoparticles functionalized by 11-
mercaptoundecanoic acid and 1-undecanthiol ligands and dispersed in
methanol were studied at the water/air interface. They revealed a surface
activity similar to the amphiphilic molecules but with much larger area per
particle. We demonstrated the interplay between bulk colloidal stability and
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surface activity of Janus-like particles. The interfacial dilatational rheology
elasticity and viscosity depended on the lateral interactions between particles
and were closely related to the monolayer microstructure. The monolayer
microstructure was modeled through the Frumkin model that is an extension
of the hard disk model in which the lateral interactions are included.

• The interfacial activity of PMMA-HPs (119 nm-diameter) dispersed in wa-
ter, silica functionalized nanoparticles (silica-FPs) with methacryloxypropy-
ltrimethoxysilane (181 nm-diameter) dispersed in water, and the aforemen-
tioned silver JPs (Ag-JPs) were characterized at the water/decane interface
by pendant drop tensiometry and the direct contact angle (CA) was obtained
by FreSCa cryo-SEM. The highest CA was obtained for the silica-FPs and
Ag-JPs, and the lowest CA was obtained for the PMMA-HPs. The interfa-
cial activity of Ag-JPs was significantly higher compared to silica-FPs and
PMMA-HPs at equivalent particle concentrations. Although the silica-FPs and
PMMA-HPs did not show a strong effect in reducing the water/decane inter-
facial tension, they were certainly adsorbed as reflected by FreSCA cryo-SEM
measurements. A 100-fold higher concentration of silica-FPs and PMMA-HPs
was necessary to obtain a similar reduction of the interfacial tension at the
water/decane interface to the Ag-JPs. At higher concentrations, the silica-FPs
exhibited fractal-like structures as a result of attractive interactions, unlike
PMMA-HPs. Despite the fact that the CAs of silica-FPs and Ag-JPs were sim-
ilar within errors, only the latter ones led to a significant reduction of the
interfacial tension with the same surface coverage, probably as a result of its
particular surface chemistry and Janus character.

• The aforementioned gold true JPs half functionalized by MEE were com-
pared with similar JPs but functionalized by a shorter and more hydrophilic
capping ligand than MEE, the 1,2-mercaptopropanediol (MPD), where both
JPs were dispersed in THF. The two JPs were similar in fabrication pro-
cess, hydrophobic capping ligand, wettability contrast, size and charge, but
were functionalized with different hydrophilic capping ligand. The JPs-
MPD exhibited a significantly higher interfacial activity at water/air and
water/decane interfaces. Moreover, the interfacial dilatational rheology sug-
gests an elastic shell-like behaviour of the pendant drop when the JPs-MPD
are deposited at water/air and water/decane interfaces. This points out the
importance of the chemical structure of the capping ligands in JPs to pre-
dict the interfacial activity and therefore their ability as emulsifiers. Shorter
hydrocarbon chain and more hydroxyl terminal groups in the hydrophilic
capping ligands seems to be a route to obtain enhanced interfacial activity
of this type of JPs via enhanced hydration of the hydrophilic hemisphere of
the JPs.
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• The interfacial activity of gold HPs functionalized by polyethylene glycol
(PEG) and JPs half covered by polystyrene (PS) and half by PEG (of 13 and
23 nm-diameter) were systematically studied by varying the spreading sol-
vent from water to a water/chloroform (CHCl3) and pure CHCl3. The HPs
exhibited no interfacial activity compared to the JPs, pointing out the ability
of the later JPs as foam stabilizers. The better spreading agent was pure
CHCl3. In these conditions, the water/air interface behaved as an elastic
shell which pointed out also the ability of these JPs as foam stabilizers. Fi-
nally, the interfacial activity was near zero when the pendant drops were
immersed in decane, which might be due to a detachment of the nanopar-
ticles during immersion in decane. Finally, the interfacial activity was near
zero when the pendant drops were immersed in decane, which might be
due to an irreversibly aggregation of the nanoparticles during immersion in
decane. Thus, the roles of the polymers of the polymer shell and spread-
ing agent are revealed to be very important when JPs with high interfacial
activity in a specific interface are intended.

• Polymethylmethacrylate/Polytert-butylmethacrylate (PMMA/PtBMA) JPs
and their corresponding HPs (in the range of 160-200 nm-diameter) were
fabricated by Electrohydrodynamic Co-Jetting and dispersed in water. The
true Janus character was demonstrated by super-resolution imaging with
Structured Illumination Microscopy, in which the two domains appear sep-
arated. All nanoparticles had high positive electrophoretic mobility values.
The interfacial activity was studied at the water/decane interface but there
was irreproducibility due to the cationic nature of the nanoparticles. Never-
theless, as general behavior, the JPs are more interfacial active than the HPs.
Moreover, the interfacial dilatational rheology showed an interfacial elastic
shell.

Finally, after all these conclusions, the initial question appears to be answered: Re-
gardless of the synthesis and characterization methods, the JPs show an enhanced
interfacial activity compared to the corresponding HPs. From our point of view,
the current scientific challenge is the scale-up of the synthesis processes of true
Janus nanoparticles to be widely applied as emulsifiers in the industry.
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