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Abstract (English)

This PhD thesis is focused on providing a comprehensive investigation of the interfacial
properties of complex fluids - systems that exhibit multifaceted behaviors due to their
inherent structural and compositional diversity. Complex fluids encompass a broad range of
substances, including those that exhibit the coexistence of multiple phases, such as foams,
emulsions and dispersions; those with intricate microstructures, such as polymeric solutions;
and those that involve dynamic bulk-interface mass transfer, such as surfactant solutions. By
exploring these systems, this research aims to elucidate the underlying mechanisms governing
interfacial phenomena, thereby contributing to a deeper understanding of how these fluids
behave under various conditions and informing potential applications across industries.

In complex fluids, the interface between two phases is a critical region where distinct physical
and chemical behaviors emerge, predominantly due to the presence of a monolayer of
surface-active molecules. These interfacial monolayers can be classified into two types:
Langmuir monolayers, which are formed by the deposition of molecules onto the surface, and
Gibbs monolayers, which arise through the adsorption of molecules from the bulk phase. The
study of the equilibrium properties of an interface, such as interfacial tension, is of paramount
importance to understand the fundamental characteristics of these interfaces. However,
equilibrium properties alone do not provide a complete framework of this type of system. To
fully comprehend the behavior of complex fluid interfaces, it is also crucial to investigate their
response to external perturbations—hence the importance of interfacial rheology. The
rheological properties of fluid/fluid interfaces are key to controlling and optimizing the
stability of emulsions and foams, which are pivotal in numerous industrial and biological
processes. For instance, the ability to modulate interfacial rheology is central to applications
ranging from the performance of lung surfactants and the stability of the tear film in the eye,
to aerosol formation, encapsulation techniques, enhanced oil recovery, and remote sensing.
Moreover, industries such as cosmetics, food processing, and pharmaceuticals rely heavily on
the control of interfacial properties to ensure product stability, efficacy, and quality. Through
a detailed examination of both equilibrium and dynamic interfacial phenomena, this thesis
contributes to the advancement of knowledge in these critical areas, offering insights that
could lead to improved design and control strategies for various industrial applications [1-10].
This PhD Thesis includes a comprehensive analysis of the interfacial properties of different
complex fluids. For this purpose, the manuscript has been divides into several Sections that
includes chapters that are organized according to the similarity in the aims explored in each
case.

Section 1 (Chapter I-ll) includes two chapters, providing a theoretical background which
provides the foundations for the development of the studies developed in the following
sections. In Chapter |, a brief overview on rheology and interfacial properties of complex fluids
is provided, explaining their relevance and importance. In particular, the chapter introduces
the theoretical foundations and the mathematical models, highlighting shear bulk rheology
and interfacial dilational rheology. In Chapter |l, a deep description of the experimental
techniques used to characterize the interfacial rheology and/or surface tension (Langmuir
trough with oscillating barriers, Pendant drop tensiometer, Electro-Capillary Waves), the bulk



rheology (flow rheometers and Diffusing Wave Spectroscopy) and other ancillary techniques
(Dynamic Light Scattering, electrophoretic mobility measurement, contact angle and
spreading dynamics characterization) is given. The theoretical background as well as the
working principle of each apparatus will be described, with particular emphasis on the Electro-
Capillary Waves (ECW) technique, which will be discussed in deeper details, focusing on the
experimental set-up, the hydrodynamic models that relate the dilational interfacial response
to the propagation parameters of capillary waves, and their limitations.

The experimental part of this thesis is focused as was above mentioned on the investigation
of the interfacial properties (i.e., the surface tension and the surface dilational rheology) of
diverse interfacial systems. These can be classified into 4 main categories: surfactant
solutions, monolayers in presence of high ionic strength, dispersions of polymer-capped
nanoparticles, and concentrated polymeric solutions. The goal is to try to solve several open
questions remaining in the literature. This are related to the dilational surface rheology and
the interfacial behavior of those systems, with particular emphasis on the interfacial dilational
rheology measured by ECW technique. In particular, these studies are focused on shed light
on the theoretical and experimental limits of the ECW measurements. The aim of this type of
study are essential to reach a better understanding on the performance of the technique that
offers a window to the improvement.

In Section 2 (Chapter IlI-1V), the behavior of two water-surfactant solutions will be studied. In
such systems, surfactant molecules undergo a fast adsorption to the liquid/vapor interface,
forming Gibbs monolayers. In this case, the rheological response of the interface can appear
coupled with adsorption-desorption phenomena. Chapter lll is focused on the interfacial
rheology of alkyl polyglucoside (APG, a non-ionic glucosidic surfactant) aqueous solutions,
focusing on the equilibrium surface tension of APG Gibbs monolayers and the dilational
interfacial rheology measured by ECW technique. The existence of a local minimum in the
surface tension isotherm suggests that the surfactant is not pure, consisting of molecules with
diverse hydrocarbon chain length. The elastic response of the interface, depending on APG
concentration and frequency, is guided by different regimes, including adsorption-desorption
mechanism or intrinsic elasticity of the monolayer. The non-monotonic trend of the elastic
modulus with frequency suggests the necessity to deepen on the analysis of the rheological
behaviour of this system. The second chapter of this Section (Chapter V) is aimed at studying
the interfacial properties of trisiloxane solutions, comparing a superspreader surfactant (5240)
with a non-superspreader one (5S233). The aim of this study is to try to relate interfacial
rheological response as was determined by ECW technique to the spreading kinetics.
Moreover, this study will allow comparing the oscillation parameters (i.e., frequency and
damping) of sessile drops on PET substrates with the propagation parameters of capillary
waves determined by ECW technique (wavelength, frequency, damping). Based on the results
of the surface tension isotherms, S240 shows higher hydrophobicity and slightly lower value
of the equilibrium surface tension as corresponds to its superspreader character. On the other
hand, the dilational interfacial response of the two surfactants was found to be very similar,
and the presence of huge error bars in their results is related to the fact that resonance
condition is not fulfilled. No relationship between interfacial elasticity and spreading kinetics
was observed, but S240, above critical aggregation concentration, undergoes a faster
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spreading than S233. The oscillation frequency of spreading sessile drops increases with
surface tension, but the models that are currently available in literature are not accurate to
predict this trend. Since drop oscillation parameters are comparable to the ones determined
by ECW technique, drop oscillation seems to be mainly ruled by capillarity.

Section 3 (Chapter V-VI) deals with the study of interfacial properties of monolayers onto
subphases with high ionic strength. The necessity to obtain a deep understanding of the effect
of ionic strength comes from the fact that several studies on dilational surface rheology (by
means of oscillating barriers, ECW and SQELS technique), in presence of solutions with high
ionic strength, reported non-physical values of dilational moduli (such as negative storage
modulus, negative loss modulus...) [11-18]. In Chapter V, the impact of NaCl on interfacial
tension and dilational surface rheology of Pluronic F-68 (an amphiphilic triblock copolymer)
Gibbs monolayers at both low frequency (with oscillating barriers and pendant drop, 103-10°
1 Hz) and high frequency (by means of ECW, 80-400 Hz) was explored. The salting-out
phenomenon occurring as a consequence of the presence of salt reduces the solubility of the
hydrophilic blocks of the copolymer in the aqueous phase, enhancing its adsorption at the
air/solution interface and decreasing surface tension. At low frequency, ionic strength has
only a reduced effect in the modification of the relaxation processes, modifying the
characteristic frequencies. However, at high frequency, the rheological response can be
modified in presence of high ionic strength solutions, especially at high Pluronic F-68
concentrations. The chapter points out some of the technical and theoretical limitations for
obtaining reliable dilational rheological data within ECW frequency range, due to the lack of
fulfillment of the resonance condition, especially at high ionic strength. Chapter VI has a
similar purpose to the previous chapter, but in this case, the study is focused on the interfacial
properties of a Langmuir monolayer of poly(tert-butylacrylate) (PtBA, a water insoluble
polymer). In particular, the surface tension and the dilational surface rheology of PtBA
monolayers, with dissolved NaCl in the aqueous subphase, were investigated. Neither surface
pressure nor dilational interfacial rheology are affected by ionic strength, which leads to the
conclusion that NaCl does not interact with PtBA monolayers. In this system, due to the high
values of elastic modulus, the resonance condition is never accomplished, which leads to huge
error bars in the elasticity.

Section 4 (including Chapter VII-VII) is dedicated to the study of the interfacial properties of
polymer-capped particles aqueous dispersions to provide a deep understanding on the
interaction between particles and surface active molecules, which allows assessing the
influence of this nanocomposite dispersion on the liquid/vapor interface stability and
properties. The Chapter VIl is aimed at investigating the effect of Pluronic F-127 (an
amphiphilic triblock copolymer) on silica nanoparticles adsorption at water/vapor interfaces,
as well as on the interfacial rheology (at low frequency, 10-3-10"! Hz) of the formed layers. The
interaction between Pluronic F-127 and silica nanoparticles drives the formation of
copolymer-decorated particles with increased coating density and hydrodynamic diameter,
and with reduced effective charge as the copolymer concentration increases. The adsorption
of copolymer-decorated nanoparticles at the interface does not lead to noticeable differences
from the interfacial properties of pure Pluronic F-127, only a shift of surface tension isotherm
is found, depending on the particle concentration. This suggests that the presence of particles
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limits the space available for Pluronic F-127 molecules to reorganize at the interface, which is
also confirmed by the dilational elasticity results. Anyway, at high surfactant concentration,
the interfacial behavior of pure surfactant and decorated silica nanoparticles is similar.
Chapter VIIl has the purpose of evaluating the interaction between chitosan (a positively
charged polyelectrolyte) and negatively charged silica nanoparticles, and the stability of the
resulting water dispersions at different pH and concentration conditions. Optimal conditions
for the formation of stable dispersions were determined, highlighting that chitosan adsorption
on silica nanoparticles, as occurs for solubility, is enhanced in acid medium (pH=4.5).
Electrophoretic mobility measurements confirmed the positive zeta potential of chitosan-
capped particles, indicating charge inversion due to chitosan adsorption on negatively charged
silica surfaces. The presence of chitosan adsorbed on silica nanoparticles reduces the
interfacial tension, with a synergistic effect observed between chitosan and silica. Capillary
wave experiments demonstrated the formation of viscoelastic layers with the dilatational
elastic modulus of the nanocomposite layers exceeding their viscous modulus. The frequency
dependence of the interfacial dilational moduli showed that increasing particle concentration
enhanced the viscoelastic properties of the interface. These results suggest potential
applications in the stabilization of liquid and solid foams, and stress on the importance of
chitosan-capped particles in modifying water/air interface properties and improving the
rheological behavior of particle-laden interfaces.

Section 5, consisting in a single chapter (Chapter 1X), is focused on the dilational interfacial
response of a system exhibiting a non-negligible shear bulk viscoelasticity in the subphase.
This issue is not taken into account by the classical hydrodynamic models used to determine
the dilational interfacial modulus by surface wave damping propagation parameters. For the
aim of this study, Poly(vinyl alcohol) (PVA, a water-soluble polymer) was mixed with a
crosslinker (BORAX). PVA/BORAX solutions were chosen as potential candidates for this study,
because they exhibit bulk viscoelasticity within ECW frequency range, and their bulk shear
viscosity does not exceed ECW operative limits. The presence of BORAX increments both shear
elasticity and viscosity of PVA, and, above a threshold PVA concentration (> 9 g/l), also
increases the surface tension and the dilational interfacial modulus (both the real and the
imaginary part), while in all of the other samples both storage and viscous interfacial moduli
are zero. This leads to think that BORAX increases the stiffness of the interface, creating also
surface crosslinks. Dilational elastic and viscous moduli calculated by means of Wang
dispersion equation [19], which also takes into account the presence of viscoelasticity in the
bulk, are higher than those calculated by classical hydrodynamic models (such as Lucassen
dispersion equation [20]).

In summary, this PhD thesis makes a significant contribution to the understanding of the
interfacial properties of a wide range of complex fluid systems, with a particular emphasis on
utilizing interfacial dilational rheology as a powerful tool to probe their behavior. The research
presented here not only advances our knowledge of how these fluids respond to mechanical
perturbations at interfaces but also critically evaluates the current hydrodynamic models that
are employed to interpret dilational interfacial responses. By identifying the limitations and
gaps in these existing models, this work lays the groundwork for future improvements,
offering pathways to develop more accurate and comprehensive theoretical frameworks.
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These advancements could enhance the predictive capabilities of hydrodynamic models,
ultimately leading to better control and manipulation of interfacial phenomena in both
industrial and biological contexts. This thesis, therefore, not only deepens our understanding
of interfacial rheology but also paves the way for future innovations in the study and
application of complex fluids.
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Resumen (Castellano)

Esta Tesis Doctoral presenta una investigacién detallada de las propiedades interfaciales de
fluidos complejos (sistemas que exhiben una gran diversidad de comportamientos como
resultado de su diversidad estructural y composicional). Los fluidos complejos abarcan una
amplia gama de sustancias, incluyendo aquellas que exhiben la coexistencia de multiples fases,
como espumas, emulsiones y dispersiones; sistemas con microestructuras complejas, como es
el caso de las soluciones poliméricas; y aquellas que implican una transferencia de masa entre
el seno de la disolucién/dispersion (bulk) y la interfase que separa dos fases de distinta
naturales, como es el caso de las soluciones de tensioactivos. Mediante el estudio de este tipo
sistemas, este trabajo pretende arrojar luz sobre los mecanismos subyacentes que rigen los
fendmenos interfaciales, contribuyendo asi a una comprension mas profunda de cémo se
comportan los fluidos complejos bajo diversas condiciones, lo que contribuird a obtener
informacidn relativa a las posibles aplicaciones de este tipo de sistemas en diversos sectores.

En los fluidos complejos, la interfase entre dos fases es una regidn critica en la que aparecen
comportamientos fisicos y quimicos distintos, debidos predominantemente a la presencia de
una monocapa de moléculas adsorbidas. Estas monocapas pueden clasificarse en dos tipos:
Las monocapas de Langmuir, que se forman por la deposicién de moléculas directamente en
la superficie, y las monocapas de Gibbs, que surgen por la adsorcién de moléculas desde la
disolucion/dispersién a la interfase. El estudio de las propiedades de equilibrio de una
interfase, como la tensidn interfacial, presenta suma importancia para la comprension de las
caracteristicas fundamentales de este tipo de sistemas. Sin embargo, las propiedades de
equilibrio por si solas no proporcionan una descripcidn completa de este tipo de sistemas. Para
comprender el comportamiento de interfases fluidas complejas, es crucial realizar un estudio
sistematico de su respuesta a las perturbaciones externas, de ahi la importancia de la reologia
interfacial. Las propiedades reoldgicas de las interfaces fluido/fluido son fundamentales para
controlar y optimizar la estabilidad de emulsiones y espumas, que son fundamentales en
numerosos procesos industriales y bioldgicos. Por ejemplo, la capacidad de modular Ia
reologia interfacial es fundamental para aplicaciones que van desde la funcién fisiolégica del
tensioactivo pulmonar y la estabilidad de la pelicula lagrimal en el ojo, hasta la formacién de
aerosoles, la fabricacion de plataformas de encapsulacion, la recuperacion mejorada de
petréleo y la teledeteccion. Ademas, industrias como la cosmética, la alimentaria y la
farmacéutica dependen en gran medida del control de las propiedades interfaciales para
garantizar la estabilidad, eficacia y calidad de sus productos. Mediante un estudio detallado de
los fendmenos interfaciales tanto dinamicos como de equilibrio, esta Tesis pretende contribuir
al avance del conocimiento en estas areas criticas, ofreciendo perspectivas que podrian
conducir a la mejora de las estrategias de disefio y control para diversas aplicaciones
industriales [1-10]. Esta Tesis Doctoral incluye un analisis exhaustivo de las propiedades
interfaciales de diferentes fluidos complejos. Para ello, el manuscrito se ha dividido en varias
Secciones que incluyen capitulos que se organizan en funcién de la similitud en los objetivos
explorados en cada caso.



La Seccién 1 (Capitulos I-1l) incluye dos capitulos, en los que se proporciona una base tedrica
que sirve de fundamento para los estudios que se desarrollan en las siguientes secciones. En
el Capitulo |, se proporciona una visién general sobre reologia y propiedades interfaciales de
fluidos complejos, explicando su relevancia e importancia. En particular, el capitulo introduce
fundamentos tedricos y modelos matematicos, haciendo énfasis en la reologia de cizalla en
bulk y la reologia dilacional en interfases. En el Capitulo 1, se describen en profundidad las
técnicas experimentales utilizadas para caracterizar la reologia interfacial y/o la tension
superficial (balanza de Langmuir con barreras oscilantes, tensiometro de gota colgante, ondas
electrocapilares), la reologia de bulk (redmetros de flujo y espectroscopia de bulk) y otras
técnicas auxiliares (dispersion dinamica de la luz, medida de la movilidad electroforética,
caracterizacion del dngulo de contacto y de la dindmica de extensiéon de gotas). En este
capitulo, se describiran los antecedentes tedricos, asi como el principio de funcionamiento de
cada aparato, con especial énfasis en la técnica de ondas electrocapilares (ECW), que se
analizard con mayor detalle, centrdndose en el montaje experimental, los modelos
hidrodinamicos que relacionan la respuesta interfacial dilacional con los parametros de
propagacion de las ondas capilares, y sus limitaciones.

La parte experimental de esta tesis se centra, como ya se ha mencionado, en la investigaciéon
de las propiedades interfaciales (es decir, la tensidn superficial y la reologia de dilatacién
superficial) de diversos sistemas. Estos pueden clasificarse en 4 categorias principales:
disoluciones de tensioactivos, monocapas en presencia de alta fuerza idnica, dispersiones de
nanoparticulas recubiertas de polimeros y soluciones poliméricas concentradas. El objetivo de
esta serie de capitulos es tratar de resolver varias cuestiones pendientes en la bibliografia.
Estas estan relacionadas con la reologia dilacional superficial y el comportamiento interfacial
de dichos sistemas, con especial énfasis en la caracterizacién de la reologia dilacional
interfacial mediante la técnica ECW. En particular, estos estudios se centran en aportar luz
sobre los limites tedricos y experimentales de las medidas ECW. El objetivo de este tipo de
estudios es alcanzar una mejor comprensién sobre el rendimiento de la técnica y ofrecer una
ventana a su mejora.

En la Seccién 2 (Capitulos llI-1V), se estudiara el comportamiento de dos disoluciones acuosas
de tensioactivos. En estos sistemas, las moléculas de tensioactivo experimentan una rapida
adsorcion en la interfase liquido/vapor, formando monocapas de Gibbs. Esto conduce a que la
respuesta reoldgica de la interfase puede aparecer acoplada a fendmenos de adsorcidn-
desorcién. El capitulo Il se centra en la reologia interfacial de soluciones acuosas de
alquilpoliglucésido (APG, un tensioactivo glucosidico no idnico), centrandose en la tensién
superficial de equilibrio de las monocapas de Gibbs de APG y en la reologia interfacial
dilacional medida mediante la técnica ECW. La existencia de un minimo local en la isoterma de
tension superficial de este sistema sugiere que el tensioactivo no es puro, estando formado
por moléculas con diversas longitudes de cadena hidrocarbonadas. La respuesta eldstica de la
interfaz, en funcion de la concentracion de APG y de la frecuencia, estd controlada por
diferentes regimenes, incluido el mecanismo de adsorcién-desorcion o la elasticidad intrinseca
de la monocapa. La tendencia no monotdnica del médulo elastico con la frecuencia sugiere la
necesidad de profundizar en el andlisis del comportamiento reolégico de este sistema. El
segundo capitulo de esta seccion (Capitulo 1V) estd dirigido al estudio de las propiedades
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interfaciales de las soluciones de trisiloxano, comparando un tensioactivo superspreader
(5240) con otro no superspreader (S233). El objetivo de este estudio es intentar relacionar la
respuesta reoldgica interfacial determinada mediante la técnica ECW con la cinética de
extensioén de las gotas. Ademas, este estudio permitird comparar los pardametros de oscilacion
(es decir, frecuencia y amortiguacion) de las gotas sésiles sobre sustratos de PET con los
parametros de propagacion de las ondas capilares determinados mediante la técnica ECW
(longitud de onda, frecuencia, amortiguacién). A partir de los resultados de las isotermas de
tension superficial, el $240 muestra una mayor hidrofobicidad y un valor ligeramente inferior
de la tensién superficial de equilibrio, como corresponde a su cardcter de superspreader. Por
otra parte, se observé que la respuesta interfacial dilatacional de los dos tensioactivos era muy
similar, y la presencia de grandes barras de error en los resultados se encuentra relacionada
con el hecho de que no se cumple la condicién de resonancia. No se observé ninguna relaciéon
entre la elasticidad interfacial y la cinética de extensién de las gotas, pero el S240, por encima
de la concentracion critica de agregacidn, experimenta una propagacién mas rapida que el
S$233. La frecuencia de oscilacién de las gotas sésiles en extensidn aumenta con la tensién
superficial, pero los modelos disponibles actualmente en la bibliografia no son precisos para
predecir esta tendencia. Dado que los pardmetros de oscilacidn de las gotas son comparables
a los determinados mediante la técnica ECW, la oscilacion de las gotas parece regirse
principalmente por la capilaridad.

La Seccion 3 (Capitulos V-VI) estudia las propiedades interfaciales de monocapas sobre
subfases con elevada fuerza iénica. La necesidad de obtener una comprensién profunda del
efecto de la fuerza idnica proviene del hecho de que varios estudios sobre reologia superficial
dilatacional (mediante barreras oscilantes, ECW y técnica SQELS), en presencia de disoluciones
con alta fuerza idnica, condujeron a valores sin sentido fisico de los mdodulos dilacionales
(como mddulo de almacenamiento negativo, mddulo de pérdida negativo...) [11-18]. En el
Capitulo V, se analiza el impacto del NaCl sobre la tension interfacial y la reologia superficial
dilacional de monocapas de Gibbs de Pluronic F-68 (un copolimero tribloque anfifilico) tanto
a baja frecuencia (con barreras oscilantes y gota colgante, 10-3-10! Hz) como a alta frecuencia
(mediante ECW, 80-400 Hz). El fendmeno de salting-out que se produce como consecuencia
de la presencia de sal reduce la solubilidad de los bloques hidrofilicos del copolimero en la fase
acuosa, potenciando su adsorcién en la interfase aire/disolucion y disminuyendo la tensién
superficial. A baja frecuencia, la fuerza idnica sdlo tiene un efecto reducido en la modificacién
de los procesos de relajacién, modificando las frecuencias caracteristicas. Sin embargo, a alta
frecuencia, la respuesta reoldgica puede modificarse en presencia de disoluciones de alta
fuerza idnica, especialmente a altas concentraciones de Pluronic F-68. El capitulo seiiala
algunas de las limitaciones técnicas y tedricas para la obtencién de datos reoldgicos
dilacionales fiables dentro del rango de frecuencias ECW, debido a la falta de cumplimiento de
la condicidn de resonancia, especialmente a alta fuerza idnica. El Capitulo VI tiene un propdsito
similar al anterior, pero en este caso, el estudio se centra en las propiedades interfaciales de
monocapas de Langmuir de poli(tert-butilacrilato) (PtBA, un polimero insoluble en agua). En
particular, se investigaron la tension superficial y la reologia superficial dilatacional de
monocapas de PtBA, con NaCl disuelto en la subfase acuosa. Ni la tensién superficial ni la
reologia interfacial dilatacional se ven afectadas por la fuerza idnica, lo que lleva a la conclusidn
de que el NaCl no interactia con las monocapas de PtBA. En este sistema, debido a los
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elevados valores del médulo eldstico, nunca se cumple la condicion de resonancia, lo que da
lugar a enormes barras de error en la elasticidad.

La Seccidn 4 (que incluye los Capitulos VII-VIII) estd dedicada al estudio de las propiedades
interfaciales de dispersiones acuosas de particulas recubiertas de polimeros para proporcionar
un conocimiento profundo de la interaccion entre las particulas y las moléculas
superficialmente activas, lo que permite evaluar la influencia de esta nanodispersion sobre la
estabilidad y las propiedades de la interfase liquido/vapor. El capitulo VII tiene por objeto
investigar el efecto del Pluronic F-127 (un copolimero tribloque anfifilico) sobre la adsorcién
de nanoparticulas de silice en la interfase dispersidon/vapor, asi como sobre la reologia
interfacial (a baja frecuencia, 10-3-10"! Hz) de las capas formadas. La interaccion entre Pluronic
F-127 y las nanoparticulas de silice impulsa la formacion de particulas decoradas con
copolimero con una mayor densidad de recubrimiento y didmetro hidrodindmico, y con una
carga efectiva reducida a medida que aumenta la concentracién de copolimero. La adsorciéon
de nanoparticulas decoradas con copolimeros en la interfase no da lugar a diferencias notables
con respecto a las propiedades interfaciales del Pluronic F-127 puro, encontrandose
Unicamente un desplazamiento de la isoterma de tension superficial, en funcién de la
concentracién de particulas. Esto sugiere que la presencia de particulas limita el espacio
disponible para que las moléculas de Pluronic F-127 se reorganicen en la interfase, lo que
también confirman los resultados de elasticidad dilacional. De todos modos, a altas
concentraciones de tensioactivo, el comportamiento interfacial del tensioactivo puro y de las
nanoparticulas de silice decoradas es similar. El capitulo VIII tiene por objeto evaluar la
interaccidon entre el quitosano (un polielectrolito cargado positivamente) y las nanoparticulas
de silice cargadas negativamente, asi como la estabilidad de las dispersiones acuosas
resultantes en diferentes condiciones de pH y concentracion. Se determinaron las condiciones
Optimas para la formacion de dispersiones estables, destacando que la adsorcion del
guitosano sobre las nanoparticulas de silice, al igual que ocurre con la solubilidad, se potencia
en medio acido (pH=4,5). Las medidas de movilidad electroforética confirmaron el potencial
zeta positivo de las particulas recubiertas de quitosano, lo que indica una inversidn de carga
debida a la adsorcion de quitosano sobre superficies de silice cargadas negativamente. La
presencia de quitosano adsorbido en nanoparticulas de silice reduce la tensién interfacial,
observandose un efecto sinérgico entre el quitosano vy la silice. Los experimentos de ondas
capilares demostraron la formacién de capas viscoelasticas con un médulo eldstico dilacional
de las capas superior a su mdédulo viscoso. La dependencia de la frecuencia de los médulos
dilatacionales interfaciales mostré que el aumento de la concentracién de particulas mejoraba
las propiedades viscoeldsticas de la interfase. Estos resultados sugieren potenciales
aplicaciones en la estabilizacién de espumas liquidas y sélidas, y subrayan la importancia de
las particulas recubiertas de quitosano para modificar las propiedades de la interfase agua/aire
y mejorar el comportamiento reoldgico de las interfaces cargadas de particulas.

La seccion 5, que consta de un Unico capitulo (capitulo 1X), se centra en la respuesta interfacial
dilacional de un sistema que presenta una viscoelasticidad de cizalla no despreciable en la
subfase. Esta cuestién no es tenida en cuenta por los modelos hidrodindmicos clasicos
utilizados para determinar el modulo interfacial dilacional mediante los parametros de
propagacion de ondas superficiales. Para el objetivo de este estudio, se mezclé poli(alcohol
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vinilico) (PVA, un polimero hidrosoluble) con un reticulante (BORAX). Las soluciones de
PVA/BORAX se eligieron como posibles candidatas para este estudio, ya que presentan
viscoelasticidad aparente dentro del rango de frecuencias de ECW, y su viscosidad de cizalla
aparente no supera los limites operativos de ECW. La presencia de BORAX aumenta tanto la
elasticidad como la viscosidad del PVA 'y, por encima de un umbral de concentracidn de PVA (>
9 g/l), también aumenta la tension superficial y el mddulo interfacial de dilatacidn (tanto la
parte real como la imaginaria), mientras que en todas las demads muestras tanto el médulo de
almacenamiento como el mddulo viscoso interfacial son nulos. Esto lleva a pensar que el
BORAX aumenta la rigidez de la interfase, creando también entrecruzamiento superficial. Los
resultados muestran que los mdédulos eldstico y viscoso dilacionales calculados mediante la
ecuacion de dispersion de Wang [19] que también tiene en cuenta la presencia de
viscoelasticidad en el bulk, son superiores a los calculados mediante modelos hidrodindmicos
cldsicos (como la ecuacidn de dispersién de Lucassen [20])

En resumen, esta tesis doctoral contribuye significativamente a la comprensién de las
propiedades interfaciales de una amplia gama de fluidos complejos, con especial énfasis en la
utilizacion de la reologia dilacional interfacial como una poderosa herramienta para evaluar su
comportamiento. La investigacion que aqui se presenta no sélo avanza en nuestro
conocimiento de cémo responden estos fluidos a las perturbaciones mecanicas en las
interfases, sino que también evalua criticamente los modelos hidrodinamicos actuales que se
emplean para interpretar las respuestas interfaciales dilacionales. Al identificar las limitaciones
y lagunas de los modelos existentes, este trabajo sienta las bases para futuras mejoras,
ofreciendo vias para desarrollar marcos tedricos mas precisos y completos. Estos avances
podrian mejorar la capacidad predictiva de los modelos hidrodindmicos y, en ultima instancia,
conducir a un mejor control y manipulacién de los fendmenos interfaciales tanto en contextos
industriales como bioldgicos. Esta tesis, por tanto, no sélo profundiza en nuestra comprension
de la reologia interfacial, sino que también allana el camino para futuras innovaciones en el
estudio y la aplicaciéon de fluidos complejos.
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Section 1 Introduction

This section includes two chapters, providing a theoretical background about the
foundations for the development of the studies developed in the following sections. It is
divided into two chapters:

» Chapter I: Foundations of Rheology, with special emphasis on Interfacial Rheology

This chapter includes a brief overview on rheology and interfacial properties of complex
fluids, explaining their relevance and importance. In particular, the chapter introduces the
theoretical foundations and the mathematical models, highlighting on shear bulk rheology
and interfacial dilational rheology.

» Chapter Il: Experimental methods

In this chapter, a deep description of the experimental techniques used to characterize the
interfacial rheology and/or surface tension (Langmuir trough with oscillating barriers,
Pendant drop tensiometer, Electro-Capillary Waves), the bulk rheology (flow rheometers
and Diffusing Wave Spectroscopy) and other ancillary techniques (Dynamic Light Scattering,
electrophoretic mobility measurement, contact angle and spreading dynamics
characterization) is given. The theoretical background as well as the working principle of
each apparatus will be described, with particular emphasis on the Electro-Capillary Waves
(ECW) technique, which will be discussed in deeper details, focusing on the experimental
set-up, the hydrodynamic models that relate the dilational interfacial response to the
propagation parameters of capillary waves, and their limitations.

14



Chapter I: Foundations of Rheology, with special emphasis on

Interfacial Rheology®

1.1. Introduction: Rheology foundations

The term rheology (from Greek “péw” (“rhéo”) which means flow, and “Aoyia” (“logia”) which
means “study of”) is referred to the science that studies the flow of matter and its mechanical
response to an applied deformation or stress. This concept was initially introduced by E.C.
Bingham and M. Reiner in the late 20s of the XX century [1], taking inspiration from a quote

~

from Heraclitus of Ephesus: “mavta pel” (“Panta rhei”, “everything flows”) [2].

The study of flow and deformation of matter may concern different states of aggregation:
fluids as well as soft solids. Special consideration should be paid to the study of rheology of
complex fluids, which are commonly characterized by the coexistence of multiple phases:
liquid-gas (foams), liquid-liquid (emulsions), liquid-solid (suspensions, dispersions). They also
include fluids with complex microstructure, like polymeric solutions, nanosuspensions, but
also fluids that are subjected to mass transfer from the volume to the surface, as observed in
water solutions with surface active molecules (surfactants). Complex fluids are found in many
fields: cosmetics, food industry, pharmaceutical industry, biological fluids, oil industry and oil
derivates, water recover plants, paintings, polymer industry, and many other. The study of
rheology also plays a key role in understanding the mechanical behavior of soft solids, like
thermoplastic and thermoset polymers, gels, rubbers, because such systems present a
complex microstructure and peculiar response when subjected to deformation. The focus of
this PhD Thesis will be the study of the rheology of complex fluids rather than that of soft
solids, with particular focus on the interfacial rheological behavior of surfactant solutions,
polymer solutions and nanosuspensions.

Rheological properties of matter vary according to the direction and orientation of the applied
stimulus, making it essential to distinguish between dilational/extensional rheology and shear
rheology. These different rheological behaviors are crucial for understanding and predicting
how materials respond under different types of applied stress. Dilational or dilatational
rheology deals with the mechanical response of systems when are subjected to compression
or dilation forces. In this context, the applied stimulus induces a change in the characteristic
dimension of the material's constituent elements, such as volumes, surfaces, and/or lengths
(see Figure 1. 1 (a)). This type of rheology is particularly relevant in understanding the behavior
of materials like foams, emulsions, and lung surfactant or biological membranes, where the
expansion or compression of their structures significantly affects their properties. On the other
hand, shear rheology concerns the mechanical response of systems that are subdued to a
stimulus that results in a change of shape of the body constituting element, without involving
any change in volume, surface and/or length (see Figure 1. 1 (b)). This behavior is typically
observed in fluids and soft solids, where shear stress leads to deformation in shape while
maintaining the overall size and dimensions constant. Understanding shear rheology is crucial
for applications in fields such as polymer science, lubrication, and the processing of complex

" The part of this Chapter corresponding to interfacial dilational rheology is partially published in: Guzman, E.;
Maestro, A.; Carbone, C.; Ortega, F.; Rubio, R.G. Dilational Rheology of Fluid/Fluid Interfaces: Foundations and
Tools. Fluids 2022, 7, 335. https://doi.org/10.3390/fluids7100335
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fluids. The distinction between these two types of rheology allows one to analyze and predict
the behavior of materials under different mechanical stimuli, leading to a more effective and
efficient material design and utilization in various industrial and scientific applications.

(a) (b)

Figure 1. 1. Schematic representation of common dilational (a) and shear (b) deformation in a 2D perspective.

To understand the flow and deformation behavior of materials, it is essential to introduce the
constitutive equations that describe the rheological properties. Constitutive equations form
the backbone of rheological modeling, providing a mathematical framework that relates the
stress within a material to its deformation and flow properties. These equations capture the
response of the material, strain, under various conditions of applied stresses, allowing
prediction of its behavior in practical applications. In the context of complex fluids and soft
solids, constitutive equations account for the intricate interactions between different phases
and microstructures that are critical to the design and optimization of materials in industries
ranging from pharmaceuticals to polymer processing, and from cosmetics to drug delivery
systems. In this context, defining the stress applied in the k-direction as Sj,, where j represents
the direction perpendicular to the plane to which Sjx belongs (Figure 1. 2). Similarly, defining
the strain in the |-direction as Dim, which belongs to the plane perpendicular to the m-direction.
It is possible to define the relationship between the stress tensor Sjx and the strain tensor Dim
by the constitutive equation of the system, which provides information in how a specific
material responds against different mechanical stimulus.
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Figure 1. 2. Graphical representation of the reference system and the notation of Sj stress components.
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The constitutive equation is not universal; it depends on the specific behavior and properties
of the material under study. It encompasses both linear and non-linear responses, capturing
the complexity of real-world materials. For instance, in simple fluids, the relationship might be
relatively straightforward, often described by Newtonian or non-Newtonian fluid models. In
contrast, complex fluids and soft solids exhibit more intricate behaviors due to their
microstructure and phase interactions, requiring more sophisticated models. Two limiting
cases can be distinguished within the framework of the constitutive equations:

- Linear elastic solids: they exhibit a solid-like behavior, where the stress and strain are
directly proportional, obeying Hooke law [3]. This behavior is common in materials that
return to their original shape upon the removal of stress, provided the deformation is
within the elastic limit. The constitutive equation for linear elastic materials can be
expressed as,

Sik = EjximDim» (1.1)

where Ejun, is the fourth Cauchy elastic tensor, or simply the elasticity tensor. If the
strain is small enough, there is a linear relationship between the strain and the stress.
In case of purely extensional deformation (j=k=l=m=1), Ejim = E is the dilational
elastic modulus, while in case of shear stress/deformation, (e.g., j=I=1 and k=m=2),
Ejam = G is the shear elastic modulus: both quantities G and E refer to the elasticity
of the system, so its capability to restore initial configuration after an applied stimulus,

and to store mechanical energy without dissipation.

- Viscous liquids: they undergo a continuous shape change under the applied stress, and
obey Newton law [4],

Sik = NDim, (1.2)
where Dy, is the strain rate tensor, and 7 is the viscosity. Purely viscous fluids are
usually incompressible, so Dy, Sjx and n refer to shear flow rather than extensional
flow. Viscosity is related to the energy dissipated during flow, and accounts for the
hindrance to fluid motion due to viscous friction.

Many complex fluids, as well as many polymer solutions and, in general, soft matter, exhibit a
viscoelastic behavior. In this situation, the relationship between stress and strain is more
complex than those discussed above, often involving time-dependent behavior. Materials
exhibiting viscoelasticity have both viscous and elastic characteristics, meaning their response
to stress includes both immediate elastic deformation and delayed viscous flow. However,
elasticity or viscosity may prevail according to the involved timescale corresponding to the
material relaxation process and the frequency of the applied stimulus. As will be discussed in
the following, viscoelasticity is always associated with time-dependence (or frequency-
dependence) of the rheological parameters (both elasticity and viscosity). Thus, the stress
response not only depends on the value of strain and/or strain rate, but also on the past
mechanical history of the applied stimuli. Viscoelasticity also implies a temporal delay between
the applied stimulus and the response, associated to viscous dissipation.
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1.2. Bulk and interfacial rheology in fluid system

The rheological characterization may concern to either the entire volume of the fluid, or its
interface with other fluids. This distinction is crucial because the rheological properties and
behaviors can differ significantly between the bulk and the interface. For instance, bulk
rheology focuses on the material's response throughout its volume, encompassing the overall
mechanical properties and flow behavior under various stresses and strains. On the other
hand, interfacial rheology examines the properties and behaviors at the boundary between
two phases, such as liquid-gas, liquid-liquid, or liquid-solid interfaces. This is particularly
important in systems where surface phenomena dominate, such as emulsions, foams, and
surfactant solutions. Thus, it is essential to distinguish between bulk rheology and interfacial
rheology to accurately understand and predict the material's response in different
applications.

- Bulk or 3D rheology involves the application of a mechanical stimulus to the entire
volume of the fluid. Usually, fluids are incompressible, so many times bulk shear modes
play a more important role than dilational bulk modes. In bulk shear rheology, the
applied stresses and the resulting deformations are measured throughout the fluid
volume. The units of the applied stresses, as well as the elastic modulus, are the same
as pressure ([Pa]) and the units of viscosity are [Paxs]. This three-dimensional approach
is crucial for understanding the overall mechanical properties and flow behavior of
fluids under various stresses and strains.

- Interfacial or quasi-2D rheology. Interfacial rheology focuses on the behavior of
complex fluid-fluid interfaces, such liquid-vapor or liquid-liquid interfaces, where the
presence of surface-active chemical species influence the value of surface tension, i.e.,
the energy per unit area required to increase the contact surface between the two fluid
phases. Any deformation applied to this interface, can significantly modify its state. On
one side, dilational deformations can modify the surface concentration of chemical
species, leading to changes in surface tension. On the other hand, shear deformations
can change the arrangement of chemical species and the shape of the interface. The
resulting changes can impact the stability and behavior of the interface. In interfacial
rheology, it is useful to define also elasticity and viscosity associated with stresses and
strains applied at fluid-fluid interfaces. Surface stress and elasticity have the same unit
as surface tension ([N/m]), while surface viscosity unit is [N.s/m].

By distinguishing between bulk and interfacial rheology, it is possible to obtain a better
understanding and prediction on how materials will behave under different mechanical
stimuli. Table 1. 1 reports the different rheological properties of fluids, summarizing the above
discussion.

Table 1. 1. Summary of the different rheological schematic properties of fluids. The shaded part of the table indicates the
main focus of this PhD Thesis.

Bulk Interfacial
Bulk Shear Elastic Modulus [Pa] Interfacial Shear Elastic Modulus [N/m]
Shear . . . . .
Bulk Shear Viscosity [Paxs] Interfacial Shear Viscosity [N+s/m]
Dilational Bulk Dilational Elastic Modulus [Pa] Interfacial Dilational Elastic Modulus [N/m]
Bulk Dilational Viscosity [Pa+s] Interfacial Dilational Viscosity [N*s/m]
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Concerning bulk rheology, the fluids that will be studied in this work are incompressible
(although, as explained before, liquid-vapor interface is compressible), which means that only
bulk shear rheology deserves to be investigated. To give an exhaustive characterization of the
mechanical properties of complex fluids, bulk shear rheology must be considered, so in this
chapter a brief overview on bulk shear rheology will be provided. Bulk shear rheology helps
on the understanding of the industrial processability of complex fluids, as well as the
performance of products. Furthermore, as mentioned in reference [5], the presence of
viscoelasticity in the bulk must be taken into account in order to fully characterize high
frequency dilational interfacial rheology of some systems (e.g., concentrated polymeric
solutions, gels...). This latter aspect will be deepened in Chapter IX: Interfacial rheology of
PVA/Borax viscoelastic solutions.

1.3. Bulk Shear Rheology
The 3D stress tensor of an isotropic fluid can be expressed as [6],

S11 S12 O (1.3)
S = 512 522 0 ’
3

0 0 S,

where Sj; are the normal stresses along j direction which can produce elongation or

compression, and S;, is the shear stress. This latter induces shape deformation into the fluid,
without any volume variation. Normal stresses are associated with dilational bulk rheology,
while bulk shear rheology concerns shear strain responses to shear stress stimuli.

Understanding the stress tensor components is crucial for analyzing the mechanical behavior
of isotropic fluids under various conditions. In many practical applications, such as in fluid
dynamics and material science, it is essential to distinguish between the effects of normal and
shear stresses. Normal stresses, which relate to elongation or compression, contribute to
changes in volume and are primarily linked to the fluid's dilational properties. On the other
hand, shear stresses, responsible for shape deformation, are key to understanding the fluid's
shear rheology without altering its volume. To further illustrate the concept of shear stress in
an isotropic fluid, consider a fluid element with a thickness h that undergoes a simple shear
flow occurring at a certain velocity U. At a given time t, this flow induces a displacement d=Ut.
The shear strain, can be then defined as as the ratio of this displacement to the thickness of
the fluid element D;, = d/h. Correspondingly, the shear strain rate is given by D;, = U/h
(Figure 1. 3).
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X1

Figure 1. 3. Schematic representation of a simple shear flow in a fluid element.

S12 and D12 are related by means of a constitutive equation, that depends on the system. For
a purely viscous fluid, this constitutive equation is given by,

Si2= D1271(D12)' (1.4)

where n(D;,) is the bulk shear viscosity, that may be either shear-rate-independent as occurs
in Newtonian fluids where there is a linear dependence between shear stress and shear strain
rate, or shear-rate-dependent as in the case of Non-Newtonian fluids where a non-linear
dependence between shear stress and shear strain rate is found. In general, the shear stress
can be expressed by means of a power law function, according to the following equation,

. . n+1l
512 (DIZ) = Ty + lez B _(15)

where Ty represents the yielding stress of the fluid, i.e., the threshold stress above which the
fluid starts to flow, k is the consistency, and n the viscosity exponent. If both 7, = 0 and n=0,
the fluid shows a Newtonian behaviour as occurs in many simple fluids, such as water. When
n>1, the system undergoes a dilatant flow or shear-thickening process, that implies an increase
of bulk shear viscosity with shear strain rate as occurs in quicksand or starch concentrated
solutions. On the other hand, if O<n< 1 the system undergoes a pseudoplastic flow or shear
thinning process. This involves an increase in the shear strain rate as a result of the decrease
in system viscosity. This type of behavior is common in blood, ketchup or polymer solutions.
Whenever 7, > 0, the presence of a yielding stress is known as Bingham flow or plastic flow,

depending on whether, respectively, n=0 or 0<n<1. This type of behavior is typically observed
in mayonnaise, whipped cream or toothpastes. Figure 1. 4 summarized the qualitative
dependences for the shear stress on the shear rate for each one of the aforementioned cases.
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Figure 1. 4. Shear stress/strain-rate curves of different types of flows.

Let us now consider the case of a viscoelastic fluid. The coexistence of elasticity and viscosity
in such fluid requires a more comprehensive characterization. To fully describe the behavior
of a viscoelastic fluid, it is needed to define an elastic shear relaxation modulus G(t) and a time-
dependent shear viscosity n(t). These two quantities are interrelated, as expressed by the
following equation,

t
n(t) = f G(t — t))dt'. (1.6)
0

This relationship underscores the complexity of viscoelastic fluids, which exhibit both solid-like
and liquid-like behavior depending on the timescale of observation. In order to understand the
physical meaning of G(t) and n(t), it is worth to introduce Meyer constitutive equation, that

relates S12, D1, and D1y,

S12(t) = G(£)Dy2(t) + n(t) Dy (0). (1.7)

According to this model, in a viscoelastic fluid, the stress response S;,(t) is the result of the
sum between an elastic component G (t)D;,(t), which is related to the deformation D(t), and
a viscous component 1(t)D;,(t), which is related to the strain rate D;,(t). Notice that, in a
viscoelastic fluid, the stress response, as well as the viscoelastic functions G(t) and n(t), are
time dependent, i.e., the behaviour of a viscoelastic fluid depends on the mechanical history
of the strain.

A more sophisticated constitutive equation is given by the so-called Boltzmann’s model, that
considers the past history of the strain, and determines the stress response as a linear
superposition of the stresses that result from strains at present and past times,

t : 1.8
S12(t) =J G(t —t")Dy,(t"dt'. (28]

0
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Let us now consider the case of an oscillatory flow in a viscoelastic fluid, occurring at a certain
angular frequency w, and a certain strain amplitude Do = &/h, where & represent the
displacement amplitude of the oscillatory flow (see Figure 1. 5).

X, t

0)

Figure 1. 5. Schematic representation of an oscillatory flow in a viscoelastic fluid element with h being thickness and and &
the displacement amplitude.

In the above oscillatory flow, the strain D1»(t) varies in time according to a sine function,

D;,(t) = Dy sin(wt). (1.9)

Consequently, the strain rate can be represented as,

D1, (t) = wDy cos(wt) = Dy cos(wt). (1.10)

If the strain amplitude is small enough (6 << h), the stress response is linear, i.e., does not
depend on strain amplitude. Therefore, it can be expressed, by means of Boltzmann’s model,
in the following way,

, (1.11)
Si(t) = f G(t — t")Dy cos(wt) dt’ =f G(s)Dy cos(w(t — s)) ds
—o 0
= G'(w)D, sin(wt) + n'(w)Dy cos(wt),
where G'(w) is the storage dynamic shear modulus, which can be defined as,
® (1.12)

G'(w) = f wG(s) sin(ws) ds,
0

and n’(w) is the loss dynamic shear modulus,
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n'(w) = fooG(S) cos(ws) ds. (1.13)

Notice that the last part of equation (1.11) exactly corresponds to the Meyer constitutive
relation. Based on that, we can define the loss dynamic shear modulus as,

G"(w) = wn'(w), (1.14)

and the storage dynamic shear viscosity as,

G'(w) (1.15)

n"(w) =

In complex notation, the complex dynamic shear modulus can be expressed as,

¢*'(w) =6"(w) +i6" (w). (1.16)

The storage modulus G'(w) represents the stored energy in the material, which is recoverable
upon removing the deformation, while the loss modulus G”(w) corresponds to the energy
dissipated, commonly as heat during deformation. Similarly to the definition of the complex
dynamic shear modulus, it is possible to define the complex dynamic shear viscosity as,

G* .
(@) = ifj)) =1'(w) — in" (w). (1.17)

Notice that the imaginary part of the n*(w) is related to the storage component of G*(w), i.e.,
it associated with the elastic behaviour of the fluid.

It is worthy to show that the stress response can be also expressed in an alternative form,
underlining the fact that there is a certain phase shift ¢ between S;,(t) and Diy(t), and that
phase shift is due to the time lag (At = ¢ /w) between the response and the applied stimulus,
which is typically observed in any viscoelastic fluid. This is an intermediate behaviour between
an elastic solid (¢ = 0, the stress is in phase with the strain) and a viscous fluid (¢ = /2, the
stress is delayed m/2 with the strain). Figure 1. 6 shows an idealized representation of the
temporal profiles for the shear strains and stresses obtained in an elastic solid, viscous fluid
and viscoelastic fluid.

23



(a) S12(t) = Spsin(wt) (b) S12(t) = Spsin (wt + 1/2)
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Figure 1. 6. Idealized strain and stress profiles for shear deformations in an elastic solid (a), viscous fluid (b), and viscoelastic
fluid (c).

So, in a viscoelastic fluid, the stress response can be also represented by the sum of two
components, the in-phase component (elastic) and the delayed component (viscous),

S12(t) = Sy sin(wt + @) = Sy cos(p)sin(wt) + Sysin (@) cos(wt). (1.18)

In analogy with equation (1.11) it is easy to prove that,

S
G'(w) = D—Zcos(go) = |G*(w)|cos(e), (1.19)

and that,

S
G"(w) = D—(;sin(q)) = |G*(w)|sin(e). (1.20)
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Also the phase angle ¢ depends on w, and its tangent, the so called loss tangent expresses,
somehow, the amount of viscous dissipation that occurs into a viscoelastic fluid subjected to
shear deformation:

G"(w) (1.21)
G'(w)

tan(y) =

There are theoretical models that provide valuable insights into predicting the trends of G’'(w)
and G”(w) as a function of the angular frequency w. Thus, it is possible to define how the
elastic shear relaxation modulus G(t) relaxed over time as follows [7],

n t
G(t) = Z Ge A,
=1

Equation (1.22) is known as Maxwell relaxation spectrum, where A; is the characteristic
relaxation time of j-th relaxation process (vj=1/4; is the relaxation frequency). This exponential
decay function is typical for viscoelastic materials, capturing the essence of their time-
dependent behavior. Let us consider the simplest case where the system undergoes a single
relaxation process (n=1, A;=A and G:=G). In this situation, the complex dynamic shear modulus,
according to equations (1.12) and (1.13), can be defined as,

(1.22)

(1.23)

G (w) = f wG(s) sin(ws) ds + iwf G(s) cos(ws) ds
0 0
_ Go?A? o GwA
CX2w?4+1 "w? +1

Figure 1. 7 shows an idealized representation of the dependences of the magnitudes involved
in equation (1.23) G”(w) reaches the maximum at the value of relaxation frequency w=1/A,
and when w — o0, G’(w) reaches the upper-bound value of G(t=0)=G.
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Figure 1. 7. |dealized representation of Plot the frequency dependence of G’(w) and G”’(w) according to the Maxwell model,
in the case of a single relaxation process.

1.4. The importance of Interfacial Rheology

Complex fluid/fluid interfaces are ubiquitous in nature appearing in many industrial processes
or academia. For instance, they can be exploited to provide structure to different products,
including foam and emulsion-based ones. Moreover, they are present in a broad range of
chemical processes, including liquid-liquid extraction, froth flotation, wastewater treatment or
tertiary oil recovery. On the other side, fluid/fluid interfaces can be used as platforms for
nanostructured material fabrication, or as model to elucidate problems with biological and
medical relevance [8-12]. Therefore, it may be expected that most of the fluid/fluid interfaces
with technological or scientific relevance involves systems operating under dynamic
conditions, and hence the understanding of the dynamic and mechanical properties of
interfacial layers at fluid/fluid interfaces is of a paramount importance for living systems, foods,
personal care products, and the environment [13].

The rheological performance of fluid/fluid interfaces can be modulated almost at will to design
soft interface-dominated materials for specific applications [14,15]. This makes of the
understanding of the deformation and flow of fluid/fluid interfaces under the application of
mechanical stresses, i.e., the rheological properties of the interface, a matter of key
importance for scientific and technologist [16,17]. For instance, the understanding and control
of the rheological response of fluid/fluid interfaces plays a very important role in the control
of emulsion stability [18,19], foamability and foam stability (resistance against drainage) [20],
lung surfactant performance [11,21], aerosol formation [22], tear film stability [23,24],
encapsulation processes [25], coffee ring formation [26], tertiary oil recovery [27] or remote
sensing [28,29].

The description of the rheological response of 2D systems (or more correctly quasi-2D
systems), i.e., layers of surface-active compounds confined at fluid/fluid interfaces, is not
always trivial. In fact, interfacial rheology relies on the confinement of the applied deformation
within the interface xy plane, which requires to introduce specific modification to the classical

rheological formalism used for the study of the mechanical response of bulk systems. This is
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of a paramount importance because in most of the cases the small thickness of fluid/fluid
interfaces makes difficult to decouple the pure interfacial rheological response from the
contribution associated with the response of the adjacent bulk phases to the applied stress.
Therefore, it is necessary to develop suitable experimental and theoretical methodologies
enabling such decoupling [30,31]. This is significant because the combination of experimental
and theoretical tools may contribute to deep on the impact of the stress boundary conditions
on the behavior and breakup of thin films [32].

Despite the critical importance of the mechanical properties of fluid/fluid interfaces for a wide
range of technological and scientific purposes, there is a broad range of aspects that remains
poorly understood and deserve further investigation. Therefore, our focus will be on providing
an updated and comprehensive perspective on the current understanding of how fluid/fluid
interfaces perform when subjected to dilational stresses, highlighting recent advances and
identifying key areas where more research is needed. This is important because dilational
rheology plays an essential role in a broad range of scientific and technological aspects, ranging
from the formation and stability of foams to the respiratory cycle, and from tertiary oil
recovery to demulsification processes [33-35]. However, the study of the performance of
interfaces under dilational stresses is particularly challenging because it requires to
deconvolute the changes in thermodynamic properties associated with the changes in the
interfacial concentration and the intrinsic compressional viscoelasticity, which is not always
easy [36].

1.5. Equilibrium properties of interfaces

Given two phases (i.e., portions of space characterized by homogeneous chemical composition
and physical properties), the interface can be defined as the boundary surface separating one
phase to the other. It is important to highlight that the boundary between the two phases is
not commonly sharp, existing a smooth transition between one phase and the other, i.e., a
boundary layer where the properties smoothly change between one phase and another
(usually, few nm), and therefore, the concept of interface is rather a “mathematical
idealization”.

An important equilibrium property to describe the thermodynamic behavior of a fluid/fluid
interface is the interfacial tension y, which is defined as the energy W per unit area A that
must be spent to increase the contact surface between two phases,

B aw (1.24)
VY= A

In case of liquid/vapor interfaces (which will be deeply studied in this thesis), it is common to
refer to “surface tension” rather than to “interfacial tension”. The surface tension is the result
of the cohesive forces of the molecules of a liquid placed at liquid/vapor interface, which is
due in turn to the unbalance of forces that molecules at the interface experience. In fact, while
molecules in the bulk are equally pulled in all directions by the surrounding similar molecules
(so, their net force is zero), in molecules at the interface the attraction from other bulk
molecules prevails, causing a force unbalance that results in the onset of cohesion forces,
hence to the appearance of a “surface tension” (see Figure 1. 8).
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Figure 1. 8. Sketch of intramolecular forces of a liquid, in the bulk and at the interface.

The adsorption of soluble species to the interface from a bulk solution, or the direct deposition
of insoluble surface-active species at the interface leads to the formation of the so-called Gibbs
and Langmuir monolayers, respectively (Figure 1. 9). There are many types of surface-active
molecules, but they all have one aspect in common: the amphiphilic character, since they
consist of a hydrophobic tail and a hydrophilic head. Examples of surface active molecules are
given by surfactants and amphiphilic copolymers.

air spreading
o Langmuir monolayer
Gibbs monolayer
water 5‘1_\_ ‘_.J

adsorption
oV o oV

Figure 1. 9. Comparison between Gibbs monolayer (formed by adsorption of surface-active molecules from the bulk to the
interface) and Langmuir monolayer (formed by deposition of surface-active molecules directly at the interface). Adapted from
ref. [37].

The formation of these interfacial layers is accompanied by a variation of chemical potential u,
as well by a decrease in the interfacial tension y (with respect to the value associated to the
bare interface, yo), according to the following equation [38],

with I being the surface excess concentration of surface-active molecules adsorbed at the
interface. Since du = RTd[In(a)], where T is the temperature, R the ideal gas constant, a the
activity coefficient of the surface active molecules (for diluted mixtures, the activity can be
assumed to be equal to the bulk concentration of surface active molecules C), equation (1.25)
can be expressed in the following form (Gibbs equation),
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_ 1 dy (1.26)
I = RT(d[ln(C)])TP'

It is worth to highly that I; and y must be considered as equilibrium properties of the interface,
and therefore the Gibbs equation is only valid at equilibrium, where neither I or y
considerably change in time (ideally, at t — o). Nevertheless, surfactant adsorption at
fluid/fluid interface, is commonly guided by diffusion, and it is a time dependent process. This
leads to a situation in which the surface concentration I'(t) varies with time, according to the
following equation [39],

dr) (aC(x,t) (1.27)
dt _D< O0x )x—o'

where D is the diffusion coefficient of surfactant into the solvent (typically, in water). C(x, t)
varies in space and time according to Fick equation,

dC(x,t) b 0%C(x,t) (1.28)
dt ax?
By setting boundary conditions (C(0,t) = Cs(t) and C(x,0) = C,), and solving equations
(1.27)-(1.28), it is possible to obtain I'(t) (Ward-Tordai equation),

F(t)—f[ZCof f :(—T)r l

At equilibrium, the surface excess concentration is defined as: [ = tlim I'(t). In common
—00

(1.29)

experimental practice, this condition is observed whenever y keeps almost constant in time.
In order to establish a relationship between I; and C, there are many models describing
adsorption equilibrium. The simplest one is given by Langmuir [38] which assumes an
equilibrium between adsorption and desorption process, with no mutual interaction between
adsorbed molecules, which can adsorb at the interface until all the sites are occupied. Let 6 =
I /T, be the fraction of occupied sites, where I, is the maximum surface excess concentration
associated to interface saturation, related to surfactant molecular area: A = 1/N,I, (with N,
being the Avogadro number). Adsorption rate is given by v, = k,C(1 — 6) (where k, is the
adsorption kinetic constant), while desorption rate is given by v, = kp8 (where kj, is the
adsorption kinetic constant). At equilibrium, by setting v, = v, the following relation can be
obtained:

K. C (1.30)
Iy =To—
s 1+K,C

where K; is the Langmuir equilibrium constant. By replacing equation (1.30) into (1.26), and
integrating with respect to C, the so-called Langmuir-Gibbs isotherm can be easily obtained,
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I (1.31)
I
Y =vo— RTI,In(1+ K,C) =y, — RTTIn| 1+ ——= ——

K (1-7%)

Equation (1.31) is valid in dilute and semi-dilute regime, far below I, (corresponding to the
saturation of the interface). Langmuir-Gibbs isotherm is not the only existing theoretical model
to predict the behavior of monolayers. A more sophisticated model, taking into account the
interaction energy between adsorbed molecules, is given by Frumkin isotherm [40],

I I\ (1.32)
]/=)/O—RTFOO ln(l—a)-f‘a(a) ,

g3

where « is a parameter related to the interaction energy. In Frumkin isotherm, I; can be
related to surfactant bulk concentration C by means of the following equation:

_ L/l o—2aTy/Teo (1.33)
k(1 = I5/1%)

C

With kj being the Frumkin equilibrium constant. An example of experimental data fitting with
Frumkin isotherm is shown in Figure 1. 10. Equation (1.32) fits with experimental data only in
dilute and semi-dilute regime, while it does not foresee the plateau at higher concentration
(associated to the formation of micelles, above CMC).
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Figure 1. 10. Example of surface tension data fitting with Frumkin isotherm of two different surfactants: hexadecyl

trimethylammonium bromide or CTAB (squares) and dodecyl trimethylammonium bromide or DTAB (circles). Solid line
represents the best fit to equation (1.32). Adapted from ref. [41].

1.6. Interfacial Rheology: Foundations

The interfacial tension only provides an equilibrium picture of the true situation of the
interface, and as it was mentioned above this is not enough in most practical applications of
fluid/fluid interfaces. In fact, fluid/fluid interfaces with technological and scientific relevance
are commonly subject to external mechanical perturbations that results in a modification of
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their size or shape [42]. The understanding of the response of fluid/fluid interfaces to
mechanical processes is essential, because even the simplest deformation process can yield
very complex responses including multiple dynamic processes or deformation mixing different
interfacial modes [43].

The interfacial response against perturbations that modify the size of the interface without
affecting to its shape is defined in terms of the dilational elasticity and viscosity, whereas the
modification of interfacial shape at constant size can be described in terms of the shear
elasticity and viscosity [42,44]. Moreover, under specific stress conditions, fluid/fluid interfaces
can undergo out-of-plane deformations. These are characterized by an out of interfacial plane
displacement of the whole monolayer or parts of the monolayer (splaying or bending),
resulting in the emergence of different phenomena, e.g., buckling of the monolayer, expulsion
of material into the bulk or the formation of multilayers [45]. This transverse out-of-plane
deformations are restored under the action of interfacial-tension-driven forces, whereas in-
plane modes (shear and dilation) are directly restored by interfacial tension gradients
associated with the interfacial concentration [31,46]. The interfacial tension gradients can
emerge due to different factors, including the interfacial convection of adsorbed species or the
heterogeneity of the adsorbed layers. However, the origin of the interfacial tension gradients
occurring during interfacial rheology experiments is found in an externally triggered
modification of properties, e.g., interfacial concentration, affecting directly to the interfacial
tension. This drives the Marangoni flows trying to restore the interfacial equilibrium [43].
Figure 1. 11 shows a sketch representing the in-plane and out-of-plane deformation modes
that can occur in fluid/fluid interfaces under the action of mechanical stresses.
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Figure 1. 11. Sketch of different surface relaxation modes: a) in-plane-modes (dilation and shear) and (b) out of plane modes
(bending and splaying). Reprinted from Maestro and Guzman [46].

It should be noted that in most of cases, the out-of-plane deformations can be rigorously
modelled, whereas the in-plane modes have been commonly analyzed for long time using very
simplified models that may be considered as a generalization of the bulk behavior to the
interface, which neglects some subtle aspects of the interfacial rheology, e.g., the existence of
a finite dilational modulus which is not considered in bulk models designed for incompressible
fluids or the role of the curvature modes [17,47]. Moreover, in most cases, the different
rheological modes are coupled, and hence the determination of the real (storage modulus)
and imaginary (loss modulus) components of the corresponding viscoelastic moduli is not
always trivial. This can be understood considering that the origin on the interfacial properties
gradient can arise from different processes, e.g., interfacial tension gradients can be originated
by a gradient of the interfacial concentration, or as a result of the convective transport that
generate a concentration gradient. This makes difficult, in some cases, to obtain independently
the different modes of the rheological response from a single experiment [43]. However, this
coupling presents interest in specific cases, e.g., for obtaining dilational moduli from
experiments involving capillary waves [48]. Moreover, the coupling between the interfacial
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response and the mechanical properties of the adjacent fluids or their structure introduces
additional problems for a proper evaluation of the viscoelastic moduli [30].

The rheological analysis of interfaces requires to use a continuum approach, which considers
that the bulk flows can be described in terms of the conservation equations for mass,
momentum and energy, and specific coupling conditions. This results in an interface that can
be defined as a 2D dividing surface located between two adjacent fluid phases (“sharp
interface” framework) [17]. Considering the above picture, it is possible to define the Cauchy
interfacial stress tensor os as a combination of two contributions: (i) the interfacial energy,
which accounts for the energetic cost associated with the presence of a fluid/fluid interface of
fixed area, and provides information of any process changing the interfacial concentration and
affecting the interfacial tension, and (ii) the Marangoni stresses emerging as a result of spatial
interfacial tension gradients [16,17]. Thus, it is possible to define the interfacial stress tensor
according to the following expression,

(1.34)
O-S = Y(FS; T)(SS + T;

with &s being the surface unit tensor, and y is the interfacial tension which is a state variable
depending on the surface excess concentration and the temperature. The second contribution
to the interfacial stress tensor is the anisotropic tensor or interfacial extra stress (T = [Tjk]), and
accounts for the energy required to deform the interface [8,49]. The surface stress tensor can
be considered as a 2D second-order symmetric and tangential tensor embedded in 3D space
[16].

Considering a purely viscous fluid/fluid interface, it is possible to provide a definition of the
anisotropic tensor in terms of the Boussinesq-Scriven model [16],

T, = [(KS - 77s)vs ' v]6s + 2nsD;, (1.35)

where ks and 74 are the interfacial dilational and shear viscosities, respectively. Vg is the
interfacial gradient operator, v is the velocity vector on the interface and D is the interfacial
rate-of-deformation tension [50].

_ [(st) ' 65 + 65 ' (VSU)T] (1.36)
s — 2 .

In general, the Boussinesqg-Scriven model is used for describing the rheological properties of
fluid/fluid interfaces due to viscoelastic character of most fluid/fluid interfaces, constituting .
a very useful building block for creating a complete rheological model for a viscoelastic
fluid/fluid interface [51].

In the case of the purely elastic fluid/fluid interface, it is possible to define the anisotropic
tensor by a linear elastic model, according to the following expression (only valid for infinitely
small deformations) [17],
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T, = [(Es - GS)VS ’ u]gs + 26U, (1.37)

with E; and Gg being the interfacial dilational and shear elasticity, respectively; u the
displacement vector on the interface, and U, the interfacial infinitesimal strain tensor,

[(‘7su) ) 65 + 65 ) (Vsu)T] (1.38)

S = 2
It should be noted that bending stresses can also play a very important role under specific
conditions, e.g., densely packed particle-laden fluid/fluid interfaces. However, for simplicity
they are commonly not included [16].

The description of elastic interfaces against larger stresses requires to introduce a finite strain
tensor. This is possible by separating the dilational and shear contributions in an interfacial
elastic stress described by the following expression [52]:

T—Esl 6+GS(BS 1t (Bs)a)
e—un(u)s w\u 27 \W)%)

where the deformations are defined by the left-Cauchy-Green interfacial strain tensor B, and
u is the relative area deformation, i.e., the ratio between the instantaneous interfacial area
and the interfacial area in a reference state. The combination of the two limit cases, i.e., the
Newtonian and the quasi-linear neo-Hookean, is essential for a realistic description of real
fluid/fluid interfaces, where viscoelasticity is of a paramount importance [16]. Let u; be the j-
component of the displacement vector, at a certain angular frequency w:

(1.39)

Uj = ujye @, (1.40)
The jk-component of the anisotropic stress tensor in viscoelastic interfaces, in case of linear
response, can be expressed as a linear combination between the elastic component Ty in
phase with uj and Ty in quadrature with respect to u; [53,54],

i(wt+1/2) i(wt+d)  (1.41)

Tyegy () = Teqity + Toiiny = Teogioe'“? + Tyogiye = Tveo(jk)€

Figure 1. 12 represents the time evolution of y;, Tye(jk), Te(jk) @nd Ty(jk)- Based on the above,
the anisotropic stress tensor for a viscoelastic fluid, can be expressed in the following form,

(1.42)
Tye = [(Ks*(w) - ns*(w))vs ’ v]ds + 21" (w) Dy,

where K" is the complex dilational interfacial viscosity,

(1.43)
E¢(w)

Ky (0) = Ke(w) — 1
w

and 7" is the complex shear interfacial viscosity defined as,
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(1.44)

* _  Gs(w)
ns () =ns(w) — i o

Furthermore, we can define the complex dilational interfacial modulus:

(1.45)
ES () = iwK" (w) = Eg(w) + iwk(w) = Eq(w) + iE;(w)
and, eventually, the complex shear interfacial modulus:
) (1.46)
Gs (w) = iwns*(w) = Gs(a)) + iwns(w) = Gs(w) +iG;(w)
—u
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Figure 1. 12. Plot displaying the time evolution of yj, Tyejk), Tegky @and Ty(i)-

1.7. Interfacial Dilational Rheology

The determination of the response of interfaces against dilation offers different experimental
and theoretical challenges that are not present when the properties against shear stresses are
evaluated. In fact, the application of isotropic dilational stresses to the interface, without any
shear influence, is very difficult [16,55]. Moreover, the change of the interfacial area leads to
modification of the interfacial concentration of the surface-active molecules existing at the
interface, which yields a change in the state variable, i.e., the interfacial tension. On the other
side, when soluble surface active molecules are concerned, the modification of the interfacial
concentration may be the result of exchange processes involving the transference of molecules
between the interface and the bulk, which introduces in many cases additional relaxation
processes to the problem [16]. In fact, the ability of surface active soluble molecules to diffuse
(diffusivity) from the adjacent fluid phases to the interface, and from the interface into the
adjacent fluid phases as result of the modification of the interfacial area can originate surface
tension changes, which are counteracted by the Marangoni flows aimed to re-establish the
interfacial equilibrium.
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The application of an infinitesimal uniaxial mechanical perturbation to a fluid/fluid interface
leads to a small change of the surface area, 6A, which induces a time dependence modification
of the interfacial pressure by a 8/7 quantity (with /7 being the interfacial pressure defined as
Il =y — y;1,,and y4, the interfacial tension of a fluid/fluid interface loaded with surface active
molecules, and y the surface tension of fluid/fluid interface free of surface active molecules).
This change emerges strongly dependent on the timescale probed during the specific
experiment, and can be approximated according to the following expression,

all 1.47
SI(t) =11(t) — I, = EM = —E.(t)u(t), ( )
where u(t) and E(t) account for the temporal dependence of the compressional strain and
dilational viscoelastic modulus, respectively, and 71(t) and /1o the temporal evolution of the
interfacial pressure and the initial interfacial pressure, respectively. Thus, it possible to define

the time evolution of the viscoelastic dilational modulus in terms of the following expression:

ol1 )T’ (1.48)

Eo(t) = Ao (51

and that corresponding to the compressional strain as,

u@ =252 (1.49)

From an experimental perspective, the dilational rheology measurements rely on the
application of a time-dependent stress to the interface, and the evaluation of the time-
dependence change of the interfacial tension. This type of measurements allows evaluating
the ratio between the temporal evolution of the interfacial tension and the time-dependent
stress. Assuming an oscillatory deformation of small amplitude and a fixed angular frequency
w (linear regime), this ratio is defined as the complex dilational interfacial modulus [56],

F{Ay(t)} (1.50)

£ (@) = e (a0

where F is the Fourier transform operator, Ay(t) is the time evolution of the interfacial
tension, A(t) is the time evolution surface area and E, " (w) is the same as defined in equation
(1.45). The complex modulus can be split in its real (Es) and imaginary components (Ey), which
correspond to the storage and loss moduli, respectively [57,58]. It should be stressed that the
constitutive viscoelastic parameters E;(w) and wk, are functions of w. Therefore, they provide
information about the time-dependent response of the system subject to small perturbations
of the interfacial area, playing a central role for probing the interfacial dynamics of adsorbed
films. The definition of the viscoelastic interfacial dilational modulus accounts for a change of
the applied stress as result of the adsorption/desorption state of the molecules and the
interfacial structure. Thus, the interfacial area change can promote different relaxation
processes, with different characteristic timescales, that are associated with the different
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mechanisms involved in reestablishing the equilibrium state of the interface after the dilational
deformation [59-61].

For fluid layers under equilibrium conditions, or when the layers are disturbed following a
quasi-static path (w — 0), the interfacial dilation forces leads to an instantaneous modification
of the interfacial concentration (J4/A = — &6I' /T"), and it is possible to define a limit value for
the dynamic modulus at zero frequency. This is the so-called static modulus which is given by
the Gibbs elasticity €0 defined as,

Es(w—>0)—>80=1"(a—r

017) (1.51)
eq’

and hence this apparent elasticity can be considered a result of the deformation induced
change in the interfacial concentration (I' = 1/A), which in turn modifies the interfacial
tension. This magnitude can be obtained from the relative slope of the equilibrium isotherm
[42]. According to the above discussion, it is possible to define a dilational viscosity at zero
frequency in terms of the frequency independent Newtonian limit,

Ks(w — 0) = K, (1.52)

Figure 1. 13 summarizes the typical material response expected for a viscoelastic layer
undergoing a single relaxation process as result of the dilational deformation.
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Figure 1. 13. Sketch of the typical material response for a viscoelastic layer undergoing a single relaxation process upon the
application of a dilational stress. Adapted from Mendoza et al. [42].

1.8. Rheological tools for evaluating the response of planar fluid/fluid interfaces against
dilation

Most of the tools to measure the response of planar fluid/fluid interfaces against dilational
deformation provide information of the response against deformations within the linear
response regime, which does not provide, in most of the case, a suitable representation of

37



some of the phenomena occurring in complex fluid/fluid interfaces with technological and
scientific interest [13,16,62,63]. However, these tools provide importance information about the
relaxation mechanism driving the re-equilibration of the interface upon dilational
deformations. In fact, the experimental and theoretical tools of the interfacial dilational
rheology provide information about the exchange mechanisms of material between the
interface and the adjacent fluid phases as well as about the different reorientation and
exchange process occurring between molecules confined within the interface [64-66]. This
section will be devoted to the description of the most fundamental methodological aspects of
the determination of the dilational response of planar fluid/fluid interfaces. However, it should
be stressed that the description of the mechanical response of curved interfaces will not be
considered for the aim of this PhD Thesis, the understanding of the rheological response of
curved interfaces is gaining importance due to their recognized role in aspects of technological
importance, including the stability of emulsions and foams, or the coffee-ring formation upon
the evaporation of liquid droplets deposited on solid substrates [26,67,68].

One of the main challenges when dilational rheology experiments are performed is related to
the evaluation of the mechanical response of fluid/fluid interfaces in a broad range of
frequency. Unfortunately, this is not trivial because it requires to combine techniques which is
not always easy due to two main factors: (i) the accessibility to the different required
techniques is not always easy, and (ii) some devices are only designed for studying soluble or
insoluble interfacial layers [69]. Figure 1. 14 presents a summary of some of the experimental
techniques accessible for evaluating the dilational response of fluid/fluid interfaces as well as
the frequency range in which they can be used.
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Figure 1. 14. Summary of some of the most extended methodologies for evaluating the dilational response of fluid/fluid
interface together to the accessible frequency ranges for such techniques. Reprinted from Guzman et al. [69].

To date, there is only one study dealing with the whole relaxation spectrum in the frequency
range 103-103 Hz [70]. This requires combining an oscillatory drop tensiometer, a capillary
pressure tensiometer and electrocapillary wave instrument for accessing to the whole
frequency range. Moreover, there are several studies where the combination of different
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techniques has provided information about the mechanical relaxation spectrum, even the
information of the real and imaginary part of the viscoelastic modulus values from the whole
frequency range are not available [69,71-73].

Assuming the difficulties associated with performing dilational rheology experiments in a
broad frequency range, it is necessary to adapt classical approaches of conventional rheology
to the study of fluid/fluid interfaces. An example of these approaches is to adapt the widely
used time-temperature superposition principle for extending the range of frequencies
accessible for the analysis of data [74]. The applicability of this type of superposition is only
possible for thermo-rheologically simple cases, which are characterized for the presence of a
single relaxation mechanism over the whole temperature and frequency range explored.
Despite the proved effectiveness of the superposition principle for describing the bulk
rheology of different systems, its application to the study of fluid/fluid interfaces is recent [66].

1.8.1. Experimental tools

The characterization of the dilational response of interfacial layers requires a careful election
of the most suitable technique as well as appropriate experimental conditions. Several
experimental techniques can be applied to evaluate the response of fluid/fluid interfaces to
dilational stresses, offering different sensitivities and measuring ranges. This section will
provide a brief overview of the types of experiments and experimental techniques that are
currently available for studying fluid/fluid interfaces subjected to dilational deformations.

1.8.1.1. Experimental techniques
This section includes a brief overview of the most common methodologies used for evaluating
the dilational properties of fluid/fluid interfaces.

- Drop/bubble shape tensiometers. The use of drop/bubble shape tensiometers on the

evaluation of the dilational viscoelasticity of fluid/fluid interfaces relies on the
determination of the time evolution of the interfacial tension during harmonic changes
of the area at a fixed frequency. This information can be extracted from the analysis of
the changes occurring in the drop/bubble shape profile during the process, which can
be done by applying the Young-Laplace equation. This approach provides a framework
to calculate the interfacial tension, by assuming that the contributions associated with
shear are negligible. Therefore, the analysis of the drop/bubble shape profile can be
only exploited for rheological simple interfaces characterized by an isotropic and
constant stress along the whole interface.
It should be noted that in most of the cases the deformation of drops/bubbles cannot
be considered as purely radial. Moreover, the drop/bubble requires to be in
instantaneous mechanical equilibrium for a correct evaluation of the interfacial
tension, which limits the applicability of drop/bubble shape tensiometers for the
evaluation of the interfacial dilational modulus to deformation frequencies in the range
1073-0.2 Hz [75]. In general, the use of drop/bubble shape tensiometers for evaluating
the dilational properties assumes the existence of a single isotropic and constant
tension for the entire interface. This allows applying the generalized Young-Laplace
equation [76]. This technique will be discussed in details in Chapter Il (2.1.3. Profile
Analysis Tensiometer (PAT)).

- Capillary pressure tensiometers. An alternative approach for evaluating the dilational
rheological properties of fluid/fluid interfaces relies on the determination of the
capillary pressure inside droplets or bubbles together to their dimensions. In this case,
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the determination of the interfacial tension does not require a strong gravitational
deformation of the drops/bubbles, which was necessary on conventional drop/buble
shape tensiometers [77]. This allows reducing the size of the drops/bubbles used (in the
range 20-200 um). Thus, it is possible to reduce the capillary and inertial relaxation
times, enabling an extension of the probed frequencies up to 100 Hz [59]. Moreover,
this approach reduces the role of the shear contributions on the deformation, making
acceptable the isotropic assumption for the resolution of the Young-Laplace equation
to determine the interfacial tension [16,17,78].

In recent years, the methods using oscillating drops/bubbles have been furtherly
developed to extend the frequency range that can be probed. One of the most popular
alternatives for this purpose, it is to design a device consisting in a closed cell, a
pressure sensor, and a piezo translator, which allows monitoring the time evolution of
the capillary pressure during the experiments. Thus, it is possible to determine the
rheological properties of fluid/fluid interfaces in the 0.5-450 Hz range. Moreover, this
type of devices allows measuring the rheological properties of interfaces formed for
two fluids with very similar densities [79,80].

Langmuir_troughs. The Langmuir trough is a common experimental setup used for
studies dealing with the dilational properties of fluid/fluid interfaces [81,82]. It consists
of two barriers arranged parallel in opposite extremes of the trough that can be used
for compress or expand the area available for the interface under controlled
conditions. During the compression/expansion of the interface, the interfacial tension
is monitored by using a surface balance fitted with a contact probe, generally a
Wilhelmy plate. This allows deducing the interfacial stress for specific deformation
conditions [11]. This technique will be discussed in details in Chapter Il (2.1.1. Langmuir
trough). It is worth mentioning that the interfacial stress measured in the Langmuir
trough as a result of a uniaxial deformation includes, in many cases, both dilational and
shear components [83]. Moreover, special care is required for interpreting the
rheological properties of solid-like layers obtained using Langmuir troughs because in
many cases the deformation field cannot be defined as homogeneous, and hence it
depends on the specific geometric constrains of the used trough [52,84]. The inability
to apply a purely isotropic stress, which leads to rheological responses containing
dilational and shear contributions, is a very important problem when interfaces with a
complex microstructure are analyzed. The application of anisotropic stresses to such
complex systems results in a rheological response characterized for the change of the
area and the shape under compression [17,52]. This can be solved by introducing several
modifications to the Langmuir trough for ensuring a purely dilational deformation of
fluid/fluid interfaces [52]. The most useful design of Langmuir trough for ensuring a
pure dilational deformation of planar fluid/fluid interfaces is the proposed by Pepicelli
et al. [52]. This relies on a radial trough which is isotropically deformed by an elastic
band held by twelve “fingers”. The interfacial pressure is determined by using a
Wilhelmy rod ensuring a radial symmetry. This type of devices allows applying isotropic
deformation, avoiding any shear effect on the interfacial deformation [85].

Wave damping. A traditional approach to evaluate the mechanical response of
fluid/fluid interfaces against high frequency dilational deformations relies on the study
of the damping of capillary waves. These can be generated upon the application of
mechanically, thermally or electrically-driven perturbation of the interface, with their
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propagation occurring along the fluid/fluid interface. During their propagation, the
waves are dampened by the action of the surface forces that try to restore the flatness
of the interface [29,86-90]. The study of the rheological properties by the evaluation of
the damping of surface waves allows obtaining information of the dilational properties
of fluid/fluid interfaces up to frequencies of about 100 kHz [91]. Information about
dilation properties of fluid/fluid interfaces can be also obtained from the longitudinal
wave damping. These are propagated mainly by interfacial tension gradients, allowing
one to probe the dilational rheology of fluid/fluid interfaces at lower values of
deformation frequencies than when capillary waves are used [64,92-94]. Despite the
broad range of frequencies (0.1-10° Hz) that can be probed by the evaluation of the
damping of waves generated at fluid/fluid interfaces, and the contactless character of
this type of techniques, the interpretation of the data is not straightforward, limiting
their applicability [91,95]. Recently, Slavchov et al. [87] reviewed the most fundamental
aspects of capillary waves damping as a tool for evaluating the mechanical response of
fluid/fluid interfaces. Moreover, they analyzed recent theoretical developments on the
use of capillary waves. Rajan [96] solved the problems associated with the use of the
damping of interfacial waves for the determination of the rheological properties of
liquid/liquid interfaces, providing results of the interfacial elasticity and viscosity of
water/oil interfaces. The use of Faraday waves can be an alternative for studying the
rheological properties of fluid/fluid interfaces [97,98]. Henderson [99] used the analysis
of Faraday waves to evaluate the mechanical response of interfaces with monolayers
of different insoluble molecules, and found that the effectiveness of the wave damping
was enhanced as the interfacial packing of the interfacial film is increased. Similar
results were found for monolayers of wheat storage protein [100].

1.8.1.2. Experimental methods

The experimental methods used for studying the dilational rheological response of fluid/fluid
interfaces rely on the mechanical perturbation of the interfacial area, and the measurement
of the response.

Stress relaxation experiments. Relaxation experiments can be performed by applying a
sudden perturbation of a controllable parameter defining the equilibrium state of a
monolayer at a fluid/fluid interface, e.g., interfacial area or interfacial concentration.
This type of perturbation takes the system to an out-equilibrium situation, and hence
the system undergoes a relaxation process to reestablish the equilibrium state [101].
Stress relaxation experiments can be performed using Langmuir troughs or
drop/bubble shape tensiometers [102]. In a stress relaxation experiment, the time
evolution of the interfacial tension y(t) or the interfacial pressure r1(t) are recorded,
after the sudden change (compression or expansion) of the interfacial area. This
change of the interfacial area takes the interfacial pressure far from its equilibrium
value, inducing a change of the interfacial pressure Afl that defines the interfacial
stress. This acts as a restoring force which recovers the equilibrium state of the
interface once the strain ceases [103].

Creep experiments. Creep experiments are commonly performed by using Langmuir
troughs. In this type of experiments, an equilibrated interface characterized by its
equilibrium interfacial pressure lMyis suddenly compressed as fast as possible till reach
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a desired interfacial pressure value; then the surface pressure is maintained constant
by changing the interfacial area. Thus, the excess of interfacial pressure is adjusted
considering the area relaxation process, allowing one to define the creep compliance
as [104],

SA (1.53)
ut) _ 7,

n-1,

J@®© =

The creep compliance J(t) is a phenomenological function, providing information on
how the structure of the film resists the application of a controlled stress [104,105].

Oscillatory area experiments. Oscillatory area experiments rely on the application of a
sinusoidal perturbation to the interface at a constant frequency w. This oscillatory
deformation presents a profile described as u(t) = 64/A, = (uy/2) exp(iwt). The
deformation of drops or bubbles at low frequency almost guarantee a pure dilational
deformation of the interface. However, for planar films studied in Langmuir trough, the
in-plane shear components can appear coupled to the dilational ones in both the
applied strain and the response stress, which makes difficult to extract true information
of the dilational viscoelastic moduli. This may also occur in relaxation and creep
experiments. It should be noted that the shear contributions present for films at
fluid/fluid interface values that are smaller value than those obtained for the dilational
contributions, and hence it can be neglected in oscillatory area experiments [42,106]. A
more detailed description of oscillatory area experiments will be given in Chapter Il
(2.1.2. Oscillatory barrier experiments).

Surface waves experiments. Interfacial rheology experiments using surface waves are
possible following two different approaches. The first one take advantage of the waves
originated as result of the “natural” thermal fluctuations of the surface position, which
can be explained in terms of the second law of thermodynamics, whereas the second
approach is based on the production of “artificial” surface waves upon the application
of external stimuli, e.g., electrical, or mechanical perturbation. Independently of the
nature of the used waves, the features of the fluctuations (amplitude, frequency,
damping, etc.) can be related to the interfacial rheological properties of the probed
systems [107-109]. In fact, any displacement of the fluid/fluid interface in relation to
their flat level shape can be interpreted as an interfacial motion guided by an external
force and restored as result of the viscoelastic properties of the fluid phases and the
interface itself [48,110].

One of the most common techniques based on the study of surface waves is the surface
guasi-elastic light scattering (SQELS) technique which relies on the light scattered by
transverse surface waves. These provide a measurement of the dynamics associated
with the thermal induced roughness of the interface [48,110,111]. Thus, it is possible to
evaluate the interfacial dynamics under equilibrium conditions by observing the
dynamics of thermal fluctuations around the equilibrium state. These fluctuations
present a very small length scale (a few Angstrom), allowing one to probe the interfacial
rheology in the linear regime. SQELS experiments can be based on the determination
of the heterodyne autocorrelation function or the capillary wave’s power spectrum of
the scattered light (See Chapter I, 2.1.4.3. Power spectra and Resonance condition)

P(q,w),
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5T [iwn(m + q) + E;" (w)q? (1.54)

)

k
Plgw) = Tw D(q,w)

where ks is the Boltzmann constant and n the subphase viscosity.
qz?cos(e) is the wave-vector (experimentally fixed), associated to the n-th

diffraction order of a light beam passing through a diffraction grating with constant
spacing d. E;*(w) is the complex dilational modulus, and D(q,w) the surface wave
dispersion relation defined by the following expression [48],

2
D(q,w) = [Es"(w)q? + iw(m + q)] lyq2 +iw(m+q) — '0% — [iwn(q — m)]? (1.55)

withm = [q? + % (capillary penetration length). The technique allows to measure

the response in frequency (which is a complex quantity) w = wy + iAw, where w,
represents the central value of the power spectrum P(q, w) and Aw is its width (see
See Chapter Il, 2.1.4.3. Power spectra and Resonance condition). The dilational
elasticity and viscosity can be determined by experimentally measuring P(q, w) and
the interfacial tension. SQELS allows probing the dilational viscoelastic properties of
interfaces in the frequency range 103-10° Hz [112]. A second example of experiments
based on surface waves relies on the excitation of surface waves with higher
amplitudes than those obtained in SQELS experiments (~1um). This is possible under
the application of an external physical stimulus, commonly mechanical or electrical, as
excitation force. In general, electrical stimuli are preferred than mechanical ones
because they present a non-invasive character, allowing an easier experimental design
[42].

Electrically excited surface waves are the so called Electro-Capillary waves (ECW), and
they can be evaluated by measuring the spatial profile of the generated waves by using
spatially resolved laser reflectometry. Thus, it is possible to obtain a spatial profile that
follows a damped wave function defined as,

27X

A ~ cos ( 7 + (,b) exp(—px) (1.56)
where A accounts for the capillary wavelength and B for the spatial damping constant
of the capillary wave oscillations. ¢ defines a phase term obtained as a function of the
excitation frequency. ECW experiments requires to perform measurements at different
frequencies to obtain the group velocity, and to transform the results obtained from
the space domain to the time one. Then, combining the frequency, the independently
measured interfacial tension and the values of A and B obtained in the fitting of the
spatial profile of the damped wave, it is possible to calculate the interfacial dilational
elasticity and viscosity by solving numerically the dispersion equation (1.55) (by

imposing g = 2;” — i) for each measured frequency (in the range 20-103 Hz) [42]. This
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technique will be discussed in deeper details in Chapter Il (2.1.4. Electro-Capillary
Waves (ECW)). It should be noted that, in ECW technique, the frequency is fixed, and
the wave vector response (which is a complex quantity) is experimentally determined,
while, in SQELS technique, the wave vector is fixed, and the complex frequency must
be measured.

The above discussion about wave damping considers a sharp fluid/fluid interface,
which is coated by a thin monomolecular film. However, the situation becomes trickier
when thick films are adsorbed at the fluid/fluid interface. A detailed discussion of the
role of the interface thickness on the ability of fluid/fluid interfaces for dampening
waves can be found in the literature [113-115].

1.8.2. Interface Dilational Rheology: Theoretical models

The use of suitable theoretical models for analyzing the frequency dependence of the
dilational viscoelastic properties of fluid/fluid interfaces can shed light on the relaxation
mechanism involved in the reestablishment of the interfacial equilibrium after a dilational
deformation [59,116]. The Lucassen-Van den Tempel model assumes that the adsorption-
desorption equilibrium occurs freely, and no adsorption barriers are present, thus the material
exchange between the bulk and the interface is governed by diffusion [59,117,118]. This is only
possible assuming that the formation of an interfacial layer of the interface requires the
equilibrium between the interface and the species existing in the bulk, i.e., the formation of a
soluble or Gibbs monolayers. Thus, it is possible to define the complex viscoelastic modulus
according to the following relationship,

1+ ¢(w) +i&(w) (1.57)
T+ 28(w) + 28(w)2

Es* (w) =

2
where é(w) = /%, with wp =D (%) being the characteristic frequency of the exchange
eq

process, D the diffusion coefficient of the surfactant and ¢ the bulk concentration. The
qualitative behavior is the same as the one sketched in Figure 1. 13. From the above definition,
it is possible to assume two limits. In the first limit, w = o and wp — 0, which resultsin E; —
& and E, = wkg — 0, and the monolayer behaves as an insoluble one (Langmuir monolayer),
i.e., there are no possibilities for material exchange between the interface and the adjacent
fluid phases. The opposite situation occurs when w — 0 and wp — o which results in
E,, wks — 0, leading to a situation where the resistance to the compression is negligible, and
the equilibrium between the bulk and the interface can occur instantaneously during the
compression process. For those cases in which the frequency assumes intermediate values,
the condition 0 < E5 < gy and wk, # 0 is fulfilled.

The above model assumes that the interfacial concentration only changes as result of the
exchange of molecules between the fluid/fluid interface and the adjacent bulk phases (Gibb
monolayers). However, this is not possible when insoluble layers are considered. In these
cases, it can be only expected relaxation processes that are circumscribed to the fluid/fluid
interface. This type of relaxation mechanism can also appear in soluble monolayers. There are
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several possible interfacial tension relaxation processes that can affect directly at the interface
upon a dilational deformation [119]. These correspond to the internal reorganization of the
adsorption layer, which can occur according to different mechanisms, e.g., phase transitions,
molecular reorientation, and molecular folding/unfolding [24,59,120-122].

The existence of a relaxation mechanism involving only the interface requires introducing a
generic thermodynamic variable X, which gives a description of the advancement of the
relaxation process. This new variable combined with the interfacial tension and the interfacial
concentration allows describing the state of the interface. Thus, it is possible to define a state
equation for the interface according to the following expression:

y=y(,X) (1.58)

Assuming a relaxation process following a first order kinetics, it is possible to define the kinetic
equation as:
X (1.59)

dr —k(X = Xeq)

where kis the characteristic constant of the process and X, is the value of the thermodynamic
variable under equilibrium conditions [59,70]. The above framework allows describing the
dependence of the viscoelastic modulus in terms of the frequency as:

1+i4(w) (1.60)
ES(w) = & +Z(s] & 1)1 7 ()

where Aj(w) = a)j/oo and w; provide information about the characteristic frequency of the j-
th relaxation processes, and ¢; and ¢;_; are thermodynamic parameters related to the limit
elasticities. For insoluble systems, &, stands for the limit elasticity when the deformation tends
to zero.

The frequency dependence of the imaginary part of the dilational viscoelastic modulus is
characterized by peaks with their maximum corresponding to the characteristic frequency of
the involved relaxation processes. The maxima of the peaks in the imaginary part correspond
to the inflection points in the real part curves. Figure 1. 15 represents the frequency
dependence of the real or imaginary parts of the dilational viscoelastic modulus for fluid/fluid
interfaces presenting different relaxation processes.

For systems presenting several relaxation processes, it is possible to superimpose them
following a linear combination scheme to fabricate an expression for the frequency
dependence of the dilational viscoelastic modulus containing an arbitrary number of processes
[59,60,122,123].
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Figure 1. 15. Sketch of the typical dependences of the real (a) and imaginary (b) parts of the viscoelastic modulus for fluid/fluid
interfaces presenting different relaxation process. The dashed lines correspond to a system presenting a relaxation process
characterized by a relaxation process defined in terms of the Lucassen-van der Tempel model, and the continuous lines
represent the typical behavior of a fluid/fluid interfaces where a relaxation process affecting only to the interface is coupled
to a Lucassen-van der Tempel-like relaxation. Reprinted from Liggieri et al. [70],with permission from Royal Society of
Chemistry, Copyright (2011).

1.9. Non-Linear Surface rheology

The above discussion deals so far with the dilational response of fluid/fluid interfaces to small
amplitude deformations. However, the situation changes significantly when the amplitude of
the deformation is large enough to push the response of interfacial films far from the linear

regime. It should be noted that in some systems, the onset on the region of non-linear
response is reached even with deformations of very small amplitude [124-126].

The analysis of the non-linear response in dilational rheology is not straightforward, mainly
due to the difficulties to provide a suitable definition of the applied deformation [127]. This
may be understood considering the axisymmetric drop shape analysis as an example. This type
of experiments relies in many cases in inhomogeneous deformation which depends on the
position [128]. This is a very critical issue because the stretching can be very different depending
on the interface area, even though this is not considered in most cases for the data analysis.
Moreover, the interference of time-dependent and deformation-dependent rheological
properties also complicates the analysis of non-linear behavior of fluid/fluid interfaces.
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Figure 1. 16 shows a schematic representation of the stress decomposition to obtain the four
contributions.

a) : ' b) '\
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Figure 1. 16. Definition of minimum and large-strain moduli. (a) Minimum and large deformation dilational moduli in
extension. (b) Minimum and large deformation dilational moduli in compression. Adapted from Sagis and Fischer [127],with
permission from Elsevier, Copyright (2014).

Using the above mentioned four contributions, it is possible to define two parameters defining
the non-linearity, the first one defining the compression part of the cycle:

ESL — EEM (1. 61)
S. = — T

and the second one accounting for the extension part of the cycle:

EEL — gEM (1.62)
SE == —EEL

The evaluation of the S factors as a function of the applied strain provides quantitative
information on the non-linearity of the interface [127].

As alternative to the graphical analysis in terms of a stress decomposition, the non-linear
rheological signals of interfaces can be also analyzed by representing the stress by using
Fourier series, making use of the Fourier-transform rheology [125]. This relies on defining the
stress response in terms of a Fourier expansion:

a(t) = gy exp(iwt) + o, exp(2iwt) + g, exp(3iwt) + -+ (1.63)

where g, defines the amplitude of the stress response defined with respect to the initial
interfacial pressure, and gy, 0,, etc. correspond to the amplitudes of the harmonic terms of
the non-linear response. The use of Fourier transform rheology for modelling the non-linear
dilational response of fluid/fluid interfaces is limited. This can be understood considering that
this methodology considers the stress as an expansion around a zero-interface deformation
rate, which can provide only information for systems with small deviations from the linearity.
A very useful methodology for quantifying non-linearity of the rheological response of
fluid/fluid interfaces is by introducing the concept of the Total Harmonic Distortion (THD)
defined as [129].
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V Zk>0 0k (1. 64)

Op

THD =

with gy, corresponds to the amplitudes of the harmonic terms of the non-linear response. The
above definition of the THD indicates that when this parameter assumes a null value, the
systems present a linear rheological response, while larger values of this parameter show the
emergence of non-linear response of the fluid/fluid interface.

Another alternative to decompose the stress response in non-linear systems is the Volterra
series [130].

1.10. Aims, scope and structure of the PhD Thesis

The study of interfacial rheology has broad applications, particularly in complex fluids where
the properties of the adsorbed layer are crucial. Examples include surfactant solutions, foams,
and emulsions [131], which are widespread in many industries, such as cosmetics, oil industry,
food industry, pharmaceutical and biomedical industry, among others [132]. Furthermore,
interfacial rheology is instrumental in advancing our understanding of various biological
systems, including pulmonary surfactants, eye drops, blood flow dynamics, protein adsorption,
bacterial adhesion, and biofilm formation [133-136].

The main aim of this PhD Thesis is to study the interfacial properties —specifically surface
tension and surface dilational rheology— of various complex fluids, divided into 4 main
categories: surfactant solutions, monolayers in presence of high ionic strength, dispersions of
polymer-capped nanoparticles, and concentrated polymeric solutions. This research seeks to
address and resolve several longstanding open questions in the literature related to the
dilational surface rheology and the interfacial behavior of these systems. The study will be
carried out across two different frequency ranges: low frequency (103-101 Hz) and high
frequency (10-1000 Hz). The PhD Thesis will primarily focus on the high-frequency range,
utilizing the Electro-Capillary Waves technique. A central objective is to explore and delineate
both the theoretical and experimental limits of this technique, thereby advancing our
understanding of the interfacial rheology of complex fluids at high frequencies. Therefore, this
research aims not only to contribute novel insights into the interfacial dynamics of these
systems but also to provide a robust framework for future studies in the field, with potential
applications across various industrial and scientific domains. For this purpose, the PhD Thesis
will be divided into several sections consisting of several chapters.

In Section 1, Chapter | gives a brief overview of rheology (both bulk and interfacial) and of the
interfacial properties of complex fluids. On the other hand, Chapter Il provides a deep
description of the experimental techniques used to characterize the interfacial rheology
and/or surface tension (Langmuir trough with oscillating barriers, Pendant drop tensiometer,
Electro-Capillary Waves), the bulk rheology (flow rheometers and Diffusing Wave
Spectroscopy) and other ancillary techniques (Dynamic Light Scattering, electrophoretic
mobility measurement, contact angle and spreading dynamics characterization).

In Section 2, two different type of surfactant aqueous solutions will be studied. In such
systems, surfactant molecules get quickly adsorbed at liquid/vapor interface, forming Gibbs
monolayers. In Chapter lll, the scope is to study the interfacial rheology of adsorption-
dominated systems (Alkyl polyglucoside surfactant aqueous solutions), focusing on the
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experimental problems of electro-capillary waves technique, underlining the need of an
improvement in data and error bar analysis. Chapter IV is aimed at studying the interfacial
properties of trisiloxanes, comparing a superspreader with a non-superspreader surfactant.
The idea is to relate interfacial rheology to spreading kinetics, and compare the oscillation
parameters (i.e., frequency and damping) of sessile drops with the propagation parameters of
capillary waves determined by ECW technique (wavelength, frequency, damping), trying to
understand what is the dominating mechanism that rules drop oscillation after impact (either
capillarity, gravity, inertia...). The lack of models predicting drop oscillation accompanied by
spreading reveals the need of experimental data and discussion about this topic.

Section 3 deals with the study of interfacial properties of monolayers in presence of high ionic
strengths. The demand of a deeper understanding of the effect of ionic strength comes from
the fact that several studies on dilational surface rheology (by means of oscillating barriers,
ECW and SQELS technique), in presence of ionic strength, reported non-physically sound
values of dilational moduli (such as negative storage modulus, negative loss modulus...) [137-
144]. In Chapter V, the impact of NaCl on interfacial tension and dilational surface rheology of
Pluronic F-68 (an amphiphilic triblock copolymer) Gibbs monolayers will be assessed, in order
to understand the interactions between surfactant and salt ions, and to point out some of the
technical and theoretical limitations for obtaining reliable dilational rheological data within
ECW frequency range (10-1000 Hz). Chapter VI has a similar purpose with respect to the one
of Chapter V, but it is focused on the interfacial properties of a Langmuir monolayer instead:
the surface tension and the dilational surface rheology of Poly-tert-butyl acrylate (a water
insoluble polymer) Langmuir monolayers, with dissolved NaCl in aqueous subphase, will be
studied.

Section 4 is focused on the study of the interfacial properties of polymer-capped particles
water dispersions, in order to provide a deep understanding on the interaction between
particles and surface active molecules, and assess its influence on liquid/vapor interface
stability and properties. Chapter VIl is aimed at investigating the effect of Pluronic F-127 (an
amphiphilic triblock copolymer) on silica nanoparticles adsorption at water/vapor interfaces,
as well as on the interfacial rheology (at low frequency, 103-10" Hz) of the formed layers.
Chapter VIl has the purpose of evaluating the interaction between chitosan (a polyelectrolyte)
and silica nanoparticles, and the stability of the resulting dispersions at different pH and
concentration conditions. The main goal is to understand how chitosan changes the
hydrophobicity of silica, affecting the adsorption of complexes at liquid/vapor interface.
Finally, the chapter is aimed at studying the high-frequency dilatational rheological response
of the formed layers by using ECW technique, paving the way in understanding the stabilization
of foams.

In Section 5, Chapter IX scope is to study the dilational interfacial response of a system
exhibiting shear bulk viscoelasticity in the subphase, which is not taken into account by the
classical hydrodynamic models used to determine the dilational interfacial modulus by surface
wave damping propagation parameters. Poly vinylalcohol/BORAX solutions will be chosen as
potential candidates for this study, because they exhibit bulk viscoelasticity effects within ECW
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frequency range. The goal is to collect experimental results in order to validate (and point out
the limits of) some hydrodynamic models describing surface modes on viscoelastic fluids that
are already present in literature [5].
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Chapter II: Experimental methods

In this chapter, an overview of the experimental set-ups utilized in this PhD Thesis, as well as
the theoretical frameworks used to obtain physico-chemical information from the performed
measurements, will be introduced. The presentation of the techniques will be divided in 3
categories:

- Interfacial dilational rheology. In this PhD Thesis, information of the interfacial
dilational properties of fluid interfaces has been obtained by means of oscillatory
barriers in Langmuir troughs and oscillatory drops in Profile Analysis Tensiometers (PAT)
at low frequency, and by Electro-Capillary Waves (ECW) at high frequencies.

- Bulk rheology. The description of techniques used for the characterization of the bulk
rheology of different systems will put the focus on the Ubbelohde viscometer and
Diffusing Wave Spectroscopy (DWS).

- Ancillary techniques. A brief description of some ancillary techniques used for the
characterization of different bulk properties of the complex fluids used in this PhD
Thesis will be provided. These techniques include Dynamic Light Scattering (DLS) for
the characterization of the dimensions of the macromolecules or colloidal particles
dispersed in a liquid phase, and the determination of the electrophoretic mobility of
them to evaluate the Z-potential of macromolecules or particles. Moreover, some
details of the technique used for the characterization of the contact angle of solution
droplets deposited on solid surface will be introduced.

2.1. Interfacial dilational rheology measurements

2.1.1. Langmuir trough

A Langmuir tensiometer is an instrument used to evaluate the properties of interfacial films at
the fluid/fluid interface. It allows the precise control and measurement of the interfacial
tension (y) as a function of the area occupied by the film. It consists of a Teflon trough with a
depth of a few millimeters, coupled to two computer-controlled barriers arranged in parallel
at opposite ends of the trough. The barriers can be used to compress or expand the area
available for the interface under controlled conditions. The barriers are usually made of a
hydrophilic material, such as polyoxymethylene (Delrin), which makes it possible to prevent
film leakage at low interfacial tension values. The interfacial tension is commonly measured
by using a force balance fitted with a Wilhelmy plate as contact probe. Temperature control of
the liquid in the trough is achieved (precision £0.12C) by circulating water from a thermostatic
bath through a jacket at the bottom of the trough. In this PhD Thesis, it has been used a
commercially available Langmuir trough model 701 (Nima Technologies, Coventry, United
Kingdom). Figure 2. 1 shows a scheme of the equipment and the image of the one used in the
present PhD Thesis.
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Figure 2. 1. (a) Scheme and (b) picture (Nima 701 model, Nima Technologies, Coventry, United Kingdom) of a Langmuir trough.
Adapted from reference [1].

The Langmuir trough can be either used to characterize Langmuir or Gibbs monolayers.
Langmuir monolayers are prepared by spreading a small amount of the surfactant, polymer
and/or particle solution (usually dissolved in a non-polar solvent, like chloroform) onto a bare
air-water interface. On the other hand, Gibbs Monolayers are merely prepared by pouring the
solution onto the trough and waiting for equilibrium adsorption.

The interfacial tension is determined by measuring the maximum force required to detach a
plate from the interface. The Wilhelmy plate method is particularly advantageous when using
a Langmuir trough because it measures the relative force between the monolayer and the bare
interface, rather than the maximum detachment force. Additionally, it does not require
additional corrections. The plate, which can be made of rough platinum or chromatography
paper, is suspended from a hook of a microbalance and moved until it contacts the air-water
interface (refer to the diagram in Figure 2. 2. In the case of the Langmuir trough used in this
PhD Thesis, a surface force balance (NIMA PS4, manufactured by Nima Technology, Coventry,
UK) is installed above the Langmuir trough, and it is used to measure interfacial tension
variations. The surface balance is fitted with disposable chromatography-quality pure cellulose
paper Wilhelmy plates (Whatman CHR1 chromatography paper, Merck, Darmstadt) of 20.6
mm of perimeter. A fresh paper plate is used for each measurement to prevent any potential
modifications in the plate surface caused by material adsorption.
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Figure 2. 2. Scheme of the surface force microbalance and the Wilhelmy plate. (a) General aspect of the Wilhelmy plate hung
from the hook of the surface force microbalance. (b) Internal scheme of the microbalance. (c) Detail of the Wilhelmy plate.
Adapted from reference [1].

When the plate is placed at liquid/vapor interface, the weight (W) of the plate increase by the
force (F) exerted by the interface, consequently, this increment of weight (AW) is related to
the surface tension () by the following expression [1,2],

AW (2.1)

V= Lcos6’

where L is the plate perimeter, and &is the contact angle between the liquid and the plate,
h\? (2.2)
6 =arcsin|1 — (E) ,

where a is the capillary length and h accounts for the height of the plate as shown in Figure 2.
2. The set up works under the hypothesis of zero contact angle. Experimentally, in the
microbalance device the detection of the interfacial tension yis based on the deflection of a
mechanical mobile part produced by the increment of weight (AW) of the plate fixed by a hook
when it is placed at the interface. Each reading of the surface tension made by the
microbalance is determined within 0.1 mN/m.

The force exerted on a Wilhelmy plate immersed in the water, measured with a microbalance,
gives the surface pressure, /7, defined as the difference between, y,, the interfacial tension of
the bare interface, and y the interfacial tension in presence of the monolayer
(I1=y, — 7) . The surface pressure is related to the surface concentration by the equation of
state /7= I1([,T), where T is the temperature (other factors like pH, ionic strength and the
composition of the subphase and of the monolayer are kept constant).
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The set-up can be used to perform creep experiments, stress relaxation experiments, and
oscillatory area experiments (see Chapter I, 2.1.2. Oscillatory barrier experiments). In this PhD
thesis, only oscillatory area experiments have been performed, hence they will be discussed
in further details. In addition to the experiments performed in the Langmuir trough,
independent interfacial tension measurements were performed using a force tensiometer
K10T Digital Tensiometer (KRUSS GmbH, Hamburg, Germany), fitted with a platinum Wilhelmy
plate contact probe of 40.5 mm in perimeter.

2.1.2. Oscillatory barrier experiments

Oscillatory barrier experiments in a Langmuir trough are used to characterize the dilational
interfacial rheology fluid/fluid interfaces in the frequency range of 10-3-10"! Hz. This type of
experiments relies in the application of periodic sinusoidal compression-expansion cycles of

the interface by the simultaneous motion of the two barriers with a fixed frequency and

Ao—A(t)

deformation amplitude [1,3]. Let u(t) = be the oscillatory area strain (where A, is the

initial area, and A(t) is the instantaneous value of area, applied at fixed angular frequency w
and amplitude u, [1,3],

Ug
2

If the deformation allows maintaining the monolayer response within the linear regime, this
will follow a sinusoidal function with the same frequency of the strain,

(2.3)

u(t) = —exp(iw).

() =1, — a(t), (2. 4)

with a(t) = %exp(iw + ¢5). ¢ introduces a phase factor that include the contribution

associated with the viscous delays in the rheological response of the interface. From oscillatory
area experiments, within the linear regime, it is possible to obtain the elastic modulus E and
the dilational viscosity kg as follows,

E, = Ecos¢y, (2.5)
and
wkg = Esingy,, (2.6)
. _ 0
with E = "0/, .

2.1.3. Profile Analysis Tensiometer (PAT)

The Profile Analysis Tensiometer (PAT) or Drop Shape Tensiometer (DST) is typically employed
for dynamic and equilibrium interfacial tension measurements on static drop or bubble
surfaces, but also to assess dilational viscoelasticity of the interface at frequencies similar to
that probed by oscillatory barrier experiments. When a bubble or a drop of one liquid is placed
within another fluid, its shape is influenced by surface tension and the density difference
between the two fluids under the effect of gravity. An experiment in a Profile Analysis
Tensiometer relies on the fact that the hydrostatic pressure in each coordinate of the drop or
bubble P=(x;z) is balanced by capillary pressure, according to Young-Laplace equation [4],
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(Rll + R%) y =Ap —Apgz, 2-7)
where Ap is the pressure difference between the bulk of the drop and the external fluid
surrounding the drop, p is the difference of densities between the inner and outer fluid, y is
the interfacial tension, R; and R are the two main curvature radii along two independent
directions. In small droplets (nearly spherical interfaces), R: = R2 = R. It should be noted that in
most of the cases the deformation of drops/bubbles cannot be considered as purely radial.
Furthermore, many times is very difficult to obtain accurate values of the curvature radius.
This can be commonly solved by considering that drops/bubbles undergo an axisymmetric
deformation under the application of an external force. However, this condition is not fulfilled
when densely coated drops and bubbles are considered [5,6]. In general, the use of
drop/bubble shape tensiometers for evaluating the dilational properties assumes the
existence of a single isotropic and constant tension for the entire interface. This allows
applying the generalized Young-Laplace equation [4],

KpOgp + KsOs =P — pgz (2.8)

with k4 and oy defining the principal curvature and stress in circumferential direction,
respectively, whereas kg and g5 account for the principal curvature and stress in meridional
direction, respectively. The interfacial stresses are magnitudes that depends on the interfacial
deformation, and hence its evaluation should be locally performed because the deformation
may not be constant within the whole drop/bubble. On the other side, when the deformations
are non-isotropic, the principal interfacial stresses become equal [7]. If the drop is axis-
symmetric (that condition holds for spherical drops, of course), its profile fits with the
Bashforth-Adams equation, which provides an integration of the Laplace equation to represent
the mechanical equilibrium at every point on the surface [8],

B2 (b, @) 2.9)

b R* X
where R* is the curvature radius of the meridian section at the point P =(x,z), b is the curvature
at drop apex and ¢ the angle between the normal to the surface at the same point and the
vertical axes and b the curvature radius at the drop apex (Figure 2. 3).

Figure 2. 3. Sketch of the meridian section of a pendant drop.
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B is the shape factor, obtained from the best fit of the Bashforth-Adams equation to the drop
profile coordinates. (8 < 0 for Pendant/Emerging drops),

_ Bplg|b? (ez : g) (2. 10)
Y gl /'

where Ap is the density difference between the bulk of the drop (i.e., density of the sample)
and the external ambient surrounding the drop (usually, air), g is the earth gravity acceleration
vector, oriented in opposite direction with respect to the z-axis unit vector e,. In many cases,
accurate data are obtained whenever |3|>0.1. Moreover, such technique is valid if the surface
of the drop is close enough to the mechanical equilibrium. Hence, the technique is typically
employed for measuring the dynamic surface tension at constant area (adsorption dynamics),
or for measuring the instantaneous surface tension at slow variations of the surface area
(surface dilational rheology at low frequency). For area oscillations with amplitude below 10%
(at ligquid/air interface), the drop can be approximately considered at quasi-mechanical
equilibrium for frequencies below 1 Hz, although, accurate rheology measurements are
usually guaranteed within 0.005-0.2 Hz frequency range [9].

B

The interfacial tension is determined by comparing the drop profile obtained theoretically to
the experimental one. By varying the interfacial tension, a series of theoretical curves are
generated. The optimal interfacial tension value corresponds to the theoretical curve that best
fits the experimental data points (highlighted in red). This fitting process ensures accurate
measurement of the interfacial tension, as depicted in Figure 2. 4.
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Figure 2. 4. lllustration of a pendant drop and the concept of fitting the Laplace equation with the drop profile. Adapted from
reference [1].
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A typical PAT consists of a cell where a drop or bubble is formed in the tip of a capillary inside
another fluid, continuously monitored by a camera. This setup allows for automatic acquisition
of the drop profile, enabling precise control of the drop volume and area. In addition, the
apparatus presents a pump connected to one or several syringes that aspires and pumps liquid
to modify the drop/bubble volume in such a way that it is possible to modify the interfacial
area. A light is used to enhance the contrast of drop profile, and the temperature is kept
constant by means of a thermostatic bath. When conducting adsorption experiments with a
PAT, the surface area is typically maintained constant while the drop profile is recorded as the
surface tension changes. On the other hand, for dilational viscoelasticity measurements, the
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interfacial tension is obtained continuously under the application of a harmonic small
amplitude perturbation to the drop area, typically a few percent. Practically, this involves
forcing the area of a drop, which is in an equilibrium state with a defined interfacial tension,
to oscillate around its reference with a fixed frequency.

Let A(t) be the drop area, as a function of time, subjected to an oscillatory variation occurring
at fixed angular frequency w and at constant amplitude AA, around the average value of A,
and with a certain phase angle ¢4 [10],

A(t) = Ay + AAcos(wt + @ ). (2.11)

Then, in linear regime (small area deformation amplitude), the surface tension y(t) varies
according to a profile defined by a cosine-like harmonic function, oscillating around the
average value y, (which is the value of surface tension when A(t=0)=Ao, with the same angular
frequency w, at constant amplitude Ay (w) (in the linear regime Ay (w) should not depend on
the area deformation amplitude, but only on w) and a certain phase angle ¢, (w),

¥(®) = ¥o + Ay(w) cos|wt + ¢, (w)]. (2.12)

The experimental values of A(t) and y(t) are fitted with equation (2. 11) and (2. 12)
respectively, and the dilational interfacial modulus can be determined as follows,

ApAy(w) ALy (w)
—a cos[Ap(w)] + VI

with Ap(w) = ¢, (w) — @4 being the phase lag between A(t) and y (t).

(2.13)

Es'(w) = sin[Ap(w)],

In this PhD Thesis, three different Profile Analysis Tensiometers, two home-built ones and a
commercial one, have been used. The two home-built PAT were designed and fabricated at
the University of Granada (Granada, Spain). These devices were based on the Axisymmetric
Drop Shape Analysis (ADSA) method, which is described in detail elsewhere [11]. The setup,
including the image capturing, the microinjector, the ADSA algorithm, and the fuzzy pressure
control, was managed by a Windows-integrated program (DINATEN®) [12]. The main difference
between the two home-built Profile Analysis Tensiometers is related to the implementation of
the hardware and software required for performing oscillating experiments for evaluating the
dilational response of the interface. The commercial tensiometer was a PAT 1 from SINTERFACE
(Berlin, Germany).

2.1.4. Electro-Capillary Waves (ECW)

2.1.4.1. Capillary waves: the hydrodynamic problem.

Capillary waves can be generated upon the application of mechanically, thermally or
electrically-driven perturbations on the surface of a liquid. These waves propagate along the
parallel direction to the fluid/fluid interface, and are damped by the action of the surface
forces that try to restore the flatness of the interface itself [13-18]. In capillary waves, the
dominating contribution of the restoring force, is given by the capillary contribution,
associated with the surface tension, rather than by gravity ones [19,20]. The parameters that
allow to distinguish between capillary waves and gravity waves is the wavevector (related to
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the wavelength, 1) k = 2m/A, the phase velocity (v, = %), and the group velocity (v; = d—w).

dk
Thus,

- For small wavelength (ripples), the main restoring force is given by capillarity, and in
this case, v, = %vc.
- Forlarge wavelengths, gravity prevails over capillarity, and the group velocity is half the
phase velocity, i.e., v = %vp.
The boundary between those two limits depends also on the surface tension, y, associated to
the interface between fluid 1 and fluid 2, and the density of both fluids, p; and p,). There is a
threshold value of wavelength (A(c)) and of phase velocity (v, )) that allows to distinguish

between capillary wave regime and gravity wave ones. This can be defined by the following
set of equations,

(2. 14)
/1(6) =27 L,
g(p1 —p2)
And
o =[BT~ p2) 213
P© (prtp2)

In the case of air/water interface, for example, the threshold value of the wavelength is about
1.7 cm, and the threshold group velocity is around 0.23 m/s. So, if A < A((, the restoring force
is essentially given by capillarity. In the experimental work discussed in this PhD Thesis (where
only liquid/air interfaces are analyzed), wavelength is always in the range of 0.1-0.6 cm, which
means that our experiments are in the capillary regime.

A traditional approach exploited for the evaluation of the mechanical response of fluid/fluid
interfaces against high frequency dilational deformations relies on the study of the damping
of capillary waves. If the excitation force comes from the application of an external physical
stimulus, commonly mechanical or electrical, the amplitude of the waves is higher than
thermally excited waves, and it can reach values of few um [21]. In general, electrical stimuli
are preferred than mechanical ones because they present a non-invasive character, allowing
an easier experimental design [22]. Although information about dilational properties of
fluid/fluid interfaces can be also obtained from the longitudinal wave damping (mainly given
by interfacial tension gradients, allowing to probe the dilational rheology at low values of the
deformation frequency [23-26]), in this PhD Thesis it has been preferred the evaluation of the
dilational response in terms of the damping of capillary waves propagated along the interface.
For the experiments of this PhD Thesis, the analysis of transversal capillary waves, generated
by applying an electrical stimulus at liquid/air interface (see 2.1.4.4. Experimental set up
description), i.e., Electro-Capillary Waves (ECW), have been used to obtain information on the
dilational response by using a home-built device. In practice, viscoelastic properties of the
interface depend on the coupling between transverse (capillary) and longitudinal (dilational)
modes [27], and the ECW technique allows to experimentally determine the propagation
parameters of capillary modes, which can be related to the properties of the fluid/fluid
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interface (surface tension and dilational interfacial modulus) and of the bulk properties of each
fluid (density and shear viscosity).

The interface is characterized by its own dilational interfacial modulus E;"(w) = Eq(w) +
iwkg(w), its shear interfacial modulus G, (w) = Gs(w) + iwng(w), and a complex surface
tension (which expresses the elastic and viscous behaviour of transversal modes): y*(w) =
y + iwyy. In case of thin monolayers, where the length of perturbation is much greater than
monolayer thickness d (A > d), transversal viscosity yr is negligible, so y* = y [28]. This is in
agree with the assumption by Buzza, who considered that since the viscoelastic constitutive
equations of Scriven model are independent on rotation of the frame of reference (frame
invariance), y; should be null anyway [29]. On the other hand, the fluid/fluid interface is
described parallel to xy-plane, and perpendicular to z-axis as shown in Figure 2. 5 [29]. In this
situation, the surface displacement vector in a point of coordinates X = (x,y,z) of the
interface at a certain time t is defined as u (X, t) = [u, (X, t),uy(X, t),u;(X,t)]. On the
other hand, each phase j is characterized by its own density p;, bulk viscosity 1;, and the
velocity profile v;(X,t) = [V (X, t), V5 (X, 1), vj() (X, D)].

r 3
Z Perturbed

interface

Unperturbed
interface

-“-,,..h.
/

Figure 2. 5. Surface geometry of fluid/fluid interface and reference system.

In the linear viscoelastic regime (small surface deformation, u, < 1), the constitutive equation
that relates the surface stress F = (F, F,, F;) to the interface displacement u(x,y, 0,t) (at z
=0) is [29] defined according to the following matrix,

[ 0%u,  0%u, 0%u, 0%u,\] (2. 16)
E * *
s (@) < dx?2 + 6x8y> + Gs (@) < dx? + 0y? )
0%u, 0%u 0%u, 0%u
F = * y X * y v )
Es (w) < 3y7 + axay> + G5 (w) < I + 3y7
0%u, 0°%u
(5 5)
i X ay l

The motion along x-axis (longitudinal, dilational modes) is mechanically coupled with motion
occurring on z-axis (transversal, capillary modes), while motion on y-axis evolves
independently [28,29]. This is the reason to consider only the horizontal (x) and vertical (z)
components of each variable (F, u and v;). Thus, only capillary and dilational stresses will be
considered, while shear stresses will be neglected. The idea underlying ECW measurements is
to determine the spatial and temporal profile of u and vy, in presence of small capillary
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perturbations. Thus, it is possible to determine the propagation features of the waves
(wavelength, damping, frequency), and to relate them to the dilation properties of the
interface (E;"(w)), and its interfacial tension.

The hydrodynamic problem of capillary waves was firstly solved by Levich, who proposed a
solution based on a linearization Navier-Stokes equation constrained to 2D [27,29,30],

ij(x) 1 aP] n; (2 17)
5 U Wim = 5% o, V20jx)
8vj(z) 1 aP nj 2
¢ ViV = _Ea_ZJr y Vi) — 9
V-v;=0

where P;(x, z, t) is the pressure in phase-j, g is the gravity, “V” is the gradient operator Vf =

(af af) and “V2” is the Laplace operator V2(f) = axz + - f

incompressible character of the fluid phase j. This is strlctly true for liquids in phase 1, and
approximately valid for air in phase 2, and contributes to a fast propagation of the
perturbations. Levich proposed a solution of this equation, in presence of capillary
perturbations, based on the idea that the velocity field can be expressed as follows,

. The last equation represents the

v = (C) + v(") —Vo + curl(y), (2.18)

where @ is the potential function, associated with the conservative component of velocity
(v](.c)) in an ideal fluid (zero viscosity). The stream vectorial field ¥, on the other hand,
measures the amount of rotational motion (vorticity), determining the dissipation due to

viscous friction, appearing associated with the rotational component v](.r)) [31]. “curl” is the

0z _ %) (%
dy 0z 0z

ofz\ (8fz _9fy Y _ ) _
ax)’(ay p )] Based on the fact that curl( v; ) 0andV - v; = 0, Levich obtained an

expression of vl-and Pj,asa function of t and (x,z), for both phases [27,29,30].

rotor operator applied to a vectorial field f = (fy, f,, fz): curl(f) = [(

Phase 1:
V1) (%, 2, 1) = (—igA,e9% — m B e™%) ellaxten) (2.19)
Vi) (%, 2, t) = (—qA1e9% + iqB,e™7) e T+ e (2.20)
P,(x,z,t) = Py — p1gz + iwp, A e l(@¥+ot) (2.21)

Phase 2:
Vo) (X, 2, 1) = (—iqAze™ T + myB,e %) ellax+wt) (2.22)
Vo) (X, 2, 1) = (qA,e™ % + iqB,e %) lax+wh) (2.23)
Py(x,z,t) = Py — pygz + iwp,A,e~ % eHax+et) (2. 24)

Where P, is the atmospheric pressure. g is the complex wavevector, defined as follows,
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q=k—i5=27”—iﬁ. 2. 25)

where A is the wavelength of the capillary perturbation, and S is the damping coefficient,
representing the decay of every quantity (vj, P; or u) along x-direction.

m; is the capillary penetration depth into phase j, and it is defined as follows,
iwp, (2. 26)
nj '

The real part of this quantity, which must be positive (Re(mj) > 0), represents the
characteristic length of penetration of the capillary wave into phase j. Based on Levich’s
solution of the hydrodynamic problem, the displacement at the interface (at z = 0) can be
easily determined as follows [27,31],

t —iqgA; —myB . 2.27
u,(x,0,t) zf V100 (%, 0,t)dt =( q lia) 151) eilax+wt) ( )
and
‘ —qA, + iqB;) . 2.28
u,(x,0,t) zf V1) (x,0,t)dt :( 4 1ia) 98.) eilax+wt) ( )

2.1.4.2. Dispersion equation
In order to solve the hydrodynamic problem, the value of the constants A;, By, A, and B, must
be determined, by setting the following 4 boundary conditions at the interface (at z = 0) [27],

V1) (%, 0, ) = V300 (x, 0, ¢) (2.29)
V1) (%, 0,8) = vy (x,0,¢) (2. 30)
0V1(x) vy (z) avz(x) avz(z) (2.31)
J— =F
m( e (x,0,t) + 92 (x,0,t) | — 1 e (x,0,t) + ax (x,0,t) 7 (x,0,t)
(2.32)

o (229 (0 0 o) 2n (229 (4 0.6) ) = i1 (x,0.6) — P, (x,0.6)] = F.(x,0
7]1 aZ (xr 't) le aZ (X, 't) l[ l(x' 't) Z(x' ,t)]— Z(xﬂ 't)

Equations (2. 29) and (2. 30) represent the continuity condition of the velocity fields at the
interface, while equations (2. 31) and (2. 32), are, respectively, the momentum balance along
x-direction and z-direction. The latter two state that the difference between bulk stresses in
phase 1 and 2 in k-direction should be equal to the interface stress along the same k-direction.
As mentioned above, motion along z-axis and x-axis evolve independently with respect to the
one occurring along y-direction, so only capillary and dilational contributions will be taken into
account in the surface stress, neglecting the contribution of shear stresses. This is the reason
why equation (2. 16) reduces to,
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ES (0)) Ox2 (x' 0, t)
F(x,0,t) = [E(x,0,1),F,(x,0,t)] = 2

| ¥z ®00 |

By replacing equations (2. 19)-(2. 24) and equation (2. 33) into equations (2. 29)-(2. 32), a linear
system of 4 equations in 4 unknowns can be easily obtained. This system can be expressed in
tensorial form according to the following expression,

Ay (2. 34)
M-s=m-|%2| =0
=M-|5}|=0

B,

where § = (A4, A,, B4, B,) is the vector of the unknowns (it is a column vector), and M is the
matrix of the coefficients defined as follows,

[i(g9p1 +vq?) . igqp, | 9qp1 +vq® . . 99p2]
- —2mq® —ip1w  21,q* — — tiwpy T+ 2iqmmy  2igman; —
N . iEs"m,q?
— = — 21,q> —2in,q? —n (M2 + ¢?) + ————  1,(m% +q?)
q —iq my m;
1 1 —i i
(2. 35)

By setting det(M) = 0, which means that the system has a unique solution, it is possible to
obtain the following equation [27,29],

Dly,Es"(w),w,q] = T(y,w,q) - L[Es" (w), w,q] + C(w,q) = 0. (2. 36)

Equation (2. 36) is known as dispersion equation and expresses the relationship between the
wavevector g and the angular frequency w, which are propagation mutually dependent
parameters of the capillary wave. T (y, w, q) represents the propagation of transversal modes,
which is controlled by capillary stresses,

p1t+ p2 (2.37)

(1.)2

T(y,w,q) = Yqz + inw(q + my) + in,w(q + my) —

n g(p1 — Pz).
W

L[E;"(w), w, q] represents the propagation of longitudinal modes, which are dominated by
interfacial dilational stresses,

L[Es*(a)), w,q] = Es*(w)qz + iniw(q + my) + inyw(q + my). (2. 38)

C(w, q) is the coupling term, which appears because longitudinal and transversal motion are
mechanically coupled,

C(w,q) = [mwlqg—my) —nw(q —my)]? (2. 39)

The coupling term only depends on density and shear or dynamic viscosity of the adjacent bulk
phases and becomes negligible in the limit case that the densities and viscosities of both bulk
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g(p1—p3)
w

phase are equal. Usually, the gravity term ( ) can be neglected, because the restoring

force is mainly given by capillarity, so gravity forces have a small impact on wave propagation.
Furthermore, in case of liquid/air interface, n, < 1, and p, «< p;, and therefore equation (2.
36) can be rewritten using a more compact form [31],

2 2.40
PO [ = (0)q? + ima(q + m)] + (g —m)P = 0. >0

Yq? +inw(q + my) —

2.1.4.3. Power spectra and Resonance condition

For real w equation (2. 36) is a 10-th degree equation (with respect to the complex variable g)
which means that, at a fixed value of E"(w), v, pj, and n;, there are 10 complex solutions that
comply with such equation. However, only two of them have physical meaning. The first is

defined by q(w) = qp(w) = /21—2— iBp which corresponds to longitudinal/dilational modes,

whereas the second reads as q(w)=q.(w)= j—n —if,, and corresponds to
transversal/capillary modes. Both solutions must comply with the following conditions:
Re(q) > 0and Im(q) < 0. The capillary solution g = g, correspond to those values of A, that
are within the capillary wave range (0.1-1 cm). As shown in Figure 2. 6, by setting q(w) = qp,
and trying to solve equation (2. 36) with respect to E;"(w, qp), the value of E;" does not
depend on y.In fact, as expected, longitudinal modes are not governed by capillarity. On the
other hand, by imposing that q(w) = q., the value of E;"(w,q.) strongly depends on y

(because transversal modes are ruled by surface tension).

v=ol2n =800 Hz Q.26587-2.12i(cm ) A_=0.095cm
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Figure 2. 6. E;"(w, q.) = Es(w, q.) + iwks(w, q.) and Es* (w, qp) = Es(w, qp) + iwks(w, qp) expressed as a function of y.
The values of g, and gq; were obtained by solving equation (2. 36), by setting: y = 70 mN/m, E;* = 10 + 10i [%N], v=
% = 800 Hz. The values of density and viscosity of phase 1 (water) and phase 2 (air) were taken at a temperature of 25 °C
[32].

As shown Figure 2. 7, a variation of either E; or E; (at fixed w, y, n; and p,), does not have a
huge impact on the values of neither the real part (Figure 2. 7 (a)) nor the imaginary part
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(Figure 2. 7 (b)) of the capillary wave vector q., while both the real (Figure 2. 7 (a)) and
imaginary (Figure 2. 7 (b)) parts of the dilational wave vector q; are way more sensitive to
both E; or E; variations. Anyway, at higher values of E¢ (> 100 mN/m), qp and g, remain almost
unchanged, and are practically not affected by E; (i.e., all of the curves are overlapped, and
almost constant with Ej).
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Figure 2. 7. (a) Real part of capillary wave vector (Re(q.)) and dilational wave vector (Re(qy)) as a function of storage
dilational interfacial modulus Ej, at different values of loss dilational interfacial modulus (E;); (b) Imaginary part of capillary
wave vector (Im(q.)) and dilational wave vector (Im(qy)) as a function of storage dilational interfacial modulus Ejs, at
different values of loss dilational interfacial modulus (E;). All of the wave vector data were determined at a frequency of 500
Hz, a temperature of 25 °C, and a surface tension y = 50 mN /m.

ECW technique, as shown in the following section (See 2.1.4.4. Experimental set up

o . . 2 . .
description) allows to determine the capillary wavevector (q, = A—” — iB.) at a fixed frequency
C

w. This is possible by measuring also y, p;, and ;. On the other hand, E;"(w) can be easily
determined by solving the dispersion equation. This method is valid when transversal and
longitudinal motion are mechanically coupled, which occurs if the frequency of capillary
modes (w,) is equal to that of dilational modes (wp), i.e., when the resonance condition is
fulfilled [33]. Equivalently, resonance condition can be defined in terms of wavevectors as well:
q.(w) = q4(w) ; in fact, it must be considered that equation (2. 36) can be solved for real
frequency giving two complex wavevector solutions (as above) or for real wavevector giving
then two complex frequency solutions (capillary, w,, and dilational, wp).

In order to determine w, and wp, it is useful to define the concept of power spectrum. The
power spectrum represents the spectral probability density of the square displacement of
either transversal or dilational modes, as a function of the frequency. The power spectrum of
dilational modes, according to the dissipation theorem, can be expressed as follows [33],

LIES" (w), w, q])
D(qw) )

On the other hand, the power spectrum of capillary modes is defined as

(2. 41)

2k,T
Pp(q, ) =< |u,|* >= — (j Im(
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2kpT T(y,q w 2.42
Pw.0) =< gl >= - 2L (T 0), 242

D(q,w)

where kg is the Boltzmann constant, and T is the absolute temperature. The qualitative sketch
of both P.(w, q) and Py (q, w) is shown in Figure 2. 8.
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Figure 2. 8. Qualitative sketch of P.(w,q) and Pp(q, w): w. and Aw, represent, respectively, the average value and the
bandwidth of P.(w, q), while wp and Awp, represent, respectively, the average value and the bandwidth of Pp(w, q).

As shown in Figure 2. 8, where w, accounts for the frequency associated to the peak of
P.(w, q), and Aw, the band width of the spectrum, the complex frequency of capillary modes
can be defined as follows [33],

we = w, + Aw,. (2.43)
Similarly, the complex frequency of dilational modes, can be expressed as,
wp = wp + iAwp. (2. 44)

The imaginary part of w; and wy has a physical meaning, which is associated with the
temporal-damping of capillary and dilational modes, respectively. Actually, between space
damping and time damping, there is a straightforward relationship. In fact, for capillary waves,

frequency (Aw,) and space (B.) damping are related to each other through the group velocity

dw¢
(Ve = d—kc),

dw, (2. 45)

Pc=— d_kCch-

The resonance condition is given when P.(w,q) and Pp(q, w), within their band width,
overlap, which means that longitudinal and transversal motion are coupled and occur at the
same frequency. Nevertheless, the estimation of w; and wpy through calculation of the
corresponding power spectra, may be time consuming, requiring a lot of calculations and/or
experiments. Hence, there is a more straightforward way to determine these complex
frequencies, based on the so called “Zero-order approximation” to the dispersion equation.
The first assumption of this approach is that the capillary number (ratio between capillary
forces and viscous forces) is larger than the unity,
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p1Y (2. 46)
N.=— %1,
° 4n%Re(q)

Secondly, to determine an expression for w; and wp, two cases should considered:

- For capillary modes, E;"(w) = 0, and hence considering equation (2. 46), and setting q = k_
and w = w; in equation (2. 40), the expression of w; can be easily obtained as,

v 3 27]1kc2 (2.47)
we = |[—ki22+1 .
P1 P1

Equation (2. 47) represents the dispersion equation of capillary waves corresponding to a
viscous fluid where the surface adsorption is negligible, i.e., capillary waves propagating on
the free surface of a liquid. The real part of this equation is called Kelvin equation,

(2. 48)

3
Re(w;) = We = kcif

= =

while the imaginary part, which accounts for the spatial damping due to the viscous friction
with the liquid surface, is known as Stokes equation,

2n,k,2 (2. 49)

1

Im(w;) = Aw, =

Kelvin equation can be expressed in terms of wavelength 1. and frequency v, = w./2m:

1 2.50)
21mY\3 (
A, :( V) v."2/3,
p

Similarly, Stokes equation can be expressed in terms of spatial capillary damping (. and
frequency v,. In fact, eq. (2. 49), taking into account eq. (2. 45), can be expressed as follows:

_ 8nmv, (2.51)
==

- For dilational modes, y = 0, considering equation (2. 46), and setting q = kp, E;"(w) = Ej,
i.e., the elastic part prevails on surface viscosity, and w = wp, in equation (2. 40), the
expression for wy, reads as follows,

wp = %(\@ + i) <—(€7S1klf1) >3.

Be

(2.52)

Figure 2. 9 shows the qualitative trend of both Re(w;) and Im (w}). It should be noted that,
if N, < 1, the waves are overdamped, and the first order approximation used to derive
equation (2. 47) is no longer valid.
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Figure 2. 9. Representation of Stokes and Kelvin limit of capillary modes.

The resonance condition occurs when Re(w;) = Re(w}) (within the frequency bandwidth).
Thus, the resonance wavevector can be obtained (by setting k, = k. = qg) as follows [33],

3\? Es*p, (2.53)
== (Z) y3n,2
It should be noted that the damping of waves is maximum when the resonance phenomenon
occurs. Under this condition, the propagative parameters of the capillary waves are sensible
to dilational elasticity, and therefore meaningful values of the dilational parameters can be
obtained. Figure 2. 10 provides a graphical representation of the dependence of gz on ¢, at
different values of y. In the figure, two different regions can be distinguished. At lower-left
corner, the typical experimental conditions of Electro-Capillary Waves (ECW) are depicted. In
this case, g ranges between 1 and 100 cm™ (typical values associated with capillary waves).
ECW technique allows obtaining experimental value of k., which must be compared to gg.
When k. = qg, the resonance condition is fulfilled and hence there is perfect coupling
between transversal and longitudinal modes. In this case, the results of E;"(w) obtained by

. . . . E .
means of equation (2. 40) are physically consistent. In general, this occurs when 75 ratio is

close enough to the resonance value:

E 2\ /4 (2. 54)
(—S) = <ﬂ> ~ 0.1 —0.15
Y /5 V4%

For values of this ratio exceeding this threshold (estimation based on aqueous solutions with
bulk viscosity comparable to the one of water), E;*(w) is more sensitive to any experimental
error associated with the measurement of y, and thus E;"(w) results are affected by a larger
error. Similar considerations apply to the upper-right corner, which represents the typical
experimental conditions of SLDS technique (or SQELS, see Chapter |, 1.8.1. Experimental tools).
Here, the resonance condition is found at higher values of ¢, for the experimentally accessible

Es ..
wavevectors, and the 75 ratio can expand to values of around 0.2.
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Figure 2. 10. Resonance wavevector gp as a function of the elastic dilational modulus (here indicated with ¢), at different
values of surface tension y.

Figure 2. 11 shows how, when % ratio is around the resonance value (= 0.1), both Re(q.) and

Im(q.) values are widely affected by any change in E5 and E;. On the other hand, far enough
from resonance (% > 0.1), g, remains almost unchanged, even with huge variations of E; and

E;.
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Figure 2. 11. (a) Imaginary part (Im(q.)) and (b) real part (Re(q.)) of capillary wave vector, as a function of storage dilational
interfacial modulus Ejs, at different values of loss dilational interfacial modulus (E;). All of the wave vector data were
determined at a frequency of 500 Hz, a temperature of 25 °C, and a surface tension y = 50 mN/m.

2.1.4.4. Experimental set up description

Electro-Capillary Waves (ECW) method is based on the generation of capillary waves by
applying, at a certain frequency and amplitude, an oscillating voltage at the liquid/air interface.
This leads to a situation, in which, as a result of the difference in dielectric permittivity between
air and sample, the onset of ponderomotive force produces ripples on the surface of the liquid.
The study of these ripples allows to measure the propagation parameters of the capillary
waves (wavelength and damping coefficient) and to characterize surface dilational rheology in
the range of (10-1000 Hz), depending on the sample [34-36]. The technique used in this PhD
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Thesis is very similar to the one described in previous works [37,38], with some improvements,
such as extension of the frequency range, possibility to investigate viscoelasticity in non-linear
regime, laser optical path increase and size reduction of the equipment (making it more
compact).

Figure 2. 12 and Figure 2. 13 show, respectively, a picture and a scheme of ECW experimental
set-up, with all of its constituting components. The liquid sample is poured into a Teflon-
covered Langmuir trough: length L = 100 cm, width B = 7 cm and total area A = 700 cm?. It has
been designed to have such large length in order to let the damped capillary waves have
sufficient space to propagate without being constrained by the size of the trough, avoiding
simultaneously that the through boundaries can introduce any perturbation to the
experiments. It can be used either to prepare Gibbs monolayers (by adsorption) or Langmuir
monolayers (by spreading). The Langmuir trough is placed inside a transparent polyethylene
box to control the atmosphere of the system and limit any contamination from the surrounding
environment. The temperature inside the box was controlled by using a thermostatic bath)
that push water through the jacket placed at the bottom of the trough. On the other hand, the
interfacial tension of the fluid/fluid interface was measured using the surface force
tensiometers described in the section corresponding to the utilization of the Langmuir trough.

Figure 2. 12. Picture of ECW experimental set-up.
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Figure 2. 13. Sketch of ECW experimental set up. The laser beam which scans the entire liquid/air interface is represented by
a red solid line). All the main components of the device are: (1) The electrodes: a blade and a needle (details in Figure 2. 14);
(2) Moving mirrors prism (Figure 2. 17); (3) Lock-In Amplifier SRS 830 and Frequency generator (Figure 2. 14); (4) Position
sensitive photodiode (PSD); (5) Voltage Amplifier (Figure 2. 14); (6) Computer, connected to an Analogic-digital converter, with
an implemented software (701. OEC, Nima, UK, Figure 2. 21) that displays the spatial profile of the capillary wave. The PSD,
the laser, the Lock-In Amplifier SRS 830 and the voltage amplifier are connected to a tension stabilizer, in order to prevent any
damage due to tension overshoots [1].

In an ECW experiment, the generation of the transversal waves along the air/water interface
was possible by applying a high electrical field, taking advantage of the electrocapillarity
phenomenon. This was done by applying a sinusoidal high voltage between a steel blade and
the air/water interface. For this purpose, the function generator of a Lock-in amplifier (830
Stanford Research System) was used. This allows to generate a sinusoidal harmonic voltage at
a fixed frequency w, (ranging between 10-2000 Hz) and amplitude V,, (ranging between 0-5 V)
(11,

V(t) = Vysin(wyt). (2. 55)

The applied voltage is amplified by a factor of 100 using a high voltage amplifier (TREK model
601C) as that shown in Figure 2. 14) and applied between two electrodes (see Figure 2. 14),
one of them (the needle) is submerged into the liquid sample, while the other (the blade) is
placed straight and parallel to liquid/vapor interface (at about 0.1 mm of distance).
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Figure 2. 14. Details of the electrodes (blade and needle), voltage amplifier, and wave generator [1].

Due to the difference in relative dielectric permittivity (Ae, = &.(1) — &-(¢)) between the liquid
sample (similar to water, &.(1y = 80) and air (&,gy = 1), the ponderomotive force produces a
vertical displacement u,(x, z, t) on the liquid surface, mainly restored by capillary force (that
prevails over the gravity force for the typical wavelengths generated in the technique). It is
possible to prove that u,(x, z, t) follows the same spatial and temporal profile of a capillary
wave, as the one given by equation (2. 28), with an amplitude proportional to ASrVOZ and with
a frequency w = 2w,. In fact, being E the electric field and D the electric displacement (the
subscripts 0 and 1 refer, respectively, to before and after the vertical rise of liquid), the energy
per unit of length of electrode, i.e., the blade required to produce a vertical displacement of
height h is defined as [39],

1

The double integral is computed in the cross section of the fluid (A’). The boundaries conditions
imply that D is continuous across the surface, so D1 = Do, and therefore E; = D&y (gy/&r(1)-
Furthermore, since &.(1) > &), E is almost perpendicular to the surface, and as a
consequence equation (2. 56) can be rewritten as,

_ &) (&) ~ Er(0) (2.57)

Aw
877.'87-(1)

HIEO(x,z)lzdxdz.

E is only appreciable through the vertical displacement h and only in a small region Ax, and
therefore, the above equation can be reduced to,

(2.58)

€ Eri1) — € Ax
Aw = r(o)( r) T(O)) V(t)zhj lgo(x, 0)|%dx,
8mer(1) 0

where go(x,0) = E¢(x,2)/V(t) is a geometrical factor associated to the electric field. The
electro ponderomotive force acting on the surface is defined by,
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(2. 59)

dAw er(O)AerV02[1+cos(2w0t)] Ax
F = = x, 0)|2dx~ Ae, Vy2[1 + cos Ry t)].
- T J| 190t 0) P~ 8, V71 + cos 2]
The electro ponderomotive force, counterbalanced by the capillary force, constitutes a
damped harmonic oscillator, and it generates on the surface a standing wave with an
amplitude u, (x, t)proportional to Ag,Vy? and with a frequency w = 2w, (Figure 2. 15).

. position x
time

Figure 2. 15. Temporal and spatial profile of the standing wave generated in the ECW equipment.

Experimentally, it has been observed that, at low voltage amplitude, the amplitude associated
to the second harmonic of the spectrum of the capillary wave (w = 4w;) is much smaller than
the amplitude associated to the fundamental frequency (w = 2wy), and, anyway, at higher
voltage amplitude (> 4 V, set in the frequency generator), its amplitude is just 10% of the
amplitude of the fundamental frequency (Figure 2. 16) [1,39].
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Figure 2. 16. Fourier transform spectrum of the amplitude of an electrocapillary wave, as a function of the frequency (in Hz),
corresponding to an experiment with an excitation frequency of 11.5 Hz: the frequency of the capillary wave (fundamental
frequency) is just the double of the excitation frequency (23Hz), and largely prevails on the amplitude of the 2-nd harmonic,
which appears only when the applied field is high enough (3.5-4V).

It is also worth to show that if the applied potential, contains both an AC and a DC component
(V(t) = Vyesin(wot) + Vpc ), equation (2. 59) becomes,
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Vac? Vac® (2. 60)
F~Vpc* + % + 2VpcVaccos(wyt) %cos(Za)ot),

which underlines that waves at both the excitation frequency and the fundamental frequency
are present, and that for certain values of V. and V. these waves will be comparable in
amplitude. Anyway, as shown in Figure 2. 16, also the amplitude of the spectrum associated
to the excitation frequency w, is negligible, showing that the approximation made in equation
(2.59) is valid in the first order. Anyway, the effect of the amplitude of the excitation frequency
can be eliminated using a bandpass filter.

The spatial profile of the excited capillary wave is scanned by laser reflectometry. The laser
beam comes from a 15mW He-Ne laser with a wavelength of 633 nm (Coherent Corp., USA).
The smallest detectable wavelength of the capillary wave A is limited by the size of the laser
spot. Therefore, to maximize the sensibility of the detection of the surface waves, the laser
spot was chosen with a diameter smaller than A/2 (Note that the common wavelengths in the
a capillary range for the experiments performed in this PhD Thesis range between 0.1 and 0.6
mm) [1].

The optical alignment of the set-up is crucial. For this purpose, the laser beam must be
accurately focused, by means of a set of mirrors and lenses (technical details are depicted in
Figure 2. 17), on the fluid surface. Thus, it is possible to get properly the spatial profile of the
excited capillary wave. The optical set up allows focusing the low intensity laser beam at the
interface, where it is reflected. This is possible by using the mirrors M1 and M2 together with
the lens L1 that drive the light from the laser to the moving prism, where M3 and M4 mirrors
are located. L1 converges the beam to a single spot at the fluid interface. Thus, it is ensured
the beam diameter at the surface is not bigger than 1mm. L2, a lens characterized by infinite
focal distance, makes it possible the convergence of the reflected beam reflected from the
surface in the front plane of the photodiode.

(a) Laser He-Ne > A l

3.5%~43.5%
(®)
M4\ g0 // M3

Figure 2. 17. (a) Graphical sketch of the optical set up, showing the trajectory of the laser beam. The beam is led by a set of
mirror and lenses, towards liquid surface, which in turn acts as a mirror and reflects the beam and leads it to another set of
mirrors and lenses that brings the laser spot to the Position Sensitive photo-Diode (PSD). (b) A detail of the mechanism where
the mirrors M3, M4 and the lenses L1, L2 are placed. This component is able to move (by means of a crankshaft connected to
the DC-source) in the propagation direction of the capillary wave, screening the entire whole fluid surface. The lateral
dimensions of the squared mirrors M1-M4 are 25.0 + 0.25mm with a thickness of 1.0+ 0.25mm model 01 MFG 007/028 from
Melles Griot. L1 corresponds to the model 01 LAO 78 and L2 to the 01 LAO 588 from Melles Griot [1].

It should be noted that the optical path between L2 and the detector cannot be too large,

otherwise laser spot size exceeds the size of the detection area of the photosensitive detector.

Conversely, a large optical path of laser beam, improves the sensitivity of detection, because,
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at fixed angular displacement of the beam, which is given by the vertical displacement u, of
the fluid in any point of the surface, it is possible to assume that the larger the optical path the
larger the amplitude of the signal (Figure 2. 18).

Figure 2. 18. Comparison of the height of the laser spot (h and h’) with respect to the detector center, in case of small optical
path and large optical path.

Therefore, to optimize the quality of the signal detection, a distance of about 2.33 m was fixed
between L2 and the position-sensitive photodiode (PSD) used to detect the signal (Figure 2.
19). To maintain this distance and, at the same time, to make the set-up more compact, other
two planar mirrors (M5 and M6) have been used, as shown in Figure 2. 19. The last optical
component before the PSD is a cylindrical converging lens placed at a distance of 28 cm of the
PSD (Figure 2. 20). The use of a cylindrical converging lens allows obtaining a sharper laser
spot.

Figure 2. 19. Picture of the whole equipment, showing mirrors M5 and M6, and the optical path of the laser (from L2 to PSD).

82



Figure 2. 20. Picture of the PSD and the cylindrical lens.

To scan the fluid surface, the crankshaft where the prism is placed should moves, producing a
displacement of M3 and M4 in the direction parallel to the fluid. Thus, the reflection of the
laser beam in any point of the liquid surface can be guided to the PSD. A DC power source (RS-
PRO 300 SD) supplies the electrical power to move the shaft. Its voltage is fixed to 1 V, which
allows to move the prism at a relatively low speed (around 2:102 mm/s). This makes is possible
to minimize any random noise in the system and collect many points of the capillary wave
profile. The position of the prism is measured by means of a ring potentiometer, that
transduces the angular rotation of the shaft into a signal collected by an AD interface, and
eventually converted to a value of position (x). This system allows the displacement of the
prism within a distance of 4 cm.

The last essential part of the hardware of the ECW instrument is the system for the detection
of the signal, where the transversal wave profile is given by the detection of the deflection of
the laser beam. For detecting this, a position sensitive photodiode (PSD, Hamamatsu) converts
the vertical displacement of the laser spot into an equivalent AC electrical signal, with the
absolute position of the laser spot being provided by the center of the light intensity
distribution on the photodiode. It makes possible to scan the fluid surface with an accuracy of
0.1 mm. The PSD essentially consists in a photocurrent divider, with two output currents (X1,
Xz2). The difference between the two output currents (l1, |2) normalized by their sum provide
information on the absolute position (x.) of the laser spot with the center of the sensor:
(l1=12)/(11+12) = 2x.. Thus, a sub-micrometer detection is possible even though the size of the
laser beam may be larger than 1 mm. The relation between the difference and sum of the
currents is necessary to offset the light intensity variation of the laser beam itself o due to
other factors [1].

Any accidental vibration of the device may induce oscillations on the fluid surface of the fluid,
which may produce experimental noise and disturb the signal. This is minimize by mounting
the entire ECW set-up on an active damping anti-vibration platform and situated in a draft-
proof enclosure. The PSD is very sensitive to surface vibrations, because it is able to detect
very small displacements. However, the noise frequency is mostly below 10 Hz, which is far
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away from the usual experimental frequencies, and can be easily filtered out by the lock-in.
Under the usual experimental conditions, the amplitude of the noise oscillation on the liquid
surface is several orders of magnitude larger than the one of the signals. Nevertheless,
measurements with the device can be done perfectly with band-pass filtering and a dynamic
reserve of more than 80 dB. The low signal/noise ratio inherent to this detection system is
solved using the lock-in amplifier (Figure 2. 14). This device is capable to detect weak AC signals
from the PSD detector at a frequency and a specific phase, distinguishing over the noise
components. The signal (V(t) = V(¥ cos(wgt + @) is amplified and combined with the first

harmonic of a reference signal (Vz(t) = VR(O)COS(Za)Ot + @r)) generated, getting a product
(Vp(t) = Vi (t)Vx(t)) of two AC signals as follows [1],

. @y (0) (2.61)

Vp(t) = % [cos[(ws — 2wg)t + @5 — @r)] — cos[(ws + 2wo)t + @5 + @r]],

where one of the two AC-resulting signals has the frequency difference (ws—2wo) of the
multiplied signals, and the other one the frequency sum (ws + 2wp). The signal obtained is
passed through a low-pass filter and then the AC components are removed. If both frequencies
are identical (ws=2wo), the time average leads to a DC signal, expressed as the time average of
Vp(t) as follows,

1 e y Oy © (2.62)
<Vp(t) >= lim —f Vp(t) dt = —————cos(¢p),
o+ T Jo 2

where ¢ = @5 — @y is the phase of the locked DC resulting signal. The phase dependence of
< Vp(t) > is eliminated by the lock-in, giving directly 2 DC signals as output corresponding to
the “Amplitude” V4, and the “Phase” Vp,

{VA =V, cos(pp) (2. 63)
Ve =V, sin(pp)

Thus, the noise is eliminated, and both V, and V, are collected in any point of the surface of
the liquid as the surface wave profile is scanned.

The above discussion was so far focused on the optomechanical and electronic configuration
of the ECW instrument. However, in each experiment it is necessary to collect the information
corresponding to the capillary wave generated on the surface. For this purpose, a U4
communication interface (Nima technologies, UK) was used to performs the analog to digital
conversion of the acquired electrical signals V, and Vp. This makes it possible a real time
monitorization of the spatial profile of the electrocapillary waves. To control the detection by
laser reflectrometry, a graphic interface (GUI) from a specific software package 701.0EC (Nima,
UK) implemented in Labview (National instrument, USA) is used. It monitors the averaged
signal obtained from the lock-in, as a function of the horizontal displacement (collected by the
rotational potentiometer that detects the movement of the screw) and time. This allows
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obtaining simply the spatial profile of the capillary wave. At the same time, it is possible to
measure the surface tension y of the fluid surface as a function of time. Figure 2. 21 shows an
example of the graphical interface. The implemented software generates a “.txt” file, with the
values of signal amplitude and phase, as a function of time and laser spot position.

I 701-DEC.vi
Calibrations

Pressure too low! |

Mirror position: 22.9 v
Amplitude: 16 mV w
Phase: 655 mV v

Speed Control
Speed. coi/min 5| 0.0 !I
TargetP,mNim 5[ 25.0 :I

IEIGB‘.. o)~

Dipper 2219 |E
(W] Fistleyer 3 Down [
Layers Req 350 done [ 1| Miror Position, mm

Endsnop,wgm top 5[ 75
ol s g1 [ 4]
& Sl

suseddnwng@ up gE
Figure 2. 21. Display of the implemented software (701. OEC, Nima, UK), based on a graphic interface performed in Labview
(National Instruments, USA). The picture shows the display corresponding to a generic experiment where a capillary wave is
generated and detected onto a fluid surface: the software makes possible to evaluate the spatial evolution of the capillary
wave in real time. The program allows to scan the whole surface by the mirror position control (1), and also to get the signals
from the detection channels: amplitude and phase (2). In addition, the software provides an accurate measure of the surface
pressure (M) as a function of time (3).

Laser spot, moving along the trough, scans the whole profile of the capillary waves, and is
reflected, in any point of its path, arriving the signal to the PSD, which is connected to the lock-
in amplifier. The latter is connected to an analog to digital converter, that collects all of the
values of the amplitude signal V,(x) and the phase signal Vp(x), at any point of the wave,
obtaining its spatial profile (see Figure 2. 22, for example).

.

31—

Amp, V

position, cm

Figure 2. 22. Experimental spatial profile of a damped capillary wave, obtained from the amplitude channel V, (x) as a function
of the laser spot position (x): the red circles correspond to the experimental data of V4 (x), the dashed line is the best fit curve
corresponding to eq. (2. 64).
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Since the voltage of the signal is proportional to the local vertical displacement (V,(x) «
u,(x)), the wave profile obtained experimentally can be fitted to the following equation
(exponentially damped cosine function) [33],

21

U.z(x) = uz(o) e_BxCOS (TX + <Pc)

This provides values for A and 8, which are independent on the voltage amplitude. This can be
understood considering that the voltage is small enough to obtain a small surface deformation
(linear regime) [1,39]. Those values, together with the values of surface tension y, bulk shear
viscosity 77, and liquid density p, aallow to solve equation (2. 40) (dispersion equation) with
respect to the complex dilational interfacial modulus E;"(w), as a function of the angular
frequency w ,

(2. 64)

_ _ 2 2.65
(g = m)) — inw(q +m) ( )

yq? + inw(qg + m) — ng

q2
The numerical solution of the equation, as well as the fitting algorithm, are implemented in a
MATLAB code, which reads the data of the “txt” file and automatically carries out the data
analysis.

Es'(w) = Eg(w) + iwks(w) =

2.2. Bulk Rheology Measurement

As mentioned in Chapter |, although this thesis is mainly focused on dilational interfacial
rheology, bulk shear rheology characterization is required in order to fully understand the
behavior of some complex fluids (see Chapter V, VI, VI, IX). Hence, a brief overview of bulk
shear rheology techniques will be given, with particular focus on capillary viscometers
(Ubbelohde viscometer) and Diffusing Wave Spectroscopy (DWS).

2.2.1. Capillary Viscometers

Capillary viscometers are the simplest instruments to measure shear viscosity of a fluid flowing
through a pipe or tube with a large length-to-diameter ratio (capillary tube). Hagen and
Poiseuille were first to measure viscosity in laminar flow using concentric tubes of fluid that
slide one over the other. The viscous drag of the fluid causes a pressure drop along the
capillary, which depends on the resistance of the sample to flow, flow rate, length, and inner
diameter of the tube. In glass capillaries (e.g., Ostwald and Ubbelohde viscometers) the fluid
hydrostatic head is the driving force that causes the fluid to flow [40],[41].

In this section, special focus will be paid to the Ubbelohde viscometer, which has been
widely employed to perform viscosity measurements in this PhD Thesis. This method is used
to determine the intrinsic viscosity of fluids, in the Newtonian limit (at zero shear rate and
frequency), and it consists in measuring the flowing time of a liquid into a capillary tube. The
viscometer must be placed in vertical position and immersed in a thermostatic bath, to
control temperature.
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Figure 2. 23 shows the aspects of an Ubbelohde viscometer.

1 Capilary tube
3 2 Venting tube
Mi 3 Feeder bulb
2 4 4 Timing bulb
<\ F 5 Suspended level bulb
M2 6 Reservoir

7 Filling marks

8 Capillary

9 Filling tube
h L Length of capillary
8 L b Mean hydrostatic driving b
M1, M2 Timing marks

Lt B

6

N
/.
—1c
~ £
)

Figure 2. 23. Ubbelohde capillary viscometer: (a) Picture and (b) scheme [42].

The Hagen-Poiseuille law describes the capillary flow for Newtonian fluids, relating the

volumetric flow rate Q with the Newtonian viscosity 17 and the hydrostatic pressure P = pgAh
[42] according to the following expression,

_mR'P_mR*pgAh (2. 66)
T=780L = 8qQL

where R is the diameter of the capillary tube and L is its length, and Ah is the height
difference between the markers M1 and M2 (Figure 2. 23 (b)). Since the volume of the bulb
where the fluid flows is fixed (Figure 2. 23), Q is inversely proportional to the elution time,
i.e., the time that the fluid need to flow between two fixed positions (Figure 2. 23 (b)). It is
worth noting that the elution time t is inversely proportional to the viscosity, and directly

proportional to the density of the liquid. Therefore, the viscosity of the sample 1 can be
easily determined as follows,

_ Topt (2.67)
poto’

where 1y, po and t, are the viscosity, the density, and the elution time of the fluids that has
been used for calibration (usually, water, at fixed temperature), respectively. Since Hagen-
Poiseuille equation does not take into account the pressure drop due to the motion of the

fluid, a corrected Poiseuille equation that takes into account this kinetic correction must be
employed:

n = A+ Bt?, (2. 68)

where A and B are two intrinsic constants of the viscometer, and they can be experimentally
determined by measuring the viscosity of several pure liquids.
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2.2.2. Microrheology

Microrheology is the study of the phenomena involved in the storage and dissipation of
mechanical energy in viscoelastic materials at the micrometer or submicrometer scale. They
allow to perform rheological measurements with small quantity of sample [43].
Microrheological techniques can be divides into different categories: active and passive
techniques. Figure 2. 24 shows a brief summary of microrheology techniques, indicating the
available frequency range and shear moduli.

Active microrheological techniques involve a manual manipulation, which induces a shear
stress into the samples. The most extended active techniques are magnetic tweezers
(ferromagnetic particles dispersed in the fluid, moved by a magnet), optical Tweezers (a laser
is used to trap a colloidal probe which is moved within the fluid) and Atomic Force Microscopy
(a force is applied on a very small samples using the cantilever) [43].

Passive microrheological techniques use the Brownian dynamics of embedded colloids to
measure the rheology of the materials. The most common passive techniques are
Fluorescence Correlation Spectroscopy (FCS), Scattering Particle Tracking (SPT), Fluorescence
Particle Tracking (FPT) and Diffusive Wave Spectroscopy (DWS). This latter has been used in
this PhD Thesis to characterize the bulk rheological response of complex systems characterized
by their viscoelasticity.
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Figure 2. 24. Frequency (solid-line arrows) and elastic/viscous shear moduli (dashed-line arrows) range available to the
different microrheology techniques [43,44].

2.2.3. Diffusing Wave Spectroscopy (DWS)

Diffusing Wave Spectroscopy (DWS) is a spectroscopic technique that allows correlating,
through a microrheology approach, the parameters associated with the multiple scattering of
particlesin a fluid to its bulk shear rheology, i.e., DWS relate the dynamic properties of colloidal
probes dispersed within the studied systems to its rheological response [45,46]. DWS can be
considered as an extension of Dynamic Light Scattering (see 2.3.1. Dynamic Light Scattering
(DLS)), but, instead of single scattering, it collects the light intensity of diffused light, as a result
of the multiple-scattering phenomenon (Figure 2. 25).
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Figure 2. 25. Light diffusion (multiple scattering phenomenon), and definition of mean free path.

Unlike DLS, DWS is based on the so called “diffusion approximation”. This relies on the
consideration that the angle between incident and detected radiation is not relevant, and
wavevector dependence is lost. In fact, light diffusion, especially for small tracker particles, is
the result of multiple scattering in various directions. A key parameter that characterizes light
diffusion is the so-called transport mean free path (I*) which relates the concentration of
tracker particles ¢ and the total scattering cross-section o. If the tracker particles are small
enough, scattering is isotropic in all directions, and does not depend on the incident angle 6
of light radiation, and therefore the transport mean path is defined according to the following
expression,

_ 1 1 (2. 69)
T @po<1—cos® > ¢o

*

If the total path that light runs (L) is smaller than [*, transmission prevails on scattering. On the
other hand, if L > [*, light propagation is diffusive that is the regime used in DWS experiments.
Another parameter to take into account is the Mean Square Displacement (MSD or <
Ax?(t) >) of tracker particles, which are subjected to random motion into the fluid medium
(47],

< Ax2(t) >=<|x(tg +t) — x(ty)|?* >. (2.70)

Lag time and MSD are related by a power law (< Ax?(t) > ~t%), and the exponent depends
on the diffusion regime (Figure 2. 26). In case of subdiffusion, « < 1, while if @ > 1 the system
is in superdiffusion regime [48]. Gaussian diffusion regime is observed if @ = 1. This situation
corresponds to a Brownian motion of the particles characterized by a velocity given by the
diffusion coefficient.

89



e A Superdiffusion AR
= © Subdiffusion AL

- . . . A
N — Gaussian diffusion AD
kv S

- A
) AL
) A
= AAA

A
A OoooOOOOoOOO

goooooooo

time, t, seconds

Figure 2. 26. Mean Square Displacement (MSD~t%) as a function of time, in 3 different regimes: (1) Subdiffusion: @ < 1 ; (l1)
Gaussian Diffusion: @ = 1; (lll) Superdiffusion: & > 1 [48].

In a purely viscous fluid (e.g., water), with n being the viscosity of the medium, a the average
hydrodynamic radius of tracker particles, T the temperature, and kg the Boltzmann constant,
the diffusion coefficient D can be expressed by Stokes-Einstein equation (See 2.3.1. Dynamic
Light Scattering (DLS) subsection, for further details), and the MSD can be expressed as follows
(43],

kgT . (2.71)
6mna

< Ax?%(t) > ~Dt =
In case of particles trapped in a spring-like potential (purely elastic case, with a shear elastic
modulus G,), the mean square displacement is constant in time, and it is given by,

kgT (2.72)
maGy

< Ax?(t) >=

In a viscoelastic system, the behavior is intermediate between those described by equations
(2. 71) and (2. 72), and the MSD is given by the Generalized Stokes-Einstein (GSE) equation
[49]:

kgT (2.73)

< A%? (S) >=—7
masG(s)

where G(s) and < A%?%(s) > are the Laplace Transform of the time-dependent shear modulus
G(t) and of the MSD, respectively. Similarly, it can be defined a relationship between the MSD
and the time-dependent creep compliance C(t) [50],

< Ax2(t) >= MC(t). (2.74)
na

Equation (2. 73) can be also expressed in the angular frequency (w) Fourier domain, by setting
s = iw and computing the Fourier transform (F) of MSD and G (t) [49],
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KgT 2.75

F< Ax2(t) >] =< Ax?(w) >= ——B2 (2.75)
malwG* (w)

Mason and Weitz also proposed a numerical method to calculate G*(w), under the

assumption that MSD can be expressed by means of a generalized power law < Ax?(t) >

~t*(@) where a(w) is determined experimentally, by setting t = 1/w, as the slope of the

natural logarithm of MSD,

_ d(n[< Ax*(t) >]) (2.76)
(@) = =]

Based on equation (2. 76), G*(w) can be computed as follows,

G*(w) = G'(w) + 6" (w) = 6" (w)] - Icos (”“;“’)) +icos (”“é‘@)l, (2.77)

where |G*(w)] is given by,

KgT (2.78)
a < Ax2(w) > I'[1 + a(w)]’

G (w)] =

with I'[1 + a(w)] being the Euler Gamma function, defined as follows,

+ oo
1+ a(w)] = f 70(@) =2, ~ 0.457[1 + a(w)]z —1.36[1 + a(w)] + 1.9. (2.79)

0
There are plenty of ways to calculate G*(w), some of them are summarized in Figure 2. 27.
Starting from the experimental MSD, G*(w) can be determined by solving equations (2. 73),
(2. 75) or (2. 77), or by other methods such as the Kronig-Kramers Fluctuation-Dissipation
theorem).

GSE
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Figure 2. 27. Flow chart of many different methods to compute G*(w), starting from experimental raw data (MSD).

The Mean Squared Displacement can be experimentally determined by measuring the
intensity autocorrelation function g(z) (t), associated to the random time fluctuations of the
speckle pattern given by diffused and transmitted light intensity [45],
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<IL;(tHIi(t+t) >
< I;(t") >2

rq?<Ax?(t)> (2. 80)

+00
gA@) = =1 +f P(r)e” T dr,
0

where g = 2nn /A is the wavevector of the incident light beam that gets dispersed into the
sample. P(r) is the Gaussian distribution expressing the probability of a photon, travelling at
a speed c (light speed in the medium), to run a distance r = ct. This probability distribution
can be written as follows,

g (2. 81)

3 _3r?
= 4rl*
P() (47Trl*) ¢

Under the plane wave limit and uncorrelated diffusion approximations, being f§ the coherence

factor, g®® (t) can be expressed as,

2 (2. 82)

(ZA*+%)\/q2 < Ax?(t) >

sinh ((lé* + %) \/q2 < Ax?(t) >>

9OO =1+p

The MSD, as a function of time, can be numerically determined by measuring the intensity
autocorrelation function g(z)(t). The size of the cell is chosen in such a way that its size is
much larger than the mean free path (L/l* > 10). The sample is mixed, at fixed concentration,
with some solid particles of known size. Figure 2. 28 shows a simple sketch of the set-up (a)
required for DWS and a picture (b) of the DWS instrument used in the experiments contained
in this PhD Thesis (DWS-ResearchLab from LS instruments, Switzerland) apparatus. In order to
make sure that tracker particles concentration is approximately the same in all the samples,
the count rate of photon impinging the detector should not vary more than 5-10% between
each experiment (it usually ranges between 50-60 kHz).
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Figure 2. 28. (a) Scheme of DWS technique [51] and (b) picture of DWS-ResearchlLab (LS instruments) apparatus.

In order to achieve faster averaging on the determination of g(z) (t), at the larger higher lag
times, a reference cell, made of fritted glass, is placed before the sample allowing multi-
speckle detection. This allows to characterizing shear rheology in a broad frequency, ranging
from 0.1 Hz to 1MHz [43]. This depends on the sample and on the used tracker particles.
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The mean free path [* can be determined by means of a calibration process: in a purely viscous
fluid (for instance, water), the set-up can be used to measure g(z) (t), and the MSD is
determined under the assumption of pure diffusive motion (< Ax2(t) > ~ Dt): the diffusion
coefficient can be easily calculated by knowing particles size, according to equation (2. 88) (see
2.3.1. Dynamic Light Scattering (DLS) subsection). In such a way, by means of equation (2. 80),
[* can be computed, and its value can be used in other experiments, performed with
viscoelastic samples. An implemented software (LS Instruments Rheolab Figure 2. 29) can be
used to perform the calibration, as well as to determine MSD as a function of lag time and all
the rheological parameters as a function of: ¢*(w), n*(w).
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Figure 2. 29. Rheolab (LS Instruments) software: (a) Calibration (determination of [*) and (b) calculation of MSD, G*(w),
n"(w).

2.3. Ancillary techniques for bulk and surface characterization

There are many other properties of complex fluids, apart from bulk/interfacial rheology and
surface tension, which are of interest for the studies contained in this PhD Thesis. In this
section, a brief introduction to such techniques will be provided.

2.3.1. Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) is a technique that allows to characterize many important
properties of colloidal dispersions and polymeric solutions (average particles size, polymer
chain length, polydispersity index...). It is based on the interaction between electromagnetic
radiation and matter. In fact, in a typical DLS experiments, the incidence of radiation of a
defined wavelength 4;, and wavevector k;, on a dispersion of colloidal particles induces an
oscillating dipole, which produces, in turn, a secondary radiation (a phenomenon known as
Rayleigh dispersion), according to the sketch in Figure 2. 30 [52].

Oz

Ks

Figure 2. 30. Rayleigh dispersion: the incident radiation ki, is deviated by an angle 8 by the particle: this scattering produces
a dispersed radiation ks: the difference between ki and ks is represented by the momentum transfer vector q.

In a DLS experiment, the radiation-matter interaction does not provoke any significant change
on the wavelength of the radiation, i.e., the wavevectors of the incident radiation and the
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dispersed ones are almost the same. Thus, it is possible to consider that |k;| = |kg|, and as a
result, the magnitude of the momentum transfer vector can be defined as,

_ _4mng (0 (2. 83)
lq| = |k; — k| = 7, sm(z).

where nyis the refraction index of the medium and @ is the dispersion angle. Colloidal particles,
subjected to Brownian motion, randomly move into the dispersion. Thus, intensity of
dispersed light (I;(t) = E4(t)E;(t) = |E4(t)|?, where E4(t) is the complex electric field
associated with the dispersed radiation, and E;(t) is its complex conjugate) randomly varies
in time. DLS allows measuring I;(t) by means of a photosensitive detector that collects the
random fluctuations in time of the dispersed light. Smaller particles tend to produce faster
fluctuations of 1;(t) (Figure 2. 31), because their Brownian motion is faster due to their higher
diffusion coefficient D, whereas the opposite is true when particles present a big size [53].

Big Particles

loser

Ny

Small Particles -

Figure 2. 31. Random fluctuations of I;(t), in colloidal dispersions with big particles and small particles.

DLS also allows to determine the normalized intensity autocorrelation function g(z) ()
associated with the time fluctuations of I;(t), occurring with a certain lag time T,

<I®OIi(t+t)> 2 (2. 84)
) - d d =14+ B|lg®
9P = +BlgV@[,
where B is the coherence factor, and g(l) (1) electric field autocorrelation function,
<E;®Ez(t+1t) > (2. 85)

gV =

< E,(t) >?

Based on the decay of g® (1), one can obtain information about the speed of Brownian
motion, which is given by the diffusion coefficient D. In fact, the autocorrelation function can
be expressed by means of a polynomial expansion (Cumulants method) [54],

N A (—7) (2. 86)
In (g@(@) - 1) = Z#

j=1

Usually, this expansion, is arrested to j=3. A; is associated to the decay time 7, of the
autocorrelation function, and it can be related to the diffusion coefficient by the following
equation,
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(2.87)
The diffusion coefficient D is also related to the hydrodynamic radius of the particles a, by

means of the Stokes-Einstein equation (valid for very diluted dispersions, with spherical
particles, moving in a Newtonian fluid) [55],

4= kgT (2. 88)
~ 6nDn’

where 7 is the viscosity of the dispersant, Kp is the Boltzmann constant, T is the temperature.
A, can be related to the polydispersity index:

A
PDI = —. (2.89)
Al
The width of the hydrodynamic radius probability distribution is given by:

/Az (2.90)
o= 4. a

In the case of high polydispersity , PDI>0.2 the Cumulants method is not safe and a more

sophisticated analysis method (CONTIN Algorithm) [56] is usually employed, which expresses

g(z) (7) as an integral distribution of delay times and determines this distribution combining
inverse Laplace Transform and a statistical method (Fisher Test) [57].

A typical size intensity distribution is shown in Figure 2. 32, where the peak associated to the
hydrodynamic radius corresponds to the characteristic decay time of g(z)(r). It is worth to
noting that the higher the decay time the higher the hydrodynamic radius, and the broader
the intensity distribution the higher the value of o.
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Figure 2. 32. (a) g(z) — 1 vs lag time (here indicated with “t”); (b) Intensity size distribution as a function of the apparent
hydrodynamic diameter (here, indicated with "2a”).
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Dynamic Light Scattering (DLS) experiments were performed using a Zetasizer Nano ZS
instrument (Malvern Instruments Ltd, Malvern, UK) as shown in Figure 2. 33. This devices
operates in quasi-backscattering configuration ( scattering angle 8 = 173°), and it is fitted with
a He-Ne laser emitting light with a wavelength A=632 nm. Temperature is controlled by means
of a computer-controlled Peltier system. The technique can only be used to analyze quasi-
transparent dispersions in such a way that multiple scattering phenomena must be avoided.
Data are analyzed by means of an implemented software, that allows to set the input
parameters (temperature, refractive index, density, viscosity, etc..) and automatically
determines the g(z) (1) function and the intensity size distribution.

Figure 2. 33. Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, UK).

2.3.2. Zeta-Potential

The interaction potential between particles plays a fundamental role in the stabilization of
colloids. The DLVO theory explains the aggregation and kinetic stability of aqueous particles
by the combination of van der Waals attraction and electrostatic repulsion due to the so-called
double layer (see Figure 2. 34) [58]. The electric double layer is a layer of ions surrounding a
solid particle dispersed in an aqueous solution, including the ions attached on the particle
surface and a film of the counterions. The distribution of ions around the particle is determined
by the trade-off between electrostatic forces, entropic dispersion, and Brownian motion [59].
For a spherical particle, with homogeneous surface charge distribution, the electric double
layer contains three contributions: (i) particle charge, given by charged ions attached on the
particle’s surface, (ii) Stern layer consisting in counterions (charged opposite to the ones
attached on particle’s surface), attracted by the electrostatic force, and (iii) diffuse layer which
accounts for a film of the dispersion medium adjacent to the particle, containing free ions with
a higher concentration of the counterions. In the diffuse layer, ion distribution is affected by
the electrostatic force of the charged particle and the Brownian motion.
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Figure 2. 34. Scheme of ions and potential distribution around a spherical charged particle.

The electrical potential reaches its maximum value on particle’s surface, and it decreases with
the distance. When the particle moves, the distribution of ions tends to break in proximity of
the slipping plane as a result of the shear stress induced by particle’s motion. The electric
potential at the slipping plane is the so-called Zeta-potential (¢), and its value can be
determined by measuring the electrophoretic mobility of particles in the dispersion.

Given a spherical charged particle in a dispersion medium, characterized by a density p, a
viscosity 1, and a dielectric permittivity kp, which is subjected to an electric field E, let a be its
hydrodynamic radius and q its charge, it is possible to define the limit velocity v, that the
particle can reach as a result of the balance between the electrical force F, = gE and the
viscous friction (f,, = 6manv;) according to the following expression [60],

_ qE (2.91)
~ 6man’

(%7

The electrophoretic mobility u, defined as the velocity per unit of electric field that a particle
can reach in a dispersion medium, can be related to the Zeta-potential, by means of Henry
equation,

b, 2mkplf (%) (2. 92)
Up=—=—""—5—"".

E 3n
where Lpis the Debye length, which represent the characteristic thickness of the double layer,

2.
kpKgT (2.93)
LD - I )

I = 9’21 qujz is the ionic strength of the medium made of N types of ions, each one

characterized by a molar concentration C; and a charge q;, and (Li) is the Henry function
D
which can assume values of 1 (Htickel limit: Li « 1) and 1.5 (Smoluchowski limit: Li > 1). The
D D
value of the Zeta-potential quantifies the stability of dispersions: low { (< 15 mV) correspond
to dispersions that undergo a fast flocculation, while a good stability is observed when ¢ > 30-

40 mV [61].
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The electrophoretic mobility can be measured by means of laser Doppler velocimetry
technique, implemented in the same Zetasizer Nano ZS instrument (Malvern Instrument, Ltd.,
Malvern, UK). For this purpose, the sample is put into a cell, and a voltage (usually ranging
from 1V to 5V, making sure that it is not too high, in order to prevent dielectric breakdown in
highly conductive dispersions) is applied between the electrodes of this cell. The voltage
results in an electric field that moves the particles. The combination between laser Dopler
velocimetry and Phase Analysis Light Scattering (PALS) allows to determine the velocity, and,
subsequently, the electrophoretic mobility of the dispersion. An implemented software allows
an automatic determination of the value of Zeta-Potential.

2.3.3. Contact angle and spreading

The contact angle @ of a liquid on a solid surface is defined as the angle between the plane
tangent on the liquid—vapor interface and the solid—liquid interface. Its cosine represents the
wettability of a liquid on a specific solid surface. Being y;, the liquid/vapor surface tension,
y.s the liquid/solid surface tension, and yg, the vapor/solid surface tension, the cosine of the
contact angle on an ideal solid surface (smooth, flat and homogeneous), at
chemical/mechanical/thermodynamical equilibrium is given by Young equation (see Figure 2.
35) [62],

Ysv = YLy €0s(0) + ys,. (2.94)

y 5 Vapor

Figure 2. 35. Contact angle and drop geometry [63].

The contact angle is related to the work of adhesion W,, by means of Young-Dupré equation,
i.e., the energy required to separate a liquid drop that is partially wetting a solid substrate [64],

Wa =¥sy + Yy — ¥s1 = Yy (cos @ + 1). (2.95)

W, < 0 corresponds to zero-wetting condition. Another useful parameter to characterize
wetting is the spreading coefficient, which is defined as follows,

S =VYsy =Y — VsL = Vv (cos 8 — 1). (2.96)

If S > 0, wetting is complete. Otherwise, wetting is partial (which happens for most liquids).
The contact angle predicted by Young equation is given by thermodynamic equilibrium
conditions, and it is measured in static conditions. But, in a dynamic contact angle experiment,
carried out on a rough, non-homogeneous surface, contact angle hysteresis can appear. The
advancing and receding contact angles are measured from dynamic experiments, where
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droplets are in motion with respect to the solid substrate. The advancing contact angle, which
is the maximum value, is a measure of the liquid/solid cohesion, while the receding contact
angle, which is the minimum, accounts for liquid/solid adhesion. Contact angle hysteresis is

given by the difference between advancing and receding contact angle, and it is proportional

to the capillary number N, = ZE (where V is the characteristic velocity and 7 is the bulk shear
LV

viscosity of the liquid) [65].

The contact angle can be either measured in sessile (drop placed on a substrate) or pendant
drop configuration. A camera records the image of the drop, and by means of image analysis
algorithms the profile of the drop can be detected and analyzed, and, by manually setting the
contact line, contact angle can determined. In case of sessile drop measurements, in order to
assess the uniformity of the substrates, multiple measurements have to be performed in many
points of the substrate, comparing the values of contact angle to the left and to the right of
the drop. Advanced and Receding Contact Angle (ARCA) can be measured by blowing, by
means of the same nozzle, the liquid on the substrate, and progressively collecting the data of
contact angle to the left and to the right sizes of the drop. Alternatively, the substrate can be
tilted, which allows to measure the contact angle variation, and determining both the
minimum (receding) and the maximum (advancing) contact angle.

When a liquid is deposited on a solid surface, the other two parameters are relevant: spreading
kinetics and spreading area. These parameters are especially relevant when the wetting of the
surface for the fluid is strong, as occurs for tri-siloxanes surfactant solutions [66] (see Chapter
IV). The temporal evolution of the area of a deposited drop can be measured by means of an
equipment that captures images of the spreading drop on the solid substrate, by using high
speed cameras, from a top view and a side view. A sketch of the set-up used in this PhD Thesis,
developed by TU Darmstadt (Germany), and described elsewhere [67,68] is shown in Figure 2.
36. The equipment allows to perform measurements in controlled conditions (at constant
temperature and constant humidity, to control evaporation rate, which may affect spreading
phenomenon of small droplets). By means of image analysis algorithms, the images of side
view and upper view camera can be analyzed, in order to determine, as a function of time, the
spreading area, the contact angle, drop radius, height, and volume.
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Figure 2. 36. Schematic representation of spreading kinetics experimental setup: (1) test cell, (2) substrate, (3) canula, (4) tube
to syringe pump, (5) connection to linear stage, (6) high-speed camera in side view, (7) telecentric light source, (8) camera in
top view, (9) ring light, (10) infrared camera in bottom view, (11) temperature and humidity sensor, (12) dry air supply from
gas cylinder [67].
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Section 2 Interfacial rheology of non-ionic surfactants

This section deals with two water-surfactant solutions, in which surfactant molecules undergo
a fast adsorption to the liquid/vapor interface, forming Gibbs monolayers. In this case, the
rheological response of the interface can appear coupled with adsorption-desorption
phenomena. It is divided into two chapters:

» Chapter lll: Interfacial Rheology of Alkyl Poly-Glycoside (APG) surfactant

This chapter deals with alkyl polyglucoside (APG, a non-ionic glucosidic surfactant) aqueous
solutions, focusing on the equilibrium surface tension of APG Gibbs monolayers and the
dilational interfacial rheology measured by ECW technique.

» Chapter IV: Interfacial Rheology of non-superspreading and superspreading trisiloxanes
surfactants

The second chapter of this section is aimed at studying the interfacial properties of trisiloxane
solutions, comparing a superspreader surfactant (5240) with a non-superspreader one (S233).
The aim of this study is to try to relate interfacial rheological response as was determined by
ECW technique to the spreading kinetics. Moreover, this study will allow comparing the
oscillation parameters (i.e., frequency and damping) of sessile drops on PET substrates with
the propagation parameters of capillary waves determined by ECW technique (wavelength,
frequency, damping), trying to understand what is the prevailing mechanism that drives drop
oscillation after impact on a solid substrate.
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Chapter IIT: Interfacial Rheology of Alkyl Poly-Glycoside (APG)
surfactant®

3.1. Introduction

Alkyl Poly Glycosides (APG) are a family of non-ionic surfactants characterized by a good
biodegradability and a low toxicity, making them some of the most environmentally friendly
surfactants available. They are commonly obtained through glycosylation of a reducing sugar
with and excess of molten fatty alcohol. This process, schematized in Figure 3. 1,involves the
formation of water, as a byproduct, which is progressively removed to drive the reaction to
completion. The resulting APGs are widely used in various applications, including personal care
products, household cleaners, and industrial formulations, due to their gentle nature and
effective cleaning properties [1].

Ho_ OH
",
3_-Q
& B \wOH '
HO OH HOu_ %
- R S €,
Glucose Acid catalyst z/, ) + R-OH
+ * | hov LO\4OR
R—GH . HO OH Jor in excess

AlkylPolyGlucosides (APG)

Figure 3. 1. Glycosylation reaction of a fatty alcohol, forming an Alkyl Poly Glycoside (APG).

The physico-chemical properties of the different APG are strongly correlated to the length of
the alkyl chain of the fatty alcohol. When the fatty alcohol used in the synthesis of Alkyl
Polyglucosides (APGs) contains a short carbon chain, typically shorter 14 carbon atoms, the
resulting APG solutions do not have the capability to form stable liquid crystals, in contrast
with APGs with longer hydrocarbon chains-. As a result, hence they are highly soluble in water
[2]. In the experimental work described in this chapter, the APG employed consist in a mixture
of two short chain hydrocarbons (C8 and C10), which each of the component contributing
approximately 50% to the mixture (Figure 3. 2). The relative short length of these hydrocarbon
chains, combined with the polar nature of the glucose groups, significantly enhances the
solubility of this molecule in water. This combination also allows the APG to form micellar
aggregates in aqueous solutions, which is a key characteristic of its surfactant behavior..
Compared to other synthetic surfactants, APG is characterized by a certain structural
heterogeneity. This heterogeneity arises from the variation in both the length of the
hydrocarbon chains and the number of glucose units in the polar head group. Such variability
can influence the surfactant's physicochemical properties, including its solubility, micelle
formation, and interaction with other substances in a formulation. The unique combination of
short hydrocarbon chains and glucose groups not only makes this APG highly soluble in water
but also imparts it with the ability to effectively reduce surface tension, making it an excellent
choice for various applications where mild yet effective surfactants are required. In fact, APG

¥ Experiments, as well as data analysis, were done in collaboration with Jorge Zaera Martinez, undergraduate
student at Universidad Complutense de Madrid: experimental data, as well as their discussion, were partially
taken from his bachelor degree thesis, entitled “ESTUDIO DE ONDAS CAPILARES EN INTERFASES FLUIDAS”.

106



solutions are employed in cosmetic and dermo-pharmaceutical industry, as well as in the
production of detergents and lubricants [2-5].

OH

H+o )

HO |~~~ (CH2),CH3
OH

L Jm

Figure 3. 2. APG structure where (n: C7:C9 50%) with the chain in total between 8 and 10 carbons; m=1-3.

APG surface tension and foaming properties have already been widely studied in literature.
However, although there are some works focusing on the interfacial properties of APG
surfactants alone [5,6], most of the studies involving APG surfactants combine this type of
surfactants with other surfactants. This leads to an enhancement of the performances of the
products involving APG. Ahmad et. al proved that the combination of APG surfactants with
other surfactants, such as sodium dodecyl sulfate (SDS) or sodium laureth sulfate (SLES) leads
to a synergistic reduction of the surface tension in relation to pure surfactants. This results in
an improvement of the detergency properties, enhancing the foam stability [7].Kang et al. [8]
proved that the surface tension of the mixture between APG and Methyl ether sulfonate (MES)
also lower the surface tension with respect to the corresponding to the pure surfactants .
Furthermore, the presence of MES reduces the value of the Critical Micellar Concentration
(CMC) and bulk shear viscosity of APG. Li et al. [9] studied the surface tension and the foam
stability of mixtures of APG surfactants, with C8 and C10 chains, with urea, and found that
even though urea does not affect surface tension, it decreases the CMC.

Lemahieu et al. [10] studied the adsorption kinetics of APG surfactant containing different
hydrocarbon tails, and found that independently of the type of surfactant, the adsorption
process occur at a timescale higher than 10% s, when the surfactant concentration overcome a
value of 0.02 mM. Thus, it is possible to consider that APG diffusion is relatively fast, and hence
any relaxation process associated with changes in the surface concentration should appear at
frequencies higher than 1/100 s = 0.01 Hz. In another study, Jiang et al. studied APG surface
tension and surface excess concentration, focusing on molecular area and CMC of APG
aqueous solutions [6].

The aim of this chapter is to study the surface tension of APG solutions, focusing on CMC and
surface excess concentration, and integrate these data to some experiments aimed at
determining the interfacial dilational response of APG Gibbs monolayers by using Electro-
Capillary Waves (ECW) frequency range (60-850 Hz).

3.2. Materials and methods

3.2.1. Chemicals and solution preparation

Alkylpolyglucoside (APG), marketed as Oramix GC-110 (a 50:50 molar combination of caprylyl
glucoside and capryl glucoside), was supplied by Safic-Alcan (Barcelona, Spain). Ultrapure
deionized water of Milli-Q grade, with a resistivity higher than 18 MQ-cm and a total organic
content (TOC) of less than 6 ppm, was used for all experiments and material cleaning purposes.
To achieve this level of purity an AquaMAX™-Ultra 370 Series multi-cartridge purification
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system (Young Lin Instrument Co., Ltd., Gyeonggi-do, Republic of Korea) was used. All solutions
were prepared by weight using an analytical balance accurate to £0.01 mg.

3.2.2. Experimental methods

A surface force tensiometer model K10T Digital Tensiometer (KRUSS GmbH, Hamburg,
Germany) fitted with a platinum Wilhelmy plate contact probe of 40.5 mm of perimeter was
used to measure the interfacial tension. Between each measurement, the platinum plate was
cleansed using ethanol and Milli-Q water and then burnt with an ethanol torch to remove any
remaining residue of organic matter. For the measurements, the samples were poured into
glass cells, previously cleaned with ethanol and Milli-Q water. For all the measurements, the
temperature was controlled by using a thermostatic bath set at 252C. Each experimental data
point reported was an average of at least three independent measurements. The experiments
were conducted for a long enough time to ensure that a steady state interfacial coverage was
reached.

Dilational interfacial rheology measurements at high frequency (in the range of 60-850 Hz)
were performed by using a homemade Electro-Capillary Wave (ECW) device, described
elsewhere [11-16] (See Chapter Il, 2.1.4. Electro-Capillary Waves (ECW), for detailed
description). Experiments were done at 25 °C (the temperature of the Langmuir Trough was
maintained constant by means of a thermostatic bath). The adsorption kinetic was monitored
by means of a surface force tensiometer NIMA PS4 manufactured by Nima Technology
(Coventry, UK) fitted with disposable Wilhelmy paper plates (Whatman CHR1 chromatography
paper, Merck, Darmstadt) of 20.6 mm of perimeter was used for interfacial tension
measurements. A fresh paper plate was used for each measurement to prevent any potential
modifications on the plate surface as a result of the material adsorption during previous
experiments. ECW measurements were done making sure that surfactant adsorption process
reached its equilibrium (i.e., constant surface tension in time).

3.3. Results and discussion

3.3.1. Surface tension

The surface tension y of a surfactant aqueous solution in diluted regime (under the
assumption that all sites at liquid/vapor interface have the same probability of being occupied
by surfactant molecules) can be expressed by a combination of the Langmuir equation and
Gibbs isotherm, according to the following equation (see Chapter I, 1.5. Equilibrium properties
of interfaces):

y(C,T) = yo(T) — RTI, In[1 + K(T)C], (3.1)

with C being surfactant bulk concentration, R the ideal gas constant, T the absolute
temperature, y,(T) the surface tension of the bare interface (essentially, the one of pure
water), K(T) the adsorption-desorption equilibrium Langmuir constant. I, is the maximum
value of surface excess concentration (I'), i.e., the maximum number of molecules per unit
area that can be adsorbed at the interface. I' can be calculated, as a function of C, by means
of the Langmuir equation,
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y (mMN m?)

K(T)C

F(T,C) ZFOO'W.

(3.2)
As the interface gets saturated by surfactant molecules, which occurs at large values of C,
when I'(T,C) —= I, the equation (3. 1) is no longer valid. In this region, surface tension
achieved a constant value, independently of the bulk concentration (y = y..). Based on the
value of I, the area per surfactant molecule, i.e., the area occupied by a surfactant molecule
at the interface under maximum packing conditions can be estimated by means of the
following expression,

1
Nyl

A= (3.3)

The surface tension y and the surface excess concentration I' of APG Gibbs monolayers, as a
function of surfactant concentration (C), are plotted in Figure 3. 3 (a) and (b) respectively:
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Figure 3. 3. (a) Surface tension y of APG Gibbs monolayers, versus surfactant bulk concentration C. The red curve to the left
(between € = 1077 mM and C = 1 mM) represents the Langmuir isotherm curve (equation (3. 1)) that best fits the
experimental data (black circles), while the red horizontal line to the right represents the equilibrium surface tension. (b)
Surface excess concentration I' of APG Gibbs monolayers, as a function of surfactant bulk concentration C (computed by
means of equation (3. 2)).

y, after an initial plateau at the lowest values of surfactant concentration (C = 1077 —
1072 mM) where the surfactant tension assumes values similar to that of the pristine
air/water interface, starts to decrease with the increase of the surfactant concentration until
reaching a second plateau around C = 1 mM, which corresponds with the CMC of the
surfactant. The dependence of the surfactant concentration until the CMC value is accounted
by the equation (3. 1) as shown Figure 3. 3 (a). It should be noted that when the CMC value is
overcome, the surface tension should remain constant with any further increase in C.
However, according to Figure 3. 3 (a), this is not the case in the results obtained, and a
minimum in y — C curve is observed around C = 5mM, which may be explained by
considering that the APG that has been employed in this experimental work is not pure, but
rather a mixture of different molecules characterized by hydrocarbon chains of different
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lengths. As a consequence, when the concentration of surfactant increases, the most
hydrophobic molecules of APG (with a longer hydrocarbon chain) tend to preferentially adsorb
at the interface, and when the critical micellar concentration is reached, these molecules with
higher hydrophobic character begin to form micelles, desorbing from the interface, which will
be occupied by the less hydrophobic APG molecules (the ones with shorter hydrocarbon
chain), which are less surface active than the ones with longer chain. As a first approximation,
the value of the CMC can be estimated by determining the intersection point between the
Langmuir isotherm curve (red curve in Figure 3. 3 (a)) and the horizontal red line in Figure 3.
3 (a) (corresponding to the value of y = y,,). The obtained value of CMCis abouty = 1.7 mM,
which is in agreement with that reported in reference [6].

On the other hand, the I'(C) dependence obtained from the combination of equations (3.1)
and (3.2) shows the opposite trend to the surface tension curve, which the surface excess
increasing with surfactant concentration until reaching a plateau value, corresponding to the
saturation value of I,. By fitting the data with eq. (3. 1), a value of I, ~ 0.005 mol/m? is
obtained, which corresponds to a molecular area of A =~ 3.22 - 10722 m?, which is also in
agreement with the value reported in reference [6].

3.3.2. Capillary wavelength and damping

For a capillary wave excited in a point of the interface (represented by the xy plane) defined
by the coordinate x=0, it is possible to define its spatial profile in terms of a damped cosine
according to the following expression (see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)),

2T

u, = ule F* cos (Tx + (p), (3.4)

where u? is the wave amplitude, and B, A and ¢ the damping coefficient, the characteristic
capillary wavelength and the phase lag, respectively.

The propagation parameters of surface capillary waves (A and f), as a function of the
frequency (v), are plotted in Figure 3. 4.
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Figure 3. 4. (a) Capillary wavelength (1) and (b) damping (8) of APG monolayers, as a function of the frequency (v), at different

APG concentration (0.02 mM, 0.1 mM, 5 mM).
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According to Figure 3. 4 (a), the wavelength, at fixed frequency, is directly related to the surface
tension of the samples. Therefore, it can be expected that the higher y the higher A. The results
show that independently of the concentration of the APG solutions, the capillary wavelength
decrease with the frequency. In addition, the values of A at fixed frequency decreases as the
surface tension decreases. This difference is very strong when comparing 5 mM APG solution
with those with the lowest concentration studied (0.02-0.1 mM). This can be understood
considering the big differences existing between the surface tension of the solution with the
lowest surfactant concentrations studied and those corresponding to the most concentrated
solution studied. On the other hand, the frequency dependence of the capillary wavelength
aligns with Kelvin’s law [17], previously discussed in Chapter Il (2.1.4. Electro-Capillary Waves
(ECW)):

W=

1= <2ﬂ) 273, (3.5)
p

with p being the density of the solution. Actually, equation (3. 5) is valid in pure liquids with
no surface adsorption, which is not the case of APG aqueous solutions, but, anyway, Kelvin’s
law still works to qualitatively predict the capillary wavelength of APG solutions. Kelvin’s law
can be generalized as a power law (1 = Av™"): by fitting A — v experimental data in Figure 3.
4 (a) with the latter equation, an exponent of n = 0.69, which is close to the value of 2/3
predicted by Kelvin’s law. The slight deviation between the predicted value and the
experimental value is understandable in view of the limitations of the Kelvin equation.

The damping coefficient follows the opposite trend with y: a decrease in surface tension,
which is in turn associated with an increment in surface excess concentration, results in higher
damping coefficient, according to what can be expected from a Stokes-like law [17] (see
Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)):

_ 8nmv (3. 6)

ﬁ3y

being 71 the bulk shear viscosity of the solution (being APG concentration very low, it can be
approximated with the value of water viscosity at 25 °C: it goes without saying that bulk shear
viscosity has no huge impact on the damping coefficient).

Similarly to Kelvin’s equation, Stokes-like equation can be generalized in the following power
law form: f = Av™. By fitting B — v experimental data in Figure 3. 4 (b) with the previous
equation, the value of n ranges between 0.66-0.68. Hence, the system, as expected does not
comply with the Stokes-like law, which can be interpreted as a sign of the presence of
viscoelasticity at the interface. In 5 mM APG solutions, the values of § at high frequency (> 500
Hz) deviate from the monotonical trend predicted by the power law: these anomalous values
are given by random experimental error affecting the measurements at high frequency, due to
the fact that the resolution of the set-up is not enough to sharply determine the profile of the
wave and obtain data with sufficient precision.
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3.3.3. High-frequency dilational rheology

In order to determine the dilational response of the monolayer from ECW experiments, the
dispersion equation (a relation between the characteristics parameter associated with the
propagation of the transversal waves: the frequency v, the wavelength A, and the damping
coefficient B) must be solved with respect to the complex dilational modulus E;(v) (see
Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)). Being w = 2mv the angular frequency, E; (v)
can be determined as follows:

—(nw(qg —m))’ .
_ o~ inw(q +m)
vq? + inw(q + m) — awz (3.7)
Eg(v) = Es(v) + iE;(v) = P
where q is the capillary complex wavevector, defined as,
21
= 3.8
q=——"1f (3.8)
and m is the capillary penetration depth (Re(m) > 0),
m= q2+iw% (3.9)

In Figure 3. 5 both the storage dilational modulus E and the loss dilational modulus E; are
plotted versus the frequency v.
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Figure 3. 5. Complex dilational interfacial modulus E; (v) = E;(v) + iE;(v) of APG solutions, as a function of the frequency
v: E; (a) and E; (b) of 0.02 mM APG solution; E; (c) and E; (d) of 0.1 mM APG solution; E (e) and E; (f) of 5 mM APG solution.
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In Figure 3. 5 (a) (storage modulus of 0.02 mM APG solutions), two different trends can be
observed: at lower frequencies, E; is constant with frequency, but when exceeding the
frequency of 400 Hz, E tend to oscillate. When the monolayer is deformed at low frequency,
the prevailing phenomenon is the adsorption-desorption process of the surfactant at the
interface (predicted by Lucassen-Van der Tempel model). However, as the frequency increases,
this phenomenon becomes less important because the surfactant molecules have less time to
adsorb and desorb from the interface. Therefore, at higher frequencies other phenomena
dominate the elastic recovery (like the intrinsic elasticity of APG monolayer), producing this
change in trend in interfacial elasticity. The change in the trend of E; may be also a
consequence of the experimental error associated to the calculation of Ej itself. Concerning
E;, it linearly varies with w. Being k;(w) = E;(w)/w the interfacial dilational viscosity, if E;
has a linear trend versus w, then k;(w) is constant and does not depend on frequency.

As well as 0.02 mM APG solution, also 0.1 mM APG sample is far below the CMC. The storage
modulus, at the same frequency, of 0.1 mM APG monolayers is slightly higher than the one of
0.02 mM solutions: this may be associated with the increase in the surface concentration of
surfactant, which leads to higher adsorption and desorption rates, since there is a greater
number of molecules to occupy the gaps in the interface. This corresponds to an increase in
the elasticity of the interface, which is able to accumulate a greater amount of elastic energy
when the interface is deformed. The observed maximum has a value of about 50 mN/m and
may be associated with the change in monolayer regime, previously observed in 0.02 mM APG
sample. However, the peak may be associated with the error in determining E: in fact, E; is
determined at a certain value of y, which is in turn subjected to experimental error. In 0.1 mM
APG solutions, the influence of the indeterminacy of y on the value of E is even more
pronounced than the case of 0.02 mM ones. This aspect will be discussed in further details in
the next few chapters of the thesis, by discussing the issue of the resonance condition (see
Chapterl, 2.1.4. Electro-Capillary Waves (ECW)). The imaginary part of the dilational modulus,
as observed in Figure 3. 5 (d), shows a peak around v = 400 Hz, which is the point where E
increase is more pronounced.

The interfacial elasticity of 5 mM APG solutions, compared with the two previous ones, is way
lower. This could be explained by the fact that the 5 mM samples are far beyond the CMC: in
this case, the concentration of free surfactant stays constant (hence, the surface tension)
independently on the applied area deformation. As a result, E is almost nil, and almost
constant with frequency (it oscillates between 0-3 mN/m). The same goes for E;: the
combination of the interface occupied by surfactant molecules together with the formation of
micelles produces an interface that can be deformed with low energy cost.

3.4. Conclusions
This chapter was aimed at studying the surface tension and the dilational interfacial rheology
(in 60 — 850 Hz frequency range) in of APG surfactant solutions.

Surface tension measurements revealed that in both dilute and semi-dilute regime, the
isotherm obeys the Gibbs-Langmuir equation. The local minimum observed in in y — C curve
suggests that the surfactant is not pure, but different molecules with diverse hydrocarbon
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chain length are present in the solution. Nevertheless, the critical micellar concentration was
estimated to be around ~1.7 mM.

The values of capillary length follow coherently the trend of surface tension, and Kelvin law is
qualitatively satisfied. The damping of capillary waves is not ruled by bulk viscosity, but rather
by the presence of surfactant molecules that occupy liquid/vapor interface.

The dilational surface modulus in 3 concentration regimes was studied: at C = 0.02 mM
(corresponding to the upper isotherm plateau), adsorption-desorption mechanism dominates
in relaxation dynamic. At C = 0.1 mM (nearby the inflection point of the isotherm), at low
frequency diffusional regime dominates, while at higher frequency the intrinsic elasticity of
the monolayer prevails. At C = 5 mM (above CMC), both storage and loss moduli are almost
null.

The presence of anomalous peaks in E; — v curves suggests that a deeper analysis of the
uncertainty of Es is required: in some cases, the uncertainty in determining the value of the
surface tension may have a huge impact on E; error bars: this aspect will be further discussed
in the next few chapters.

As explained in 3.1. Introduction subsection, APG is usually used in combination with another
surfactant/polymer. A future perspective of this work may be studying the interfacial
properties of APG-Chitosan solutions (especially the dilational interfacial rheology at high
frequency).
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Chapter IV: Interfacial Rheology of non-superspreading and

superspreading trisiloxanes surfactants®

4.1. Introduction

Superspreading is a phenomenon observed in certain chemical compounds that exhibit rapid
spreading when they come into contact with hydrophobic solid surfaces characterized by a low
surface energy. Moreover, in these compounds, commonly called supespreaders, the
molecules have the ability to significantly reduce the surface tension of the solution/air
interface, even at relatively low concentrations [1]. The most common case of superspreading
occurs in some trisiloxane surfactants. Aqueous droplets containing these surfactants can
spread quickly over hydrophobic surfaces [2,3].

Figure 4. 1 depicts a comparison of the wetted areas on a polypropylene (PP) film by droplets
of 50 pL of water, a non-superspreader trisiloxane surfactant at a concentration of 0.1%v/v,
and a superspreader trisiloxane surfactant at the same concentration, all observed within 1
minute. The figure clearly illustrates the remarkable spreading capability of the superspreader
trisiloxane, evident from the significantly larger diameter of the wetted region (70 mm). In
contrast, the droplets of non-superspreader surfactant and water exhibit noticeably smaller
wetted areas under the same conditions. In fact, the diameter of the wetted area in the case
of the non-superspreader surfactant is more than 4-fold lower than in the case of the
superspreader one (15 mm vs. 70 mm). This highlights the distinctive effectiveness of
superspreader trisiloxane surfactants in facilitating rapid and extensive coverage of
hydrophobic surfaces [4].

—

Figure 4. 1. Photos taken 1 min after placing a 50 pL droplet onto a PP film: (A) water; (B) non-superspreading trisiloxane
surfactant; (C) superspreading trisiloxane surfactant. Adapted from Venzmer [3].

$ Part of the experimental work in this chapter (spreading and drop impact experiments) were carried out at TU
Darmstadt (Germany), in collaboration with Séforah Carolina Marques Silva (TU Darmstadt, Germany), Tatiana
Gambaryan-Roisman (TU Darmstadt, Germany) and Joachim Venzmer (Evonik Operations GmbH).
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Trisiloxane surfactants, particularly superspreaders, are widely utilized across diverse
industries. For instance, in the agrochemical industry, they play a very important role in the
optimization of crop protection strategies. This is possible because they contribute to increase
the contact surface of agrochemical solutions on hydrophobic surfaces, such as plant leaves,
which enable a more effective adsorption and distribution of active ingredients. Trisiloxane
surfactants are also used in the formulation of paints and coatings, where they contribute to
improve coverage and prevent phenomena such as uneven drying or surface defects.
Additionally, in pharmaceutical formulations, trisiloxane are used to enhance the solubility and
bioavailability of drugs [5].

The typical chemical formula of trisiloxane surfactants can be expressed as “M-(D-E,Pm-OH)-
M”, where “M” represents trimethylsiloxy group “(CHs)3SiO1/2-", the term “D” stands for “—
01/2Si(CH3)(EnPm)01/2-", “En” represents the poly-ethylene oxide group “—(CH>—CH,—0)—“, and
Pm stands for poly-propylene oxide “—(CH,—CH(CH3s)—O)m—" [3]. In this chapter, two different
trisiloxane surfactants were studied. The former a superspreader one “M(D'EsP3OH)M”, which
is commercially available as BREAK-THRU® S240, and a non-superspreader counterpart
“M(D’E10P20H)M”, commercially available as BREAK-THRU® S233 [2]. Different studies dealing
with the spreading of S233 and S240 surfactants have been published by several authors.
Bertola [5] studied the wetting behavior and the spreading ratio of S233 and S240 on three
different flat substrates (parafilm, acrylic glass and polycarbonate). They found that the
superspreader surfactant exhibited an intermittent spreading rate accompanied by peculiar
features of the contact line. These were not observed for the non-superspreader surfactant.
Moreover, they demonstrated that superspreading was enhanced as the surface energy of the
substrate diminished. Tafireyi et al. [6]. studied contact angle and droplet radius dynamics of
S240 over porous and non-porous polyvinylidene fluoride substrates, as well as the
penetration into the porous substrates. Their results showed that superspreading occurs
independently of the porosity of the substrates.

Ananthapadmanabhan et al. [7] claimed that a water soluble trisiloxane surfactant can only
behaves as a superspreader when it fulfill four conditions: (i) it reduces liquid/air surface
tension to low values; (ii) it presents a high affinity with the substrate; (iii) its adsorption
kinetic, both at liquid/air and liquid/solid interface, occurs quickly, and (iv) the trisiloxane
group geometry leads to a favorable molecular orientation at the spreading edge. Also air
relative humidity has an impact on the occurrence of superspreading, since no superspreading
can be observed in a dry atmosphere. This suggests that the interplay between evaporation
and condensation near the contact line may play a role in superspreading phenomenon,
affecting the adsorption of surfactant molecules at the contact line [6].

Superspreading is thermodynamically favored if total wetting occurs, which means that the
spreading coefficient is positive [3],

S=Ysv =Y — Vs >0, (4.1)

where y;y is the liquid-vapor surface tension, yg; the liquid-solid surface tension, and y5; the
solid-vapor surface tension. Solutions of superspreading and non-superspreading trisiloxanes
both have y;,, = 22 mN/m, while typically ygy = 30 mN/m when hydrophobic substrates,
such as polyolefins, e.g., PE or PP, are considered. Thus, to have superspreading, y5; must be
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very low [4]. The spreading coefficient can only remain positive as long as the surfactant’s
adsorption rate at the three-phase contact line exceeds the dilution due to the area expansion
[3].

Previous works [3,4] state that a plausible explanation of superspreading phenomenon resides
in the different phase behavior between a superspreader and a non-superspreader. In
particular, the superspreading is considered as a consequence of the ability of the
superspreader surfactant to form bilayer structure directly attached to the liquid-vapor
interface (Figure 4. 2). This type of structures can undergo unzipping process, and therefore
they provide a continuous supply of surfactant molecules. This allows to ensure that the solid-
liquid surface tension yg; always remains low enough to guarantee a positive spreading
coefficient all along the spreading process, guaranteeing the occurrence of superspreading.
On the other hand, non-superspreader surfactants tend to form micellar structures, and
surfactant supply at the contact line is not as effective and fast as the one provided by the
bilayer structure formed by the superspreader. There are several studies proving that there is
a correlation between the capability of trisiloxane surfactants to form a flat bilayer aggregates
and the adsorption of surfactant at liquid-solid interface [8]. This is related to their capability
to minimize yg; [4]. On the other hand, non-superspreader surfactants tend to form micelles,
which get adsorbed at liquid-solid interface as hemispherical aggregates [9]. The adsorption of
this type of aggregates is not as effective as the formation of bilayer aggregates in minimizing
Ys.- By observing the stability of foam films and determining the disjoining pressure of
superspreader and non-superspreader trisiloxane surfactants was found that the gravitational
drainage of foam films constituted by non-superspreader surfactants (more hydrophilic) is
relatively fast (and it shows a diffractive ordered pattern), whereas that of films made of
superspreader surfactants shows significant disjoining pressures, more stability with time, and
surface activity in the interferometric pattern. This was attributed to the presence of long
hanging bilayers attached to the air/water interface [4,10]. These bilayer protrusions were
assumed to be in the same size range as the objects observed within the air/water interface
of superspreaders by Brewster Angle Microscopy [11,12].
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Figure 4. 2. Phase behavior of (A) a non-superspreading surfactant forming micelles and (B) a superspreading surfactant
forming an unzippering bilayer. Adapted from Venzmer [4].
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Superspreading (and normal spreading) also depends on relative humidity (hence, on
evaporation rate). In common laboratory humidity conditions (around 50% relative humidity),
final spreading area of liquid drops with 0.1%v/v superspreader surfactants is bigger than the
spreading area observed for a solution with a concentration of 0.25%v/v of a non-
superspreader surfactant. On the other hand, at 100% relative humidity, the final area is
proportional to the amount of surfactant in the droplet. In absence of significant evaporation,
i.e., at 100% relative humidity, the final state of superspreading is a thin “water-pancake” with
one surfactant monolayer at the air/water, and one at the substrate/water interface [4,13].
Spreading kinetics, in the first few seconds of the spreading process, is almost independent on
relative humidity and on surfactant concentration (see Figure 4. 3).
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Figure 4. 3. Spreading kinetics of “M(D’E7.50Me)M” (10 uL on polypropylene film) at different concentrations (0.1 and
0.25%v/v) and relative humidities (50 and 100% rH) [4,14].

The first step of this chapter is the study of the interfacial properties of BREAK-THRU® S240
(superspreader) and BREAK-THRU® S233 (non-superspreader) aqueous solutions at the water-
air interface. This includes the evaluation of the equilibrium surface tension and the dilational
interfacial rheology of the formed films. It is expected that this information can help on the
understanding of the first stages of the spreading process. Dilational interfacial rheology is not
expected to have an influence on superspreading, because, at the concentrations at which
usually superspreading is observed (> 0.1%), surface tension isotherm already reached a
plateau [2], hence Gibbs elasticity is supposed to be zero (this hypothesis will be double
checked in the Section 4.3. Results and discussion). Nevertheless, it may have an influence in
the kinetics of spreading. In this experimental work, dilational surface rheology was
characterized in the frequency range 60-500 Hz by using Electro-Capillary Waves
measurements (ECW) technique (see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)). In
addition, drop impact oscillation dynamics of BREAK-THRU® S240 and S233 sessile drops (at
different surfactant concentration in water) on PET substrates will be also analyzed. This
phenomenon was studied in previously studied in the literature for other systems [15,16]. In
this chapter, the spreading process (i.e., the increase in radius R(t) of the sessile drop) and the
oscillation of the apex of the drop (point “P”, Figure 4. 4) will be analyzed.
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Figure 4. 4. Geometry of a sessile oscillating drop.

The height of an oscillating sessile drop as a function of time h(t) can be expressed according
to the following formula [15],

h(t) = hy + Ahe Prtcos(wpt + @p), (4.2)

where wy, is the angular frequency of the oscillation around the central value hy, ¢y, is the
phase, Ah is the oscillation amplitude. The damping coefficient 8, can be related to w; by
means of the following relationship,

K (4.3)

2
= — — Wy,
Bn m h
where k is the characteristic spring constant of the system, and m is the mass of the drop.
When the effect of gravity is negligible, the capillary frequency of an oscillating sessile drop
can be expressed according to the following equation [16],

o. [7 (4.4)

VC=§_ Ei

where y is the equilibrium surface tension, R, is the equilibrium radius, and p is the density of
the drop fluid. If gravity/inertia effect are negligible, w; = w,. The effect of surfactant
concentration and type (comparing a superspreader and a non-superspreader surfactants) on
the properties of oscillating sessile drops will be investigated, as well as the effect of the
advancing three-phases contact line. This study aims at finding a relationship between the
oscillation parameters of sessile drops (i.e., B, and v;) and the damping coefficient and the
frequency of capillary waves (measured by means of ECW technique). The idea is to
understand whether capillary forces prevail on gravitational/inertia ones or vice versa.

4.2. Materials and methods

4.2.1. Chemicals

Two nonionic trisiloxane surfactants were employed. The first one was the superspreader
BREAK-THRU® S240, (“M(D'EsPsOH)M”, Mw: 730g/mol), and second was the non-
superspreader BREAK-THRU® S233 (“M(D’E10P20H)M”, Mw: 850 g/mol), both gifted by Evonik
Operations GmbH. All solutions used to perform drop impact and spreading experiments were
freshly prepared by dilution of a stock solution of each surfactant in Milli-Q grade water,
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shaken by hand and placed in an ultrasonic bath for 10 min. The required quantities of the
surfactant were weighted by means of an analytical balance (precision £0.1 mg).

A transparent polyethylene terephthalate (PET) foil, provided by Evonik Operations GmbH, was
used to perform spreading experiments. The foil was cut in smaller pieces, and washed with
isopropanol and Milli-Q grade water before its use as surface for spreading experiments. In
order to assess substrate homogeneity, the contact angle of water was measured in different
points, and estimated to be about 80°.

4.2.2. Experimental methods

The interfacial tension of the air/solution interface was measured by means of a surface force
tensiometer (model K10T Digital Tensiometer, KRUSS GmbH, Hamburg, Germany), fitted with
a platinum Wilhelmy plate contact probe of 40.5 mm of perimeter. Each experimental data
point was obtained as an average of at least 3 measurements, which were carried out until
adsorption equilibrium was reached (i.e., a constant surface tension in time, during at least 10
minutes). Temperature was kept constant at 23.0 °C (with an accuracy of £0.1 °C), by means of
a thermostatic bath.

Dilational interfacial rheology measurements at high frequency (in the range of 60-500 Hz)
were performed by using a homemade Electro-Capillary Wave (ECW) device, described
elsewhere [17-22] (see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW), for detailed
description). Experiments were done at 23 °C (the temperature of the Langmuir Trough was
maintained constant by means of a thermostatic bath).

In order to record drop profile evolution in time, a homemade set-up, developed by TU
Darmstadt (Darmstadt, Germany) was used [23,24]. The device includes a high-speed camera
(Mikrotron MotionBLITZ Cube 4, SVS-Vistek Gmbh, Gilching, Germany) with telecentric optics.
This allows recording side view images of the drop, with a frame rate of 1000 Hz (1 captured
frame per millisecond). The PET substrate was placed in a chamber, and solution was
dispensed by means of a micropipette, with the tip of the pipette placed close to the substrate
(at about 1-2 mm). Experiments were done at room temperature, and at ambient relative
humidity (about 50%). In order to improve the contrast (therefore, the sharpness of drop
profile) a side light was placed in front of the camera. Drop image profiles were analyzed by
means of a Matlab code developed by TU Darmstadt (Darmstadt, Germany), that allows
obtaining drop radius, contact angle, height of the apex and drop volume.

4.3. Results and discussion

4.3.1. Interfacial tension

The first step of this chapter is focused on the evaluation of the ability to adsorb at the air-
water solution of the two surfactants studied: S233 (non-superspreader surfactant) and S240
(superspreader surfactant). For this purpose, equilibrium surface tension measurements have
been performed for solutions with different concentrations. According to reference [2],
adsorption kinetics of S233 and S240 is very fast at the higher concentrations. In fact, at C >
5.93 - 1073 mM, adsorption time is always less than 30 min, and even adsorption can occur
within few seconds at the highest concentrations. In this work, measurements were performed
waiting at least half an hour for samples with C > 5.93 - 1073 mM. Thus, it was ensured that
the adsorption and thermal equilibriums were achieved. On the other hand, for solutions with
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concentrations in the range 1.19-10"3mM —5.93-10"3mM, surface tension
measurements were performed after 1 hour. The measurement time was enlarged until 2.5-3
hours for solutions with concentrations in the range 5.93 - 10~* mM — 1.19- 1073 mM, and
until 4 hours for solutions with C < 5.93 - 10~* mM. In all the cases, the achievement of the
equilibrium was verified by the absence of surface tension variations higher than 0.1 mN/m
during at least 10 minutes. Surface tension measurements were carried out in conjunction
with capillary wavelength measurements (see 4.3.2. Capillary Wavelength and Damping
subsection), in order to double check if the equilibrium adsorption was reached (in this case,
capillary wavelength should be constant with time).

Figure 4. 5 shows the surface tension isotherms of both S233 and S240 are plotted, as a
function of the surfactant bulk concentration. In both cases, the surface tension decreases
from a value close to the corresponding to the pristine air-water interface (~72 mN/m) to
values slightly above to 20 mN/m as the surfactant concentration increases. The comparison
of the isotherms corresponding to both surfactants shows that as expected, the higher
hydrophobicity of S240 in relation to $233 leads to prior decrease in the surface tension,
reaching the minimum value of the surface tension, corresponding to the critical aggregation
concentration (CAC) in the case of S240 for lower concentration that those corresponding to
the critical micellar concentration (CMC) of S230. It should be noted that the different
definition of the threshold concentration for the formation of supramolecular aggregates in
the surfactants considered is due to the differences on the aggregation pattern that they
experiment according to the literature [2,4]. It is worth to mention that in the case of the S233
isotherm, the results obtained present a good agreement with those reported in reference [2].
However, this is not the case of the surface tension variation obtained for S240. The results
obtained in this chapter for this surfactant, especially those corresponding to the lowest
concentrations, appear shifted towards lower values of the concentration in relation to those
reported in reference [2]. This apparent discrepancy can be understood considering the
different techniques used in both studies. Here, the surface tension isotherm was evaluated
by using the Wilhelmy plate method, whereas in the study reported in reference [2], the data
were obtained by using a Pendant Drop Tensiometer. These techniques present different
surface/volume ratio, which can lead to a depletion phenomenon [25,26]. In fact, in the case of
pendant drop tensiometer, the surface/volume ratio is relatively high and the adsorption of
the surfactant at the interface can lead to an effective change in the bulk concentration. This
leads to a situation in which the adsorbing solution behaves similarly to a solution with lower
concentration. This scenario does not apply when techniques such as Wilhelmy plate
tensiometer or bubble shape tensiometer are used. In these techniques, the surface/volume
ratio is relatively small, and therefore the role of the depletion is almost negligible.
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Figure 4. 5. Interfacial tension y as a function of bulk concentration C, at 23 °C, for Gibbs monolayers of $233 (non-
superspreader) and $240 (superspreader) at the liquid/vapor interface.

4.3.2. Capillary Wavelength and Damping
Figure 4. 6 show the plots corresponding to the capillary wavelengths (1) and damping
coefficients (f) as a function of the frequency v, of both S233 and S240 (at different surfactant
concentrations, collected by means of the ECW technique. These data were obtained by
obtaining, point by point, the spatial profile of the capillary waves that were fitted according
to the following equation that defines the spatial profile of the capillary wave (see Chapter Il,
2.1.4. Electro-Capillary Waves (ECW)):

u,(x) = ule F*cos (ZTHx + (p), (4.5)
where u? is the wave amplitude at x = 0, and ¢ is the phase lag. f and A are the damping
coefficient and the characteristic wavelength of the capillary wave, respectively.
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Figure 4. 6. Capillary wavelength (1) and damping coefficient (f) of S240 (respectively, (a) and (c)) and S233 (respectively, (b)
and (d)) as a function of the frequency v, at different molar concentrations.

The capillary wavelength results reported in Figure 4. 6 (a-b) align with the surface tension
data plotted in Figure 4. 5. In fact, as expected, A (at fixed v) tends to decrease with surfactant
concentration, and the values obtained with S240 seem to be slightly lower than those
measured with S233, at the same value of C. This can be understood by considering that for a
fixed surfactant concentration, the surface tension for $240 is lower than that corresponding
to S233, and therefore the capillary wavelength also assumes lower values. Defining w = 2nv
and k = 277{, the values of A versus v plotted in Figure 4. 6 (a-b) can be defined in terms of the

following scaling-law,

A=Sv". (4.6)
1

IfS = (2%)5 (where p is the density of the solution, which can be assumed similar to that of

the water) and n = %, equation (4. 6) returns the Kelvin law (see Chapter Il, 2.1.4. Electro-
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Capillary Waves (ECW)) [27]. The obtained results (see Figure 4. 6 (a-b)) agrees well with the
prediction of the Kelvin law, even though this considers pure liquids, with n assuming a value
around 0.68. The values of S depends on concentration, and therefore, on the surface tension.

3
The values of y obtained by the values of S (y = 52—1’:) coming from the fitting of the data in

Figure 4. 6 (a-b) with eq. (4. 6) are plotted in Figure 4. 7, and they are not strictly the same as
the ones reported in Figure 4. 5, but they follow the same qualitative trend with respect to the
surfactant molar concentration (Figure 4. 5). The deviation between the experimental and
calculated values can be ascribed to the fact that Kelvin law is obtained for pure liquid
interfaces at high values of the capillary number, and the slight change of the real density of
the solution in relation to that corresponding to the water with the surfactant concentration.
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Figure 4. 7. 5240 (a) and S233 (b) surface tension experimental data obtained by the tensiometer (replotted from Figure 4. 5)

3
and determined by means of Kelvin law (y = S'Z—Tf).

Concerning to the damping coefficient (Figure 4. 6 (c-d)), no big differences were observed
between the values corresponding to S233 and S240. In this case, the bulk viscosity of the
solutions of both surfactants are relatively similar. Moreover, in the concentration range
analyzed, bulk viscosity is close to the one of pure water. Conversely, in both surfactants,
increases with surfactant concentration, due to the increase in the surface excess
concentration. It should be noted that at C < 5.93 - 10~3 mM, the change of the damping
coefficient can be considered almost negligible, but as the concentration increases, damping
coefficient slightly increases (at fixed v). As expected, 8 increases with v, but, the trend, does

not comply with a Stokes-like law that defines § = gg w (see Chapter I, 2.1.4. Electro-Capillary

Waves (ECW)) [27]. Nevertheless, the frequency dependence of the damping coefficient can

be described by using a modified Stokes-like equation,

B =Pw™.

(4.7)

The modified Stokes equation gives n values in the range 0.68-0.78, depending on the
surfactant considered and the solution concentration. In fact, the increase in the surfactant
concentration leads to an increase in n. It should be noted that the discrepancies between the

126



experimental results and the predictions provided by the Stokes law may be ascribed to the
viscoelastic character of the surfactant layers.

4.3.3. ECW Dilational Interfacial Modulus

Based on the data of f and A as a function of v plotted in Figure 4. 6, and the data of y reported
in Figure 4. 5, the dilational interfacial modulus E;"(v) can computed by means of the
dispersion equation (previously derived in Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)),

_ _ 2 4.8
(n(q = m)) — inw(q +m) e

yq? + inw(qg + m) — 'ng

ES*(V) = Es(v) + iwks(v) = 72
where p and 1 are, respectively, the density and the viscosity of each surfactant solution, which
can be assumed those corresponding to the water at 23°C [28]. g is the complex wavevector,
defined as,

_2m . (4.9)
q_/1 lﬁ;

and m is the capillary penetration depth (Re(m) > 0):

(4. 10)
_ 2 . p
m= [qg*°+iw E

The results of E;(v) (dilational interfacial elastic modulus) and k¢(v) (dilational interfacial
viscosity), for both S233 and S240 surfactant, are shown in Figure 4. 9. Electrocapillary wave
experiments provides information on the elastic and viscous component of the dilational
modulus in the frequency range 60-500 Hz. It should be noted that the electrocapillary wave
experiments can be performed, even beyond the threshold frequency of 500 Hz. However, no
reliable dilational rheology data can be obtained above such threshold due to the strong
damping of the capillary waves. This leads to a very fast decay of the spatial profile, which is
masked by the noise. This is particularly evident when concentrated surfactant solutions are
considered.

The analysis of the dilational rheology data obtained from the analysis of the electrocapillary
wave experiments show that whereas the elastic component of the elastic modulus shows
measurable values in all the cases, the dilational viscosity can be considered almost negligible,
and even under some conditions negative values are obtained. This, a priori, physical unsound
results can be considered as a result of the limited precision of the techniques to determine
such small values under specific conditions, which can be associated with the fact that under
the tested conditions, the systems are far away from the resonance condition, i.e., capillary
modes and dilational modes are not coupled (see Chapter Il, 2.1.4. Electro-Capillary Waves

(ECW)). The resonance condition, according to references [27,29] is fulfilled when (@) =
R

(Q(V)ﬂz

Yp

. E . .
of the ratio 75, showing that only the results corresponding to the lowest probed

1/
) ~ 0.10 — 0.15.Figure 4. 8 shows for both surfactants, the frequency dependence
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concentrations, i.e., C = 1.19 - 10* mM and C = 5.93 mM - 10™* at the lowest frequencies
are close to the resonance condition. In samples with higher concentrations, i.e., lower surface

tension), S}(/V) is above the resonance limit, reaching in the worst situations values in the range
0.4-0.6. This introduces an important uncertainty in the determination of the viscoelastic

. E . .
parameters. As a matter of fact, higher values of the % ratio means that E¢(v). is more

sensitive to the uncertainty of y, and therefore a small variation of y leads to a huge variation
of E;(v). As a consequence, also the uncertainty in ky(v) is huge, which may lead to negative
values of kg(v), especially if the interface is not particularly viscous (as observed in both $233
and S240).
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Figure 4. 8. % ratio, as a function of v, for S240 (a) and $233 (b) surfactants, at different C.

Considering the challenge related to the determination of the viscoelastic parameters, and in
particular the dilational viscosity, the following discussion will be focused on the analysis of
the elastic modulus. The results show that in both surfactant the elasticity modulus increase
with the concentration, and then decrease again. In fact, within the concentration studies, for
both S233 and $240, a maximum of E(v) is observed at C = 5.93 1073 mM. This is
reasonable considering the shape of the surface isotherms of both surfactants. Moreover, the
different concentration dependence of the surface tension in both surfactant is also reflected
in differences on the dilational modulus. In fact, considering that the concentration
dependence of the surface tension is weaker for S233, the difference between the values of
E;(v) at different concentrations is less pronounced than the one observed than for S240. On
the other hand, for $240, E;(v) at C = 5.93-1073mM and at C = 5.93-10~* mM clearly
stand out especially at the highest frequencies probes, while E;(v) values for the rest of
concentrations remain very similar one to each other and, simultaneously, they are relatively
low. This can be understood considering the region of the surface isotherm to which they
belong. In fact, the lowest concentration tested (C = 1.19 - 10~* mM) correspond to the
pseudo-plateau appearing at high surface tension values in the isotherm, and the two highest
concentrations are in the plateau of low surfactant tension appearing when C>CAC. Similar
discussion can be applied to the results obtained for $233.
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Figure 4. 9. Dilational interfacial elasticity E;(v) and viscosity ks (v) of S233 (respectively, (a) and (b)) and S240 (respectively,
(c) and (d)). The symbols correspond to the experimental data and the lines represent the best fit curves to equation 4.11.

The color code is the same for experimental data and fitted curves.

Analyzing the frequency dependence of the elastic modulus, it is observed that the for the
highest and lowest concentrations probed, there is no dependence of the elastic modulus on
the frequency and the elastic modulus remains almost constant with the frequency, which is
reasonable considering the above discussion in which the elastic modulus was related to the
surface tension isotherm. On the other hand, for intermediate concentrations a relaxation
process is observed for both S233 and S240. The observed relaxation process, considering the
frequency range probed, may be related to a reorganization occurring within the interface that

can be described according to the following equation

E =E.(v) +i2nvk,(v) = E, + (E; — E)
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where E, and E; are the Gibbs and the high frequency limit elasticities, and y = Vl/v with v;
representing the frequency of the relaxation process. Table 4. 1 summarizes the limit
elasticities values

and the relaxation frequencies obtained from the analysis of the experimental data with the
above model. Notice that the absence of a true relaxation for the lowest and the highest
concentrations probed makes impossible the use of the above model for the description of the
experimental data.

Table 4. 1. Summary of the best fit parameters for the dilational elastic modulus of S240 and S233 using equation 4.11.

S240 S233
10%-C/mM
Ey (mN/m) E;(mN/m) | v;(Hz) | Ey(mN/m) | E; (mN/m) v, (Hz)

0.0119
0.0593 7.440.4 26+11 6264261 6.310.7 2613 508+35
0.593 4.1+0.4 2743 256+40 6.2+0.6 2515 40964

5.93 142 1241 104+38

59.3

The dependences of the Gibss and high frequency limit elasticities with concentration agree
with the above discussion for the concentration dependences of the measured elasticity. In
the case of the characteristic frequency of the relaxation process, a decrease of its value is
found as the concentration increases. This can be rationalized by considering that the increase
of the surface excess hinders the reorganization of the surfactant molecules at the interface,
and therefore the characteristic time of the relaxation process increases with concentrations.
It should be noted that the dilational responses of S233 and S240 do not show any significant
difference.

4.3.4. Drop Equilibration upon deposition on a solid surface

The deposition of a droplet on the surface of a flat substrate follows an equilibration process
in which its shape varies until reaching the equilibrium conformation. This process is coupled
with the initial stages of the spreading process. The study of the equilibration of a drop
deposited on a solid surface can be done in terms of the time evolution of the height of the
apex of the deposited drop. It should be note that under the conditions studied, the drop
deform as a result of the impact, but its breaking is avoided as a result of the attachment to
the solid surface during the whole process, i.e., the drop is directly deposited on the surface
of the substrate [30,31].
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Figure 4. 10 shows the time evolution of the height h(t) of the apex of the sessile drop.

—a— Experimental
— Fitting

0,9

0,84

04

t(s) |

Figure 4. 10. h(t) of a spreading sessile drop: experimental data (black squares) and fitting with eq. (4. 12) (red solid line).

After an initial damped oscillation occurring at constant angular frequency wy, and with a
certain damping coefficient 5, as shown in equation (4. 2)), smoothly decays in time at
constant decay rate a. a is somehow related to spreading. In fact, the faster the drop spreads
on the substrate the higher a. Considering the presence of spreading during the equilibration
of the droplet, the equation (4. 2) must include the correction due to the decay of the baseline,

h(t) = hoe~% + Ahe Prtcos(wpt + @p) (4.12)
where hy, is the initial value of drop apex height, and Ah is the amplitude of the oscillation
around the baseline hye ~%t. The experimental data of the height of the drop can be fitted with
equation (4. 12), in order to obtain all of the parameters (v, = ;’—;, Br, a). The values of vy, By,

a obtained from the fitting of the experimental decay profiles are plotted versus surfactant
concentration (5233 and S240) in Figure 4. 11. As will be shown in the next paragraphs, there
are several analogies between the capillary wave data of Figure 4. 6 and the spreading data
discussed in this subsection.
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Figure 4. 11. Decay rate «a (a), frequency vy, (b), temporal damping coefficient 3}, (c), as a function of surfactant concentration
(5233 and S240). (d) vy, versus 8 of both S233 and S240 surfactant.

The decay rate « is faster as the surfactant concentration increases. This is especially important
for the case of S240 surfactant, which present a 4-fold faster reduction of the height of the
droplet apex than S233 at the highest surfactant concentration (C = 1.37 mM or 0.1 %v/v of
$240). This can be ascribed to the possible occurrence of superspreading in S240. On the other
hand, in $233 surfactant, the increase in the concentration does not lead to any significant
change in a. It should be noted that the dependence of a on the surfactant concentration
gualitatively resembles to the one observed in Figure 4. 17 (b) where the spreading rate V
versus surfactant concentration is displayed. This can be understood by considering that the
spreading process is concurrent with the height reduction.

The frequency of drop apex oscillation (v;), at different surfactant concentration (5233 and
S240) is plotted in Figure 4. 11 (b), showing that an increase in Cis associated to a decrease in

132




Frequency (Hz)

v,,. However, when both surfactants are compared, no huge difference between S233 and
S240 were found. On the other hand, the data align with equation (4. 4) which defines the
capillary frequency v.. Thus, the lower the surface tension and the higher the ¢ the smaller
the oscillation frequency. Anyway, as shown in Figure 4. 12, v,as a function of y, assumes

values that are different to those predicted by eq. (4. 4) for a capillary wave.
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Figure 4. 12. v, and v, , versus ¥, of S240 (a) and S233 (b) surfactant. The values of y were taken from Figure 4. 5, at the same
values of C plotted in Figure 4. 11.

The divergence between v, and v, may be due to the fact that equation (4. 4) does not
consider any spreading phenomenon. In fact, this equation includes the parameter R, which
accounts for the radius of an equilibrium droplet when spreading process has already finished
and radius does not change in time. On the other hand, since the oscillation of the drop mostly
occurs at the beginning of the spreading process, v, was determined by considering an average
value of the initial radius R (see 4.3.5. Spreading experiments and contact angle subsection).
Furthermore, does not consider neither surface tension variation due to drop spreading, nor
the effect of surfactant adsorption at both liquid/air and liquid/solid interface. Another issue
that needs to be discussed is the fact that the capillary frequency v, was determined under
the assumption that drop oscillation is mainly ruled by capillary force, which is a reasonable
hypothesis, since there is experimental correlation between the values of ¥ and v;,. Anyway,
this is not enough to prove that the impact of gravity and inertia on the restoring force is
negligible, and therefore from the experiments it is not possible to assume that the drop
equilibration occurs only mediated by capillary forces.

The capillary wavelength limit (below which gravity effect is negligible) is given by the following
equation (see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)) [32],

¥ (4.13)

9(p1 — p2)
where p; and p, are, respectively, the densities of surfactant solution and air, and g is earth
gravitational acceleration. Depending on the value of ¥, A(¢y usually ranges between 0.9 cm

A(C) =2n

and 1.6 cm. A larger drop radius means that the wavelength of motion in the droplet is longer
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[33]. In an initial approach, it is possible to estimate the drop oscillation wavelength may be
given by the initial length of drop profile (when R(t) = Ry, and h(t) = hy), which can be
calculated by the following elementary geometrical formula:

Roa (4.14)
sin (%)'
0

. . ho\ .
where r = .R—(%) is the curvature radius of the drop, and a = 4 atan (R—) is the angle that
sin 0

Ade =ra =

subtends the arch of length A; (Figure 4. 13). Considering that Ry = 1.2 — 2 mm and hy =
0.6 — 1 mm, A; was estimated to be around 3.5 - 4 mm, which is far below the capillary limit
wavelength estimated using equation (4. 13).

Figure 4. 13. Geometry of the circular cross section of the drop: the angle a subtends the circular arch, and r represents the
curvature radius of the drop.

An equivalent capillary wavelength can be also estimated by Kelvin equation (4. 6) where the
parameters S and n can be obtained by fitting the data in Figure 4. 6 (a) and (c) with equation
(4. 6) and replacing the data of v, in Figure 4. 11 (b):

2S\/" (4. 15)
n=(57)
Wp

The data of 4, for both S233 and S240, as a function of surfactant concentration, are plotted
in Figure 4. 14.

134



—=— S240 (Superspreader)

0.347 —e— 5233 (Non-Superspreader)

0,32

0,30

A (cm)

0,28

0,26

0,24 +——rrrr —rrry .
10°% 1072 10 10°

C (mM)

Figure 4. 14. A;, of both S233 and S240 as a function of C.

Apparently, 1, does not seem to be affected by surfactant concentration and type, it seems to
be constant (within the error bar). The wavelength is just affected by droplet geometry (radius
and height), which, at the beginning of the spreading process, i.e., when the oscillation mostly
occurs, does not depend on surfactant concentration. Also, the values of A, are below the
capillary wavelength limit (4.), which seems to confirm the hypothesis that capillarity
prevails on gravity in drop oscillation. Nevertheless, the value of wavelength predicted by
geometric considerations (A;) are lower than ;. This absence of mismatch may be due to the
fact that there is another component, probably the inertia due to drop impact, that may play
a key role in drop oscillation. In order to assess the importance of inertia, an additional study
should be done, in order to determine drop impact velocity.

The damping coefficient [, as shown in Figure 4. 11 (c), increases with surfactant
concentration, independently of the surfactant considered. Moreover, the two surfactants
(S233 and S240), present similar values of [, within the experimental error bars. This
behavior is similar to that observed in Figure 4. 6 (c) and (d) for the damping coefficient
measured by ECW technique. However, it is worth to recall that S, is a temporal damping,
whereas f§ defines a spatial-damping, and therefore, to performs a homogenous comparison,
Br must be converted to an equivalent spatial-damping coefficient S, which can be defined
as,

Br(vp) (4. 16)
V;;(Vh)'

where V; (vy) is the group velocity determined at frequency vy, which can be obtained by
fitting the wavelength data plotted in Figure 4. 6 (a) and (b) with equation (4. 6), and
computing the derivative with respect to the wavevector k,

d
Vo) = == = Ak,

.Beq (Vh) =

(4.17)
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Where k(v;) can be obtained by solving equation (4. 6) with respect to k, and setting w =
2mvy,. Figure 4. 15 shows a comparison between the damping coefficient  determined by
ECW and ., determined by equation (4. 16) as a function of the surfactant concentration.
Both coefficients are computed at the value of v, associated with a specific value of surfactant
concentration (see Figure 4. 11 (b)). It is worth noting that there are no data of ECW damping
coefficient at the set of frequencies v}, plotted in Figure 4. 11 (b), but the values of B(v};,) can
be easily obtained by fitting the data in Figure 4. 6 (b) and (d) with equation (4. 7), and
calculating the corresponding values of § atv = v,,.

(a) (b)
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—
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Figure 4. 15. Damping coefficient (v}), determined by ECW, and S, (vy) determined by means of equation (4. 16), versus
surfactant concentration C, of both 5240 (a) and S233 (b).

As expected, the damping coefficient S(v,) obtained by the data of ECW increases with
surfactant concentration which aligns to that what was shown in Figure 4. 6 (b) and (d)).
Analogously, B.q(vp) also increases with c. As expected, no huge difference were observed
between the values obtained for the two surfactants. In general, the damping coefficient
obtained from ECW data are 2-fold higher than those obtained from the drop experiments,
and the differences are reduced as the surfactant concentration. It should be recall that the
comparison between the values of damping at different concentrations cannot be done at the
same value of frequency, because the frequency itself depends on concentration, and the
damping coefficients, either B or .4, tends to increase by increasing the surfactant
concentration, but it is also true that the frequency of oscillation of the drop (v;,) decreases by
increasing concentration, which must be considered. Thus, whereas ECW damping (/)
increases with frequency, the damping of the drop oscillation (B.4) has an opposite trend (it
decreases with frequency). In fact, according to Figure 4. 11 (d) the temporal damping S;, is
inversely related to v, which aligns with the predictions of equation (4. 3). Nevertheless, the
plots in Figure 4. 11 (d) do not fit with equation (4. 3), due to the fact that the values of 8, and
v, were not determined at the same value of concentration, and the value of the spring
constant k may depend on C (possibly, it may be affected by surface elasticity and viscosity,
taking into account that equation (4. 3), in principle, it does not consider the viscolaelastic
effects of the interface, so the model may be unsatisfactory to describe this particular system).
Actually, the values of S, and f were determined at different conditions. First of all, in
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different geometries (B in a planar geometry, and ., in drop geometry), and second, § was
determined at fixed frequency (and the wavelength A depends on surfactant concentration)
while B4, was determined at fixed 4, and their frequency v, depends on c. However, the fact
that the values of 8.,and 8 are comparable and are in the same order of magnitude, is another
hint that suggests that capillarity plays a key role in the damping of oscillating drops.

4.3.5. Spreading experiments and contact angle

The spreading of surfactant droplets is a dynamic process which can be followed through the
temporal evolution of drop radius, area or contact angle. In the case considered in this PhD
Thesis, the spreading of surfactant drops has been followed by the time evolution of the
droplet radius which was observed as a very robust parameter to follow the spreading process.
Figure 4. 16 shows the evolution of drop area with time (A(t) = n[R(t)]?) normalized with
respect to A, = mR? (initial area).

(a) (b)

=—S2331.186 mM

1,34 |-e—S$2335.93-10' mM
—$2335.93:102 mM
v¥— $2335.93:10° mM
|- S$2335.93-10* mM

[=—S2401.37 mM

e S2405.93-10 mM
|—4— $2405.93 -102 mM
v S2405.93-10° mM
——S2405.93 -:10“ mM

1,2 4

o j=3
< <
S 121 s
< <

11

1,01 104

T T T T T T T T T T
10 102 10t 10° 10! 10° 10% 10* 10° 10
t(s) t(s)

Figure 4. 16. Normalized area A(t)/A, as a function of time (t), at different surfactant concentrations for S240 (a) and 5233
(b).

The results shows than independently of the surfactant concentrations or the surfactant type,
spreading proceeds similarly. In fact, in all the studied conditions, it can be assumed that it
occurs as a two-step process. During the initial stages of the spreading, it occurs very slowly
with the drop area remaining almost unchanged with time during an induction time. This
induction time is reduced with the increase of surfactant concentration. This reduction on the
induction time is of about 2 orders of magnitude for $S233 within the concentration range
studied, but it is almost of 3 orders of magnitude for the $S240. This may be an indication of
the transition from no superspreading-to-superspreading behavior.

A more detailed analysis shows that at ¢ < 5.93-1072 mM, the two surfactants behave
similarly. Nevertheless, at higher concentration, the area of S240 (superspreader) drops
increases faster than S233 ones. In fact, after 1 s the area corresponding to the drops of S240
surfactant of the highest studied concentration is more than 1.4 times the initial value,
whereas the area of S233 have not reached 1.24, yet. It should be note that the value of 4,
(as well as Ry), within the error bar, is not almost affected by surfactant concentration and
type, ranging between 1.5 and 2 mm in all the studied cases.
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In order to quantify spread rate, data in Figure 4. 16 were fitted with the following equation
[34,35]:

A(t 4.1
—()=1+Btd. (4.18)
Ay
Thus, the spread rate, can be given by,
1 d[A(t)] (4.19)
W) =——==Vt?
© A, dt

The values of V = Bd and d are plotted versus surfactant concentration in Figure 4. 17. The
superspreader surfactant S240 is characterized by higher spreading rate factor (V) and
exponent (d). At S240 concentration of 1.37 mM (0.1% v/v), there is (almost) a linear
relationship between A(t) and t: in fact, d = 0.94, comparable to the value of d ~ 0.89
reported in [36] with $240 (1.71 mM) spreading on PVDF substrates. At C = 5.93 1072 mM,
the behavior of S233 and $240 is very similar, and corresponds to the one associated to normal
spreading. No data of V and d were available at € < 0.0593 mM, because at such low

. . L . . A(t) .
concentrations no spreading was observed within the experimental window, and —_ remains
0

close to 1 within the whole experiment (spreading is hindered under such conditions). This
negligible spreading at low surfactant concentrations can be understood considering the fact
that mass transfer and adsorption kinetics at the interface appears as limiting process in the
spreading of surfactant solutions [37].
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Figure 4. 17. Spreading exponent d (a) and spreading rate factor V (b), as a function of surfactant concentration, for S233 and
$240.

The contact angle of S240 and S233 solutions on PET substrates (at the end of the spreading
process) is shown in Figure 4. 18.
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Figure 4. 18. Contact angle on PET, of S233 and S240 solutions, at different concentrations.

The values of C = 1.37 mM (S240) and C= 1.186 mM (S233) correspond to 0.1% v/v of
surfactant in water, which is the concentration at which superspreading is supposed to occur
[3,4]. As expected, in both surfactants the contact angle decreases with c. in fact, according to
Young equation (see Chapter Il, 2.3.3. Contact angle and spreading), the wettability (i.e., the
cosine of the contact angle 8) decreases with y;y:

cos(6) = VYsv — VSL. (4. 20)
Yiv
However, the superspreader (S240), above the CAC, exhibits a lower contact angle, with

respect to 5233. On the other hand, below CAC/CMC, the contact angle of S233 and 5240, at
the same concentration, are very similar.

4.4, Conclusions

The aim of this chapter was to study and compare the interfacial properties (surface tension
and dilational interfacial rheology) of a superspreading (5240) and non-superspreading (S233)
surfactant, and relate them to spreading kinetics and impact drop oscillation on solid
substrates. The experimental results have shown that the surface activity of S240 is higher
than that of the S233 surfactant, which is reasonable considering that a high hydrophobicity is
essential for superspreading. Nevertheless, the minimum equilibrium surface tension in both
surfactants are comparable, and relatively low (around 21 mN/m). The values of capillary
wavelength measured by means of ECW technique are coherent with the trend of the surface
tension isotherms. The damping coefficient of S233 and S240 are very similar, and both tend
to increase by increasing the surfactant concentration.

The dilational surface elastic modulus of S233 and S240, in 60-500 Hz frequency range, follow
similar trends with surfactant concentration C, with a maximum on E appearing at about C =
5.93-1073mM, independently of the considered surfactant. For the intermediate
concentration, a relaxation process was observed within the explored frequency range. This
process may be related to the reorganization of the surfactant layer. On the other hand, Ej is
almost constant with frequency for the lowest and the highest surfactant concentrations which
is compatible with the surface tension isotherm. The dilational interfacial viscosity k; is very
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low in all the cases, and can be considered as almost negligible. The fact that, at most of the
surfactant concentrations studied, the resonance frequency is not fulfilled, leads to huge error
bars, in both E; and k.

Concerning spreading kinetics, S240, at C > 5.93 - 1072 mM, spread faster than 5233, while,
below this threshold, no difference in spreading kinetics was observed. Apparently, there is no
direct relationship between spreading kinetics and dilational interfacial rheology: dilational
interfacial elasticity shows a peak around C =5.93:1073mM, while spreading rate
monotonically increases with concentration, hence the two properties do not seem to be
straightforwardly related, although it is interesting to notice that superspreading is observed
in S240 only when storage dilational modulus vanishes. Similarly to spreading kinetics, the
contact angle of S240 on PET, at C > 5.93 - 1072 mM, is lower than the one of 5233 (at fixed
¢), while no difference was detected at lower concentrations.

Drop impact oscillation of S233 and S240 solutions, at different surfactant concentrations, was
studied as well, determining the decay rate «, the oscillation frequency v}, temporal damping
coefficient 8, of drop apex. The decay rate of drop height seems to follow the same trend of
spreading rate, as expected. The oscillation frequency v, increases with surface tension,
despite not following the trend predicted by the equations reported in literature, which may
be unsatisfactory to describe the oscillation of spreading drops with surfactant adsorption. The
capillary wavelength associated to v;, determined by Kelvin equation, seem to be independent
on surfactant concentration, and uniquely determined by drop geometry. The temporal
damping coefficient 3;, increases with surfactant concentration. An equivalent spatial damping
coefficient as determined in order to compare the damping of oscillating drop with the one
determined by ECW technique: results follow the same qualitative trend, and the values are
comparable, despite not being strictly the same. Based on the fact that drop oscillation
parameters are comparable to the ones determined by ECW technique, capillarity seems to
play a key role in drop oscillation, and it seems to prevail on gravity, although other factors
may affect oscillation as well (e.g., inertia).
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Section 3 Interfacial rheology of high ionic strength
systems

This section deals with the study of interfacial properties of monolayers onto subphases with
high ionic strength. The necessity to obtain a deep understanding of the effect of ionic
strength comes from the fact that several studies on dilational surface rheology (by means of
oscillating barriers, ECW and SQELS technique), in presence of solutions with high ionic
strength, reported non-physical values of dilational moduli (such as negative storage modulus,
negative loss modulus...).

» Chapter V: lonic strength effect in the equilibrium and rheological behavior of an
amphiphilic triblock copolymer at the air/solution interface

In Chapter V, the impact of NaCl on interfacial tension and dilational surface rheology of
Pluronic F-68 (an amphiphilic triblock copolymer) Gibbs monolayers at both low frequency
(with oscillating barriers and pendant drop, 103-10" Hz) and high frequency (by means of
ECW, 80-400 Hz) was explored, trying assess the impact of ionic strength on their interfacial
properties.

» Chapter VI: Interfacial rheology of PtBA/NaCl solutions Langmuir monolayers

Chapter VI has a similar purpose to the previous chapter, but in this case, the study is focused
on the interfacial properties of a Langmuir monolayer of poly(tert-butylacrylate) (PtBA, a
water insoluble polymer) with NaCl content in the aqueous subphase
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Chapter V: Tonic strength effect in the equilibrium and rheological
behavior of an amphiphilic triblock copolymer at the air/solution
interface™

5.1. Introduction

Poly(ethylene oxide)r,—b-poly(propylene oxide)m—b-poly(ethylene oxide), -or PEO—PPO—-PEO-
triblock copolymers, commonly referred to as Pluronics, Poloxamers, or Synperionics, are a
family of polymeric materials that has gained a lot of attention in both scientific and
manufacturing fields. The general molecular structure of Pluronic polymers consists of two
lateral blocks of poly(ethylene oxide) and a central one of poly(propylene oxide) (see Figure
5.1). The specific molecular weight of each block defines important physico-chemical
properties of these polymers, e.g., hydrophilic-lipophilic balance (HLB), critical micellar
concentration or their ability to adsorb at fluid interfaces. Moreover, the unique amphiphilic
nature of Pluronics allows them to self-assemble into micelles and gels, making them
invaluable in formulations requiring precise control over solubility and viscosity. Pluronics also
exhibit excellent biocompatibility and thermoresponsive behavior, enabling their use in
temperature-sensitive biomedical applications such as targeted cancer therapy and tissue
engineering. Furthermore, their ability to stabilize emulsions and enhance the bioavailability
of poorly soluble molecules underscores their versatility in food, pharmaceutical and cosmetic
industries [1-7]. Most of the above applications derives from their surfactant properties,
which enable them to modify surface interactions and stabilize different types of systems,
including emulsion droplets, colloidal particles, capsules, or liposomes [8-14]. In addition,
their remarkable versatility enhances material properties, including mechanical strength, and
biodegradability in various matrices. One of the most fascinating features of Pluronic
copolymers is their capacity to reduce protein adsorption on solid surfaces. This has significant
implications, notably in biomedical applications where avoiding undesired specific protein
adsorption (biofouling) is critical for implantable devices, biosensors, and drug delivery
systems [15,16].

Ethylene oxide Propylene oxide  Ethylene oxide
H O OH
O O
X y X
CH,
Hydrophilic Hydrophobic Hydrophilic

Figure 5.1. General molecular structure of Poly(ethylene oxide)n—b-poly(propylene oxide)m—b-poly(ethylene oxide)n triblock
copolymers. x and y indicate the number of monomers of each type of block, and it may have a broad range of values.

To date, several studies have provided comprehensive insights into the intricate phase
behavior of Pluronic solutions [17—-20]. These studies have outlined the rich phase diagram

** This chapter is in part included in the publication: Carbone, C.; Guzman, E.; Maldonado-Valderrama, J.; Rubio,
R.G.; Ortega, F. lonic Strength Effect in the Equilibrium and Rheological Behavior of an Amphiphilic Triblock
Copolymer at the Air/Solution Interface. Colloids Interfaces 2024, 8, 16. https://doi.org/10.3390/colloids8020016
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exhibited by these systems. In fact, Pluronic solutions can lead to a wide range of phases
including isotropic liquid solutions, spherical, and rod-like micellar aggregates, as well as
lamellar and gel phases [21-23]. It is worth noting that the addition of salt, which increases
the ionic strength of the solution, does not impact the fundamental structure of the phase
diagram. In fact, it remains qualitatively unaltered, providing a consistent framework under
different conditions. However, the introduction of salts modifies the specific area occupied by
each phase within the system [19,23-25]. For instance, the addition of salts can reduce the
solubility of Pluronic molecules in water and disrupt the micellar structure [26]. These
modifications, intricately linked to the Hofmeister series but also to the specific ratio between
the number of monomers in the poly(ethylene oxide) and poly(propylene oxide) blocks,
establish a relationship between the behavior of ions as promoters or disruptors of water
structure, depending on their ability to remain hydrated [25,27,28]. Such intricate correlations
between ionic properties and phase changes within Pluronic solutions continue to foster
further investigations to unravel the underlying mechanisms governing these complex systems
[26,27,29]. This has revealed that some ions can interact with the polymer chains in a very
specific way leading to a behavior that cannot be explained based on the Hofmeister series
[30,31]. In fact, several studies have suggested that ions act only locally on the water structure
[32-34].

Many of the applications of Pluronics involve complex mixtures containing salts, e.g., those in
biological systems, in some cases at non-negligible concentrations, and rely on the ability of
this type of copolymer to adsorb at fluid/fluid interfaces. Understanding the effect of salts on
the interfacial behavior of Pluronic solutions is therefore essential to exploit the full potential
of this family of polymers [3,35,36]. However, to date, the effect of salt on the formation of
Pluronic layers at the air/solution interface, and the properties of such layers, remain almost
unexplored, and only a few works can be found in the literature [37—39]. These works suggest
that the effect of salts in Pluronic-laden interfaces responds to a complex interplay between
the modification of the water structure at the copolymer/water interface, and the adsorption
of ions on the hydrophobic part of the copolymer. This has a dramatic effect on the interfacial
properties with respect to salt-free solutions [39-43].

In a previous work [39], it was shown that the effect of Li* ions on the air/solution interface
when Pluronic layers are present does not follow the Hofmeister series due to the specific
interaction of the lithium cations with the ether groups of PEO. In fact, the polydentate
character of PEO allows the coordination of Li*ions trough the oxygen [44,45]. This does not
occur with other cations such as Na* and K*, which have a direct interaction with the ether
group of PEO blocks but no evidences of a true coordination are reported [46]. Therefore, the
work by Llamas et al. [39] cannot be used to shed light on the effect of the ionic strength alone.
It is expected that the ionic strength will modify the solubility of Pluronic in the subphase, thus
changing the formation of loops and tails in relation to what happens in pure water [47]. This
phenomenon was also observed in insoluble polystyrene-PEO-polystyrene monolayers [43].

This chapter aims to investigate the influence of an inert salt (NaCl) on the equilibrium
interfacial tension and the dilatational modulus of Pluronic F68 copolymer, a Pluronic
copolymer with two lateral blocks of poly(ethylene oxide) formed by 76 monomers (3.35 kDa)
and a central block of poly(propylene oxide) composed of 29 monomers (1.7 kDa). For aim of
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this study, interfacial tension measurements and rheological measurements in two different
frequency ranges obtained by combining the oscillatory barrier/droplet method and
electrocapillary wave measurements with an appropriate theoretical background were
applied. This allows one to elucidate the role of salt in the interfacial behavior of Pluronic F-68
laden interfaces as well as to point out some of the technical and theoretical limitations for
obtaining reliable dilational rheological data at high frequencies (in the range 50 Hz-1 kHz)
using electrocapillary wave measurements.

5.2. Materials and methods

5.2.1. Chemicals

Pluronic F68, with an average molecular weight of 8.4 kDa, and NaCl with purity >99.9 % were
supplied by Sigma-Aldrich (Saint Louis, MO, USA). Ultrapure deionized water of Milli-Q grade,
with a resistivity higher than 18 MQ-cm and a total organic content (TOC) of less than 6 ppm,
was used for all experiments and material cleaning purposes. To achieve this level of purity,
AquaMAX™-Ultra 370 Series multi-cartridge purification system (Young Lin Instrument Co.,
Ltd., Gyeonggi-do, Republic of Korea) was used. All solutions were prepared by weight using
an analytical balance accurate to £+0.01 mg. Throughout the experiments, temperature was
maintained at 23.02C with an accuracy of £0.1 °C.

5.2.3. Experimental methods

The interfacial tension of the air/solution interface was measured by using two different
surface force tensiometers and a drop shape tensiometer. The measurements obtained with
each tensiometer showed good agreement within the combined error bar (approximately + 1
mN/m). For all the measurements, the temperature was controlled by using a thermostatic
bath set at 23°C. Each experimental data point reported was an average of at least three
independent measurements. The experiments were conducted for a long enough time to
ensure that a steady state interfacial coverage was reached.

A surface force tensiometer model K10T Digital Tensiometer (KRUSS GmbH, Hamburg,
Germany) fitted with a platinum Wilhelmy plate contact probe of 40.5 mm of perimeter was
used to measure the interfacial tension. Between each measurement, the platinum plate was
cleansed using ethanol and Milli-Q water and then flared with an ethanol torch to eliminate
any remaining residue of organic matter. For the measurements, the samples were poured into
a glass cell, previously cleaned with ethanol and Milli-Q water. Additionally, surface force
tensiometer NIMA PS4 manufactured by Nima Technology (Coventry, UK) fitted with
disposable Wilhelmy paper plates (Whatman CHR1 chromatography paper, Merck, Darmstadt)
of 20.6 mm of perimeter was used for interfacial tension measurements. A fresh paper plate
was used for each measurement to prevent any potential modifications on the plate surface
as a result of the material adsorption during previous experiments. The same glass cells used
for the measurements obtained using the surface force tensiometer KRUSS K10T Digital
Tensiometer (KRUSS GmbH, Hamburg, Germany) were used in this case.

The interfacial tension of the air/solution interface was also measured by using a pendant drop
tensiometer designed and fabricated by the University of Granada. This device is based on the
Axisymmetric Drop Shape Analysis (ADSA) method, which is described in detail elsewhere [48].
The setup, including the image capturing, the microinjector, the ADSA algorithm, and the fuzzy
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pressure control, is managed by a Windows-integrated program (DINATEN®)) [49]. For the
experiments, a solution microdroplet (15 pL) is formed at the tip of a PTFE capillary (0.2 cm)
introduced in a thermostatized glass cuvette (Hellma GmbH & Co. KG, Millheim, Germany).
This leads to experiments characterized by a Worthington number, Wo, above 0.4, which
guarantees a good precision of the experimental results [50].

Three different experimental techniques have been used to study the dilational rheological
response of the Gibbs monolayers of the Pluronic F-68 in two different frequency (v) ranges.
In the low-frequency range (103-10! Hz), two different techniques were used: (i) oscillating
barrier measurements in a Langmuir balance (model 702 from Nima Technology, Coventry, UK)
with a total area of 700 cm? (70 cm length x 10 cm width), and (ii) oscillating drop
measurements, using a deformation amplitude of 8%, in the same pendant drop tensiometer
used for equilibrium interfacial tension measurements. For obtaining data on the dilational
response at higher frequencies (in the range of 10-10° Hz) a homemade electrocapillary wave
device was used [51,52]. In order to minimize the effect of shear on the results obtained using
the oscillatory barrier method, the experiments were carried out using a relatively small
deformation amplitude (5%). In addition, the paper Wilhelmy plate was placed parallel to the
barrier movement in the center of the trough and the barrier oscillations were performed far
enough from the contact probe to avoid any possible role of unintended flows in the dilation
response.

The three techniques and the methods for calculating E from the raw data have already been
described in detail previously [53-56]. It should be noted that the imaginary component of the
dynamic interfacial modulus (E;) related to the viscous loss (loss modulus) remained below 5%
of the real component or storage modulus (E;) in all measurements. As a result, the detailed
discussion of the imaginary part provides limited insight into the clarity of the results included
in this chapter and is therefore not discussed here. It is worth noting that the low values
obtained for the loss modulus in this study agree with previous results for adsorption layers
formed by different copolymers of the Pluronic family at fluid interfaces [42,57].

A capillary-based method (Ubbelohde viscometer) was used to measure the bulk viscosity of
the samples. The liquid was introduced into a glass viscometer thermostatized at 232C,
pumped up through a capillary and a measuring bulb and the time taken for the liquid to fall
through the bulb was recorded. The viscometer was calibrated against filtered Milli-Q water
and each sample was filtered before entering the viscometer. The determination of viscosity is
based on the assumption that the flow time is directly proportional to the viscosity and
inversely proportional to the density of the solution (see Chapter II, 2.2.1. Capillary
Viscometers).

5.3. Results and discussion

5.3.1. Bulk viscosity, density and interfacial tension of salty aqueous solutions

The determination of the viscosity and density of aqueous solutions of surface-active
molecules is essential for an accurate evaluation of the high-frequency dilational rheological
data obtained from electrocapillary wave experiments. In the context, Table 5.1 reports the
salt concentration dependence of the bulk viscosity, 1, obtained using a capillary viscometer
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(Ubbelohde) together with the bibliographic densities p [69] and interfacial tensions [70] for
NaCl aqueous solutions.

It should be noted that the addition of Pluronic F-68 to salty water does not provoke any
significant modification in the bulk viscosity in relation to that of NaCl aqueous solution. For
instance, the bulk viscosity of a solution of Pluronic F-68 with concentration 10 mM and a
NaCl concentration of 3 M was about 1.3 mPa-s, which is equivalent to that obtained for the
NaCl solution of the same concentration. In the case of the density, it is not expected a strong
change on the density in relation to the NaCl solution for the diluted solutions studied in this
chapter (Pluronic F-68 bulk density assumes a value of about 1.06 g/cm?3). This is the reason
why, to solve equation (5.4), the data of n and p can be taken from Table 5.1 and combined
with the experimentally obtained interfacial tension values (see the following sub-section).

Table 5.1. Viscosity 17 and density p of NaCl agueous solutions at 232C.

NaCl [M] n (mPa-s) p (g/cm3) ) y (MN/m)(**)
0 0.90+0.03 0.998 72.72
0.1 0.91+0.03 1.002 -
1 1.05+0.03 1.038 73.77
2 1.15+0.03 1.075 74.94
3 1.30+0.03 1.111 76.61

(*) Density data taken from reference [69]. **) Surface tension data taken from reference [70].

5.3.2. Interfacial tension

Figure 5.2 shows the interfacial tension (y) isotherm for the Gibbs monolayers obtained by the
adsorption of aqueous solutions of Pluronic F-68 (ionic strength 0 mM) at 23 °C to the
air/solution interface. The results show that after the initial sharp decrease in interfacial
tension with Pluronic F-68 concentration (c), from values close to those corresponding to the
pristine air/water interface (around 72 mN/m), the interfacial tension isotherm enters a less
steep reduction region, commonly defined as a pseudo-plateau, for concentrations in the
range 104-10"2 mM, this can be seen more clearly in the surface pressure representation (see
inset in Figure 5.2). The existence of such pseudo-plateau has been observed in previous
studies of the adsorption of Pluronic F-68 at the air/solution interface, and it is commonly
ascribed to the transition from a dilute interfacial layer to a brush organization of the Pluronic
F-68 at the interface [39,53,58]. Once the pseudo-plateau region is overcome, the interfacial
tension starts to decrease again with the Pluronic F-68 concentration. It is worth noting that
in the present study, the investigated concentration range remains below the critical micelle
concentration (CMC) of Pluronic F-68 (around 10 mM) [59,60] in agreement with the continues
decrease of interfacial tension recorded. It should be noted that for the investigated region,
the interfacial tension values obtained are in agreement with the interfacial tension isotherms
reported in the literature for the same copolymer under similar conditions [39,61].

Figure 5.3 shows a sketch of the different configurations of Pluronic F-68 at the air/solution
interface as a function of interfacial density. At high interfacial tensions, corresponding to high
surface pressures and low surface excesses, the chains are placed at the interface forming a
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layer of 2D stretched chains. Then, for intermediate interfacial tensions, corresponding to the
pseudo-plateau of the isotherm, the copolymer molecules start to reorganize at the interface
and undergo stretching into the aqueous phase. Finally, at the lowest values of surface tension,
most of the copolymer molecules adopt a brush organization to form a 3D structure [57].
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Figure 5.2. Interfacial tension as a function of the Pluronic F-68 concentration (c), at 23 °C, for Gibbs monolayers of Pluronic

F-68 at the air/solution interface. Inset correspond to interfacial pressure (IT = y, — ¥), where y, is the pure water surface
tension at the same temperature vs. Pluronic F-68 concentration. The line is a guide by the eyes.
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Considering that the main aim of this work is to elucidate how the change in the ionic strength
(/) of the solution by the addition of NaCl affects the equilibrium properties and dilational
rheological response of Gibbs monolayers of Pluronic F-68, interfacial tension measurements
were performed for solutions with different copolymer concentration by varying I/, which is
equivalent to vary the NaCl concentration. Figure 5.4 shows the dependence of the interfacial
tension on the ionic strength of the solution for the adsorption of Pluronic F-68 with different
copolymer concentrations at the air/aqueous solution interface. The results show that an
increase in ionic strength produces a very marked decrease in surface tension, compared to
the Gibbs monolayers in absence of salt. This is exactly the opposite behavior to that expected
for the change in interfacial tension at the air/water interface due to salt addition (see ref. [70]
and Table 5.2). However, this is not an unexpected result, as previous studies with different
copolymers belonging to the Pluronic family have shown that the addition of electrolytes to
Pluronic solutions induces a salting-out phenomenon, which enhances the surface activity of
the copolymer, and thus leads to a strong decrease in the interfacial tension [19,39]. This can
be understood by considering that the electrolytes disrupt favorable hydrogen bond
interactions between PEO block and water, leading to a dehydration of the hydrophilic blocks,
which in turn results in an increase in the hydrophobicity of the copolymer and enhances their
adsorption efficiency to the air/solution interface.

A detailed analysis of the dependence of the interfacial tension on the ionic strength points
out that the salting-out produced by NaCl addition is almost negligible for low salt
concentration, independently of the copolymer concentration. However, when |/ reached
values > 1M, the presence of the electrolyte leads to a significant enhancement of the surface
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activity of Pluronic F-68, corresponding to an increase in copolymer surface excess, and the
higher the copolymer concentration, the greater the effect. It is worth noting that the
observed effect of ionic strength is only evidenced for NaCl concentrations above those
typically studied in most of the work in the literature. This pronounced enhancement at higher
ionic strengths suggests that the electrolyte-induced changes in the interfacial properties of
Pluronic F-68 are likely related to alterations in the molecular conformations of the copolymer
and interactions at the interface. This underscores the importance of considering electrolyte
concentration in applications and studies involving copolymer-surfactant systems, as it can
significantly influence their interfacial behavior and performance in various applications.
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Figure 5.3. Sketch of the different conformation of Pluronic F-68 at the air/solution interface. (a) High interfacial tension
values. (c) Intermediate interfacial tension values (pseudo-plateau region). (c) Low interfacial tension values. The central
poly(propylene oxide) blocks are indicated in blue and the lateral poly(ethylene oxide) blocks are represented in red.
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5.3.3. Low-frequency dilational rheology

The first step in the evaluation of the interfacial response against dilational deformations was
carried out at low frequencies (in the range of 103-10% Hz). Thus, it is possible to evaluate the
slow relaxation processes that can occurs at the interface upon a dilational deformation. For
this purpose, oscillatory barrier and oscillatory droplet experiments were performed. The
results obtained by both techniques show good agreement within the combined error bars
(see Figure 5.5 (a)). The observed consistency between the two experimental techniques
underscores the reliability of the data, and allows deepening into the viscoelastic behavior of
the interfacial layer. Figure 5.5 (b) and (c) shows the frequency dependences of the dilational
storage modulus obtained for Gibbs monolayers of Pluronic F-68 at different ionic strengths.
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The analysis of the frequency-dependence of the dilational storage modulus allows one to
identify specific trends or anomalies in the behavior that can provide information about the
role of electrolytes in modifying interfacial properties.

The obtained results evidence, independently of the Pluronic F-68 concentration and the ionic
strength, a similar qualitative behavior characterized by the increase of the dilational storage
modulus with the deformation frequency. This frequency dependence suggests the existence
of a relaxation process for a frequency around 102-10! Hz which agrees with previous results
by Rivillon et al. [43] for Gibbs monolayers of different Pluronic copolymers, and other similar
systems. The emergence of this relaxation process can be ascribed to the diffusion process of
the Pluronic F-68 from the bulk to the interface.
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Figure 5.5. (a) Frequency dependence of the storage modulus (Es) obtained by oscillatory barriers and oscillating drop
measurements at 23 °C for Gibbs monolayers obtained for the adsorption of Pluronic F-68 solutions of concentration 103 mM
and a fixed ionic strength of 0 mM. (b) Frequency dependence of the storage modulus (Es) at 23 °C for Gibbs monolayers
obtained for the adsorption of Pluronic F-68 solutions of c=10-3 mM, and different ionic strengths at the air/solution interface.
(c) Frequency dependence of the storage modulus (Es) at 23 °C for Gibbs monolayers obtained for the adsorption of Pluronic
F-68 solutions of c=10"1 mM (b), and different ionic strengths at the air/solution interface.
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Deepening in the dilational storage modulus dependences on the concentration of Pluronic F-
68 and ionic strength, it can be observed that the variation of the ionic strength within the
range 0-1 M does not present a significant impact in the values of the dilational modulus at
low frequencies, even though for an ionic strength of 1M and polymer concentration of 103
mM, a slight increase of the storage modulus can be observed. However, this does not occur
for the Gibbs monolayers obtained by the adsorption of solutions of higher concentration (10
I mM) where the dilational storage modulus remains almost unchanged by increasing the ionic
strength of the aqueous phase. This is clearer from Figure 5. 6(a) where the dependence of
the storage modulus on the ionic strength at a fixed frequency of 5x1072 Hz is displayed. The
explanation for this different effect of the salt depending on the copolymer concentration can
be understood from the data shown in Figure 5.4. Indeed, for the lowest concentration of
Pluronic F-68 (103 mM) strong change in interfacial tension is observed with the ionic strength,
whereas for solutions with a concentration of 10 mM the change is almost negligible. This
suggests a salt-induced conformational change in the former case, which increases the value
of the dilatational storage modulus. This agrees with previous studies on the influence of ionic
strength on the rheological properties of polymer loaded interfaces [62].
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Figure 5. 6. (a) Dependence of the storage modulus at a fixed frequency of 5x10-2 Hz on the ionic strength for Gibbs monolayers
of Pluronic F-68 at two different bulk concentrations. The symbols correspond to the experimental data, and the lines are
guides for the eyes. (b) Frequency dependence of the storage modulus (Es) for Gibbs monolayers obtained for the adsorption
of Pluronic F-68 solutions of two different concentrations, =103 mM and c=10"! mM, and a fixed ionic strength (100 mM).
The symbols correspond to the experimental data, and the lines correspond to the best fit obtained using the Lucassen-Van
den Tempel model.

The Pluronic F-68 concentration also affects the relaxation spectrum in the considered
frequency range. This is better understood with Figure 5. 6 (b) where the frequency
dependence of the dilational storage modulus at a fixed ionic strength of 100 mM is reported
for the two concentrations of Pluronic F-68 studied. The results evidence that the increase in
the Pluronic F-68 concentration from 10> mM to 10°* mM shifts the relaxation process found
within the considered frequency range to higher values of the characteristic frequency. This is
clearer from the analysis of the experimental data in terms of the Lucassen-Van den Tempel
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model given by the following equation [63] (see Chapter /, 1.8.2. Interface Dilational Rheology:
Theoretical models),

1+7{(wv)+i{(v) (5.1)
14+ 2¢(v) + 2L(»)?

E.S'(v) = E,(v) +iE;(v) = E;(v) + i2nvk,(v) = ¢

where E"(v) is the complex interfacial dilational viscoelastic modulus as a function of the
frequency v (expressed in Hz), with k;(v) defining the interfacial dilational viscosity, €0 the

Gibbs elasticity and { = VD/V is a parameter defining the exchange of matter between the
interface and the adjacent bulk phase, with v, being the characteristic frequency of the
relaxation process. Figure 5. 7 reports the best-fit parameters obtained from the analysis of
the low frequency dilational results in terms of the Lucassen-Van den Tempel model for the
studied Gibbs monolayers.
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Figure 5. 7. Dependence of the best fit parameters obtained using the Lucassen-Van den Tempel model, & (a) and vp (b), on
the ionic strength for Gibbs monolayers of Pluronic F-68 at two different bulk concentrations. The symbols correspond to the
experimental data, and the lines are guides by the eyes.

The dependence of g on the ionic strength of the Pluronic F-68 solutions agrees with the
above dependence of the values of E;. On the other hand, the dependences of the
characteristic frequencies of the relaxation process on the ionic strength appears more
interesting (see Figure 5. 7 (b)). Firstly, the results confirm the above discussed scenario related
to the increase in the value of the characteristic frequency as the copolymer concentration
increase from 103 mM to 10! mM. In fact, the results evidence an increase of about 1 order
of magnitude for the characteristic relaxation frequency. This may indicate that the exchange
process between the bulk and the interface occurs at a higher rate for higher copolymer
concentrations, which is the expected result. In addition, independently of the copolymer
concentration, the increase in the ionic strength leads to an increase in the characteristic
relaxation frequency. This can be again explained by considering the worsening of the solvent
quality of the subphase for Pluronic F-68 with the increase in the ionic strength. This is
expected to favor the surface adsorption of the copolymer molecules, and a corresponding
decrease in the characteristic diffusion time.
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5.3.4. High-frequency dilational rheology: electrocapillary wave damping measurements

The evaluation of the damping of electrocapillary waves for Pluronic F-68 Gibbs monolayers at
the air/solution interface allows obtaining information of the dilational interfacial rheological
response at higher frequencies (above 50 Hz) than typical oscillatory rheology. Therefore, the
combination of electrocapillary wave damping measurements with the above discussed
results contribute to expand the accessible frequency region of the dilation spectrum. It should
be noted that electrocapillary wave experiments were performed in the frequency range of
80-400 Hz. It was not possible to perform experiments over 400 Hz due to the strong decrease
in the intensity of the signal that significantly reduces the sensibility of the measurements.

For a capillary wave excited in a point of the interface (xy plane) defined by the coordinate x=0,
it is possible to define its spatial profile in terms of a damped cosine according to the following
expression (see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)),

2m
u, = ule P*cos (Tx + <p), (52)

with 1 being the wave amplitude, and B, A and ¢ the damping coefficient, the characteristic
capillary wavelength and the phase lag, respectively. Figure 5.8 shows the frequency
dependence of the parameter 8 and A for the two studied Pluronic F-68 concentration and
different ionic strengths. The results show that at fixed frequency, the capillary wavelength, A,
slightly decrease as the ionic strength increases, independently of the Pluronic bulk
concentration. This is particularly evident when the NaCl concentration overcomes the

threshold value of 1M. These results can be rationalize by considering the Kelvin’s law (1 =
1

(2%)31/"2/3, where p accounts for the bulk density) [64], although it must be taken into

account that this equation is strictly valid for low viscosity simple liquids. The decrease in A
becomes stronger in the region where the variation of ywith the ionic strength is higher (above
NaCl concentration around 1M). On the other hand, Gibbs monolayers obtained from solutions
of Pluronic F-68 concentration 10! mM exhibit lower values of A than when the copolymer
concentration is 10 mM. This may be also rationalized considering the reduction of the
interfacial tension with the increase in Pluronic F-68 concentration (see Figure 5.4).
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Figure 5.8. Frequency dependences of the wavelength (A) and damping (B) for monolayers obtained from the adsorption of
solutions of two different Pluronic F-68 concentrations at different ionic strengths. (a) and (b) A and B values, respectively, for
Pluronic F-68 solutions with a concentration of 103 mM, and (c) and (d) A and B values, respectively, for Pluronic F-68 solutions
with a concentration of 10" mM. The lines are guides by the eyes.

The interpretation of the dependences of the damping coefficient are less straightforward (see
Figure 5.8 (b) and (d)). As occurred for the capillary wavelength, the effect of salt in the
damping coefficient is almost negligible when ionic strength is below 1M, whereas the increase
of the ionic strength above such threshold slightly increases the damping coefficient values.
This can be rationalized as a combination of two different factors. First, the increase of the
ionic strength results in an increase in the bulk viscosity of the solution (see Table 5.1), which
according to the Stokes-like’ law must lead to an increase in the damping coefficient [64]. The
second factor that influences the increase of 8 is the increase in the surface excess as a result
of the salting-out phenomenon. It should be noted that the increase in the damping coefficient
with the concentration of Pluronic F-68 should be ascribed to the higher amount of surfactant
adsorbed at the interface, because the viscosity of Pluronic F-68 solutions does not
significantly change within the studied concentration range.

A more detailed analysis of the frequency dependences of the capillary wavelength and
damping coefficient shows that the experimental data can be described in terms of simple
scaling laws g~a@” and B~w” (see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)), where
w=2nv defines the angular frequency and g=2m/A is the real component of the wavevector. In
this study, the value obtained for the exponent g assumes a values of about 0.68, for all the
studied conditions, is similar to that predicted from Kelvin’s law q~a)2/3. On the contrary, the
value of the exponent for the scaling law describing the frequency dependence of 8 differs
from the one that can be derived from a Stokes-like law (b=1), and the differences increases
with the ionic strength [64]. This suggests the possible existence of viscoelastic loss in the
monolayer in agreement with previous studied on Pluronic monolayer in absence of salt [61].
It should be noted that for the highest frequencies evaluated for Gibbs monolayers obtained
from solutions with copolymer concentration of 10! mM, the damping coefficient values
diverge from the general tendency which can be ascribed to a worsening of the signal quality.
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To obtain information about the dilational response of the monolayer from electrocapillary
wave experiments, it is needed to solve numerically the dispersion equation (see Chapter I,
2.1.4. Electro-Capillary Waves (ECW)), D(q, w)=0, which provides a relation between the
characteristics parameter associated with the propagation of the transversal waves (frequency
w, wavelength A, and damping coefficient ), and the constitutive parameters of the monolayer
(interfacial tension y, dilational storage modulus Es, and dilational viscosity k) [65,66]. The
solution of the dispersion equation provides the complex dilational interfacial modulus,

~(nw(q —m))* .
. 57— — inw(q +m)
yq? + inw(q + m) — 6602 (5.3)
Es*(v) = Es(v) + iwks(v) = CIZ )
where q is the complex wavevector, defined as,
21
and m is the capillary penetration depth (Re(m) > 0),
m= |qg*+iw B (5.5)
n

According to the above, the determination of the viscoelastic component of the dilational
modulus requires to combine the values of surface tension yreported in Figure 5.4 with the
bulk viscosity and density of Pluronic solutions reported in Table 5.1. It should be noted that
the extraction of the constitutive parameters of the monolayers from electrocapillary wave
measurements is always challenging. This is mainly related to the change of the sensibility of
capillary waves to the dilational response of the interface. The resonance condition involves
that the frequency of the dilational modes is very close to that corresponding to the capillary
ones, providing the highest sensibility of capillary waves for the determination of E and
Kgvalues. At a first approximation, the resonance occurs for the following interval (see Chapter
Il, 2.1.4. Electro-Capillary Waves (ECW)),

B).-

o\ 1/4
<ﬂ> ~ 0.10 — 0.15, (5.6)
R

Yp

where the subindex R indicates the resonance condition. The resonance condition is of a
paramount importance for the determination of the dilational parameters from

electrocapillary wave experiments. In fact, as the ES/), ratio differs from the resonance
condition, the dilational parameters extracted from the analysis of the experimental data will
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be affected from a higher uncertainty. Figure 5.9 shows the ES/), ratio for all the analyzed

samples.
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Figure 5.9. Frequency dependences of the Es/y ratio for monolayers obtained from the adsorption at the air/solution interface
of solutions of two different Pluronic F-68 concentrations at different ionic strengths. (a) Pluronic F-68 solutions with a
concentration of 10 mM, and (b) Pluronic F-68 solutions with a concentration of 10-* mM. The shaded region corresponds
to the expected resonance region, and the lines are guides by the eyes.

The results show that for the most diluted solution (concentration 103 mM), the Es/y ratio

differs significantly from the resonance condition. This involves that small variations in the
input parameters ¥y and 7, as a result of their inaccurate determination, will introduce a high
uncertainty in the determination of Eg and k. The situation is better, or at least at the lowest
values of the ionic strength, when the concentration of Pluronic F-68 is increased up to 10

mM. In this case, the values of Es/y ratio are closer to the resonance condition. In particular

for ionic strength below 1M, the Es/y ratios fall into the resonance region. Therefore, the
determination of the viscoelastic modulus will be less affected by slight changes in the

determination of y and 1. Deepening on the variation of the Es/y ratio with the ionic strength,
it is clear that an increase in the ionic strength takes the monolayer behavior, independently
of the copolymer concentration, far from the resonance condition. This is reflected from the
value of the Es/y ratio, but also from the increase in the uncertainty of this ratio. Therefore,

the results point out that both bulk concentration and surface excess present a critical impact
in the applicability of electrocapillary waves in the determination of the dilational properties
of monolayers at air/water interface in agreement with previous results by Maestro et al. [52].

Deepening on the effect of the ionic strength on the value of the Es/y ratio is clear that the

salting-out phenomenon leading to an increase in the surface excess, increases the uncertainty
of electrocapillary wave measurements for an accurate determination of the dilational
behavior of Pluronic F-68 Gibbs monolayers. In fact, the higher the ionic strength the higher

the value of the Es/y ratio and the greater the distance from the resonance condition. In
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addition, the uncertainty in the determination of the true value of the Es/y ratio also increases
as evidences the increase in the error bars. However, the increase in the surface excess alone
cannot be considered as the only effect worsening the quality of the determination of the
dilational properties of the interface by electrocapillary wave measurements as evidenced the
better quality of the results obtained for the highest studied concentration (10* mM).

The combination of rheological experiments allowing assessing the dilational properties of
interface in different frequencies range is a very powerful tool for obtaining information of the
whole mechanical relaxation spectrum for molecules attached to fluid/fluid interfaces [51,52].
Figure 5.10 displays the dependence of the storage modulus E on the frequency for Gibbs
monolayers obtained by adsorption of solutions with two different concentrations of
copolymer and different ionic strengths.

The relaxation spectrum obtained by combining oscillatory dilational rheology and
electrocapillary wave experiments is in good qualitative agreement with the results obtained
only by using the measurements at low frequency, with the storage modulus reducing its value
in the whole frequency range as the Pluronic F-127 concentration increases from 103 mM up
to 101 mM. Deepening on the analysis of the experimental results, it is confirmed that the
storage modulus results obtained for conditions far from the resonance situation are affected
of higher uncertainty. This is clear from the huge errors bars associated with the results
obtained for Gibbs monolayers corresponding to a bulk concentration of 103 mM. On the
contrary, the error bars are less important for experiments obtained from the adsorption of

Pluronic F-68 solutions with concentration 10" mM, where the Es/y ratio is closer to that
corresponding to the resonance. This is clearer for the storage results obtained for ionic

strength below 1000 mM, where it was found an overlapping of the Es/y ratio with the
resonance region. However, the increase in the ionic strength worsens the accuracy of the
determination of the storage modulus as evidence the bigger error bar. However, the latter
remains below the uncertainty on the determination of the storage modulus for Gibbs
monolayers obtained from Pluronic F-68 solutions of concentration 103 mM. The above
discussion is clearer from the results in Figure 5. 11, where the values of the storage modulus
obtained from electrocapillary wave experiments in the frequency range of 80-400 Hz are
depicted for Gibbs monolayers obtained at two different bulk copolymer concentration and
different ionic strengths. The results evidence that in the case of Gibbs monolayers obtained
from solutions with concentration 103 mM, the uncertainty associated with the determination
storage modulus values is huge, making difficult to obtain any dependence of the storage
modulus on the ionic strength on the subphase. On the other hand, the results obtained by
electrocapillary wave experiments do not evidence any dependence of the storage modulus
on the frequency for the Gibbs monolayer obtained from solutions at concentration of 103
mM. The situation changes when the copolymer concentration is increased. In this case, the
values of the storage modulus tend to increase with the ionic strength of the solution in
agreement with the results reported by Llamas et al. [39] in systems containing lithium salts.
In addition, the increase of the ionic strength above 1M introduces a frequency dependence
on the storage modulus, which indicates the existence of a relaxation mechanism with a

158



characteristic frequency in the range of 102-103 Hz which can be ascribed to the reorganization

of the copolymer molecules within the interface.
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Figure 5.10. Frequency dependence of the storage modulus (E) at 232C for Gibbs monolayers obtained for the adsorption of
Pluronic F-68 solutions of two different concentrations, c=10-3 mM (a) and c=101 mM (b), and different ionic strengths at the
air/solution interface. In the panels, the data correspond to oscillatory rheology and electrocapillary wave (ECW) experiments.

Based on the above results, it is clear that the best theoretical representation of the dilational
response of Pluronic F-68 Gibbs monolayers at the lowest concentration of copolymer studied
in this work (103 mM) is the Lucassen-Van den Tempel model (see equation (5.1)). This also
provides a good representation for the dilation relaxation spectrum of Gibbs monolayers
obtained from solutions with concentration 10" mM, at least at the lowest ionic strengths.
However, when the ionic strength reached a value of 1M a second contribution must be
included to describe the dilational spectrum [39,51,67,68]. Following the procedure
introduced by Ravera et al. [51,67] which provide a description for an interfacial relaxation
spectrum characterized by the presence of a diffusion-controlled adsorption and an interfacial
relaxation according to the following expression (see Chapter I, 1.8.2. Interface Dilational
Rheology: Theoretical models),

pe) = LHEW T EO) 5

1+ix(v)
1+ 2¢(v) + 20(v)? )

(80 + (&1 — &) TH ()2

where g&; is the high frequency limit of the dilational elasticity and y(v) = Vl/v a parameter
describing the interfacial relaxation process, with v; being their characteristic frequency.
Figure 5. 12 shows the best fits obtained for the dilational spectrum of Gibbs monolayers
obtained from the adsorption of Pluronic F-68 solutions with different concentration and at a
fixed ionic strength of 1M.
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Figure 5. 11. Frequency dependence of the storage modulus (E;) at 232C for Gibbs monolayers obtained by electrocapillary
wave experiments for the adsorption of Pluronic F-68 solutions of two different concentrations, c=103 mM (a) and c=10' mM
(b), and different ionic strengths at the air/solution interface. The lines are guides by the eyes.

The above results evidence that the Lucassen-Van den Tempel model or its combination with
an additional relaxation process provide a suitable description of the dilational spectrum of
Gibbs monolayers of Pluronic F-68. Table 5.2 reports the limit elasticities, &y and &;, and the
characteristic frequencies of the relaxation processes, v, and v;, obtained from the fitting of
the experimental data in the whole frequency range to the Lucassen-Van den Tempel model
or to its extension by including an additional process occurring within the interface. Notice
that Lucassen-Van den Tempel model accounts for the rheological response of Gibbs
monolayers obtained from Pluronic solutions with concentration 103 mM, independently of
the ionic strength, whereas in the case of monolayers obtained from the adsorption of
solutions with concentration 10t mM, it is needed to use the extension of the Lucassen-Van
den Tempel model including the additional interfacial process.
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Figure 5. 12. Frequency dependence of the storage modulus (E) at 232C for Gibbs monolayers obtained for the adsorption
of Pluronic F-68 solutions of two different concentrations, C=10-3 mM (a) and C=10"1 mM (b), and a fixed ionic strength of 1M.
In the panels, the symbols correspond to the experimental data obtained by oscillatory rheology and electrocapillary wave
(ECW) experiments, and the lines are the best fit to the theoretical model described by equations (5.1) and (5.7).

160



Table 5.2. Summary of the limit elasticities, € and €3, and the characteristic frequencies of the relaxation processes, vp and
vi, obtained from the fitting of the experimental data in the whole frequency range to the Lucassen-Van den Tempel model
or to its extension by including an additional process occurring within the interface.

¢ (mM) 103 101
1 (mM) £, (mN/m) 10%v) £ 10%v), & 102y,
(Hz) (mN/m) (Hz) (mN/m) (Hz)
0 15.6+0.2 2.5104 7.710.1 1.5+0.2 - -
100 14.1+0.2 3.7+0.8 7.410.2 1.3+0.3 - -
1000 18.5+0.4 611 7.1+0.3 1.210.3 1411 3.6+0.7

5.4. Conclusions

This work evaluates the effect of the ionic strength on the interfacial tension and dilatational
rheology of Gibbs monolayers of Pluronic F-68 solutions with different NaCl concentration.
This has been possible by combining several well-established experimental techniques that
allow one to evaluate the equilibrium isotherms and the interfacial dilational rheology of the
formed Gibbs monolayers. The results have evidenced that the addition of salt significantly
affects the interfacial tension while its impact on the dilational rheological response of the
Pluronic F-68 Gibbs monolayers appears as less important.

The effect of the ionic strength on the equilibrium isotherm is ascribed to a salting-out
phenomenon that reduces the solubility of the hydrophilic blocks of the copolymer in the
aqueous phase, enhancing its adsorption at the air/solution interface. This enhances the
surface activity of Pluronic F-68, which results in a higher surface excess and stronger ability
to lower the interfacial tension. However, this salting-out phenomenon, even though it is
independently of the copolymer concentration, appears as a most important contribution to
the surface activity of the Pluronic F-68 when the NaCl concentration, i.e., the ionic strength
overcomes a threshold value around 1M. The effect of such high concentrations of salt are
rarely studied in works dealing with the adsorption of surface-active molecules at fluid/fluid
interfaces.

On the contrary to that what was found for the impact of the ionic strength on the equilibrium
properties of the Gibbs monolayers, the results obtained by low frequency oscillatory
experiments have shown that the ionic strength has only a reduced effect in the modification
of the relaxation processes, modifying the characteristic frequencies in such a way that can be
interpreted in terms of the enhanced surface activity induced by the addition of salt. However,
the extension of the accessible frequency range by including results obtained using
measurements based on the evaluation of the damping of interfacial capillary waves excited
by the application of an electric field has evidenced that the rheological response of the Gibbs
monolayers can be modified by the ionic strength, especially at high copolymer concentrations
and high ionic strength. However, most interesting is the fact that the variation of the ionic
strength and the copolymer bulk concentration helps on the understanding of the limits of the
characterization of interfacial rheology by electrocapillary waves experiments. The results
have evidenced that these limits are not only a result of the surface excess and interfacial
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tension and deserve a deeper study to exploit the whole potential of electrocapillary wave for
evaluating the dilational rheology properties of interfacial films at the air/water interface.
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Chapter VI: Interfacial rheology of PtBA/NaCl solutions Langmuir
monolayers

6.1. Introduction

The study of polymers confined at interfaces is of paramount importance in many
technological applications and for understanding many biological processes [1]. Insoluble
monolayers of non-charged flexible homopolymers are the paradigm of quasi-2D model
systems because their thickness is usually of the order of the polymer's gyration radius in bulk
[2,3]. Poly-(tert-Butyl-Acrylate) (PtBA) is a highly hydrophobic polymer (Figure 6. 1), soluble in
non-polar solvents such as chloroform which can form Langmuir monolayers at the air-water
interface through spreading of the polymer solution in an organic solvent [4]. PtBA has many
applications, including its use as a raw material for fiber processing agents, adhesives, coatings,
and emulsions. In these applications, the interfacial behavior of the polymer is critically
important. Understanding how PtBA behaves at interfaces can inform the design and
optimization of these materials for improved performance. Moreover, investigating the
interfacial properties of PtBA can provide insights into the fundamental principles governing
polymer behavior at interfaces. This knowledge can be extended to other polymers and
interfaces, potentially leading to advancements in areas such as drug delivery, where
polymeric coatings are used to control the release of active ingredients, and in the
development of new materials with tailored interfacial properties [[5]].

n

(CH3)3CO” YO

Figure 6. 1. Molecular formula of the Poly-(tert-Butyl Acrylate) (PtBA).

For PtBA Langmuir monolayers, the air-water interface constitutes a good-solvent scenario,
where polymer chains are arranged in an extended configuration with most monomers
adsorbed at the interface, leading to the entanglement of chains. The relationship between
the rheological parameters at a long time and polymer concentration/size is compatible with
the existence of diffusional reptation motion controlling the molecular transport in the
monolayer [4,6]. The dilational interfacial rheology of PtBA was studied in a previous work [6],
with the results evidencing the existence of a reptation-like motion of polymer chains within
the interface. In this chapter, the effect of the presence of different NaCl concentrations in the
aqueous subphase over the interfacial properties (surface tension and dilational surface
rheology) of PtBA Langmuir monolayers will be investigated. The effect of high ionic strength
on dilational interfacial rheology of Gibbs monolayers of soluble polymers has been already
studied in previous works. For instance, Llamas et al. [7] proved that the presence of Li*, which
interacts with poly(oxyethylene) monomers, affects the interfacial tension and rheology of
Gibbs monolayers of Pluronic F-68 (triblock copolymer consisting in two lateral blocks of
poly(oxyethylene) and a central one of poly(oxypropylene). Moreover, in Chapter V [8], it has
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been already discussed that high NaCl concentrations (> 1 M) favor the adsorption of Pluronic
F-127 molecules at the air-water interface due to the salting-out effect. This results in a strong
decrease in the surface tension and a change in the rheological response of the interface. In
the aforementioned systems, the interaction between ions and the polymer occurs in solution
and it is reflected at the interface. However, less is known about the potential effect of ionic
strength of the subphase over the interfacial properties of a Langmuir monolayer.

In the case of PtBA, which is a non-charged polymer, is not expected that the change in the
ionic strength of the subphase introduces any strong interaction between the ions in the
subphase and the polymer at the interface. In fact, the presence of salt may lead to a slight
increase in the interfacial tension of the water-air interface [9,10], but it is not expected to
significantly affect the interfacial properties of the polymer. The interest of this study emerges
from the fact that previous studies have shown that the use of dispersion equation for capillary
waves (see Chapter I, 2.1.4. Electro-Capillary Waves (ECW)) determine the dilational
interfacial modulus may lead to physically unsound results when the ionic strength is
increased. Safouane et al. [11] reported negative values of storage and loss dilational interfacial
modulus in presence of high concentrations of NaCl (> 3 M); Monroy et al. [12,13] and Stenvot
et al. [14] determined the dilational interfacial modulus of cationic surfactant Gibbs monolayers
by ECW technique, obtaining negative values of loss modulus at 800 Hz. On the other hand,
several authors [13,15-17], performing experiments in cationic surfactant Gibbs monolayers
with SQELS technique, obtained also negative values of the loss modulus. Negative values of
storage and loss modulus were also reported by Cuenca et al. [18] for experiments on a cationic
surfactant performed using the oscillating barriers technique. The authors explain that such
negative values, especially those corresponding to the surface viscosities, results from the
asymmetry in the adsorption-desorption processes, which makes the usual data analysis
procedure unsuitable for the analysis of the system. In summary, many studies in literature
have dealt with the potential role of the ionic strength of the determination of the rheological
properties of Gibbs monolayers. In contrast, this chapter tries to provide a systematic study of
the effect of ionic strength on the interfacial properties of PtBA Langmuir monolayers.
Therefore, the effect of the presence of ions in the water subphase was mainly studied to
understand how it can affect to the determination of the dilational response, especially at high
frequencies obtained by electrocapillary waves measurements (ECW). It is expected that this
study can contribute to shed light on the understanding of whether the current models to
determine dilational interfacial rheological are still valid in presence of ions that do not interact
with the interface. For this purpose, it was studied the effect of the ionic strength on the
surface pressure-surface concentration isotherm for PtBA monolayer and the dilatational
rheological response obtained in the low frequency region (in the range 103-10"! Hz) by the
oscillating barriers technique and at higher frequency (in the range 50-500 Hz) by
electrocapillary waves technique.

6.2. Materials and methods

6.2.1. Chemicals

Highly monodisperse Poly-tert-Butyl-Acrylate (PtBA) with a weight average molecular weight
Mw = 4.6 kDa ( Mw/Ms=1.15) purchased at Polymer Source Inc. (Dorvarl, QC, Canada) was
dissolved in chloroform stabilized with ethanol (ACS reagent, purity 299.8%) supplied by Sigma
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Aldrich (Saint Louis, MO, USA) at a concentration of 0.2 g/L. Prior to their use, the solutions
were stored, at room temperature, for at least 24 h, in order to ensure a complete dissolution
of the PtBA in chloroform. Afterwards, the solutions were stored in a fridge at 42C, and they
were left to equilibrate at room temperature at least 30 minutes before their use.

NaCl with purity >99.9 % supplied by Sigma-Aldrich (Saint Louis, MO, USA) was dissolved in
ultrapure deionized water of Milli-Q grade, with a resistivity higher than 18 MQ-cm and a total
organic content (TOC) of less than 6 ppm. The Milli-Q water was obtained from AquaMAX™-
Ultra 370 Series multi-cartridge purification system (Young Lin Instrument Co., Ltd., Gyeonggi-
do, Republic of Korea). All solutions were prepared by weight using an analytical balance
accurate to #0.01 mg. Throughout the experiments, temperature was maintained at 23.09C
with an accuracy of 0.1 °C.

6.2.2. Experimental methods

The surface pressure I1(I") = yo-y(I"), where y(I') represents the surface tension of the
Langmuir monolayer at a defined surface concentration I, and y, the surface tension of the
bare air-water interface, was measured by using a surface force tensiometer (NIMA PS4,
manufactured by Nima Technology, Coventry, UK) fitted with disposable Wilhelmy paper plates
(Whatman CHR1 chromatography paper, Merck, Darmstadt) of 20.6 mm of perimeter. A fresh
paper plate was used for each measurement to prevent any potential modifications on the
plate surface as a result of the material adsorption during previous experiments. The
measurements were obtained with an error of + 1 mN/m. For all the measurements, the
temperature was controlled by using a thermostatic bath set at 23.0+0.1 2C. Each experimental
data point reported was an average of at least three independent measurements.

Two experimental techniques were used to determine the dilational rheological response of
PtBA Langmuir monolayers in two different frequency (v) ranges. In the low-frequency range
(103-101 Hz), oscillating barrier measurements in a Langmuir balance (model 702 from Nima
Technology, Coventry, UK) with a total area of 700 cm? (70 cm length x 10 cm width). This
method was already described elsewhere [19-21]. In order to minimize the effect of shear on
the results obtained using the oscillatory barrier method, the experiments were carried out
using a relatively small deformation amplitude (5%). In addition, the paper Wilhelmy plate was
placed parallel to the barrier movement in the center of the trough and the barrier oscillations
were performed far enough from the contact probe to avoid any possible role of unintended
flows in the dilational response. Dilational interfacial rheology at high frequencies (in the range
of 80-450 Hz) was evaluated by means of a homemade electrocapillary waves (ECW) device
(see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)). This method was also described in
previous works [19,21-24].

For the preparation of the monolayer, NaCl solutions of different concentrations (in the range
0-1 M) were poured in the Teflon Langmuir trough, and then PtBA Langmuir monolayers were
prepared on their surface by the spreading PtBA solution in chloroform. This was done by
uniformly pouring drop-by-drop by means of a Hamilton syringe the required amount of
polymeric solution to achieve a specific surface concentration. After, the spreading of the
polymer at the air-water interface, it is needed to wait for a complete evaporation of the
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chloroform, guaranteeing the correct spreading of the polymer chains at the interface. This
was checked by the absence of change in the surface pressure by a period of 10 minutes.

6.3. Results and discussion

6.3.1. Surface pressure isotherms

Figure 6. 2 displays the surface pressure isotherms of PtBA in terms of a surface pressure vs.
surface concentration representation as was obtained for monolayers spread on the surfaces
of water solutions with different NaCl concentrations, i.e., different ionic strengths (/). These
isotherms are a true equilibrium representation as were obtained under static conditions, i.e.,
they were obtained by the sequential addition of small volumes of polymer solution and
waiting until the equilibration (point-by-point isotherm), and therefore the nonequilibrium
effects associated with the traditional methodology of compression were avoided [2].

20 —a—|=0mM
—o—|=25mM
—4—1=100 mM
—v 1=1000 mM

15

: : :
0,0 01 0.2 03
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Figure 6. 2. Surface pressure isotherms of PtBA on subphase with different ionic strengths. Notice that the isotherms were
obtained point-by-point.

The results show that independently of the ionic strength of the subphase, the surface
pressure increases with PtBA surface concentration. Moreover, the results show that within
the error bars, there are no changes in the surface pressure isotherm with the variation of the
NaCl concentration. This suggests that in the case of PtBA monolayers, the presence of NaCl
in the subphase does not affect the behavior of the monolayers. Therefore, the results allow
ruling out any interaction of the insoluble monolayer with the Na* and Cl ions, and therefore
this system offers a valuable alternative for evaluating the possible effect of the ionic strength
on the reliability of the determination of the rheological properties of Langmuir monolayers.
On the other hand, the here obtained isotherm for PtBA on a subphase at I = 0 mM agrees
with the variation of the surface pressure on the molecular weight reported by Maestro et al.
[4].

Figure 6. 3 represents for the sake of example, the surface pressure isotherm obtained for
monolayers on a subphase without NaCl to elucidate the different possible regime appearing
on the monolayer behavior on increasing the surface concentration.
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Figure 6. 3. Surface pressure isotherm for PTBA (M,, = 4.6 kDa, M,,/M,, = 1.15) on a subphase at I = 0mM. The squares
correspond to the experimental data and the dashed line to the IT~I'" dependence expected for the semidilute regime.

According to the results reported by Maestro et al. [4], PtBA monolayers present, at low surface
concentration, a diluted regime, where a small change on the surface pressure occurs as the
surface concentration increases, i.e., I remains close to zero, at the lowest values of the
surface concentration. The increase of the surface concentration pushes the system to a
regime where the surface pressure changes fast with the surface concentration. This is the so-
called the semi-diluted regime, in which the dependence of the surface pressure on the
surface concentration can be expressed in terms of a power law relationship between IT and
I’ (IT~T'™). At the highest surface pressures and highest surface concentrations, the system
enters in a quasi-plateau region where surface pressure remains almost constant with the
increase of the surface concentration, defining the concentrated regime. Unfortunately, with
the precision of the obtained experimental data, it was not possible to observe the diluted
region in the log-log plot of the obtained isotherms, but it can be assumed that it appears for
surface concentrations below 0.07 umol/m?2.

The analysis of the part of the isotherm corresponding to the semi-dilute regime in terms of
II~T™ results in an exponent 6.2+0.2, which is higher than the value n = 3 predicted by the
theory for good solvent conditions. In fact, it is expected that the scaling exponent fulfills the
relationship n = 2v/(2v — 1), where v is the Flory exponent. The Flory exponent in 2D, i.e.,
monolayers, assumes a value of 0.75 for good solvent conditions, whereas it becomes 0.5
under bad solvent conditions [25]. In the here studied, system v=0.6. Therefore, it can be
expected that the PtBA molecules at the water-air interface assumes a conformation that it is
an intermediate state between extended and complete coiled chains.

6.3.2. Equilibrium dilational elasticity
The equilibrium dilational elasticity, Eo (defined as the dilational storage modulus at zero
frequency), is a critical attribute of the monolayer, providing information related to the rigidity
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of the monolayer and its capacity to store elastic energy. This property can be obtained from

the data of the surface pressure isotherm according to the following equation,

ar(r) (6.1)
or -

E((IN =Es(v=0,T)=T

Figure 6. 4 shows the dependence of the equilibrium dilational elasticity on the surface
concentration for Langmuir monolayers of PtBA on aqueous solutions of different NaCl
concentrations. The results show that as it occurs with the surface pressure isotherms, the
effect of the ionic strength on the dilational elasticity can be considered almost negligible. In
all the cases, the curve of the equilibrium dilational elasticity shows a region where it assumes
values close to zero, which corresponds to the quasi-dilute region. Then, the equilibrium
elasticity increases with the surface concentration along the semidilute and concentrated
regimes. In the latter, the monolayer becomes compact, and the equilibrium dilational
elasticity reaches a maximum at a surface concentration in the range 0.15 — 0.16 umol/m?.
This maximum is close to the inflection point of the surface pressure isotherms. Once the
monolayer reaches the maximum packing, and the elasticity drop to zero with further
increases in the surface concentration.
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Figure 6. 4. Equilibrium elasticity E,(I"), as a function of PtBA surface concentration, at different NaCl concentrations (1).

As expected, E, depends on I, and it shows, at every NaCl concentration, a peak. Since I1(I")
does not depend on I, Ey(I") is not affected by NaCl concentration as well.

6.3.3. Low frequency dilational rheology
After evaluating the negligible effect of the ionic strength on the equilibrium properties of PtBA
monolayers. The next step is to evaluate how the ionic strength affects the interfacial response
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against dilational deformations. For this purpose, a low frequency study was conducted using
the oscillatory barrier method in a Langmuir balance. Thus, it was possible to evaluate the
surface dilational response at low frequencies (in the frequency range 2.5+ 1073 — 107! Hz).
Figure 6. 5 shows the frequency (v) dependence of the storage E, and loss E; dilational moduli
corresponding to PtBA monolayers spread on water subphases of different ionic strengths I
and at a fixed surface concentration I' = 0.11 umol/m?, which corresponds to the semidilute
regime of the monolayer.
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Figure 6. 5. Frequency (v) dependence of the storage dilational modulus (E) and loss dilational modulus (E;) obtained by
oscillatory barriers (at 23 °C), within 2.5-1073 — 10! Hz frequency range, of PtBA Langmuir monolayers (' =
0.11 pumol/m?) spread on aqueous subphases with different ionic strengths.

The results show that E; does not depend on ionic strength within the explored frequency
range, and it remains almost constant within the experimental window, even though the
results at the highest frequencies suggests a slight increases. On the other hand, the values of
E;(v) plotted in Figure 6. 5 (a) are compatible with the values of Ej,. In fact, at the same surface
concentration I' = 0.11 umol/m?, E, =~ 19.5 + 2 mN/m. According to the plots shown in
Figure 6.5 (b), neither E; depends on ionic strength, and it increases at the highest frequencies
of the considered frequency range, which suggests the presence of a relaxation process with
a characteristic frequency in the range 0.1 Hz. This latter confirm the relaxation process which
was suggested from the frequency dependence of the storage modulus.

6.3.3. High-frequency dilational rheology: Electro-Capillary Wave (ECW) measurements

The evaluation of the damping of capillary waves excited by electric fields on PtBA Langmuir
monolayers at the air/solution interface makes it possible to determine the dilational
interfacial rheological response of the interface in the range of high frequencies (80-450 Hz).
In the here discussed study, it was not possible to perform experiments for frequencies higher
than 450 Hz due to the strong decrease in the intensity of the signal, which significantly
reduced the sensitivity of the measurements.

For a capillary wave excited in a point of the interface (represented by the xy plane), it is
possible to define its spatial profile (represented by the vertical displacement along z-
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direction, u,) by the following expression (see Chapter Il, 2.1.4. Electro-Capillary Waves
(ECW)),
2m

u, = ule A% cos (Tx + <p),

(6.2)

with u? being the wave amplitude, and B, A and ¢ the damping coefficient, the characteristic
capillary wavelength and the phase lag, respectively. Figure 6. 6 shows the frequency
dependences of both 8 and A for PtBA monolayers (I' = 0.11 umol /m?) spread on aqueous
solutions with different ionic strengths.

(a) (b)

—=—|=0mM —=—|=0mM
—e— | =100 MM 1,4 —e— | =100 MM
—A | =1000 mM —A— | = 1000 mM

T T T T T T T T 1 T T T T T T T T
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450
v (Hz) v (Hz)

Figure 6. 6. Frequency (v) dependences of the wavelength A (a) and damping B (b) of PtBA Langmuir monolayers (I' =
0.11 umol/m?) spread on aqueous subphases with different ionic strengths.

According to Figure 6. 6 (a), A decreases with frequency. Results seem to align with Kelvin’s
law (see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)). The exponent n was found to be

around n = 1.47 (very similar to the valuen = % predicted by Kelvin law). On the other hand,

A does not seem to vary with /, reflecting that NaCl does not change the value of the surface
tension y of PtBA monolayers (in line with the surface pressure isotherms shown in Figure 6.
2).

The damping coefficient, as shown in Figure 6. 6 (b), increases with the frequency, but its trend
cannot be interpreted in terms of a Stokes-like law (f~v", with n = 1, see Chapter Il, 2.1.4.
Electro-Capillary Waves (ECW)). In fact, according to the experimental results, n = 0.88. The
diference with respect to Stokes law is due to the viscoelastic behavior of PtBA monolayers.
lonic strength does not affect the values of f. In fact, the bulk viscosity of the aqueous
subphase (1) does not change significantly in presence of salt, at least for I < 1M [8,11].
Furthermore, as shown in Figure 6. 2, salt concentration does not change the surface tension,
so, subsequently, the damping properties of the interface remain unchanged.

In order to determine the dilational response of the monolayer from electrocapillary wave
experiments, the dispersion equation (a relation between the characteristics parameter
associated with the propagation of the transversal waves: the frequency v, the wavelength A,
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and the damping coefficient ) must be solved with respect to the complex dilational modulus
E:(v) (see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)). Being w = 2mv the angular
frequency, EZ (v) can be determined as follows,

2 (6. 3)
- —-m
(nw(q —m)) (g +m)
va® +inw(g +m) - g
Es(v) = Eg(v) + iwk;(v) = = ,
where g is the complex wavevector, defined as,
2m (6. 4)

q= 7 - lﬁ'
and m is the capillary penetration depth (Re(m) > 0),

(6.5)
m= |q*+ iwg,

Before to discuss the rheological data obtained from the analysis of the dispersion equation,
it will be evaluated the accuracy of the ECW technique to extract information of the dilational
response of the interfacial film. In order to guarantee that dilational data obtained by ECW
experiments are of good quality, it is needed to take in to consider the resonance condition.
According to the resonance condition, the higher accuracy of capillary wave to provide
information on the dilational response of the interface occurs when the following condition is
satisfied (see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)) 8],

E 2\ /4 (6. 6)
(—5) = <qi> ~ 0.10 — 0.15,
v/y \yp

where the subindex R indicates the resonance condition. If the Es/y ratio, determined by

experimental data, is far above the range associated with the resonance condition, the
dilational parameters extracted from the analysis of the experimental data will be affected

from a big uncertainty. Figure 6. 7 shows the Es/y ratio for all the analyzed samples:

176



—a—[=0mM
—e—| =100 mM
—4A—1=1000 mM

0,85
0,80
0,75
0,70
0,65
0,60
0,55
0,50
0,45
0,40
0,35
0,30
0,25
0,20
0,15
0,10

Edly

T T T T T T T T 1
50 100 150 200 250 300 350 400 450 500
v (Hz)

Figure 6. 7. Frequency dependence of Es/y ratio of PtBA monolayers (at I' = 0.11 umol/m?) spread on water subphases of
different ionic strengths.

The results shows that the values of Es/y ratio, at all the frequencies probed, and in particular
forv > 120Hz, exceed the values corresponding to the resonance condition. Therefore, it may
be expected a high uncertainty in the determination of the dilational properties by ECW. At
I = 1M, the values of Es/y clearly stand out, which suggests that both E; and Ej, at this value
of NaCl concentration, will be affected by big error bars. This results aligns with the behavior
of Pluronic F-68 Gibbs monolayer studied in Chapter V [8] at higher ionic strength, an increase

of Es/y and of E error bar was observed as well.

Figure 6. 8 displays the frequency dependences, within the whole experimental window, i.e.,
combining data of low and high frequencies, of the storage E, as well as the loss E; = wk;
dilational moduli for PtBA monolayers (at I' = 0.11 umol/m?) spread on subphase with
different ionic strengths.
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Figure 6. 8. Storage dilational modulus E (a, b and c) and loss dilational modulus E; = wk; (d, e and f) as a function of the
frequency v of PtBA monolayers (at I' = 0.11 umol/m?) spread on subphases of different ionic strengths. (a and d) 0 mM, (b
and e) 100 mM and (c and f) 1M.

The results demonstrated that according with the above discussion related to the resonance
condition, dilational results obtained from ECW measurements are affected by a big error bar,
especially at the highest ionic strength probed. At I = 0 mM and at I = 100 mMm the data
obtained by ECW appears to match with those obtained by using oscillatory barrier
measurements. Conversely, at I = 1M, ECW results appear shifted to lower values of the
storage modulus than those obtained by oscillatory barrier experiments, which is not
reasonable from the physical point of view, and only the big error bars confirm the existence
of a physically sound scenario. The poor quality of the results can be understood by
considering that under the studied conditions where the system does not comply with the
resonance condition, there is a lack of coupling between transversal and longitudinal modes,
and, therefore, the determination of the dilational rheological properties by ECW experiments
is affected by inaccuracy issues.

In order to analyze the dilational spectrum, two relaxation process were considered, which is
summarized in the following expression,

L4idy o 1+ik (6.7)
1+22 21422

E=E,+E
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where E, refers to the Gibbs elasticity, and E; and E, correspond to the high frequency

elasticity limit for the first and second relaxation processes. 4; = vj/v, where the subindex j
can assume values of 1 or 2 depending on the considered relaxation process. Table 6. 1
summarizes the results obtained by the analysis of the experimental data by considering to
relaxation processes.

Table 6. 1. Summary of the characteristics rheological parameters obtained by fitting the experimental results to a model
including two relaxation processes.

cnacl (MM) | Eq (MN/m) | E; (mMN/m) | v4 (Hz) | E; (mN/m) | v, (Hz)
0 1943 2216 0.04+0.20 2214 33244332
100 1915 21+5 0.021+0.1 2614 244+528
1000 1916 204 0.01+0.7 37+10 343+491

Considering the results and the experimental limitations, it can be considered that PtBA films
present the same behavior independently on ionic strength, even though the properties of
bulk are slightly different with the increase of the ionic strength. In fact, the values of p and
are slightly higher [8,11]). A similar behavior was already observed with Pluronic F-68
monolayers, as shown in Chapter V [8].

6.4. Conclusions

This chapter was focused on studying the effect of the ionic strength on the interfacial tension
and dilatational rheology of PtBA Langmuir monolayers spread on aqueous subphase with
different ionic strengths (different NaCl concentration). The dilational rheology studies were
performed in two different frequency ranges: 2.5 - 1073 — 10~! Hz (by means of a Langmuir
trough with oscillating barriers) and 80 — 450 Hz (by means of ECW technique). The results
have evidenced that the addition of salt (I < 1M) does not change the properties of the
interface. In fact, neither surface pressure nor equilibrium elasticity are affected by ionic
strength, which leads to the conclusion that NaCl does not interact with PtBA monolayers. The
dilational rheology of PtBA monolayers (I' = 0.11 umol/m?) at low frequency (2.5 1073 —
1071 Hz) does not change in presence of NaCl in the subphase. The ECW experiments result
in a high uncertainty in the determination of the dilational modulus, which can be associated
with the fact that the resonance condition is not fulfilled.

In order to fully understand the impact of ionic strength on the dilational rheology of PtBA
Langmuir monolayers, other studies may be required, such as the extension of the range of
frequency in the study of dilational rheology (possibly in 103 — 10° Hz frequency range), or
the extension the range of polymer surface concentrations and/or ionic strengths.
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Section 4 Interfacial rheology of covered-silica
nanosuspensions

This section is dedicated to the study of the interfacial properties of polymer-capped particles
aqueous dispersions to provide a deep understanding on the interaction between particles
and surface active molecules, which allows assessing the influence of this nanocomposite
dispersion on the liquid/vapor interface stability and properties. This section is divided into
two chapters:

» Chapter VII: Interfacial rheology of Poloxamer-triblock-copolymer/Silica nanosuspensions

This chapter is aimed at investigating the effect of Pluronic F-127 (an amphiphilic triblock
copolymer) on silica nanoparticles adsorption at water/vapor interfaces, as well as on the
interfacial rheology (at low frequency, 103-10! Hz) of the formed layers, aimed at
understanding the interaction between Pluronic F-127 and silica nanoparticles and the
adsorption of complexes at liquid/vapor interface.

» Chapter VII: Interfacial Rheology of Chitosan-Silica Nanocomposite Films

Chapter VIII has the purpose of evaluating the interaction between chitosan (a positively
charged polyelectrolyte) and negatively charged silica nanoparticles, the stability of the
resulting water dispersions at different pH and concentration condition, the interfacial tension
of the dispersions, and the dilational interfacial rheology measured by means of ECW
technique.
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Chapter VIT: Interfacial rheology of Poloxamer-triblock-
copolymer/Silica nanosuspensionstt

7.1. Introduction

The stability of colloidal dispersions can be tuned by physisorption of surfactants or polymers
onto their surface through interactions such as electrostatic interactions, hydrogen bonding or
van der Waals forces [1-3]. The occurrence of such association results in the formation of
complexes that have different properties from the original particles. In fact, the formation of
these complexes can modify the interparticle interactions and their ability to adsorb at
fluid/fluid interfaces [4,5], which are very important issues for controlling the stability of thin
films, emulsions, and foams [6,7]. For example, silica nanoparticles are often extremely
hydrophilic and tend to remain dispersed in the bulk, which limits their use in stabilizing
emulsions or foams. However, the addition of molecules that can interact with their surface
can help to improve their ability to adsorb at fluid/fluid interfaces [8,9]. This has been
demonstrated by several authors by using surfactants as modifiers, most of them interacting
through electrostatic interactions [10-13] or directly grafted through chemical bonds [14,15].

The enhanced adsorption capacity of modified nanoparticles at fluid/fluid interfaces, in
contrast to bare particles, can be ascribed to the surface-active nature of the additives [8]. This
effect is particularly noticeable when polymer-capped nanoparticles are used, as they are able
to form highly stable emulsions, whereas both unmodified particles and the capping polymer
do not exhibit suitable emulsifying properties in solution [14,16]. However, the specific
behavior of the polymer responsible for this enhanced efficiency is still poorly understood.
Unlike unmodified nanoparticles, which have a limited capability to significantly reduce
interfacial tension both at liquid/liquid and liquid/vapor interfaces through spontaneous
adsorption, from low-concentration suspensions, capped nanoparticles have the capacity to
lower surface tension due to the presence of surface-active molecules bound to their surfaces.
This drives the formation of a particle shell at the interface [14], which is relevant to various
scientific fields, including physics, chemistry, and materials science, and therefore the
motivation to study particle adsorption particles at fluid/fluid interfaces is multifaceted. First,
interfacial adsorption plays a central role in several natural and industrial scenarios. In
biological systems, the adsorption of proteins and surfactants on cell membranes affects cell
function and communication. In industrial applications such as emulsions and foams,
adsorption of particles at liquid interfaces affects stability, rheology and overall product
quality. In addition, the manipulation of interfacial adsorption has practical implications.
Tailoring the adsorption of nanoparticles or molecules can lead to advanced materials with
tunable properties, such as enhanced catalytic activity, improved drug delivery systems, and
innovative sensors. This knowledge has the potential to revolutionize many industries, from
healthcare to energy [16].

The aim of this chapter is to assess the effect of Pluronic F-127, a triblock copolymer composed
of two poly(ethylene oxide) terminal segments and a central poly(propylene oxide) segment

™ This chapteris in part included in the publication: Carbone, C.; Rubio-Bueno, A.; Ortega, F.; Rubio, R.G.; Guzman,
E. Adsorption of Mixed Dispersions of Silica Nanoparticles and an Amphiphilic Triblock Copolymer at the Water—
Vapor Interface. Appl. Sci.2023,13, 10093. http://dx.doi.org/10.3390/app131810093
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(Figure 7. 1), on the modification of the adsorption capabilities of hydrophilic silica
nanoparticles at water/vapor interfaces, as well as on the interfacial rheology of the formed
layers.

Ethylene oxide Propylene oxide Ethylene oxide
H O OH
O O
X y X
CH,
Hydrophilic Hydrophobic Hydrophilic

Figure 7. 1. General molecular structure of Poly(ethylene oxide)n—b-poly(propylene oxide)m—b-poly(ethylene oxide)n triblock
copolymers. x and y indicate the number of monomers of each type of block that can have a broad range of values.

Several studies have shown that the presence of ether groups in the poly(ethylene oxide)
blocks of Pluronic polymers favors their association by hydrogen bonding with hydrophilic silica
nanoparticles [17-19], allowing the preparation of decorated particles using a single-step
adsorption methodology [20]. This provides an intriguing opportunity to exploit the physico-
chemical properties of silica nanoparticles, which have limited affinity for fluid/fluid interfaces,
to manipulate and enhance the properties of such interfaces.

7.2. Materials and methods

7.2.1. Chemicals

A triblock copolymer of the Pluronic family, Pluronic F-127, supplied by Merck KGaA
(Darmstadt, Germany) was used in this work. Pluronic F-127 consists of two lateral blocks of
poly(ethylene oxide) (4.4 kDa) and a central block of poly(propylene oxide) (3.8 kDa). The silica
nanoparticles used were Ludox® HS-40 colloidal silica, provided as an aqueous dispersion
containing 40%w/w solids, also supplied by Merck KGaA (Darmstadt, Germany).

Milli-Q grade ultrapure deionized water (resistivity>18 MQ-cm, total organic content (TOC)<6
ppm) was used to clean all materials and to prepare solutions and dispersions. This water was
obtained using an AquaMAXTM-Ultra 370 Series multi-cartridge purification system. (Young
Lin Instrument Co., Ltd., Gyeonggi-do, South Korea).

7.2.2. Preparation of Pluronic F-127 solutions and Pluronic F-127-silica nanoparticle mixtures

Solutions and dispersions were prepared by weight using a precision analytical balance with
an accuracy of +0.1 mg. For the Pluronic F-127 solutions, the required amount of solid Pluronic
F-127 needed to obtain solutions with concentrations ranging from 0-10 mg/mL was weighed,
then poured into a flask and then solubilized with water to obtain the desired solution
concentration. For the dispersions containing Pluronic F-127 and silica nanoparticles, the first
step was to weigh the appropriate amount of Pluronic F-127 required to obtain mixtures with
copolymer concentrations ranging from 0-10 mg/mL. The weighed copolymer was then
poured into a flask and the amount of particles required to produce mixed dispersions with
two different concentrations of silica nanoparticle (0.1% w/w and 1% w/w) was combined with
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the Pluronic F-127 in the same flask. Finally, the water needed to achieve the final composition
was added. It should be noted that the solutions and mixed dispersions were kept under
stirring at 1000 rpm overnight to ensure their homogeneity. The pH of all dispersions and
solutions was in the range 6.2-6.7 as was determined by the means of a pH-meter (model
CG842, Schott GmbH, Columbus, OH, USA) fitted with a Blueline 18 pH electrode (SI Analitycs,
Mainz Germany).

7.2.3. Experimental methods

Dynamic Light Scattering (DLS) experiments were performed in a quasi-backscattering
configuration (scattering angle, &= 173°) using a Zetasizer Nano ZS instrument from Malvern
Instruments Ltd. (Malvern, UK). The DLS experiments were performed using red line radiation
emitted by a He-Ne laser at a wavelength (A) of 632 nm [21]. The DLS experiments allowed us
to obtain the apparent diffusion coefficient, Dapp, at a constant temperature (in our
experiments 22°C) of scatters dispersed in a liquid, assuming their Brownian motion. From the
values of the Dapp, it is possible to evaluate the size of the scatters in terms of the apparent
hydrodynamic diameter of the scatters, d,’", assuming the validity of the Stokes-Einstein
equation (see Chapter I, 2.3.1. Dynamic Light Scattering (DLS)):

app _ kBT (7- 1)
h 3N Dypp

where kg and T are the Boltzmann constant and the absolute temperature, respectively, and n
is the viscosity of the continuous phase. It should be noted that the DLS technique can only be
used to analyze transparent dispersions, so multiple scattering phenomena should be avoided.

The effective charge density of Pluronic F-127-decorated silica nanoparticles can be
determined by measuring the electrophoretic mobility (ue) using laser Doppler velocimetry
(see Chapter Il, 2.3.2. Zeta-Potential) with a Zetasizer Nano ZS instrument from Malvern
Instrument, Ltd. (Malvern, UK). The electrophoretic mobility is directly proportional to the zeta
potential ({), which provides a quantification of the effective charge carried by the colloids
dispersed in the aqueous medium [22,23].

The dependence of surface tension on Pluronic F-127 concentration was determined for both,
F-127 solutions and dispersions of Pluronic F-127-decorated silica nanoparticles. This was
carried out using a PS4 surface force tensiometer from Nima Technology (Coventry, UK)
equipped with disposable paper Wilhelmy plates (Whatman CHR1 chromatography paper,
Whatman, Maidstone, UK). The evolution of the surface tension of the water/vapor interface
was measured until equilibrium was reached during a period of at least 30 minutes.
Precautions were taken to minimize the influence of evaporation during the measurements.
The data reported for each experiment represent the average of three independent
measurements. All experiments were carried out at a constant temperature of 22.0 £ 0.19C.

Oscillatory barrier experiments [24] were carried out using a NIMA 702 Langmuir balance from
Nima Technology (Coventry, UK) equipped with a surface force tensiometer (PS4, Nima
Technology, Coventry, UK). This setup allows the time evolution of the surface tension
response to sinusoidal changes in surface area to be measured. This makes it possible to
determine the dilational viscoelastic moduli of the interfacial layers, defined as E;(v)* =
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E;(v) + iE;(v) (where E; is the dilational elastic modulus and €E; is the viscous modulus),
over a frequency range of 10! to 102 Hz, and at a fixed surface deformation amplitude Au =
0.1. The chosen deformation amplitude was checked to be appropriate to ensure that the
results obtained were within the linear response regime of the interface. It should be noted
that the imaginary component of the dynamic surface modulus (E;) remained below 5% of the
real component (E;) in all measurements. Consequently, the detailed discussion of the
imaginary part provides limited insight for the clarity of the experimental work and therefore
will not be discussed here.

7.3. Results and discussion

7.3.1. Characterization of bare silica nanoparticles and Pluronic F-127

Before studying the association between Pluronic F-127 and silica nanoparticles in aqueous
medium, it is important to evaluate the behavior of the unmodified silica nanoparticles and
Pluronic F-127 in aqueous medium. The silica nanoparticles used have an average
hydrodynamic diameter of about 15+4 nm, as determined by DLS, and an average { potential
of (-35.7+0.8 mV), which is in agreement with the results previously reported by Liu et al. [25],
indicating a negative charge due to the presence of dissociated silanol groups on the
nanoparticle surface. This is of paramount importance to ensure the stability of the
nanoparticles in agueous medium. Despite the effective negative charge of the particles, this
does not imply complete dissociation of all the silanol groups on the surface of the
nanoparticles and therefore it is possible that hydrogen bonding interactions may occur
through non-dissociated silanol groups on the surface of the nanoparticles.

The characterization of Pluronic F-127 aqueous solutions has been extensively discussed in
previous works [17], and only the most fundamental aspects will be highlighted in this chapter:
as the weight fraction of Pluronic F-127 in solution increases, the viscosity of the solution
increases progressively. This viscosity increase is particularly noticeable when the copolymer
weight fraction reaches about 120 mg/mL, with a sol-gel transition occurring at a copolymer
weight fraction of about 200 mg/mL w/w. This sol-gel behavior is consistent with findings from
previous studies on various polymers within the Pluronic family [26-29]. This transition limits
the range of Pluronic F-127 concentrations that can be effectively used, and we have therefore
limited our study to a maximum concentration of 10 mg/mL, where the viscosity of Pluronic
F-127 solutions, and their mixtures with silica remain close to that of water.

7.3.2. Characterization of dispersions of Pluronic F-127-decorated silica nanoparticle

The interaction of silica nanoparticles with Pluronic F-127 leads to the formation of copolymer-
decorated silica nanoparticles, as demonstrated in a previous work [17] for the combination
of Pluronic F-127 and another type of silica nanoparticles (Ludox® TMA). This is consistent with
the results reported by Sarkar et al. [18]. They proposed that copolymers belonging to the
Pluronic family can adsorb on the silica surface, regardless of whether it is protonated or not,
forming a shell that has different conformations depending on the Pluronic concentration
considered.

The association between Pluronic F-127 and silica nanoparticles can be rationalized
considering the formation of hydrogen bonds between the ether groups present in Pluronic F-
127 and the non-dissociated silanol groups on the surface of the silica nanoparticles. It has
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been previously reported that the formation of hydrogen bonds between the surface of silica
nanoparticles and various polymers is a good alternative to enhance the stability of silica
nanoparticle dispersions [30]. In fact, these hydrogen bonds are significantly stronger (about
25-30%) than the interactions between silanol groups and water molecules, which favors the
association between Pluronic F-127 and the silica nanoparticles [31]. Consequently, when
Pluronic F-127 is introduced into the colloidal dispersion, water molecules on the nanoparticle
surface are replaced by copolymer molecules, resulting in the formation of copolymer-
decorated silica nanoparticles. It is expected that increasing the number of available silanol
groups on the surface of silica nanoparticles by mild acidification of the dispersions may
improve the efficiency of silica-Pluronic F-127 association. However, lowering the pH of the
dispersion may increase the aggregation of the silica nanoparticles, which will affect both the
bulk association and the interfacial properties of the obtained dispersions.

DLS measurements provide empirical support to prove the interaction between copolymer
and silica nanoparticles. As an illustrative example, Figure 7. 2 shows a series of intensity
autocorrelation functions (g'?(t)-1) and the resulting distributions of apparent hydrodynamic
diameters obtained from their analysis. These results are derived from measurements of
mixed dispersions comprising of silica nanoparticles and Pluronic F-127, where the
concentration of the copolymer is progressively increased.
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Figure 7. 2. DLS results for mixed dispersions of silica nanoparticles (concentration, 1%w/w) and Pluronic F-127, with
increasing concentrations of the latter: (a) intensity autocorrelation functions, and (b) intensity-apparent hydrodynamic
diameter distributions obtained from the analysis of the intensity autocorrelation functions in panel (a). The code of color is
the same in both panels (concentrations are referred to Pluronic F-127): (m,—) 0.2 mg/mL, (®,—) 1 mg/mLg/L, (A, )3 mg/mL
and (V¥,-) 10 mg/mL.

The intensity autocorrelation functions obtained from the DLS experiments show a
monomodal character regardless of the amount of Pluronic F-127 present in the colloidal
dispersions. This indicates the presence of a single population of scatters within the dispersion,
as supported by the intensity-apparent hydrodynamic diameter distributions shown in Figure
7. 2 (b). However, it should be noted that the population appearing at the highest values of
apparent hydrodynamic diameter must be considered meaningless, appearing as an artifact in
the analysis of the intensity autocorrelation function due to the presence of a reduced number
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of aggregates or dust particles in the dispersion. It should be also noted that the scattered
intensity increases by a factor of 10° with the characteristic dimension of the scatters.
Therefore, it is reasonable to expect that the scatter intensity for a significant scatter
population in the high apparent hydrodynamic diameter region would be significantly lower
than that of the population observed at lower apparent hydrodynamic diameter values.
[21,32,33].

A more detailed analysis of the DLS results indicates that the characteristic relaxation time of
Pluronic F-127-decorated silica nanoparticles increases progressively with increasing Pluronic
F-127 concentration (see Figure 7. 2 (a)), which can be interpreted as an increase in the
characteristic size of the colloidal particles, evaluated in terms of the apparent hydrodynamic
diameter, due to the formation of the copolymer layer on their surface (see Figure 7. 2 (b)).
Therefore, based on the DLS results, a very efficient adsorption of Pluronic F-127 on the surface
of silica nanoparticles can be assumed which is in agreement with previous results reported
by Sanchez-Arribas et al. [17]. It should be noted that average size obtained by DLS for
decorated silica nanoparticles is higher than that expected for Pluronic F-127 chains, and that
in the case of Pluronic F-127 solutions above the CMC, DLS shows a multimodal system where
two different types of species, i.e., single chains and micelles are involved, leading to more
complex DLS results [17]. For a deeper understanding of the formation of Pluronic F-127-
decorated silica nanoparticles, Figure 7. 3 shows the dependence on the average apparent
hydrodynamic diameter (obtained as the maximum of the intensity-apparent hydrodynamic
diameter distribution) on the concentration of the Pluronic F-127 included in the dispersion
(Cpiuronic F-127) for dispersions with two different concentrations of silica nanoparticles (cne). It
should be noted that the reported apparent hydrodynamic diameter is a concentration
dependent quantity, with this dependence resulting from interparticle interactions, and is
therefore different from the true hydrodynamic diameter reported in 7.3.1. Characterization
of bare silica nanoparticles and Pluronic F-127 subsection [34,35].
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Figure 7. 3. (a) Dependence of the average apparent hydrodynamic diameter on the concentration of Pluronic F-127 for the
mixed dispersions. (m) cnp=0.1%w/w and (®) cnp=1%w/w. (b) Dependence of the average apparent hydrodynamic diameter
on the nanoparticle concentration for silica nanoparticle dispersions with Pluronic F-127, where the concentration of Pluronic
F-127 is fixed at 1 mg/mL. The lines in both panels are guides for the eyes.

The addition of Pluronic F-127 to the silica nanoparticle dispersions results in a significant
increase in the apparent hydrodynamic diameter of the nanoparticles when dispersions with
a fixed nanoparticle concentration are considered. In fact, the apparent hydrodynamic
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diameter (dzpp) increases from approximately 20 nm for the unmodified particles to roughly
60 nm for dispersions containing 0.1%w/w nanoparticle concentration, and up to values of
about 30 nm when the concentration of the dispersions is increased by a factor 10 (1%w/w).
These observations strongly suggest the adsorption of Pluronic F-127 molecules onto the silica
nanoparticle surfaces. At lower Pluronic F-127 concentrations, the copolymer molecules are
likely to be adsorbed individually, adopting a flat conformation that becomes increasingly
disordered with increasing copolymer concentration, as a result of an increase in the number
of polymer segments protruding into the aqueous phase and the consequent increase in d,cllpp.
However, once the critical micelle concentration (CMC) of Pluronic F-127 is overcome, micelles
of the copolymer are expected to adsorb directly onto the nanoparticle surfaces. These
micelles can be deformed as their number increases to maximize their adsorption on the
surface. This is particularly important, at the lowest nanoparticle concentration where the
dimension of the Pluronic F-127 capping layer exceeds the average apparent hydrodynamic
diameter of Pluronic F-127 micelles (approximately 15-20 nm) [17]. The adsorption of Pluronic
F-127 micelles on silica surfaces is consistent with previous reports suggesting that the
micellization of Pluronic copolymers on hydrophilic surfaces is preferential compared to the
micellization process occurring in bulk aqueous phases [36,37].

Deepening now in the effect of the nanoparticle concentration on the adsorption of Pluronic
F-127 on the silica surface. It is important to note that the apparent thickness of the Pluronic
F-127 layer is higher as the concentration of nanoparticles is decreased. This can be explained
considering the effective area available for the copolymer adsorption. In fact, the lower the
nanoparticle concentration the smaller the area available for the adsorption, and therefore it
is expected that the existence of a higher competition between the Pluronic F-127
molecules/micelles for occupying the nanoparticle surface, resulting in the formation of more
disordered layers with a higher fraction of Pluronic F-127 monomers protruding into the
aqueous phase. This demonstrates the complexity of the concentration-dependent adsorption
behavior and highlights the importance of understanding surface interactions. In a similar
situation to the above, the effect of silica nanoparticle concentration on the adsorption of
Pluronic F-127 at constant concentration (1 mg/mL) is examined. As the concentration of silica
nanoparticles increases, there is a decrease in the apparent hydrodynamic diameter of the
copolymer-nanoparticle complexes. The association of Pluronic F-127 and silica nanoparticles
in the aqueous bulk can also be evaluated in terms of the effective charge of the decorated-
colloids, evaluated from the ¢-potential (see Figure 7. 4).
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Figure 7. 4. (a) Dependence of the T potential on the concentration of Pluronic F-127 for the mixed dispersions. (m)
cNP=0.1%w/w and (e) cNP=1%w/w. (b) Dependence of the { potential on the nanoparticle concentration for silica
nanoparticle dispersions with Pluronic F-127, where the concentration of Pluronic F-127 is fixed at 1 mg/mL. The lines in both
panels indicate the { potential value corresponding to the bare silica nanoparticles, and the error bars represent the standard
deviation of five independent measurements.

The results show a progressive shift of the T potential value, moving from that of the
unmodified particles to values close to electroneutrality. Based on this result, it can be
assumed that the formation of the Pluronic F-127 shell on the silica surface shields the
negative charge on the nanoparticle. Consequently, the stability mechanism of the particles in
the aqueous medium shifts from electrostatic stabilization to steric stabilization, leading to the
formation of core-shell colloids. These colloids consist of an inner core composed of silica
nanoparticles, while the outer shell is formed by the capping Pluronic F-127 layer (see
references [17,18] for a sketch of the core-shell decorated colloids). In addition, the
dependence of the coating density on the number of nanoparticles dispersed in the aqueous
medium is supported by the observed reduction in the effective charge of the copolymer-
decorated nanoparticles with increasing nanoparticle concentration. As mentioned earlier, a
higher particle concentration results in a limited availability of Pluronic F-127 to coat each
individual particle.

7.3.3. Adsorption of Pluronic F-127-decorated silica nanoparticles at the water/vapor interface
The study of the adsorption of Pluronic F-127-decorated silica nanoparticles at the
water/vapor interface requires a careful investigation of the equilibrium interfacial tension of
both the Pluronic F-127- and particle-laden water/vapor interfaces. In addition, it is interesting
to investigate the interfacial dilatational response of the formed layers once equilibrium is
achieved. Understanding these aspects is of paramount importance when using interfacial
layers to stabilize dispersed systems, and considering that in the system studied here, a
water/vapor interface is considered. The information obtained may be relevant to improve the
stability of foams [39-41].

Before discussing the adsorption of Pluronic F-127 and copolymer-decorated silica
nanoparticles at the water/vapor interface, it is important to highlight that the bare silica
nanoparticles exhibit minimal interfacial activity when considering their interaction with
water/vapor interfaces. This observation is consistent with previous results reported in the
literature [14,38,39]. The lack of significant interfacial activity may be attributed to the
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reluctance of the nanoparticle to spontaneously adsorb at the water/vapor interface.
However, it is also possible that they do adsorb to some extent but exert weak dipolar repulsive
forces at the interfaces [40]. In contrast, the interfacial tension of the bare water/vapor
interface is significantly affected by both Pluronic F-127 and copolymer-decorated
nanoparticles. Figure 7. 5 shows the relationship between Pluronic F-127 concentration and
interfacial tension observed at the water/vapor interface after adsorption of either Pluronic F-
127 or copolymer coated nanoparticles.

In the case of the interaction of Pluronic F-127 with the liquid/vapor interface, the behavior is
consistent with that expected for the adsorption of an amphiphilic copolymer with surfactant
character. In fact, the ability of Pluronic F-127 to reorganize at the interface with its most
hydrophobic blocks, i.e., the poly(propylene oxide) ones, protruding towards the vapor phase,
while the poly(ethylene oxide) blocks ensure the attachment of the copolymer to the liquid
interface. Considering the investigated concentration range of Pluronic F-127, it is expected
that the Pluronic F-127 is attached to the interface in a mushroom or brush conformation [41-
44). It is more interesting to evaluate the change in water/vapor interfacial tension with the
Pluronic F-127 concentration when dispersions of Pluronic F-127-decorated silica
nanoparticles are considered. The results show that for a fixed concentration of Pluronic F-
127, the interfacial tension increases with the concentration of silica nanoparticles. This is
similar to the effect observed by Ravera et al. [38] in their study of the adsorption of surfactant-
decorated particles at the water/vapor interface. This type of phenomenon is different from
that observed in other colloidal systems, such as polymer-surfactant mixtures, where the
association process is accompanied by an enhanced decrease in the surface tension of the
fluid/fluid interface [45].
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Figure 7. 5. Pluronic F-127 concentration dependence of the interfacial tension of the bare water/vapor interface upon the
adsorption of Pluronic F-127 or copolymer-decorated silica nanoparticles. (A) cnp=0 %w/w (Pluronic F-127 solutions), (m)
cne=0.1%w/w and (®) cne=1%w/w. The lines are guides for the eyes, and the error bars are obtained as the standard deviation
of three replica for each sample.

For the case of Pluronic F-127 solutions in the investigated copolymer concentration range the
interfacial tension is on a plateau region related to the maximum coverage of the interface, or
closer to such a situation (at the lowest Pluronic F-127 concentrations), for copolymer-
decorated particles the results show higher values of the interfacial tension than for the
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copolymer solutions at low Pluronic F-127 concentration, and then as the Pluronic F-127
concentration increases, the interfacial tension decreases to values similar to those found for
bare Pluronic F-127 solutions. These results can be explained by considering two different
frameworks. The first assumes that the introduction of silica nanoparticles causes a depletion
of Pluronic F-127 molecules from the aqueous phase to the surface of the silica nanoparticles,
thereby reducing the effective concentration of free copolymer in solution. This results in a
situation characterized by the adsorption of the Pluronic F-127 in solution, leaving the
copolymer-decorated particles dispersed in the aqueous phase. This reduction in the available
concentration of Pluronic F-127 will result in higher interfacial tension values. The second
scenario assumes that the adsorption of Pluronic F-127 onto the surface of the particles
reduces their ability to reorganize at the interface, and thus reduces the ability of the
decorated particles to reduce the interfacial tension associated with the Pluronic F-127 shell
compared to Pluronic F-127 solutions of the same concentration. Both scenarios are consistent
with the dependence of the interfacial tension on the silica nanoparticle concentration. In fact,
at low nanoparticle concentrations, the available area for Pluronic F-127 is small, and therefore
both the depletion and the reduction in the degree of freedom of the attached Pluronic F-127
molecules will be very limited. Therefore, the effect of the particles on the interfacial tension
of the water/vapor interface appears to be similar to bare Pluronic F-127 than when the
particle concentration is increased. In the latter case, both the depletion and the reduction in
the degrees of freedom of Pluronic F-127 during adsorption will be greater. However, based
on the results obtained for the bulk characterization of the dispersions, it can be assumed that
the most important effect on the modification of the interfacial tension is related to the
adsorption of the decorated particles at the water/vapor interface. Based on the above results,
it is not expected that the formation of a densely packed particle-laden interface mediated by
the adsorption of Pluronic F-127 on the particle surface can be the responsible for the
reduction of the interfacial tension. This is directly mediated by the Pluronic F-127 chains
adsorbed on the particle surface penetrating the interface and exerting long-range repulsions
between the particles.

The interfacial dilational elastic modulus (E;) of the particle-laden interfaces was determined
upon the equilibration of the adsorption process, i.e., when the interfacial tension reaches its
equilibrium value. The frequency dependence of the interfacial dilational elastic modulus for
Pluronic F-127 and copolymer-decorated silica nanoparticles with different concentrations of
Pluronic F-127 is shown in Figure 7. 6.
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Figure 7. 6. Dependence of the interfacial dilational elastic modulus on the frequency of the sinusoidal deformation (the
amplitude of deformation was maintained in 10% for all the experiments) for equilibrated layers of Pluronic F-127 and
copolymer-decorated silica nanoparticles. (a) cnp=0 %w/w (Pluronic F-127 solutions), (b) cnp=0.1%w/w and (c) cnp=1%wW/w.
The use of symbols with different colors indicates the different concentration of Pluronic F-127 in the studied samples: (m) 0.1
mg/mL, () 0.2 mg/mL, (A) 0.5 mg/mL, (V)1 mg/mL, (®) 2 mg/mL, () 5 mg/mL and (») 10 mg/mL. The lines are guides
for the eyes, and the error bars are obtained as the standard deviation of three replica for each experiment.

As expected, in almost all experiments, as the strain frequency increases the value of the
interfacial dilational elastic modulus also increases. However, for the lowest Pluronic F-127
concentrations, and the highest particle concentration, the interfacial dilational elastic
modulus appears to be weakly dependent on the frequency, which may indicate the formation
of a solid-like particle-laden interface in agreement with Zhang et al. [46]. On the other hand,
the copolymer concentration dependence of the interfacial dilational elastic modulus is not
the same for all the particles concentrations. At low particle concentration, i.e., for layers
formed only by Pluronic F-127 and layers formed when the particle concentration is 0.1%w/w,
the interfacial dilational elastic modulus decreases with increasing concentration. This
situation changes as particle concentration increases (1%w/w), where €’ initially increases with
the Pluronic F-127 concentration and then, after reaching a threshold, the interfacial dilational
elastic modulus begins to decrease with increasing concentration. The above behavior is easily
seen in the plot of the interfacial dilational modulus versus Pluronic F-127 concentration for
experiments performed at a fixed frequency of 10! Hz (see Figure 7. 7). It should be noted that
the existence of a peak for the adsorption of colloids from dispersions where the particle
concentration is 1% w/w has a real physical origin. In fact, considering the state of the
monolayer at the lowest concentration range, an increase in the dilational elasticity with
Pluronic F-127 concentration is consistent with the sharp decrease in surface tension observed
in the isotherm shown in Figure 7. 5. It is expected that a similar dependence may appear for
Pluronic F-127 solutions and dispersions with a particle concentration of 0.1% w/w by
decreasing the Pluronic F-127 concentration below the range studied.

The analysis of the frequency dependence of the interfacial dilational elastic modulus shows
the presence of a relaxation mechanism in the investigated frequency range, as evidenced by
the inflection point in the curves. Considering the analyzed frequency range and its shift to
higher values of frequency with the copolymer concentration, it can be assumed that the
observed relaxation may correspond to the diffusion transfer of the copolymer, or copolymer-
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decorated particles to the interface [10,38]. The results do not exclude the presence of
additional relaxation process occurring at the interface [10,47]. However, the limitation of the
accessible frequency range analyzed by oscillatory barrier experiments does not allow to
evaluate their role in the stabilization of the liquid/vapor interfaces.
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Figure 7. 7. Dependence of the interfacial dilational elastic modulus on the Pluronic F-127 for sinusoidal deformations (the
amplitude of deformation was maintained in 10% for all the experiments) with a fixed frequency of 10-1 Hz for equilibrated
layers of Pluronic F-127 and copolymer-decorated silica nanoparticles. (A) cNP=0 %w/w (Pluronic F-127 solutions), (m)
cNP=0.1%w/w and (®) cNP=1%w/w. The lines are guides for the eyes, and the error bars are obtained as the standard
deviation of three replica for each experiment.

The dependence of the interfacial dilational elastic modulus on the copolymer concentration,
shown in Figure 7. 7, shows differences consistent with the different states of the interface
according to the interfacial tension measurements. In fact, for Pluronic F-127 layers and those
containing a low concentration of particles (0.1% w/w), the system is close to an interfacial
tension plateau, i.e., the saturation of the interface, which explains the decrease in the
dilatational modulus with the copolymer concentration. However, for the samples containing
a particle concentration of 1% w/w, the interfacial tension isotherm for the lowest Pluronic F-
127 concentration is in a region of steepest decrease, and this is consistent with the initial
increase in the elastic modulus followed by a decrease when the interfacial state is close to
the maximum adsorption, as evidenced by the interfacial tension plateau. In addition, the
rheological measurements show values for the interfacial dilational elastic modulus that are
very similar, shifted only by the presence of particles. In fact, this appears to be controlled
solely by the presence of Pluronic F-127, again indicating the negligible role of the particles in
controlling the interfacial properties of the interface. Therefore, the mechanical response of
the interface suggests that the ability of Pluronic F-127 to reorganize at the water/vapor
interface is essential in controlling the properties of the layers obtained, independently of the
presence of particles. This can be understood by considering that the association of particles
with Pluronic F-127 limits the ability of the latter to undergo its characteristic reorganizations
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at the interface, which is reasonable considering that some segments are attached to the
surface of the particles, and therefore limit the ability of Pluronic F-127 to reach its equilibrium
conformation. Thus, considering the above scenario, the silica nanoparticles at the
liquid/vapor interface act as obstacles to the reconfiguration of the copolymer chains. Once,
the Pluronic F-127 density is high enough to overcome the hindrance associated with the
nanoparticles, the interfacial behavior of the decorated nanoparticles becomes reminiscent of
what is expected for the bare copolymer.

7.4. Conclusions

The interaction between Pluronic F-127 and hydrophilic silica nanoparticles leads to the
formation of stable complexes (copolymer-decorated nanoparticles) through hydrogen
bonding between the oxyethylene groups of the copolymer and the non-dissociated silanol
groups on the surface of the silica nanoparticles. The formation of these complexes favors the
transport of the silica nanoparticles, which have poor interfacial activity, to the water-vapor
interface and aids in their attachment.

The results obtained have indicated that the adsorption of copolymer-decorated nanoparticles
at the water/vapor interface does not lead to noticeable differences from the interfacial
properties of Pluronic F-127 in the same concentration range and only a shift in them is found
depending on the particle concentration. In fact, the density of the Pluronic F-127 shell
determines the interfacial tension due to its effect on the reorganization of the Pluronic F-127
molecules at the interface. The same idea can explain the dependence of the interfacial
dilational elastic modulus on the concentration Pluronic F-127 and silica nanoparticles. In fact,
particles at the liquid/vapor interface behave as simple obstacles, and when the concentration
of Pluronic F-127 becomes high enough to overcome the hindrance induced by the particles,
the interfacial behavior becomes reminiscent of that corresponding to bare Pluronic F-127
solutions. This means that the modification of particles with Pluronic F-127 opens interesting
avenues for tuning the mechanical performance of liquid/vapor interfaces which impact
decisively on the interfacial stability, and for applications of particle-laden interfaces in the
stabilization of dispersed systems. In particular, since this chapter has been focused on
water/vapor interfaces, the results can be used to understand the most fundamental
physicochemical principles underlying the stabilization of particle-stabilized foams.
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Chapter VITI: Interfacial Rheology of Chitosan-Silica
Nanocomposite Films*

8.1. Introduction

Particle-laden liquid/fluid interfaces are widely studied systems in academia and industry. This
is partly due to their important role in the stabilization of dispersed systems such as foams,
Pickering emulsions and thin films [1-4]. However, even though particle trapping at
liquid/liquid or liquid/vapor interfaces can be considered nearly irreversible, in most cases
with a trapping energy exceeding the thermal energy [5,6] the formation of particle-laden films
is not always trivial because the transport and trapping of particles at the interface depends
on several variables, including the particle density, which can force particle sedimentation. This
hydrophilic/hydrophobic balance is defined by their wettability, which determines their
penetration at the interface [6-8]. The latter is accounted for by the particle three phase contact
angle at the fluid interface, which strongly influences the equilibrium situation of the particle-
laden interface [8-10]. Unfortunately, many particles exhibit extreme wettability, such as silica
nanoparticles, and prefer to remain dispersed in one of the continuous phases rather than
adsorb at the fluid interface [7,11-14]. This requires their surface modification to provide
optimal wettability for adsorption at the fluid interface [9,14].

The surface modification of colloidal particles is often based on the binding of ligands to the
particles to confer a new functionality [14,15]. There is a wide range of ligands that have been
used to modify the surface properties of colloidal particles. These can be bound to the particle
surface by a true chemical bond, i.e., covalently, as in the case of silanization of silica surfaces
or thiolation of noble metals [16,17], or they can be bound by weaker molecule-particle
interactions, such as electrostatic interactions, hydrogen bonding, or van der Waals forces [18-
20]. In the particular case of silica nanoparticles, the electrostatic interaction of dissociated
silanol groups with cationic surfactant or polymers, or the interaction through hydrogen
bonding between the non-dissociated silanol group on the silica surface and the agent used to
modify the silica surface can help to modify the wettability of silica surfaces [20-27]. In the last
two decades, health and environmental issues have become more and more important, hence
companies are looking for using particles and polymer of natural origin [28-30].

Allison et al. [27] proposed the use of chitosan to modify the wettability of silica nanoparticles
as a tool for stabilization of edible Pickering emulsions. They found that the electrostatic
interaction between cationic chitosan and silica nanoparticles contributes to increase the
hydrophobicity of silica nanoparticles and their adsorption to oil/water interfaces. This former
agrees with the modification of the zeta potential ({ potential) reported by Heidari et al. [31].
Moreover, chitosan-capped silica nanoparticles can organize with different structures at the
oil/water interface, resulting in viscoelastic films or agglomerated particle networks depending
on the chitosan concentration. This has a significant effect on the rheological properties of the
particle-laden fluid/fluid interface. In a more recent work, Allison et al. [26] demonstrated that
the stabilization of Pickering emulsions stabilized by chitosan-capped particles can be tuned

# This chapter is in part included in the publication: Carbone, C.; Navarro-Arrebola, I.; Ortega, F.; Liggieri, L.;
Rubio, R.G.; Guzman, E. Interfacial Rheology of Chitosan-Silica Nanocomposite Films at the Aqueous
Dispersion/Air Interface. Particle (SUBMITTED July 2024)
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by pH changes, allowing modulation of the chitosan-silica interaction, and thus the adsorption
of the modified particles at the water/oil interface. It should be noted that although the ability
of chitosan-capped particles to adsorb at fluid/fluid interfaces is well recognized, particularly
in the context of Pickering emulsion stabilization [26,27,31-34], there is a lack of knowledge
related to the interaction of this type of colloidal systems with water/air interfaces. In addition
to their application on the stabilization of interface dominated systems, chitosan-capped silica
nanoparticles can find applications as drug carriers by exploiting their pH-responsiveness [35].

Here, the adsorption of chitosan-modified hydrophilic silica nanoparticles at the aqueous
dispersion/air interface is investigated. For this purpose, silica nanoparticles are modified by
direct electrostatic interactions with chitosan chains. This requires the evaluation of the
optimal conditions under which chitosan and silica can interact to form stable dispersions,
which can be influenced by the strong pH-responsiveness of chitosan. In fact, the solubility of
chitosan in water is very limited, requiring acidic conditions for its solubilization, and increasing
the pH to values close to neutrality leads to a reduction of the quality of water as a solvent for
chitosan [36]. On the other hand, silica nanoparticles maintain a negative charge over a pH
range of 4 to 9 due to deprotonation of their surface silanol groups. Based on the above
discussion, we first evaluate the interaction between chitosan and silica nanoparticles, and the
stability of the resulting dispersions at different pH conditions, and then, once the optimal
conditions are selected, we study the adsorption of the chitosan-capped particles at the
aqueous dispersion/air interface and the high-frequency dilatational rheological response of
the formed layers by using electrocapillary wave damping measurements. This systematic
study can pave the way for the use of chitosan-capped particles to modify the properties of
water/air interfaces, which can impact decisively in the stabilization of liquid and solid foams.

8.2. Materials and methods

8.2.1. Chemicals

Chitosan (low molecular weight, deacetylation degree 75-85%) was purchased from Merck
(Darmstadt, Germany). Silicon dioxide nanoparticles (Levasil® CS30-316P) was supplied by
Nouryon (Amsterdam, The Netherlands) as an aqueous dispersion of negatively charged
colloidal particles (concentration 30%w/w). Acetic glacial acid and sodium hydroxide (purity
>99.9%) for adjusting pH were purchased from Fisher Scientific (Hampton, NH, USA).

Ultrapure deionized water of Milli-Q quality, with resistivity >18 MQ-cm, and a total organic
content of <6 ppm, obtained using a AquaMAX™-Ultra 370 Series multi-cartridge purification
system (Young Lin Instrument Co., Ltd., Gyeonggi-do, South Korea) was used for cleaning and
solution preparation.

8.2.2. Chitosan-Silica dispersion preparation

A stock solution of chitosan with a concentration of 20 mM was prepared. The required
amount of chitosan was weighed and poured into a flask, which was then partially filled with
water. Then, 100 uL of glacial acetic acid was added to the flask to lower the pH and ensure
complete dissolution of the chitosan. The pH of the resulting aqueous chitosan solution was
then adjusted to 4.5 by dropwise addition of 102 mM sodium hydroxide solution. Finally, the
volume of the solution was brought to the desired final value by adding the required amount
of dilute aqueous acetic acid solution at pH=4.5.
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The mixed chitosan-silica dispersion was prepared by a 1:1 dilution according to the procedure
described by Ravera et al [37]. Briefly, a chitosan solution (pH=4.5) at twice the concentration
of the final mixed dispersion was added dropwise to a stirred suspension of silica nanoparticles
at twice the concentration of the final mixed dispersion. This method minimizes potential
concentration gradients that could drive the system out of equilibrium [38,39]. Once the mixed
dispersion is prepared, the pH is adjusted to 4.5 by adding acetic acid or sodium hydroxide.
The dispersion obtained is stirred at 1000 rpm for 30 minutes to ensure thorough
homogenization and then allowed to stand overnight. The single-phase or phase-separated
character of the dispersions was then assessed by the absence or presence of a sedimented
solid phase at the bottom of the container together with a dilute aqueous phase. For the
purpose of the present study, only single-phase dispersions were considered.

8.2.3. Experimental methods

The effective charge density of the chitosan-capped silica particles was determined from
electrophoretic mobility (ue) measurements using laser Doppler velocimetry. These
measurements were performed using a Nanosizer ZS (Malvern Instruments, Malvern, UK).
According to the Henry's equation, the electrophoretic mobility is directly related to the zeta
potential (7) (see Chapter I, 2.3.2. Zeta-Potential) [40].

The bulk viscosity of the samples was measured using an Ubbelohde viscometer (see Chapter
I, 2.2.1. Capillary Viscometers). The liquid samples were placed in a glass viscometer
maintained at 23°C. The liquid was then drawn up through a capillary and a measuring bulb,
and the time taken for the liquid to fall through the bulb was recorded. The viscometer was
calibrated using filtered Milli-Q water, and each sample was filtered prior to testing. The
determination of viscosity is based on the principle that the flow time is directly proportional
to the viscosity and inversely proportional to the density of the solution.

The interfacial tension at the air/dispersion interface was determined using a K10T Digital
Tensiometer (KRUSS GmbH, Hamburg, Germany) equipped with a platinum Wilhelmy plate
contact probe (contact area of 40.5 mm). Prior to each measurement, the platinum plate was
cleaned with ethanol and Milli-Q water, followed by burning with an ethanol torch to remove
any residual organic matter. Samples were placed in a glass cuvette that was cleaned with
ethanol and Milli-Q water prior to use. The temperature was maintained at 23°C using a
thermostatic bath for all measurements. Each data point reported represents the average of
at least three independent measurements. Experiments were run long enough to ensure that
a steady state interfacial tension was reached.

A home-built electrocapillary waves (ECW) device was used to determine the dilational
rheological properties of the particle-laden fluid/fluid interface at high frequencies (in the
range of 10-103 Hz). Further details on this technique can be found in previous works [41,42],
and in Chapter Il (2.1.4. Electro-Capillary Waves (ECW)).

8.3. Results and discussion

8.3.1. Chitosan Adsorption on Silica Nanoparticles

The adsorption of chitosan on silica nanoparticles modifies the hydrophobicity of the

nanoparticles. This is strongly dependent on the pH value which modulates the charge of the

chitosan capping layer. In fact, the decrease in the pH from values close to 9 down to 4 leads
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to an increase in the cationic charge of the chitosan, i.e., the degree of positive charge, as a
result of the protonation of the amine groups. Therefore, a good alternative to explore the
chitosan binding to silica nanoparticles is to work at a pH below the pK, of the amine groups
of chitosan (5.5) where chitosan is strongly positively charged and soluble in water, whereas
silica nanoparticles are negatively charged in the pH range of 4-9 [26]. Based on the above
discussion, a pH=4.5 was chosen to evaluate the adsorption of chitosan on silica nanoparticles,
and the stability of the obtained dispersions. Thus, it is possible to select the optimal
compositions that result in stable dispersions of particles that can adsorb at the fluid/fluid
interface. It should be noted that maximum chitosan adsorption on silica surfaces is expected
to occur in the pH range 4-pKj [26]. Figure 8. 1 shows the compositional maps as a chitosan
concentration (Ccui)-silica nanoparticle concentration (Cnps) diagram for dispersions of
chitosan-capped silica nanoparticles at pH=4.5. Both stable and two-phase systems remain in
the same state at least for a 7-week period.
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Figure 8. 1. Cciy-Cnps compositional maps where the stable or instable characters of mixed dispersions including chitosan and
silica nanoparticles at pH=4.5 are shown. Green and blue symbols correspond to single-phase mixtures and grey symbols
correspond to phase-separated mixtures. The shadowed regions indicate the different stability/instability regions in the
compositional map, the color code is the same that for the symbols. Note that the defined timescale represents the maximum
stability observed for the samples when considering unstable dispersions. For stable samples, it indicates the longest
experimental observation period, after which the samples remain stable.

A better understanding of the characteristics of the chitosan-capped nanoparticles can be
obtained by studying their surface charge. This is possible through measurements of
electrophoretic mobility that give information on the {-potential of the particles. Figure 8. 2
shows the dependence of the C-potential on the silica nanoparticles concentration for
dispersions with different chitosan concentrations.
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Figure 8. 2. Dependence of the {-potential on the chitosan concentration for dispersions with different silica nanoparticles
concentrations at pH=4.5.

A deeper analysis of the compositional map on the light of the {-potential results suggests that
the binding of chitosan to silica nanoparticles is mediated by a charge neutralization process.
In fact, considering that pristine silica nanoparticles have a negative charge, as evidences the
value of the {-potential around (-42+5) mV, and the positive values of the {-potential for the
dispersions of the mixed systems, it is demonstrated clearly the adsorption of chitosan on the
surface of the negatively charged silica nanoparticles. Thus, for a fixed particle concentration,
as the chitosan concentration increases, the adsorption of chitosan on the silica surface leads
to a neutralization of the negative charge of the nanoparticle surface up to the state of zero
net charge, i.e., the isoelectric point, where the nanoparticles lack colloidal stability and
therefore the chitosan-capped particles forms aggregates that sediment as a solid phase,
leaving a dilute liquid phase, mainly containing chitosan as supernatant [26]. Further increase
of the chitosan concentration beyond the isoelectric point results in a charge inversion process
leading to the production of overcharged chitosan-capped particles characterized by their
positive charge. This scenario explains the phase behavior of aqueous dispersions of chitosan-
capped silica nanoparticles at pH=4.5. It should be noted that similar behavior have been
reported for a broad range of colloidal systems assembled through electrostatic interactions,
e.g., polyelectrolyte multilayers, oppositely charged polyelectrolyte-surfactant mixtures and
interpolyelectrolyte complexes, among others [38,43-45].

8.3.2. Adsorption on chitosan-capped silica nanoparticles at the dispersion/air interface

The characterization of the adsorption of chitosan-capped silica nanoparticles at the aqueous
dispersion/air interface was performed in terms of measurements of the equilibrium
interfacial tension and the dilational properties of the particle-laden interface obtained by
evaluating the interfacial damping of electrocapillary waves. Figure 8. 3 shows the dependence
of the interfacial tension of the aqueous dispersion/air interface on the silica nanoparticles
concentration for dispersions with different chitosan concentrations. It is worth noting that
bare silica nanoparticles are extremely hydrophilic, and their surface activity is almost
negligible.
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Figure 8. 3. (a) Dependence of the interfacial tension of the aqueous dispersion/air interface on the silica nanoparticles
concentration for dispersions at pH=4.5 with different chitosan concentrations. (b) Dependence of the interfacial tension of
the aqueous dispersion/air interface on the chitosan concentration for dispersions at pH=4.5 with different silica nanoparticles
concentrations.

In contrast to the aforementioned phenomenon for silica nanoparticle adsorption, chitosan
exhibits a concentration-dependent surface activity. Its adsorption at the aqueous solution/air
interface results in a decrease in the interfacial tension, which varies from values close to those
corresponding to a pure water/vapor interface (~72 mN/m) for the lowest chitosan
concentrations to values below 60 mN/m for the highest concentration studied (10 mM). This
can be understood by considering that chitosan presents a certain degree of amphiphilicity as
a result of the two types of monomers existing within the chains. The chitosan used in this
study is a random copolymer combining, in a molar ratio of 80:20, hydrophilic 2-amino-2-
deoxy-B-D-glucose monomers, which are positively charged at the pH of this study, and a series
of more hydrophobic N-acetyl-2-amino-2-deoxy-p-D-glucose monomers, which do not present
a charge. The latter plays a central role on the control of the chitosan adsorption to the
aqueous solution/air interface [46]. The findings concerning the adsorption of chitosan at the
water/vapor interface are in agreement with those previously reported by Babak et al. [47].
Their results indicated minimal adsorption at highly dilute concentrations and a notable
increase in adsorption as the concentration exceeded 102 mM.

Deepening of the adsorption of chitosan capped-particles at the aqueous dispersion/air
interface, it is clear from the results that the increase in both the concentration of particles at
fixed chitosan concentration and the later at fixed particle concentration leads to an
enhancement on the ability of the dispersions to lower the interfacial tension. Moreover, the
results show a strong synergistic effect of the interaction of chitosan and silica nanoparticles
in decrease of the interfacial tension. This means that the adsorption of the mixed dispersions
leads to a stronger decrease in the interfacial tension of the liquid/air interface than the
individual components itself. This synergistic adsorption is similar to that reported by Maestro
et al. [48] for the adsorption at the water/vapor interface of silica nanoparticles decorated by
an alkyltrimethylammonium bromide surfactant.
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At low chitosan concentration and fixed nanoparticle concentration, chitosan-capped silica
nanoparticles shows a very reduced surface activity, and therefore a reduced interfacial
coverage can be expected. This leads to an almost negligible reduction of the interfacial
tension in relation to that of the pristine water/vapor interface. However, the increase of the
chitosan concentration in dispersion with a fixed silica concentration leads to a strong
enhancement of the surface activity of the capped-silica nanoparticles. This can be understood
by considering that as the chitosan concentration increases, the hydrophobization of the
nanoparticles is enough to increase their surface activity and promote their adsorption to the
aqueous dispersion/vapor interface [27].

8.3.3. Surface dilational response of chitosan-capped silica nanoparticle layers at the
dispersion/air interface

The study of the damping of capillary waves induced by electric fields, due to the presence of
chitosan-capped nanoparticle layers at the dispersion/air interface, provides insights into the
dilatational interfacial rheological response at frequencies above 50 Hz. Thus, it is possible to
obtain information about kinetic processes occurring within the adsorbed layer, e.g.,
redistribution processes of chitosan molecules between the particles and the fluid/fluid
interface, or some reorganization of the adsorbed layer [41]. To evaluate this type of
phenomena, ECW experiments were performed in the range of 60-450 Hz. It should be noted
that it was not possible to perform experiments at frequencies above 450 Hz, because the
signal intensity decreased significantly, which significantly reduced the sensitivity of the
measurements.

When a capillary wave is generated at an arbitrary point of a fluid/fluid interface (xy plane)
defined as coordinate x = 0, its spatial profile can be described as a damped cosine wave given
by the following expression (see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)):
21 8.1

u, = ule F* cos (7x+go> (8.1)
where u’is the wave amplitude, and 8 and A are the damping coefficient and the characteristic
wavelength of the capillary wave, respectively. ¢ accounts for the phase lag. Figure 8. 4 shows
the frequency (v) dependences of the damping coefficients and the characteristic wavelengths
corresponding to layers of chitosan-capped silica nanoparticles adsorbed at the dispersion/air
interface.
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Figure 8. 4. Frequency dependences of the wavelength (A) and damping (B) for layers obtained from the adsorption of
dispersions of chitosan-capped silica nanoparticles, with different chitosan and silica nanoparticles concentrations, at the
dispersion/air interface (pH=4.5). (a,b) A values for layers obtained from the adsorption of dispersions with chitosan
concentrations 10 mM and 5 mM, respectively, and (c,d) B values for layers obtained from the adsorption of dispersions with
chitosan concentrations 10 mM and 5 mM, respectively. The lines are guides for the eyes.

The results indicate that at constant frequency, the capillary wavelength, A, slightly change
with increasing particle concentration, regardless of the chitosan concentration. As a first

approach these observations can be explained in terms of Kelvin's law (see Chapter Il, 2.1.4.
1

Zﬂf (where p represents the bulk density), which is a

Electro-Capillary Waves (ECW)): A = (Vzp
first order approximation strictly valid only for the surface of low-viscosity simple liquids [49].
In fact, the higher the particle concentration the lower the interfacial tension and
consequently the lower the value of the capillary wavelength. On the other hand, the layers
obtained from dispersion with lower values of Ccri=5 mM have higher values of A than when
the chitosan concentration is higher (Ccri=10 mM). This can also be understood by considering
that for a fixed nanoparticle concentration, the interfacial tension assumes higher values as

the polymer concentration decreases (see Figure 8. 3).

The interpretation of the frequency dependencies found for the damping coefficient is less
straightforward (see Figure 8. 4 (c) and (d)). For the damping coefficient at the highest chitosan
concentration studied (Ccyi=10 mM), there are no effect of the particle concentration. On the
contrary, for dispersions with a chitosan concentration of 5 mM, the damping coefficient
decreases as the particle concentration increases. Moreover, the increase in polymer
concentration results in an increase in the value of the damping coefficient for a fixed silica
nanoparticles concentration. The latter can be understood by considering a derivation of

Stokes’s law ([} = 4:—;), where 1 represents the solution viscosity, see Chapter Il, 2.1.4. Electro-

Capillary Waves (ECW)) which predicts, for the surface of low viscosity pure liquids, an increase
in the damping coefficient proportional to an increase in bulk shear viscosity (viscosity data for
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chitosan solutions and chitosan-capped silica nanoparticle dispersions are reported in Table
8. 1). In addition, the decrease in the interfacial tension due to the increase in the polymer
concentration, should lead to an increase in the damping coefficient. Also, it must be expected
that the increase in the surface concentration should also contribute to the increase in the
damping coefficient due to the viscoelasticity of the monolayer.

Table 8. 1. Viscosity data for chitosan solutions and chitosan-capped particle dispersions at pH=4.5 as were obtained by using
a Ubbelohde viscometer. Notice that only stable chitosan-capped particle dispersions were measured.

Ccni (MM) n (mPa.s) n (mPa.s) n (mPa.s) n (mPa.s)

Cnps=0%W/W  Cnps=0.4%W/W  Cnps=0.5%W/W  Cnps=1.0%wW/W

2 1.5+0.1

4 3.04+0.2 2.01+0.1

5 3.5+0.3 - 2.4+0.2

10 5.1+0.5 - 4.5+0.5 4.1+0.5

Paying attention now to the modification of the damping coefficient with the particle
concentration, two different regimes can be observed from the results. At high chitosan
concentration (Ccui=10 mM), the damping coefficient is almost the same independently of the
silica nanoparticles concentration. This can be understood by considering that at such high
chitosan concentration, the variation of the solution viscosity is very small with the increase in
the particle concentration. On the contrary, when the concentration of chitosan is reduced to
5 mM, the viscosity decreases more markedly with the increase in the particle concentration,
and this therefore leads to a decrease in the damping coefficient with the particle
concentration.

A more detailed study of the frequency dependence of the capillary wavelength and the
damping coefficient shows that the experimental data are consistent with simple scaling laws:
g~w? and B~w®, where w=2nv represents the angular frequency and q=2m/A is the real part of
the capillary wavevector. In this analysis, the exponent “a” was found to be in the range 0.67-
0.69 under all conditions studied, which is close to the prediction of Kelvin's law: g~w?%3.
Conversely, the exponent for the scaling law describing the frequency dependence of B
disagrees with the expected value derived from the Stokes-like law (b=1) [49]. This is
undoubtedly related to viscoelastic character of the interfacial layer.

To extract information about the dilational response of the monolayer from ECW experiments,
it is necessary to solve numerically the dispersion equation, D(q,w) = 0. This equation
establishes a relationship between the key parameters of transverse wave propagation
(frequency w, wavelength A, and damping coefficient 8) and the constitutive parameters of the
monolayer, such as interfacial tension (y), dilational storage modulus (E), and dilational
viscosity (k) [50,51].

D(q,w) =T(q,w,y)L(q, w,Es") + C(q,w) =0 (8.2)
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This assumes that the dilational rheological behavior of layers at the water/air interface is
characterized by the interaction between the transverse or capillary term T(q, w,y) and the
longitudinal or dilational term L(q, w, E;*) whereas C(q,w) is a term accounting for the
coupling between transverse or capillary and longitudinal or dilational waves [52]. Solving the
dispersion equation is possible to obtain the dilational viscoelastic modulus as (see Chapter I,
2.1.4. Electro-Capillary Waves (ECW)):

~(nw(g-m)° (8.3)
vq? + inw(qg + m) — ga)z (g +m)

E;"(v) = Es(v) +iE;(v) = q2

where g is the complex capillary wavevector, defined as:

_2r (8. 4)
q=——1ip

and m is the capillary penetration depth (Re(m) > 0):

(8.5)
m= |q*+ iw%

Figure 8. 5 shows the frequency dependencies of the interfacial dilational elastic (Eg) and
viscous (E;) moduli corresponding to layers of chitosan-capped silica nanoparticles at the
dispersion/air interface obtained for the adsorption of dispersions with increasing
concentrations of silica nanoparticles and a fixed of chitosan (10 mM).

The experimental data shows that except for chitosan solutions (Cnes=0%w/w) the storage
component of the dilational viscoelastic response, i.e., the elastic modulus, of the
nanocomposite layer is higher than the viscous modulus. Moreover, the storage contribution
for nanocomposite layers is higher than that found for chitosan (see Figure 8. 5 (a)), while the
opposite is true for the viscous modulus. This can be assumed to be result of the different
structure of the layers, whereas pure chitosan layers at the solution/air dispersion present
certain ability to reorganize at the interface and dissipate the energy associated with the
interfacial deformation through the reorganization of the polymer chains. This situation is
more limited when the nanocomposite layers are considered, here most of chitosan is
expected to be attached to the particles, and therefore its reorganization within the interface
is very limited. In addition, the dilational deformation of the interface is expected to contribute
to the packing of the particles at the interface, which presents a more limited capacity to
reorganize. This, in turn, contribute to the increase of the importance of the elastic component
of the dilational response.
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Figure 8. 5. Frequency dependences of the interfacial elastic (E) and viscous (E;) moduli obtained from ECW experiments for
layers obtained from the adsorption of dispersions of chitosan-capped silica nanoparticles, with different silica nanoparticles
concentrations and a fixed chitosan concentration (10 mM), at the dispersion/air interface (pH=4.5). (a,b,c) E; values for layers
obtained from the adsorption of dispersions with silica nanoparticle concentrations 0%w/w, 0.5%w/w and 1.0%w/w,
respectively, and (d,e,f) E; values for layers obtained from the adsorption of dispersions with silica nanoparticles
concentrations 0%w/w, 0.5%w/w and 1.0%w/w, respectively.

The above situation changes when chitosan concentration is reduced to 5 mM (see Figure 8.
6). In fact, in these conditions, chitosan layer shows a mainly elastic behavior (E; = 0),
independently of the frequency explored), whereas in the case of the chitosan-silica
nanoparticle composite layer, elastic and viscous moduli present similar values. This can be
understood considering that in the case of chitosan layer, the low chitosan concentration
allows the chitosan to attach at the interface in an extended conformation. Therefore, the
viscous dissipation as result of the presence of segments protruding to the air phase is strongly
hindered. On the other hand, the different behavior on the viscoelastic response of the
composite layer in relation to layers with higher chitosan concentration can be interpreted
considering that the higher the chitosan concentration in the mixed dispersion the higher the
packing of the particles at the interface as a result of the cross-linking between the chitosan-
capping layers. This leads to an increase of the importance of the elastic contribution with the
increase in the chitosan concentration in the mixed dispersion.
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Figure 8. 6. Frequency dependences of the interfacial elastic (E) and viscous (E;) moduli obtained from electrocapillary wave
experiments for layers obtained from the adsorption of dispersions of chitosan-capped silica nanoparticles, with different
silica nanoparticles concentrations and a fixed chitosan concentration (5 mM), at the dispersion/air interface (pH=4.5). (a,b)
E values for layers obtained from the adsorption of dispersions with silica nanoparticles concentrations 0%w/w and 0.5%w/w,
respectively, and (c,d) E; values for layers obtained from the adsorption of dispersions with silica nanoparticles concentrations
0%w/w and 0.5%w/w respectively.

A more detailed analysis of the dilational viscoelastic moduli shows the presence of a
relaxation process with a characteristic frequency in the range of 102 Hz for the particle-laden
films. According to the frequency range in which appears this relaxation process, this process
cannot be ascribed to a diffusion-controlled adsorption of the particles at the interface, which
should appear in the frequency region below 1 Hz [41]. Therefore, the relaxation appearing in
the dilational response should be related to a kinetics process occurring within the interface.
This may be a result of the reorganization of the chitosan chains attached to the particles, or
even to free chitosan molecules co-adsorbed at the interface together with the chitosan
capped particles. It is not probable that this kinetics process at the interface can be associated
with a time-dependent reorganization of the particles at the interface which may appears at
frequencies closer to that corresponding to the diffusion from the bulk to the interface [41].
(44) Unfortunately, the limited accessible experimental window provided by the ECW
measurements performed in this work does not allow a more detailed analysis of the
relaxation process occurring within the interfacial films.

8.4. Conclusions

The adsorption of chitosan on silica nanoparticles has a significant impact on their
hydrophobicity and charge properties. At pH 4.5, optimal adsorption occurs due to the strong
positive charge of chitosan and the negative charge of silica nanoparticles, facilitating
electrostatic interactions. This optimal pH was selected to evaluate stability of chitosan-silica
nanoparticle dispersions and their ability to adsorb at the water/air interface. The
compositional map at pH 4.5 indicated two distinct stable regions for these dispersions,
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separated by an unstable region prone to rapid phase separation. This instability is attributed
to the neutralization of the silica nanoparticle surface charge by adsorbed chitosan, reaching
an isoelectric point where colloidal stability is lost, and particles sediment. Beyond this point,
further increase in chitosan concentration results in charge inversion and the formation of
positively charged chitosan-capped nanoparticles as demonstrated in the electrophoretic
mobility measurements. In fact, pristine silica nanoparticles exhibited a negative T potential,
whereas chitosan-capped nanoparticles showed positive values, affirming the adsorption and
resulting charge changes.

Adsorption studies at the aqueous dispersion/air interface showed that chitosan significantly
reduces interfacial tension, contrasting with the negligible surface activity of bare silica
nanoparticles. The interfacial tension decreased with increasing chitosan concentration,
illustrating chitosan’s amphiphilic nature and its role in enhancing the surface activity of the
nanoparticles. This synergistic effect leads to a stronger reduction in interfacial tension in
comparison to the individual components.

The damping of ECW experiments offered insight into the interfacial rheology of chitosan-
capped nanoparticle layers. The presence of these nanoparticles resulted in alterations to both
the capillary wavelength and the damping coefficient. At higher particle concentrations, a
reduction in interfacial tension and capillary wavelength was observed. The damping
coefficient exhibited a dependence on both particle and chitosan concentrations. At elevated
chitosan concentrations, the viscosity of the dispersions increased, leading to enhanced
damping. Additionally, the surface excess of the layer formed was expected to be higher,
contributing to the observed increase in damping. The frequency dependence of the interfacial
dilatational elastic and viscous moduli demonstrated that nanocomposite layers exhibited a
higher elastic modulus in comparison to pure chitosan layers. This can be attributed to the
restricted capacity of composite layers at the interface for reorganization, which consequently
increases the importance of the elastic response. Overall, the study highlights the critical role
of pH in modulating chitosan adsorption on silica nanoparticles, the resulting phase behavior,
surface charge modifications, and enhanced interfacial properties of the composites. These
findings provide a deeper understanding of the interaction mechanisms and potential
applications of chitosan-silica nanoparticle systems in various fields.
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Section 5 Interfacial rheology of viscoelastic polymer
solutions

» Chapter IX: Interfacial rheology of PVA/Borax viscoelastic solutions.

Section 5 consists in a single chapter, which is focused on the dilational interfacial response of
a system exhibiting a non-negligible shear bulk viscoelasticity in the subphase. This issue is not
taken into account by the classical hydrodynamic models used to determine the dilational
interfacial modulus by surface wave damping propagation parameters. For the aim of this
study, Poly(vinyl alcohol) (PVA, a water-soluble polymer) was mixed with a crosslinker
(BORAX). PVA/BORAX solutions were chosen as potential candidates for this study, because
they exhibit bulk viscoelasticity within ECW frequency range, and their bulk shear viscosity
does not exceed ECW operative limits. The study compares the dilational interfacial modulus
calculated with the classical hydrodynamic models with the one calculated with a dispersion
equation taking into account the bulk viscoelasticity of the subphase.
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Chapter IX: Interfacial rheology of PVA/Borax viscoelastic solutions

9.1. Introduction

In the previous chapters of this PhD thesis, the dilational interfacial rheological response was
determined by means of the analysis of the propagation parameters of damped capillary
waves on the surface of complex liquids. The hydrodynamic models that were employed to
determine the dilational interfacial modulus of the films were based on the assumption that
the liquids exhibit a mainly viscous character. This means that their bulk shear viscosity does
not depend on the frequency of the mechanical perturbations, and the contribution of the
shear elasticity to their rheological behavior can be neglected. However, many complex fluids,
such as polymer gels and polymer solutions above the overlapping concentration contain
entangled polymers [1]. This results in the emergence of viscoelastic behavior in the bulk. This
viscoelastic character of the bulk subphase is not included in the dispersion equation for
capillary waves proposed by Lucassen [2,3].

The study of surface capillary modes in viscoelastic fluids is crucial not only in determining the
dilational interfacial response of complex fluids, but also finds many technological
applications, especially in polymer lubricants (affecting energy dissipation), coatings,
biotechnology and tribology, where the interfacial behavior, as well as bulk viscoelasticity, play
a key role in the performance of the products [4-6]. There is evidence, for example, proving
that the flow of liquids in polymer gel coated pipes is different with respect to the one
occurring in uncoated pipes [6,7].

The first hydrodynamic model for describing surface modes of viscoelastic fluids was proposed
by Harden, Pleiner and Pincus, who derived a dispersion equation assuming the presence of
viscoelasticity in the bulk, but without taking into account any surface dilational contribution
[6,8]. Thisis known as “HPP Theory”, and it will be briefly described in the following. There are
several studies were the validity of HPP theory was proved [9-12]. However, there is also
evidence that the description of such theory is not able to provide an accurate description
under any condition. For instance, the Surface Laser Light Scattering (SLLS) spectrum of the
poly-N-vinyl-2-pyrrolidone water solutions deviates significantly from the prediction of the
HPP theory [4,13]. To solve this issue, Wang and Huang [4] introduced a new hydrodynamicl
model describing the surface modes of both capillary waves and elastic waves, including the
effect of the surface dilational contribution, as a consequence of the polymer adsorption at
the interface, phenomena that were ignored by the HPP theory.

Similarly to that what was already shown in Chapter Il (2.1.4. Electro-Capillary Waves (ECW)),
in order to derive the dispersion relation of capillary surface waves in a viscoelastic fluid, the
first step is to determine the velocity field components along x-axis (direction of propagation)
and z-axis (transversal direction) (see Figure 9. 1).
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Figure 9. 1. Surface geometry of fluid/fluid interface and reference system. Adapted from ref. [14].

The velocity components (v(x, z,t) = [v,(x, z,t), v,(x, 2, t)]) can be obtained by solving the
Navier-Stokes equation of an incompressible and viscoelastic fluid [4,15],

ov(x,z,t) _

t
(9. 1)
3 = —VP(x,zt) + f G(t —1)V?v(x, z 1)dr,
0

where P(x,z,t) is the pressure field, p is the density of the fluid and G(t) is the time
dependent bulk shear modulus. For simplicity, since the phase above the interface is less dense
and less viscous, its presence can be neglected in solving the hydrodynamic problem. The
boundary conditions at the interface (z = 0), similarly to what described in see Chapter Il
(2.1.4. Electro-Capillary Waves (ECW)) (as reported, for example, in ref. [3,4]) can be defined
as,

0%u (9.2)
—P + 0,, = VWZZ'
And
L 0%u, (9.3)
Oxz = Ls 9x2’

where y is the surface tension, E; is the complex dilational interfacial modulus, u, and u,, are
the vertical and the horizontal displacements of the interface, respectively,

t (9. 4)
u, = J v,(x,0,1)dT,
0
and
t (9.5)
Uy =f v (x, 0, 7)dT.
0
dji is the bulk shear stress at the interface, defined as,
t ov; 0vy (9. 6)
=] Gt—1)|=L+—=")dr
K fo ( ﬂ(@k aj) !
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It is useful to define some quantities that will be useful to define some ancillary variables to
solve the hydrodynamic problem. First of all, the Fourier transform, with respect to x-variable,
of the j-component (j = x, z) of the velocity (v 4(t)) for the surface vertical displacement
(uz,q(t)) and for the pressure (F,; (t)),

e : 9.7
Vjq(z,t) = f v;(x,z,t)e'"dx, (3.7)
e : 9.8
g ® = [ w0, (9.8)
and

e i 9.9
o= Paoewar (9-9)

where g is the complex capillary wavevector,
2n (9. 10)

qZT_B'

with A being the capillary wavelength and f the spatial damping coefficient of the capillary
wave. The general solution of the hydrodynamic problem (v, ;) can be written as follows,

Vq,z(2,t) = f(t)e?” + g(D)e™, (9. 11)

where f(t) and g(t) are two time-dependent functions that can be determined by setting
boundary conditions, i.e., equations (9. 2) and (9. 3) to the hydrodynamic problem, and m is
the capillary penetration depth defined in a viscoelastic fluid,

(9. 12)

where w = 2mv is the angular frequency (and v the frequency). Equation (9. 12) is formally
equivalent to the capillary penetration depth defined in see Chapter Il (2.1.4. Electro-Capillary
Waves (ECW)), but, in a viscoelastic fluid, the bulk shear viscosity is a frequency dependent
complex magnitude. As previously explained (see Chapter I, 1.3. Bulk Shear Rheology) the
complex shear viscosity is given by the Laplace transform of G (t) with respect to the Laplace
variable s = iw,

too (9. 13)

(@) = n'(@) — in" (w) = f G(0)e-tdt.
0

n*(w) is related to the complex shear modulus G*(w):
G'(w) =iwn*(w) = ion'(w) + wn"(w) = G'(w) + iG" (w). (9. 14)

The real part of the complex viscosity (n'(w)) is associated to the loss modulus G"'(w), and
represents the bulk shear viscosity of the fluid, while the imaginary part (n"' (w)) is related to
the storage modulus G'(w), thus it is related to the bulk shear elasticity of the fluid.

219



By combining equation (9. 1) with the boundary conditions (equations (9. 4) and (9. 5)), after
carrying out some mathematical transformation (see reference [4]), the following linear system
of two equations in 2 unknowns (f and §) can be obtained,

~ _Buz,q (0) (9. 15)
]-m=|_iEaun,)
g TN
twn*(w)
where f and g are the Laplace transforms with respect to the Laplace variable s = iw of f(t)
and g(t), and M is the matrix of the coefficients:

* * 3
[b+13+’7 (w)q(1+q) 2q? le;q(w) ] (9. 16)
_|b+B+ )m(1+m) + m? Sqm'
| ) 4t @)

where b = iw + 2 ((:)q and B = _w . By setting that det(M) = 0, which means that the

solution of the linear system exists and it is unique, the dispersion equation can be easily
obtained,

[+ 2mi - w2 =22+ B D 2w () [ =0, &)

2 *
where M = %(%— 1) and V = anT(w). Equation (9. 17) can be also expressed in the

following form,

. pw?, .. _ (9. 18)
[qu +in*(w)w(qg +m) — Tl [Es"(w)q? + in*(w)w(q + m)]

+ " (@w(q -m)]* =

Equation (9. 18) reduces to the dispersion equation derived by Lucassen [2,3] (previously
described in see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)), in case of purely viscous
liquids (hence, in case of negligible bulk elasticity (1" (w) = 0 and n’(w) = 1 does not depend
on frequency),

2
. pw , . (9.19)
lyqz +inw(q +m) — Tl [Es™(w)q? + inw(q + M)] + [nw(q —m)]* =
In case of a viscoelastic fluid, but with negligible surface interfacial dilational contribution
(E," = 0), equation (9. 18) reduces to the dispersion equation derived by Harden, Pleiner-and
Pincus (HPP theory) [6,8],

. 2 . 2 . 1 (9. 20)
2n*(w w iwp 12 3
[iw+ n'C )qzl _4<77( )> q4[1+ - pz] + Y9,
p p n*(w)q p
The aim of this chapter is to study the effect of bulk viscoelasticity on the dilational surface
modulus E" determined in the range of frequency of electrocapillary waves (ECW) technique.

ECW measurements on gels or extremely concentrated polymer solutions are practically
unfeasible due to the high viscosity, which would produce a huge damping in the propagating
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capillary waves. Thus, solutions with n'(w) > 2-1072 Pa - s would not allow a systematic
study within ECW frequency range due to the high contribution of the damping to the
response. This threshold value was determined as a rule of thumb, according to the usual
experimental limits of ECW technique, and it may vary also according to the surface
adsorption, which also affects damping. Furthermore, in order to appreciate the effect of bulk
elasticity, the imaginary part of the complex viscosity should be comparable to the real part:
this happens when G'(w) and G"'(w) are in the same order of magnitude.

Poly-Vinil-Alcohol (PVA, Figure 9. 2) is a water-soluble partially amphiphilic polymer that can
form hydrogen bonds, which can lead, in water solutions, to the formation of gels when the
solution concentration is high enough. Thus, the physico-chemical properties of PVA make it a
good candidate to evaluate the role of the bulk viscoelasticity in the damping of capillary
waves. On the other hand, PVA finds many biomedical applications, especially in drug delivery,
tissue engineering, cosmetics, scaffolds... [1,16], but it can also be used in other industrial
applications, e.g., oil industry, food packaging... [17-19].

CH, CH, CH,
CH CH CH CH

OH OH O
Hydrophilic ‘Cf—fCH-y
group H
O
Hydrophobic
group

Figure 9. 2. General chemical formula of Poly-Vinil-Alcohol (PVA), containing hydrophilic groups (-OH) and hydrophobic
residual groups (Acetyl groups, -CH3COO-). Adapted from ref. [20].

The degree of acetylation of PVA , i.e., the presence of acetyl groups, affects the
hydrophobicity/hydrophilicity of the polymer chains [21]. This parameter allows to control the
interfacial properties of PVA Gibbs monolayers. Bhattacharya et al. proved that PVA adsorbs at
liquid/air interface, slightly changing the surface tension of water solutions [22] while Liu et al.
studied PVA water/oil interfacial rheology by means of pendant drop technique [21].

When PVA is dissolved together with sodium tetraborate (Na;Bs07, commonly known as
Borax) can form gels, by diol complexation using borate ions (see Figure 9. 3) [18,23].

CH CH
P i s - ud A T CH CH
<|)u cl)u \fH ?‘ > e g g
| I
ki N0 k 0 0
HO OH L 8 Na* N
~Na~ > ~ B — B Na*
8 >
s HO”™ TNOH - — 0” o
OH OH [ I
OH OH | I ~. ~CH_ _CH
I I ~. -~ _CH CH, CH, ~
o o 'CH‘cn SH__ CH, CH, N
2 2

Figure 9. 3. Dissociation of sodium tetraborate decahydrate (Borax) in water and physical crosslinking process and equilibrium
of complexation between PVA chains and borate ions. Adapted from [23])
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The rheological properties of PVA/Borax solutions make them suitable for this study. In fact,
the presence of Borax, increases the elastic component (G'(w)), without increasing too much
the viscosity, in such a way that, at a certain PVA/Borax ratio, G'(w) and G (w) will be
comparable one to each other, in the 70 — 600 Hz frequency range.

9.2. Materials and methods

9.2.1. Materials and solution preparation

Poly Vinyl Alcohol (PVA) M,, = 146000 — 186000 Da, 99+% hydrolyzed, supplied by Sigma
Aldrich (Saint Louis, MO, USA) was used to prepare polymeric solutions, at 3 different
concentrations (5, 9 and 10 g/l). Borax Anhydrous (sodium tetraborate, Na,BsO;, M,, =
201.22 Da) BioUltra (99%), supplied by Sigma Aldrich (Germany), was mixed with PVA, to
obtain PVA solutions with 0.2 M final Borax concentration.

Ultrapure deionized water of Milli-Q grade, with a resistivity higher than 18 MQ-cm and a total
organic content (TOC) of less than 6 ppm, was used for preparing the solutions and for material
cleaning purposes. To achieve this level of purity, an AquaMAX™-Ultra 370 Series multi-
cartridge purification system (Young Lin Instrument Co., Ltd., Gyeonggi-do, Republic of Korea)
was used.

PVA/Borax solutions were prepared by weighing the correspondent quantities by means of an
analytical balance (0.01 mg accuracy), in 1 L of Milli-Q grade water. Then, the mixture is
maintained in sealed bottle, where the solution was kept stirring for 12 hours, at 700 rpm, at
constant temperature (80-90 °C, in a thermostatic bath).

9.2.2. Experimental methods

The vapor/liquid interfacial tension was measured by means of a surface force tensiometer
(model K10T Digital Tensiometer, KRUSS GmbH, Hamburg, Germany), fitted with a platinum
Wilhelmy plate contact probe of 40.5 mm of perimeter. Each experimental data point was
obtained as an average of at least 3 measurements, which were carried out until adsorption
equilibrium was reached, i.e., a constant surface tension in time, during at least 10 minutes.
Temperature was kept constant at 23.09C (with an accuracy of #0.1 °C), by means of a
thermostatic bath.

Dilational interfacial rheology measurements at high frequency (in the range of 70-600 Hz)
were performed by using a homemade electrocapillary wave (ECW) device, described
elsewhere [24-29] (see Chapter I, 2.1.4. Electro-Capillary Waves (ECW), for detailed
description). Experiments were done at 23 °C (the temperature of the Langmuir Trough was
maintained constant by means of a thermostatic bath). The accessible range of frequencies
depend on the viscosity of the samples, the most viscous samples allowed measurements only
until 400 Hz due to large damping coefficients of capillary waves that did not allow to scan the
profile of the wave with enough resolution, while less viscous samples allowed to perform
measurements until 600 Hz. Any measurement was carried out 4 hours after being poured in
the Langmuir trough, during this time, surface tension was monitored, in order to make sure
that the system reached adsorption equilibrium.

Bulk shear viscosity measurements were carried out by means of diffuse wave spectroscopy
(DWS, see Chapter I, 2.2.3. Diffusing Wave Spectroscopy (DWS), for detailed description)
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technique (DWS-ResearchLab from LS instruments, Switzerland). Latex sulfate Poly-Styrene
(PS) colloidal dispersion (8% w/v, 0.74 um, supplied by Invitrogen, Thermo Fisher Scientific,
USA) were used as tracker particles. The average diameter of the tracker particles was
previously measured by means of Dynamic Light Scattering technique (Zetasizer Nano ZS
instrument from Malvern Instrument, Ltd., Malvern UK), and it was estimated to be around
0.84 um, comparable to the one indicated by the supplier. Every sample was mixed with tracker
particles colloidal dispersion according to the following ratio: 0.0757 g of latex PS colloidal
dispersion every 1 g of sample solution (7.57%w/w). The sample is poured in a quartz cuvette
(5 mm path length L), and experiments are carried out at 23°C (temperature is kept constant
by means of a Peltier system). Calibration was carried out in Milli-Q grade water, in order to
determine the mean free path (I*) of tracker particles, in such a way that L > 101".

9.3. Results and discussion

9.3.1. Bulk Shear Rheology
The frequency dependences, v, of G’ and G'' as were obtained by DWS measurements for PVA
and PVA/borax solutions are shown in Figure 9. 4:
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Figure 9. 4. Storage shear modulus G’ and loss shear modulus G"', versus frequency v, of PVA and PVA/Borax(0.2 mol/l)
solutions, at 3 different PVA concentrations: Cpy4 = 5g/1(a), Cpya = 99/l (b) and Cpyy = 10g/1 (c).
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As expected, G', as well as G, increase with PVA concentration, and the presence of Borax
(0.2 mol/l) provokes a further increase of both shear moduli (at every PVA concentration).
Actually, in those solutions containing Borax, polymer content is not enough to reach the gel
point, but the difference between G'and G"' is slightly reduced, with both moduli showing
similar values. However, at Cpy4 = 5g/1, independently on the presence of Borax, the storage
modulus G’ is always 1 order of magnitude below G'’ (at least, within 100-600 Hz frequency
range), which means that, in the considered frequency range, elasticity contribution is almost
negligible, G"' linearly increases with v (in log-log scale), the viscosity is almost frequency
independent, and the fluid can be considered as a purely viscous system. The same occurs, in
absence of Borax, for PVA solutions with concentration in the range 9 — 10 g/1. On the other
hand, when Borax (0.2 M) is added, the coexistence of viscous and elastic response can be
appreciated in a frequency range compatible with ECW experiments. In this case, G’ and G"'
present values in the same order of magnitude.

In order to estimate data between 70 Hz and 100 Hz, since DWS did not allow to obtain data
below 100 Hz, an extrapolation was carried out, by fitting G’ and G'' experimental data with
equation (9. 21) and (9. 22) [18] and determining the values of G’ and G"’ at the desired value
of v,

log[G'(w)] = b" + a’ log(w), (9.21)
and
log[G"(w)] =b" + a"'lo g(w). (9.22)

The values of a’ range between 0.80 and 1.40, while the values of a’’ are between 0.70 and 1.
These values are slightly different with respect to the ones reported in ref. [18], which are a’ =
2 and a’’ =~ 1, corresponding to the values predicted by Maxwell model (see Chapter I, 1.3.
Bulk Shear Rheology) in the limit of v — 0. This discrepancy may be due to the fact that the
fitting of the data plotted in Figure 9. 4 is not in the same frequency range as ref. [18] (where
the data are collected at v < 100 Hz), and therefore the frequency range considered in this
chapter is not close enough to the limit value of O Hz.

The complex viscosity n*(w) can be easily calculated by means of the following formula,

. ¢(w) oy (9. 23)
(@) =———=n"() - in"(w).
n'(w) and "' (w) were determined, by interpolation and extrapolation, using equations (9.

21)-(9. 23), in ECW range of frequency (70-600 Hz). The results are plotted in Figure 9. 5.
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Figure 9. 5. Real part n’'(w)and imaginary part " (w) of complex viscosity, versus frequency v, of PVA and PVA/Borax(0.2
mol/l) solutions, at 3 different PVA concentrations: Cpys = 5g/1(a), Cpya = 9g/1 (b) and Cpy4 = 10g/1 (c).

It is worth to notice that the real part of the complex viscosity (n'(w)) is always below the
critical threshold of 2 - 1072 Pa - s, which means that measurements with ECW technique can
be done with enough resolution in the aforementioned frequency range. The effect of bulk
elasticity is almost negligible in 5 g/I PVA samples, while in 9 g/l and 10 g/| PVA samples (with
Borax), the value of "' (w) is comparable to n’ (w). In fact, the presence of borax, reduces the
gap between the imaginary and the real part of complex viscosity. These samples are the ones
where bulk viscoelasticity was observed, and n’ decreases with frequency (while, in the other

samples, except for the one with 10 g/l PVA without Borax, 1’ is almost constant with
frequency).
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9.3.2. Interfacial tension

Once the viscoelasticity of the bulk solutions was evaluated, the second step is to evaluate the
ability of the PVA to adsorb at the air/water interface in absence and presence of borax was
evaluated by interfacial tension measurement. The surface tension of PVA solution, in absence
and presence of Borax, as a function of Cpy4 is plotted in Figure 9. 6:
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Figure 9. 6. Surface tension y of PVA solutions in absence and presence Borax as a function of PVA concentration (Cpy,4)-

PVA chains, being amphiphilic, tend to adsorb at liquid/vapor interface, decreasing the surface
tension of pure water. This aligns with the results reported by Bhattacharya et al. [22]. The
molecular weight of PVA also affects its capability of decreasing y. In this chapter, the
molecular weight of the PVA used was higher than the one studied in [22]. This is compatible
with the higher decrease in the surface tension observed in this study.

The surface tension of PVA solutions with 5 g/l of polymer content does not seem to be hugely
affected by Borax content, due to the fact that the polymer concentration is not high enough
to give raise to chemical crosslink. Therefore, the Borax concentration is not enough at low
polymer concentration to produce a considerable change of polymer chains arrangement,
neither in the bulk nor at the interface. Conversely, when Cp;,4, = 9 — 10 g/I, the tendency is
reversed. In presence of Borax (0.2 mol/l), an increase in PVA concentration produces in turn
an increase of y. This is similar to the behavior observed by Ichinose et al. [30] in other gelling
system (agarose-water solutions). This behavior can be explained considering that the cross-
linking occurring as a result of the sol-gel transition hinders the mobility of the polymer chains,
limiting their adsorption to the fluid interface, which results in an increase in surface tension.
This increase can take the surface tension values up to values higher than the ones of pure
water. This occurs in PVA/Borax solutions where y increases as a result of the onset in the
gelation region, and hence the increase of surface tension is associated to a sol-gel transition.
This behavior is consistent with the bulk shear rheology results reported in the previous
subsection. In fact, at Cpy4, = 9 — 10 g/, Borax changes the viscosity and the elasticity of the
bulk, while at Cpy4, = 5 g/l it has little impact.
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Another phenomenon that contributes to the surface tension growth is the presence of
residual Borax that did not form diol bonds with PVA and remains dissolved into the solution:
as reported by Granneman et al. [31]. Borax, if dissolved in water as occurs with other salts,
tends to slightly increase the surface tension of aqueous solutions.

Another aspect to take into account is that the measurement of the surface tension of a
viscoelastic polymeric solution, by means of a surface force tensiometer fitted with a Wilhelmy
plate, may be quite challenging. In fact, the plate, exerting a force on liquid surface, produces
a deformation, but, since the viscosity of the liquid varies with frequency (hence, with time),
the mechanical response detected by the tensiometer may be time-dependent, which may
generate artefacts in the measurement of the surface tension: this can be partially solved by
keeping the plate immersed in the solution for enough time (1.5 hours), waiting until surface
tension stabilizes. Furthermore, the elastic behavior of the solution, may affect its
deformability, provoking distortion of liquid meniscus. Other methods, that are not based on
the use of external forces, can be used, like capillary rise method, based on the trade-off
between gravity and capillarity in a capillary tube [32].

9.3.3. Damping and capillary wavelength

For a capillary wave excited in a point of the interface (xy plane) defined by the coordinate x=0,
it is possible to define its spatial profile in terms of a damped cosine according to the following
expression (see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)),

21
u, =ule P*cos (Tx + (p), (9.24)

with u2 being the wave amplitude, and f3, A and ¢ the damping coefficient, the characteristic
capillary wavelength and the phase lag, respectively. Figure 9. 7 shows the frequency
dependence of 8 and 4, of PVA solutions in absence and presence of Borax.
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Figure 9.7. A (a) and B (b), versus frequency (v), of PVA and PVA/Borax (0.2 M) solutions, at different PVA content (5 g/, 9 g/I
and 10 g/I).
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The result shows that the values of 1 are rather independent on the PVA concentration and
the presence of Borax. This behavior can be explained by recalling Kelvin’s law [33] (see Chapter
Il, 2.1.4. Electro-Capillary Waves (ECW)) which is defined as,

1
1 (9. 25)
A= (22>3 vT2/3,

p

Kelvin’s law is strictly valid in low viscosity pure liquids, but it can be used in this system as a
first approximation to qualitatively explain the trend of A with y and p. According to Kelvin’s
law, A increases with surface tension and decreases with density. Depending on both PVA and
Borax concentration, y ranges between 48 — 61 mN /m, while p = 1 — 1.05 kg/l. Samples
with Cpyg =9 — 10 g/l (and with 0.2 mol/l of Borax) are the ones characterized by the
highest value of y, but are simultaneously those with the highest value of the density. In fact,
the presence of Borax increases the density of the solution. Thus, in this situation the effect
associated with the increase in y competes with the increase in p, and therefore the value of
A almost remains unchanged. In fact, the experimental resolution of ECW set-up does not
allow to separate the values of A of each solution.

Kelvin’s law can be expressed as a power law,
A=Av4 (9. 26)

All of the samples qualitatively follow the trend predicted equation (9. 26), and a ranges
between 0.67 and 0.68, which agrees with the prediction of Kelvin’s law (exponent of 2/3 in
equation (9. 25)). On the other hand, when the damping coefficient 8 is analyzed, the values
plotted in Figure 9. 7 (b) seem to qualitatively align with the prediction given by a derivation
of the Stokes law [33] (see Chapter Il, 2.1.4. Electro-Capillary Waves (ECW)), which is also valid
for low viscosity pure liquids,

g = 8nmv (9.27)
==,

In fact, in every sample, f monotonically increases with frequency, and the most viscous
samples, especially those with Cpyy =9 — 10 g/l and 0.2 mol/l Borax, at fixed v, are
characterized by the highest values of 5. This trend is more evident at the highest frequencies
probed. On the other hand, samples having similar viscosity, like the ones with Cpy,4 =9 g/l
and Cpy4 = 10 g/l (without Borax), also have similar damping behavior. It should be pointed
out that 8 also depends on y, but the variation of surface tension between each sample is not
enough to produce considerable variation of the damping coefficient, with its value being
mainly dependent on the bulk viscosity of the samples. As occurred with Kelvin’s law, also
Stokes law can be expressed as a power law,

S = Bvb. (9. 28)



By fitting the data plotted in Figure 9. 7 (b) with eq. (9. 28), the values of b range between
0.65 — 0.86 (depending on the sample), lower than 1 (the value given by eq. (9. 27)). The
reason why none of the samples obeys to derived Stokes law is given by the fact that there
might be viscous dissipation at the interface, but it is also due to the fact that bulk shear
viscosity, in some samples, also strongly depends on frequency, so the dependence of f on v
may not be straightforward.

9.3.4. Dilational interfacial rheology

Based on the bulk rheology, the surface tension and the capillary wavelength/damping data
discussed in the previous subsections, the dilational interfacial modulus (E;" (w) = Eg(w) +
iE;(w)) of PVA solutions in absence and presence of Borax was computed by means of two
different hydrodynamic models:

- The model proposed by Lucassen, in which the dilational properties of the interface
are determined by solving equation (9. 19) (Lucassen dispersion equation [2,3]). In this
approach, only the real part of the complex viscosity (n'(w)) and its dependence on
frequency are considered,

—(' (@)w(q — m))2 o (9. 29)
Yq? + in'(w)w(q +m) — ng in'(w)w(q +m)

E'(w) =

q2

. . . . 2 lwp 0.5

where the capillary penetration depth m is defined as m = (q + n’(w)) .
- The second approach is to use the model proposed by Wang defined by equation (9.
18) (Wang-Huang dispersion equation [4]). This equation is structurally similar to
equation (9. 19), with the only difference that the complex viscosity n*(w) = n'(w) —

in"' (w) replaces n'(w), taking into account also the effects of bulk shear elasticity,

—(n"(w)w(g — m))2 o (9. 30)
Ve + in*(@)w(q +m) — ng in*(w)w(q +m)

ES*((U) = qz

. 0.5
where the capillary penetration depth m is here defined as m = (q2 + %) .

The interfacial dilational modulus determined by Lucassen and Wang model are compared,
one to each other, in Figure 9. 8 (E) and Figure 9. 9 (E;):

(a) (b)
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Figure 9. 8. Storage interfacial dilational modulus E versus frequency v, determined both by Lucassen and Wang dispersion
equation, of PVA/Borax solutions: (a) Cpya = 59/1, (b) Cpya = 5g/1 and 0.2 mol/l Borax, (c) Cpya = 9g/1, (d), Cpya =99/
and 0.2 mol/I Borax, (e) Cpys = 10g/1, (f) Cpya = 10g/1 and 0.2 mol/I Borax.
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Figure 9. 9. Loss interfacial dilational modulus (E;) versus frequency v, determined both by Lucassen and Wang dispersion
equation, of PVA/Borax solutions: (a) Cpya = 59/1, (b) Cpya = 5g/1 and 0.2 mol/l Borax, (c) Cpya = 9g/1, (d), Cpya =99/
and 0.2 mol/I Borax, (e) Cpys = 10g/1, (f) Cpya = 10g/1 and 0.2 mol/I Borax.

Concerning the storage modulus Ej, the first outcome is that in every sample characterized by
low bulk elasticity (low n" (w)), also exhibits low values of Ej. In fact, as shown in Figure 9. 8
(a), (c) and (e) (PVA solutions without Borax), surface dilational contribution is almost
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negligible. The only sample containing Borax that also presents zero E is the one in Figure 9.
8 (b) (Cpya = 5 g/l and 0.2 mol/l Borax). In the aforementioned samples, polymer chains do
not arrange at the interface to form ordered structures, so interfacial elasticity does not play
a key role in interface stabilization. The behavior is similar in relation to the loss dilational
interfacial modulus. As observed in Figure 9. 9 (a), (b), (c), (e), in the same samples with
negligible surface elasticity, E; is negligible as well. This can be explained considering that
polymer chains adsorbed at liquid/vapor interface do not overlap one to each other, so no
surface viscosity effect is observed. Furthermore, as expected, no difference is perceived
between Wang and Lucassen model, due to the negligible bulk elasticity contribution. In fact,
when "' (w) < n'(w), the two dispersion equations are equivalent one to each other.

On the other hand, in those samples in which coexistence of bulk viscosity and elasticity was
observed within ECW frequency range (Cpy4 = 9 — 10 g/l and 0.2 mol/l Borax, Figure 9. 8
(d) and (f)), E5 is much higher, with values ranging between 30 — 40 mN /m (determined by
Wang equation) and 10 — 20 mN /m (determined by Lucassen model). In these samples, since
n"(w) and n'(w) are comparable, the difference between the two hydrodynamic models is
more remarkable, and apparently, Lucassen equation, leads to an underestimation of E;. The
difference between the two models is more evident in Cpy4 = 10 g/l and 0.2 mol/l Borax,
which is the sample characterized by the highest bulk viscous and elastic contribution. On the
other hand, in the sample with Borax and in Cpy4 = 9 g/l which is characterized by a limited
bulk elastic contribution, the values of E; determined by the two models tend to overlap
within their error bar. The same considerations apply also to E;. The loss dilational modulus of
samples with Cpyy = 9 — 10 g/l and 0.2 mol/l Borax samples stand out, reaching peaks of
40 — 45 mN /m (determined by Wang dispersion equation) and of 15 — 20 mN/m (with
Lucassen dispersion equation).

In polymeric solutions with Cpi,4 = 9 — 10 g/I, since Borax induced partial gelation, the effect
of sol-gel transition is observed also at the interface. This can be understood considering that
PVA-Borax complexes can arrange in ordered structures at the liquid/vapor interface, which
turns the interface stiffer. The overlapping of the polymer chains confer a viscous behavior to
the interface, with non-zero loss dilational modulus. It goes without saying that the onset of
surface elasticity is not controlled by surface adsorption, but rather by the intrinsic stiffness of
the interface due to the structures formed by PVA/Borax complexes. It is important to note
that no relaxation dynamic can be observed in the analyzed frequency range.

In order to understand the reason why E; error bars in Cpyy =9 — 10 g/l and 0.2 mol/l
Borax samples are so huge, it is worth to determine their E/y and compare it to the value
associated to the resonance condition [33] (see Chapter Il, 2.1.4. Electro-Capillary Waves
(ECW)),

: o 1/ (9.31)
<_S) _ (ﬂ) ~ 0.25 — 0.30,
v/, \vp
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where the subindex R indicates the resonance condition. (75) is defined only in purely viscous
R

fluids (n” = 0), so in its calculation the influence of bulk elasticity is not taken into account:

by including the effect of the imaginary part of the complex viscosity (n"'), (%) ratio would
R

be a complex number, which has no physical meaning. An alternative idea would be to replace

1’ by the complex viscosity (n*) in equation (9. 31). Thus, it will be possible to compute the

Es\* . . . . o
“complex (75) ratio”, and only consider its real part. In this case, the results are very similar,
R

because Re [(%) ] ~ 0.26 — 0.32. Or, otherwise, instead of n*, another option may be
R
considering its modulus (|n*|), but also in this case the estimation of (%) would lead to
R

similar results. It is interesting to notice that the estimated values of (%) in this system
R

(0.25 — 0.30) are larger than the ones determined in the previous chapters (0.10 — 0.15), due

to the higher viscosity of the medium.

In Figure 9. 10, the E/y ratio, determined from the experimental data, is compared to (%)
R

of Cpyy = 9 — 10 g/l and 0.2 mol/l Borax samples (in all of the other samples, E/y ratio is

almost zero, due to the extremely low values of E;). Whenever E;/y does not match with the
resonance value (0.25 — 0.30), then dilational and capillary modes are not coupled, and the
value of E; will be strongly affected by any perturbation to the value of y, which implies, in
turn, that the error bar of E; will be huge.
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Figure 9. 10. E/y ratio of PVA/Borax solutions: (a) Cpy4 = 9g/! - 0.2 mol/l Borax, (b) Cpy410 g/l - 0.2 mol/l Borax.

In general, the E/y ratios determined by Lucassen equation are comparable to the one
associated to resonance condition, which aligns with the smaller error bars of E observed in

Figure 9. 8 (d) and (f). On the other hand, E/y ratios calculated with E data determined by
means of Wang dispersion equation, are larger than (%) , Which is coherent with the fact that
R

E error bars are higher than those calculated using the Lucassen model. Apparently, there is
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no physical reason why experimental E;/y ratios are higher in Wang model case. The reason
is purely numerical, the same perturbation in the value of y, leads to larger E variation in case
of Wang dispersion equation.

9.4. Conclusions

The study of dilational interfacial rheology of viscoelastic fluids deserves particular attention,
due to the necessity of experimental validation of the hydrodynamic models providing
information on the surface modes that are already present in literature. In this chapter, the
dilational interfacial response in Electro-Capillary Waves frequency range (70-600 Hz) of
PVA/Borax solutions was studied, underlining the difference between the values calculated by
means of Lucassen and Wang dispersion equation. Thus, it has been possible to understand
the impact of bulk shear elasticity contribution on the damping of capillary waves.

First of all, bulk shear rheology of PVA/Borax solution was characterized by DWS. The only
samples that exhibit a non-negligible shear elasticity were the ones with Cpyy =9 —
10 g/l and 0.2 mol/l Borax: in such systems, G'(w) was of the same order of magnitude of
G" (w), and n'(w) was comparable to n”'(w). Furthermore, the values of n'(w) were below
the critical operative threshold of ECW technique (< 2+ 1073Pa - s).

The surface tension of PVA decreases with polymer concentration, but, in presence of Borax
(0.2 mol/l) the trend is inverted: in fact, in Cpyy = 9 — 10 g/l solutions, the presence of
Borax induces an abrupt surface tension growth, which might be associated to the onset of a
sol-gel transition (although, in these conditions, gelation did not completely occur).

The capillary wavelength measured by ECW technique remains unchanged between all of the
samples: surface tension variation is always compensated by density change, and the
resolution of the set-up does not allow to distinguish between the values of A measured in
every condition. The damping coefficient varies coherently with the viscosity of each samples:
solutions with the highest bulk viscosity, also exhibits the highest values of . Due to the
presence of either bulk or surface viscoelasticity, the trend of § versus v does not follow the
one predicted by Stokes law.

A correlation between bulk viscoelasticity and surface viscoelasticity was observed. In fact, in
the same samples with Cpy;y = 9 — 10 g/l and 0.2 mol/l Borax, in which the coexistence of
shear viscosity and elasticity was observed in the bulk, viscoelastic behavior also appears on
the surface: these are the only samples where considerably high values of both E and E; were
detected, while in the other samples the dilational interfacial contribution is almost nil. A
plausible hypothesis might be that partial gelation occurs both in the bulk and on the surface,
in such a way that at polymer chains form highly ordered arrangements and, thus, a stiffer
interface. The dilational interfacial modulus (both its real and imaginary part) computed by
means of Wang equation always results higher (almost the double) than the one calculated by
means of Lucassen equation: this happens only in partially gelled samples (Cpyg =9 —
10 g/l and 0.2 mol/l Borax), while in the other samples no difference between Wang and
Lucassen model can be perceived.

o E I
An estimation of the resonance value of (75) was proposed, only considering the real part of
R

complex viscosity (1’): the values are a bit higher than the ones observed for aqueous solutions
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previously studied: (%) ranges between 0.25 — 0.30. The error bars associated to the values
R

of E calculated by means of Wang equation result to be huger than the ones determined by
Lucassen model, due to the fact that E/y ratios are higher and deviate from the resonance
value.

The issue of surface modes on viscoelastic liquids deserves further experimental work. For
instance, the study of surface dilational response of viscoelastic PVA/Borax solutions may be
extended up to higher frequencies, by means, for example, of Surface Quasi-Elastic Light
Scattering (SQELS), that allows to determine dilational interfacial rheology up to 10°-10° Hz
(where the bulk elasticity contribution is even higher). The study may be extended to other
systems, like micellar dispersions or other polymers, such as micellar solutions that tend to
form rod-like structures (like alkyl quaternary ammonium salts with organic counterions or
high salt concentration), higher molecular weight water soluble biopolymers (like proteins or
Polysaccharides), in order to provide more experimental validation to Wang model.
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Concluding remarks

This PhD thesis has been focused on the interfacial properties of a wide range of complex
fluids, paying special attention to the interfacial dilational rheology of this type of systems. In
particular, this PhD Thesis has exploited the interfacial dilational rheology as a powerful tool
to probe the behavior of liquid/vapor interface, which has allowed obtaining some indirect
information about the stability and microscopic phenomena occurring within the interface in
complex fluids. The research presented here does not only provide some advances in the
knowledge of how these fluids respond to mechanical perturbations at interfaces, but also
critically evaluates the current hydrodynamic models that are employed to interpret dilational
interfacial responses. In this PhD Thesis, interfacial dilational rheology experiments were
carried out in different ranges of frequency, with different experimental set-ups: at low
frequency (103-10 Hz) and at high frequency (10-103 Hz). The latter range of frequency was
probed by means of Electro-Capillary Waves (ECW) technique, which focus a key part of the
experimental work contained in this PhD Thesis.

In relation to the main aims and scopes of the present PhD Thesis, one of the achieved
milestones was the optimization of an ECW set-up optimization. The original device available
in the laboratory requires to obtain results with good quality of a long optical pathway, and in
the present PhD Thesis, it has been possible to design a more compact devices by modifying
the design of the optical pathway. However, the experimental results has demonstrated that
to improve the sensitivity of the signal and the quality of raw data, it is worth to further
increase the optical pathway for the detection and introduce further strategies to limit the
external noise.

Part of the work was dedicated to further investigation of the hydrodynamic models that are
used to relate the dilational interfacial response of fluids with the propagation parameters of
capillary waves generated on their interfaces, underlining their theoretical limits and
achieving a better comprehension of them. A deeper study of the dispersion equation of
capillary waves led to understand the optimal experimental conditions where this model
better works. Being E; the dilational interfacial elasticity and y the surface tension, the
optimal E,/y ratio was estimated to be around 0.1-0.15 (in most of the liquid/vapor
interfaces). This ratio corresponds to the one associated to the resonance condition, where
capillary and dilational modes are coupled. If the system fulfills this condition, the dispersion
equation fully predicts the behavior of the interface, and the dilational interfacial modulus
values will be characterized with a high precision, because they will not be largely affected by
experimental uncertainty of raw data (such as capillary waves propagation parameters and
surface tension).

The issue of resonance condition is the point of departure to explain the occurrence of non-
physically sound results in the determination of the dilational interfacial modulus, as well as
the presence of huge error bars. For instance, as discussed in Section 3 (Chapter V-VI), the fact
that many authors report negative values of both elastic and loss modulus, is not directly
connected to the presence of ionic strength, but it is rather due to the non-accomplishment
of the resonance condition, which in some cases may happen in presence of high ionic
strength. Or, in other chapters (e.g., Chapter 1V) the negative results of dilational interfacial
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viscosity and the huge error bars of dilational elasticity are associated to high E;/y ratios,
directly related to the non-fulfillment of resonance condition.

Another theoretical limitation of many hydrodynamic models of capillary waves was given by
the presence of shear viscoelasticity in the bulk, as discussed in Chapter IX. The experimental
results pointed out that bulk shear viscoelasticity effects can have a huge impact in dilational
interfacial modulus, and this effect must be taken into account into the dispersion equation.

Apart from the experimental and theoretical issues associated with data collection and
analysis, ECW technique (accompanied by other set-ups used to characterize interfacial
dilational rheology and other bulk/interfacial properties) helped to achieve a better
comprehension of the behavior of many complex fluids. For example, in Chapter IV, ECW data
were used as an instrument to investigate in detail the spreading and drop impact phenomena
of trisiloxane surfactants solutions, leading to the conclusion that sessile drop oscillation is
ruled by capillarity and spreading is not ruled by interfacial dilation rheology. Chapter V data
led to conclude that the mechanical behavior of interfaces can change in presence of high
ionic strength. In Chapter VIII, the dilational interfacial response allowed to obtain information
about interfacial microscopic phenomena (such as molecular reorganization, steric hindrance,
etc...) and the stability of foams. In Chapter IX, dilational interfacial rheology helped
understanding that crosslinking phenomena in the bulk can also occur at the interface,
affecting its mechanical properties.

Future perspectives of this study may be extending the frequency range of dilational
interfacial rheology characterization of these systems, possibly up to 10° (with SQELS
technique), in order to assess the validity of the hydrodynamic models at higher frequencies
and possibly obtain other kind of information about the behavior of complex fluids. This work
may be complemented by shear interfacial rheology experimental works, as well as studying
other kind of complex fluids, such as surfactant/polymers solutions, micellar dispersions,
other polymer- or surfactant-decorated nanoparticle dispersions, other biopolymers, etc...

It is crucial to underscore that by meticulously identifying the shortcomings and deficiencies
within the existing hydrodynamic models, this research paves the way for future
advancements in the field. The insights gained from this work provide crucial pathways for the
refinement and enhancement of theoretical frameworks, which have the potential to
significantly improve the precision and scope of hydrodynamic predictions. It is anticipated
that these advancements will enhance the predictive capabilities of hydrodynamic models,
thereby facilitating more effective control and manipulation of interfacial phenomena in both
industrial processes and biological systems. Consequently, this PhD Thesis not only
contributes to our understanding of interfacial rheology but also serves as a catalyst for future
breakthroughs in the study and practical application of complex fluids, fostering innovation
across multiple domains.
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