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1 Introduction
1.1 General Background
In his Nobel lecture in 1991[1], Pierre-Gilles de Gennes introduced the
world to the term Soft Matter. The term soft matter encompasses a
very wide range of materials which as the name suggests, can be easily
deformed. They include liquids, colloids, polymers, foams, emulsions,
gels, liquid crystals, granular materials and biological materials. From the
toothpaste that we squeeze out of a tube in the morning to the caramel
pudding that we have for desserts after dinner, we encounter countless
examples of soft materials in our daily life.
In his Nobel lecture and in subsequent publications[2], de Gennes referred to colloidal systems as ultra divided matter and highlighted their
ubiquitous nature. The term colloid was coined by Scottish chemist
Thomas Graham in 1861[3]. In general colloidal material consists of an
ensemble of microscopic particles dispersed in a continuous phase. Depending on what the dispersed and continuous phases are, they are further
classiﬁed as liquid aerosol (liquid dispersed in gas), solid aerosol (solid dispersed in gas), foam (gas dispersed in liquid), emulsion (liquid dispersed in
liquid), sol (solid dispersed in liquid), solid foam (gas dispersed in solid),
gel (liquid dispersed in solid) and solid sol (solid dispersed in solid). Figure 1.1 shows various examples of colloids mentioned above. In this thesis
however, we focus only on solid particles suspended in water speciﬁcally
at particles at air-water or oil-water interfaces. The size of the dispersed
phase is usually between 10nm and 10μm. Such small sizes mean that
the thermal energy is relevant at the level of these individual dispersed
particles and other forces like gravity can be ignored. The thermal energy
of the system is enough to move the particles constantly in a random fash-
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ion. This random motion of particles is called as Brownian motion after
Robert Brown who ﬁrst observed such random motion of pollen grains in
a water droplet.
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Figure 1.1: Examples of colloids that we encounter.(a)Aerosol spray(liquid
aerosol), (b)Ash plume in a volcanic eruption(solid aerosol), (c)Whipped
cream(foam), (d)Mayonnaise(emulsion), (e)Pigmented ink(sol), (f)Aluminium
foam(solid foam), (g)Strawberry jelly(gel), (h)Cranberry glass(solid sol). (All
images taken from Wikipedia, Creative Commons license)
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1.2 PNIPAM microgel particles
Emulsions are colloidal systems where one liquid phase is dispersed in
another immiscible liquid phase. They are thermodynamically metastable
systems. Instability of emulsions arises due to the high energy associated
with a liquid-liquid interface. Coalescence, creaming and Ostwald ripening are the main types of instabilities that occur in emulsions. Traditionally, emulsions have been stabilised by the use of emulsifying agents.
These are nothing but species that assemble at the liquid-liquid interface and prevent individual droplets from coming in contact. In addition,
they also signiﬁcantly improve the rheological properties of the interface
thereby preventing rupture of the interface. Conventional emulsion stabilisers include surfactant and biopolymers like proteins.
Colloidal particles can also attach to liquid-liquid interfaces resulting in
eﬃcient stabilisation of droplets in an emulsion. Such particle stabilised
emulsions are called Pickering (Ramsden) emulsions[4, 5]. The reason
why solid particles are eﬃcient in stabilizing emulsions lies in their ability
to irreversibly adsorb onto ﬂuid interfaces. The energy of desorption of
such particles depends on their contact angle at the interface and scales
as the square of their radius. Even for particles as small as a few tens
of nanometers, the energy required to desorb the particle is as high as
103 − 104 kB T. Furthermore, the particles provide steric and sometimes
electrostatic repulsion between the droplets which helps in the emulsion
stability.

1.2 PNIPAM microgel particles
Microgel particles consist of a highly cross-linked network of high molecular weight polymers. These polymer networks can be swollen in presence
of a solvent under appropriate conditions. The degree of swelling depends on the quality of the solvent and the cross-link density [6, 7]. The
solvent-polymer interactions can be tuned via external stimuli such as
temperature[8], pH, ionic strength[9] and electric ﬁeld[10].
Amongst all the polymer microgel systems studied, the ones based on
Poly-N-Isopropylacrylamide (PNIPAM) have garnered much attention.
PNIPAM is a water soluble polymer which undergoes a coil to glob-
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Figure 1.2: Structure of (a) N isopropylacrylamide (NIPA) monomer and (b)
N,N’-Methylene -bisacrylamide(BIS) crosslinker.

ule transition at lower critical solution temperature (LCST) of around
32○ C. The thermoresponsive nature of these microgels lies in the chemical structure of the polymers. The monomer NIPA as shown in ﬁgure
1.2(a) contains a hydrophilic amide group and a hydrophobic isopropyl
group. Below the LCST, water forms hydrogen bonds with the acrylamide
groups. This keeps the hydrophobic groups apart. However as the temperature increases above the LCST, these hydrogen bonds break. The
hydrophobic interactions thus drive the polymer from a coil state to a
globule state. This coil to globule transition also reﬂects in the behaviour
of PNIPAM microgel particles. They undergo a volume phase transition
around the same temperature (VPTT) as the LCST. This happens to be
around the same as the human body temperature. Hence PNIPAM microgels are considered as promising systems for controlled drug delivery
applications[11, 12]. However, the VPTT may or may not be same as the
LCST and depends upon various factors like addition of a hydrophilic or
hydrophobic co-monomer during synthesis, salt concentration, pressure
and added surfactant[13].
Microgels in their swollen state have a core-shell type of structure (ﬁgure 1.3 (a)). They have a highly cross-linked core and loosely cross-linked
brush-like region at the periphery. In the swollen state, the peripheral
brush-like structure provides steric stabilization. The van der Waals attraction between such swollen particles is also very weak. In addition to
these, the particles also posses a slight negative charge due to the initia-
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Figure 1.3: (a)Artist’s sketch of a swollen PNIPAM microgel particle (image
reproduced with permission from Prof. Frank Scheﬀold[14] and Dr. JeanFrançois Dechézelles[15] (b)Schematic picture of the change in structure of a
microgel particle upon changes in temperature.

tor used in the synthesis. This prevents the particles from aggregating.
Above the VPTT, the brush collapses and the particles are morphologically similar to stiﬀ colloidal particles as shown in ﬁgure 1.3 (b).
The adsorption and self assembly of microgel particles at ﬂuid interfaces
has been a topic of study for many researchers for the past few years. Soft
microgel particles at ﬂuid interfaces provide many interesting challenges.
Firstly, their nature is somewhere in between that of stiﬀ colloidal particles and soft polymer molecules[16]. This proves to be extremely useful
since they posses the advantages of both the systems. For example, just
like polymers or surfactant molecules, they adsorb readily on to an interface. But polymeric molecules are small and can also desorb easily from
an interface. In this respect, microgel particles behave like colloidal particles that are irreversibly adsorbed on to an interface. Secondly, being
at an interface, the broken symmetry gives rise to complex interactions
and morphological conformations which have lately come under intense
scrutiny. These aspects in addition to their stimuli responsive nature,
make microgel particles potential candidates as Pickering stabilizers for
emulsions with tunable stability. These microgel stabilized tunable/smart
emulsions are also referred to as Mickering emulsions[17] to highlight the
fact that they are diﬀerent from the conventional Pickering emulsions.
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1.3 Outline of the thesis
In this thesis, I investigate the interactions between PNIPAM microgel
particles on an interface. In particular, I study the eﬀect of temperature
on these interactions and consequently on the rheology of the interfacial
monolayer. This thesis comprises of a total of 7 chapters including this
introductory chapter.
Chapter 2: In this chapter, I try to provide a comprehensive review
of the existing literature regarding adsorption, interactions, self assembly
and rheology of particulate layers at ﬂuid interfaces. I have tried to make
a comparative study of hard particle systems and soft microgel systems
within the framework mentioned above.
Chapter 3: This chapter delineates the various experimental methods
and protocols that I have followed. I begin with describing the synthesis
and characterisation of the microgel particles that I have used for my
experiments. This is followed by explanation of the working principles of
the equipment used in my experiments such as the Langmuir balance and
Drop tensiometer.
Chapter 4: This chapter deals with the adsorption kinetics of the
microgel particles at an air-water interface. I establish an experimental
equation of state (EOS) for these microgels using compression isotherms
on a Langmuir ﬁlm balance. I use this EOS to convert the dynamic surface pressure data into surface concentration. We can thus study how the
surface concentration of the microgel particles evolve over time starting
with a bare interface. We can see that the adsorption process clearly consists of two regimes. Initially the adsorption is controlled by the diﬀusion
of particles from bulk to the interface. However as the interface gets ﬁlled
with particles, a kinetic barrier is created for adsorption of newer particles on to the interface. At long time, this barrier become the limiting
mechanism.
Chapter 5: I extend the adsorption kinetics study carried out in the
previous chapter. Given the thermoresponsive nature of the particles, I
study the eﬀect of temperature on the adsorption kinetics. I investigate
the EOS for various temperatures and surprisingly, the interactions at
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higher temperatures seem to be softer. I also try to build a model which
considers the short time diﬀusion limited regime as well as the long time
barrier controlled mechanism to predict the behaviour of the adsorption
curves. We ﬁt the model to our experimental data and extract parameters
like the diﬀusion coeﬃcient and the rate constant.
Chapter 6: I consider the adsorption and interactions of microgels
on oil-water interfaces in this chapter. I try to explain the counter intuitive observations of increase in surface pressure with temperatures using
an argument that the inter-particle interactions cross over from being
predominantly steric at lower temperatures to long range dipolar repulsion at higher temperatures. The electrophoretic mobility measurements
modelled using the Ohshima theory support this argument.
Chapter 7: In the conclusions and outlook chapter, I summarise my
ﬁndings and try to make recommendations for a possible future line of
study.
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Abstract

Soft microgel particles inherently possess qualities
of both polymers as well as particles. In this chapter I review
the similarities and diﬀerences between soft microgel particles and
stiﬀ colloids at ﬂuid-ﬂuid interfaces. Based on the existing literature, I compare two fundamental aspects of particle-laden interfaces namely the adsorption kinetics and the interactions between
adsorbed particles. Although it is well established that the transport of both hard particles and microgels to the interface is driven
by diﬀusion, the analysis of the adsorption kinetics needs reconsideration and a proper equation of state relating the surface pressure to the adsorbed mass should be used. I provide an overview
of the theoretical and experimental investigations into the interactions of particles at the interface. The rheology of the interfacial layers is intimately related to the interactions, and the diﬀerences between hard particles and microgels become pronounced.
The assembly of particles into the layer is another distinguishing
factor that separates hard particles from soft microgel particles.
Microgels deform substantially upon adsorption and the stability
of a microgel-stabilized emulsion depends on the conformational
changes triggered by external stimuli.

This chapter has been published as Deshmukh OS, et al., Hard and soft colloids
at ﬂuid interfaces: Adsorption, interactions, assembly & rheology, Adv Colloid
Interface Sci (2014), http://dx.doi.org/10.1016/j.cis.2014.09.003
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2.1 Introduction
While coarse emulsions have widespread applications ranging from food
products, pharmaceuticals and cosmetics to oil recovery[1, 2], they also
share the property of thermodynamic metastability. In most cases the
tendency of the droplets to assemble into a large volume of ﬂuid, is detrimental to the application (e.g. in many food products), while in other
cases this proclivity is exploited to break the emulsion (e.g. in oil recovery). Clearly in both scenarios the thermodynamic properties of the emulsion are of utmost importance, and a thorough understanding of how the
system is (thermodynamically or kinetically) stabilized is needed. Even
though emulsions are known for a very long time, their stability is still
an active area of research, in which new formulations and new theoretical
descriptions are being explored[3–7].
Emulsion instability arises from the high energy associated to a liquid/liquid interface. Coalescence (ﬁlm rupture) and Ostwald Ripening
(due to diﬀerences in Laplace pressure of the drops) are the most important processes involved in destabilization. A classical way to eliminate (or at least counteract) these processes is to add amphiphilic
molecules, i.e. surfactants. Alternatively, also colloidal particles can
be used. Such particle-stabilized emulsions are known as (Ramsden)Pickering emulsions[8–10]. Conventional Pickering stabilizers include
rigid micro- or nano-sized particles of highly cross-linked polymers like
PolyMethylMethacrylate(PMMA), Poly-styrene(PS) or amorphous solids
like silica[11, 12]. Since recently, also softer (i.e. deformable) particles like
polymers or proteins have been used eﬀectively for stabilizing emulsions
and foams[13–15].
The eﬃciency of colloidal particles in stabilizing emulsions originates
from the thermodynamics of their adsorption. The energy required to
desorb a spherical particle from a ﬂuid interface is given by:
E = πR2 γ(1 ± cosθ)2

(2.1)

Where R is the radius of the particle, γ is the interfacial tension and
θ is the contact angle at the interface. The sign inside the brackets is
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positive or negative depending on whether the particle is being desorbed
into air/oil phase or water phase. Already for particles with a size of a
few tens of nanometers, this energy takes values of the order of 103 kB T for
contact angles that are not close to 0○ or 180○ [16]. For bigger colloids this
energy becomes even larger and hence the adsorption can be considered
as irreversible. This situation is in strong contrast to that of amphiphilic
molecules which, due to their small desorption energies of the order of
100 −101 kB T, can desorb on a relatively short timescale, and hence cannot
always completely preclude instability events.
While adsorption at a ﬂuid interface is thus always thermodynamically
favoured for particles, the process can be signiﬁcantly slowed down in
practice, which points at the possible presence of an adsorption barrier
[17]. Sometimes this energy barrier is so high that Pickering emulsions
can only be made by vigorous mechanical shaking, or a spreading solvent
has to be used to deposit particles at an interface[18–20].
To understand the stability of a Pickering emulsion, one clearly has to
consider much more than the adsorption alone. Eventually the reason why
particle-coated droplets can maintain their integrity is that the particle
layers on the encountering droplets repel each other strongly enough[10].
This ﬁrst of all requires the particles to be present at suﬃciently high
(local) surface density, and secondly it requires a mechanism for the interparticle repulsion.
This aspect of particle interactions is where the complexity of Pickering emulsions becomes manifest. The interaction of an adsorbed particle
with another particle in the same layer is fundamentally diﬀerent from
that between two particles that are adsorbed on diﬀerent droplets (and
thus interact through the continuous phase), while both contribute to
the stability of the emulsion droplets. In the simplest case, the particles
would be rigid spheres interacting only via their excluded volume; stability would then require a suﬃciently high packing density (to be achieved
before the droplets encounter each other). In practice, electrostatic forces
due to surface charges often play a role as well, and in a complex way,
since the counterion distributions are diﬀerent in the two phases[21–23]
and also the volume distribution of the adsorbed particle over the two
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phases must be considered as a degree of freedom Curvature of the droplet
adds another dimension to the problem[24, 25]. It is therefore not surprising that a variety of particle layer structures has been observed, and
that diﬀerent particle interactions were proposed to explain the diﬀerent
cases[21, 26, 27].
In the last decade, also a new class of particles, namely microgels, has
generated interest as potential Pickering emulsion stabilizers. Microgel
particles are made from a chemically cross-linked polymer that can be
swollen by a solvent. The degree of swelling depends on the solvent quality and cross-link density[28, 29]. Microgel particles made from thermosensitive polymers such as poly N-isopropyl acrylamide (PNIPAM) undergo reversible swelling/shrinking transitions at temperatures around
the body temperature, and therefore are considered as promising particles for thermo-stimulated control of drug delivery[30, 31]. The particle
chemistry can also be varied, e.g., by incorporating charged co-monomers
like acrylic or methacrylic acid to make them pH-responsive[32]. Also
their hybrid physical character makes them interesting: the fact that
they are particles makes them adsorb very strongly to the interface. On
the other hand, their polymeric character strongly facilitates their attachment from solutions onto ﬂuid interfaces. This combination of properties
makes microgel particles ideal candidates for preparing emulsions with
tunable stability[33]. Schmidtet al.[34] have coined the term “Mickering
emulsions” for emulsions stabilized by microgel particles to highlight the
fact that although these are conceptually similar to conventional Pickering emulsions stabilized by hard particles, the underlying mechanisms
responsible for stabilization of these emulsions are drastically diﬀerent.
Owing to these attractive properties, in particular PNIPAM (based)
particles at ﬂuid interfaces were intensively studied in the past few years.
Several insightful studies were performed[35–39] and the suitability of
PNIPAM as an emulsiﬁer was demonstrated[34, 37]. However, and remarkably, the kinetics of adsorption and thermodynamics of the interactions between microgels particles adsorbed in the same layer, were addressed only in a few studies up till now[35].
Since excellent books and review papers have been written on Pick-
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ering emulsions (e.g. [16] and references therein) and on (PNIPAM)
microgels[28–34], we will refer to these sources for further details. The
speciﬁc focus of this review will be the state-of-the-art in understanding
the behaviour of PNIPAM microgels at ﬂuid interfaces, with a special emphasis on the kinetics of adsorption and the thermodynamic interactions
between particles in the same layer. Comparisons with the behaviour of
hard (spherical) particles at interfaces will serve as a reference case to
highlight the similarities and diﬀerences with soft microgels.
One method that is particularly well suited to study both the interfacial adsorption kinetics and the subsequent interaction between colloidal
particles, is interfacial rheology. Also for this topic an excellent review
book is available[40]. Therefore in this article we will shortly explain the
concepts, and then more elaborately discuss the most recent developments
in this ﬁeld.

2.2 Adsorption dynamics
Although several experimental studies into particles adsorbing at ﬂuidﬂuid interfaces have been performed, most of them with stiﬀ colloids[41–
45] and a few with soft microgel particles[35, 46], the processes controlling
the kinetics of adsorption are generally complex and at present not clearly
understood.
For the adsorption of colloidal particles, electrostatic interactions between the interface and the particle must play a role. This is most strongly
evidenced by experiments in which no mechanical energy is supplied in
order to assist the adsorption. It is experimentally established that airwater or oil-water interface is negatively charged, even though the origin
of this negative charge is still a matter of debate[47–49]. Thus, depending
on the ionic strength, negative particles repelled by the interface adsorb
either very slowly or not at all, whereas positively charged particles adsorb
readily[50]. Also combinations of electrostatics and wettability can play a
role. For example silica particles, which are both negatively charged and
inherently hydrophilic, are found to adsorb onto the interface only after
making their surface more hydrophobic, by letting cationic surfactants
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like CTAB adsorb on their surface[51–53]. Also other wetting phenomena’ can contribute to an adsorption barrier. For example in case of PS
particles adsorbing onto air/water interface it is found that completion
of the adsorption process (for a single particle) could take a long time
(weeks or even months), which is attributed to relaxation of the three
phase contact line[26, 54] (similar to contact angle hysteresis on macroscopic surfaces).
In physical modelling of the adsorption kinetics, a distinction is usually made between diﬀusion controlled transport to a thin sublayer, and
the adsorption from the sublayer. This approach is similar to that of
adsorbing surfactants, as presented for example by Ward and Tordai[55].
Brieﬂy, in the absence of external ﬂow ﬁelds, the transport of particles is
governed by Fickian diﬀusion. This produces a mass transport rate:
∂c
∂ 2c
(2.2)
=D 2
∂t
∂x
Where c is the bulk concentration, D the diﬀusion coeﬃcient of the
particles and x the distance from the interface. Assuming as initial conditions a bare interface, i.e. Γ(0) = 0 with Γ(t) the time dependent surface
concentration, and a uniform concentration c(x, 0) = c∞ in the bulk liquid,
the boundary condition is given by:
dΓ
∂c(x, t)
(2.3)
= D[
]
dt
∂x
x=0
Then, assuming absence of an adsorption barrier and an interfacial area
that is so small that even the maximum adsorption would not signiﬁcantly
deplete particles from the liquid, i.e. c(∞, t) = c∞ , equations 2 and 3
result in the well known expression of Ward and Tordai[55]. In case of
irreversible adsorption and complete depletion of the sublayer, it can be
expressed as:
√
Dt
Γ(t) = 2c∞
(2.4)
π
In case the particles have to cross an adsorption barrier, the description
has to be extended. Fig 1. shows a schematic representation of the
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Figure 2.1: Schematic representation of the energy landscape at the air-water
or oil-water interface. The energy barrier ΔEbarrier increases as the surface gets
covered with particles.

energy landscape associated with the adsorption process. Electrostatic
interactions are generally incorporated in an exponential term[56], while
the eﬀect of area (fraction) that is occupied by already adsorbed particles
is taken into account by a linear term. This approach is similar to that
of Adamcyzk and co-workers[57, 58] who study the role of electrostatic
interactions in adsorption of particles on solid-liquid interfaces. Several of
the mentioned studies into interfacial particle adsorption are performed by
measuring the Dynamic Surface Tension using axisymmetric drop shape
analysis[41–45, 59]. An obstacle with this approach is, that one does not
directly obtain Γ(t) : an equation of state i.e. Π(Γ), with Π the surface
pressure, is needed. Here Π(t) = γ − γ0 is the surface pressure, γ is the
instantaneous interfacial tension and γ0 is the value of interfacial tension
of the bare interface. Note that use of an equation of state (EOS) assumes
a thermodynamic equilibrium within the adsorbed layer. Most studies use
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the EOS for an ideal ‘surface gas’:
Π(t) = RT Γ(t)

(2.5)

This assumption leads to qualitatively correct predictions: in many
experiments, an initial decay in γ that is proportional to t1/2 is followed
by an exponential relaxation of γ; which according to Eqn. 5 then gives
an adsorption that rises quickly initially, and then gradually saturates.
However, in the quantitative sense, something is clearly missing. When
analysing the implications of this approach (with Eqns. 2-5), it turns out
that the corresponding diﬀusion coeﬃcients would have to be as much as
1013 −1015 times larger than the values predicted from the Stokes-Einstein
relation[45, 59].
In case of charged particles at an interface, the surface pressure is
strongly dominated by the electrostatic interactions. Aveyard et al.[60]
derive an analytical expression for Π as a function of reduced trough area
assuming pair-wise additive dipole-dipole repulsion between the adsorbed
particles. Recently, this expression was improved further by taking into
account the collective eﬀects (beyond the pair-wise additivity) by Petkov
et al. [61]. These expressions can be treated as a surface equation of state
for charged colloidal particles adsorbed on an oil-water interface.
Recently Deshmukh et al. [46] use a Langmuir trough to compress
spread monolayers of soft PNIPAM microgel particles on an air-water interface. Since adsorbed particles do not leave the interface, their PressureArea isotherm can be interpreted as a Pressure-Mass relationship; in other
words, an equation of state, allowing Π(t) data to be converted into Γ(t)
data. They ﬁnd that an ‘Ideal gas’ equation of state is indeed very inadequate for relating the pressure to the adsorbed mass. They report that
the adsorption process can be clearly separated into two regimes. At short
times, the adsorption process is controlled by the diﬀusion of the particles
from bulk to the interface. At long times, the interface gets ﬁlled with
particles thereby creating a barrier for newer particles to adsorb onto the
interface. This leads to an exponential relaxation of Γ.
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Figure 2.2: Schematic drawing of the charge distribution around a colloidal
particle at an oil-water interface. Taken from Masschaele et al.[22] with permission from APS.

2.3 Interfacial interactions
2.3.1 Electrostatic interactions
Colloidal particles very often carry electrical charge on their surface. This
clearly has to be the case for the far majority of water-dispersible colloids,
which are also the systems most often studied at liquid-liquid interfaces.
This charge may arise from a dissociation or deprotonation of the native
surface groups (e.g. silica), from dissociation of initiator molecules (e.g.
PS latex) or from adsorbed or grafted surfactants or polymers with an
ionic character[62]. The interactions between charged particles in (aqueous) bulk are generally well described by the Derjaguin-Landau-VerweyOverbeek (DLVO) theory[63]. Also in non-polar solvents, particles can
carry charge[64] but the origin of the charge is not always clear and its
contribution to colloidal stability is usually considered less important.
When colloidal particles transfer from the bulk polar liquid (e.g. water) to an interface with a non-polar phase (e.g. oil), the interactions can
change profoundly. The part of the particle immersed in the polar phase
will remain charged but for the part in the non-polar phase, it is energetically favourable to re-neutralize the surface groups. This then results
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in an asymmetric double layer[65] as shown in Figure 2. The resulting
overall interaction between the adsorbed particles (in the same interfacial
layer) can become (strongly) dependent on several parameters, like the
relative volume distribution over the two phases, the dielectric constant of
(and presence of counter charges in) the non-polar phase, and the degree
of charge screening in the aqueous phase[66–68].
The theoretical modelling of the interactions between hard particles
at a ﬂuid-ﬂuid interface has made considerable progress, especially in
the last decade. An early contribution was made by Stillinger[69] who
derived an expression for the pair interaction potential between point
charges separated by a distance r at an electrolyte-air interface, using the
Debye-Hückel theory[65]:

U (r) =

∞
2Z 2 e2
xJ0 (x)
dx
∫
2
4πεε0 r 0 [x + (κr)2 ]1/2 + x/ε

(2.6)

Where Z,e,ε,ε0 are the valency of the ions, the unit electrical charge,
the dielectric constant of the liquid, and the permittivity of vacuum, respectively. J0 (x) is the zero order Bessel function and κ is the inverse of
the Debye screening length. Hurd[70] simpliﬁed this expression to show
that the potential crosses over from a screened Coulombic interaction at
small distances to a dipole-dipole interaction at larger separations.
As common in physics, the improvement of the theoretical description has gone hand in hand with the possibility to do more sophisticated
experiments. The ﬁrst experimental observations of electrostatic interactions between particles at a ﬂuid-ﬂuid interface were made in 1980 by
Pieranski[71] who looked at ordered and disordered patterns formed by
charged polystyrene latex particles adsorbed at an air-water interface.
More than two decades later, a major step forward was made when optical tweezers were used to measure the interaction force between two
individual colloids at an oil-water interface[72]. Herewith it was conﬁrmed that the dominant contributions to the pair potential U(r) are a
screened Coulombic repulsion at short distances, plus a long range dipolar
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repulsion at large distances:
U (r) =

a1 kB T −κr a2 kB T
e +
3r
r3

(2.7)

Where a1 and a2 are numerical constants. The calculation of a2 involved
a charge re-normalization. The validity of this expression was further
corroborated by additional laser tweezers experiments, measurements of
the pair correlation function and measurements of the macroscopic shear
modulus of a 2D colloidal crystal at the interface[73]. Diﬀerences in the
magnitude of interaction potential measured with the diﬀerent techniques
were attributed to the heterogeneity in the electrostatic repulsion[20]. To
date, this expression appears to give the best description of pair interactions between hard spherical particles at liquid-liquid interfaces.
Very recently numerical studies were carried out[74] using the standard
Poisson-Nernst-Planck equations for interactions between two spherical
particles. The calculations showed that the particle size was important
especially when the particles are close to each other. These ﬁndings were
in good agreement with the experimental data from Masschaele et.al.[22].

2.3.2 Van der Waals interactions
In principle, Van der Waals interactions can play a role as well. These
short range attractive interactions between particles of the same type,
resulting from dipole-dipole interactions between the individual molecules
constituting the particles, are more diﬃcult to calculate for particles at
an interface. In a simplistic scenario for the potential between spherical
colloidal particles dispersed in a single phase, one ﬁnds[75]
Uvw (r) = −

AH
(r2 − 4a2 )
2a2
2a2
+
ln
)
( 2
+
6 (r − 4a2 ) r2
r2

(2.8)

Where r is the distance between the particle centers, a is their radius
and AH is the Hamaker constant. Clearly, for interfacial particles the
(eﬀective) Hamaker constant should depend on the fractional volume of
particles immersed in each phase. More importantly, the van der Waals
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interaction is usually negligible small. It can play a role if the particles
approach each other very closely, but this rarely happens since in many
practical cases, the strong repulsions prevent this from happening.

2.3.3 Capillary interactions
Adsorption of colloidal particles results in local deformation of the liquid interface. For large particles, the balance of the gravity and buoyancy
forces in combination with the wetting properties of the particles, deforms
the interface and causes the particles at interface to attract or repel depending on the local curvature of the interface. This phenomenon is often
referred to as the “Cheerios eﬀect”[76] after the common observation that
breakfast cereals ﬂoating in a bowl of milk often clump together in the
centre or migrate to the edge of the bowl. The aggregation of non-colloidal
particles due to capillary attraction has been well formulated[77, 78].
For micron sized or sub-micron sized particles however, the weight of
the particles is not enough to deform the interface. But yet, various
studies have shown systems comprising of small colloidal particles or protein macromolecules to form clusters or larger ordered domains([79] and
references therein). In this case the interfacial deformations are created
because the contact line at the surface of the particle is undulated or
irregularly shaped. This may happen if the solid surface is rough or
heterogeneous[80–82]. Undulated contact lines may form if the surface of
the particles is smooth but the particles are anisotropic[83, 84].
The deformation of the interface along the contact line can be assumed
to be small enough so that the Young-Laplace equation can be linearised.
The interfacial deformation can then be written as a Fourier multi-polar
expansion [85].
∞

ζ = ∑ hm
m=0

Km (qρ)
cos [m (φ − φm )]
Km (qr)

(2.9)

Where, (ρ, φ) are polar co-ordinates associated with the particle, Km is
the modiﬁed Bessel function of the second kind and order m, hm and φm
are the amplitude and phase shift for the m-th mode of the undulation of
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the particle contact
√ line, r is the radius of its vertical projection on the
xy-plane and q = (Δρg/γ) is the inverse of the capillary length.
For the case of large particles, the deformation of the meniscus is predominantly due to the weight of the particle and can be expressed as
a capillary monopole (m = 0). The interaction potential between two
monopoles each of strength f separated by distance d is given by[86]:
Ucap = −

f2
K0 (qd)
2πγ

(2.10)

In case of colloidal particles, the eﬀect of gravity on the deformation
of the interface is negligible hence the monopoles can be neglected. Similarly, there is no external torque that can rotate the particles relative
to the interface. Hence the dipolar term (m = 1) can also be neglected.
Thus, for colloidal particles, the leading term that deﬁnes the interfacial
deformation is quadrupole (m = 2)[85]. The interaction energy for two
identical particles (A and B) of radius rc , separated by a distance d is
then given by[80]:
ΔE = −12πγh22 cos [2(φA − φB )]

rc4
d4

(2.11)

It must be noted that these approximations are valid for large separations between the particles. When the particles come closer (typically
of the order of the particle radius) the scenario is much more complicated since higher multi-pole orders come into play. These higher orders
are non monotonic and the potential may even become repulsive at very
small distances[80, 85]. The eﬀective interaction potential is always a
result of a superposition of capillary and electrostatic interactions.

2.3.4 Interactions between microgel particles
We now turn to microgel particles at a ﬂuid-ﬂuid interface. Since these
particles exhibit a behaviour that is intermediate to that of hard particles
and polymers, their thermodynamic interactions at an interface can be
expected to be diﬀerent from those of hard particles. Because the particles
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Figure 2.3: Artist impression of the deformation of a soft microgel particle at
an oil-water interface. Taken from [95] with permission from ACS.

are strongly swollen, the Van der Waals attractions will be very weak,
which also means that microgels do not need to carry much electrical
charge in order to be stable. In other words, the interactions that are
dominant for hard particles could be very weak for microgel particles.
Furthermore, the ability of microgels to deform in bulk[29, 87–91] and
at an interface[34, 92–95] adds important new degrees of freedom to the
system.
The interaction potential between PNIPAM microgel particles in bulk
liquid has been studied. For low to intermediate concentrations (eﬀective
volume fraction of the swollen particle below 0.3) it is very similar to
that of hard sphere systems. But as the concentration is increased to the
point where the particles have to deform, the softness suddenly becomes
apparent. This has been described with an eﬀective potential [96].
When these particles adsorb onto an interface, they will deform in a
completely diﬀerent manner. According to the generally accepted view,
the particles are stretched out when the surface coverage is low. The
reason for this is that free energy gain (i.e. reduction) of covering a
bigger interfacial area is high as compared to the energy cost that is
related to the elastic deformation of the particle. Besides that, a major
part of the particle remains in the aqueous phase, while only a small
portion protrudes into the oil phase[95] as sketched in the cartoon in
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Fig. 3[95]. What happens to the shape and embedding of the particle
when more particles adsorb and thus increase the surface density, can
only be reasoned in a qualitative manner: from the moment that the
adsorbed microgels are touching each other, it should be energetically
more favourable for them to stretch less. This will reduce the elastic
energy, while the liquid-liquid interface will still be covered.
These degrees of freedom (embedding and deformation) make it diﬃcult
to estimate the interaction potential between microgel particles at an
interface. First experiments in this regard have been conducted only very
recently by Geisel et al. [97] who reported the remarkable ﬁnding that
even charge introduced via acidic / dissociating co monomers on microgel
particles does not directly inﬂuence their compression behaviour.
In case of soft particles, it is known that the capillary attraction is
stronger as compared to hard particles since the wetting radius is larger
and extremely rough and heterogeneous due to the deformable nature of
particles[98, 99]. Cohin et al.[39] observe clusters of PNIPAM microgel
particles at an air water interface. They note that the cluster formation
was irreversible and occurred at very low concentrations. Also the particles seem to form clusters at the interface but do not form aggregates
in bulk. This leads them to conclude that the clustering primarily occurs due to the long range capillary interactions. Once the particles are
close to each other, the overlapping dangling polymer segments can also
interact through short range forces.
From these recent ﬁndings it becomes clear that while important differences have been identiﬁed in the mechanisms via which hard particles
and microgels interact at an interface, there is also a dire need of further
experimental and theoretical studies on interactions between soft microgel
particles at interfaces. Knowledge about the interactions as the particles
change their morphology as a response to external stimuli is essential if
PNIPAM microgels have to claim a place in the league of Pickering stabilizers and to highlight their ability to create emulsions with tunable
stability.
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2.4 Interfacial Rheology
Rheology is the study of ﬂow or deformation in materials when they
are subjected to a stress or load. For bulk ﬂuids, it provides a unique
and indispensable tool for understanding mechanical interactions between supramolecular entities (droplets, particles, polymers) in ﬂow. The
strength of the method is that the diﬀerent contributions to the stress
(tensor) in the ﬂuid e.g. hydrodynamic and electrostatic interactions between particles, deformability of particles, are measured in a direct way.
Understanding the rheology of complex ﬂuids can be diﬃcult for the same
reason. Often one has to simplify the real system in order to analyse it,
or resort to (numerical) simulations that are capable of integrating the
thermodynamic and hydrodynamic interactions[100].
For the rheology of interfacial layers containing colloidal particles the
situation is similar. The rheological properties of the layer reﬂect the
thermodynamic and hydrodynamic interactions between particles inside
the layer and with the surrounding ﬂuids. In principle this can present a
very complex problem, but if the mechanical properties of the layer are
dominant, simpliﬁcations can be made. Like for bulk ﬂuids, the rheological behaviour by itself (even if it is not quantitatively understood) can
be an important tool in understanding stability. This certainly applies to
emulsions and foams[101, 102].
In case of interfaces, deformations are possible via their area or via their
shape. Dilatational rheology is the study of response of the interface to a
change in area while conserving the shape, whereas shear rheology studies
the response to a change in shape while the area remains the same[40]. Below, we brieﬂy outline the diﬀerent rheological concepts before discussing
experimental studies.

2.4.1 Macroscopic Methods
Dilatational rheology
Dilatation (and compression) of the interface can be achieved with a Langmuir trough or a pendant drop (/captive bubble). Consider an interfacial
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area that is perturbed by a very small amount δA(t). The response of the
system is characterized by a change in the surface pressure δΠ(t). If no
material can be exchanged between interfacial and sublayer (dilatational
elasticity), the change in Π(t) will immediately follow the change in A(t),
which can be described by an equation of state. Often however, there are
relaxation processes within the layer that involve dissipation and cause
a delay in the response. This is characterized by a dilatational viscosity.
The general response of the surface pressure is given by[40, 103]
−ΔΠ(t) = ∫

t

−∞

Ẽ(t − s)u̇(s)ds = [E + ζ

∂
] u(t)
∂t

(2.12)

Where u(t) = δA(t)/A0 is the relative change in area and Ẽ a viscoelastic
memory function. For most purposes the integral can be simpliﬁed to the
right hand side of Eq. 12, where:
E = −(

∂Π
)
∂A/A T

(2.13)

is the dilatational elastic modulus, and ζ the dilatational viscosity. If the
perturbation of the interfacial area is sinusoidal, it can be expressed as
u(t) = u0 e(iωt) . The surface stress response σ(t) = Π(t) − Π0 , then follows
the imposed deformation with a phase lag φ. In this case, the viscoelastic
modulus E* is a complex quantity in which the elastic component (the
dilatational storage modulus E ′ (ω)) constitutes the real part and the
viscous dissipation (the dilatational loss modulus E ′′ (ω)) constitutes the
imaginary part. This analysis is valid only if the deformations are small
enough so that the response is linear. Non-linear response can be studied
by considering the Fourier expansion of the stress response[104]
Experimentally, dilatational rheology is mostly carried out with pendant drops or captive bubbles, oscillated at low frequencies (< 1Hz). At
higher frequencies, interpretation can become obscured by the shear ﬂows
that are involved in the volume changes of the drop[105].
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Shear Rheology
Various experimental techniques have been employed to carry out shear
rheology at interfaces. The most popular ones are oscillatory shear
rheometers, which are designed to characterize interfaces. Depending on
the type of probe used they are called knife-edge, blunt-knife, plate, bicone or double wall ring type surface viscometer[106]. Recently magnetic
probes have been used to make very sensitive measurements[107]. The
shear rheology of 2D interfacial layers uses similar rheological concepts
as have been developed for 3D systems. Thus the stress response of the
monolayer(σxy ) is directly proportional to the applied strain (uxy ), the
proportionality constant being the interfacial shear modulus:
t
d
σxy = ∫ G̃(t − s)u̇xy (s)ds = [G + ηs ] uxy
dt
−∞

(2.14)

Again the right hand side is a simpliﬁcation of the memory integral. The
interfacial stress response to small amplitude shear deformations at a
frequency ω can be deﬁned by a complex interfacial shear modulus G∗ (ω)
which has the elastic component (storage modulus G′ (ω)) as the real
part and the viscous component (loss modulus G′′ (ω)) as the imaginary
part[108].

2.4.2 Microscopic methods
Most available rheometers that measure interfacial shear properties have
a detection limit of around 10−6 Ns/m[40, 109]. For layers with lower
shear viscosities, micro-rheological techniques have been looked upon as
a promising technique that could enable measurement of surface shear
viscosities as low as 10−10 Ns/m [106]. In fact interfacial micro-rheology
comprises diﬀerent methods, which have in common that small probes are
used to measure or impose very small forces or displacements [110, 111].
Most methods appear to be inspired by micro-rheological methods for
bulk samples, which have been developed in the past two decades, and
for which excellent reviews exist[112–115].
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Micro-rheological techniques can be classiﬁed into active and passive
ones. Here ‘active’ means that forces or deformations are imposed via external controls like electromagnetic ﬁelds, whereas ‘passive’ implies that
displacements are driven by thermal motion. Active techniques have so
far mainly been used to characterize bulk systems. One technique that
has been adapted for use at interfaces is Optical Tweezers[116]. An advantage of this technique is that the measured interfacial shear viscosity
can also be used to measure the particle interactions and the drag coefﬁcient of the particle; provided that the trap is calibrated [21]. Another
recent technique uses magnetic nano-wires [117] or microscopic magnetic
disks[118]. This method is based on Fuller’s Interfacial Stress Rheometer
(ISR)[107] but uses a microscopic probe combined with video microscopy
which leads to higher sensitivities.
Passive techniques that have been adapted for interfacial rheology include Dynamic Light Scattering at interfaces using evanescent waves[119,
120] and Fluorescence Correlation Spectroscopy(FCS)[121, 122]. Recently
also Particle Tracking micro-rheology has emerged as a technique for interfacial rheology. The relative ease (in terms of labour and cost) of doing
the experiments makes this method potentially attractive; therefore it is
discussed in more detail.
Particle Tracking
This technique uses (high speed) microscopy to record the motions of
colloidal probe particles that have been deposited onto an air-liquid or
liquid-liquid interface. After the recordings, the particles are localized,
and trajectories are constructed, mostly using the same software that is
also used in particle tracking in bulk[123]. By averaging over diﬀerent
particles and/or times, one then obtains the Mean Squared Displacement
(MSD) as a function of lag time τ , which is often expressed as[106]:
⟨Δr2 (τ )⟩ = 2dDτ α

(2.15)

Where d is the dimensionality of the system and D a constant. For a
purely viscous (e.g. bare) interface, the exponent α equals unity, and D
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is the interfacial diﬀusion coeﬃcient. For interfaces like lipid monolayers,
dense polymer monolayers or biological systems where particle motion
is hindered by obstacles or restricted to speciﬁc regions, a sub-diﬀusive
behaviour with α < 1 is found[106]. The diﬀusion coeﬃcient D is related
to the hydrodynamic drag coeﬃcient (f ) on the particle:
D=

kB T
f

(2.16)

In bulk, i.e. 3D systems, and for non-deformable particles f is equal to
the Stokes drag 6πηR, with η the solvent viscosity and R the radius of the
particle. For particles at an interface, this expression is no longer valid,
since motion of the particle along the interface causes ﬂow patterns in each
of the two ﬂuid phases. This makes the drag coeﬃcient dependent on the
relative embedding in each ﬂuid phase, and the corresponding viscosities.
Even in the simplest (i.e. ‘symmetric’) case of equal embedding and equal
viscosities (like for PS spheres at water/decane interface)[124] the drag
coeﬃcient will still be slightly higher as compared to bulk liquid.
While ⟨Δr2 (τ )⟩ could be interpreted in terms of rheological properties
(see e.g.[106]) this is not always done as the relation between the MSD and
the mechanical properties is not always straightforward. These complications were highlighted by recent studies of interfacial layers of polymers.
The interfacial shear viscosities measured with micro-rheology were 3-4
orders of magnitude smaller than the ones measured with macroscopic
methods[106, 125, 126]. Samaniuk and Vermant[126] point out various
reasons for this discrepancy such as tracking errors, large scale heterogeneities in the interfacial layers and dilatation eﬀects in macroscopic
measurements.
Quantitative interpretation of MSDs measured at an interface can be
obscured by several issues: besides the already mentioned mechanical contributions of the bulk liquid phases [127], there can also be uncertainties
about how the probe is mechanically coupled to its environment, and how
the probe volume is distributed over the two phases[128]. Also the lack of
a single model to extract mechanical properties of the layer from the particle trajectories has been pointed out[106]. Diﬀerent equations exist for
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speciﬁc cases. This underlines that truly quantitative information about
material properties of the layer cannot be expected by default. New variants of the method are still being explored, e.g. by Shlomovitz et al.[128],
who choose to not immerse the probe particles inside the layer but close
to it. Also two point interfacial micro-rheology has been applied in one
study[129].
Attractive sides of interfacial particle tracking are the relative ease of
doing the experiment and the sensitivity that can be obtained by using
small probe particles: the more contact between the probe and the matrix, the less ‘background signal’ is picked up by the measurement (as
expressed by the Boussinesq number[106]). For interfacial layers containing particles, colloidal probes might thus provide the best possible tuning
between probe size and layer thickness.
The Particle Tracking method could also be attractive for speciﬁc
types of interfacial layers. In particular, interfacial layers of soft microgels should be easier to study than layers of hard particles: Due to
the polymer-like character, the mesh size (i.e. minimum length scale) of
the interfacial layer will be much smaller than that of the microgel particles themselves[46], allowing for a broad range of probe particle sizes.
In contrast, interfacial layers of hard particles will require much larger
probe particles (in view of the ‘mesh size’) which in turn can cause new
problems like very small displacements or additional contributions due to
capillary eﬀects (for micron-sized particles). The ﬁrst success of interfacial particle tracking rheology was demonstrated by Cohin et al.[39] who
simply calculated an interfacial diﬀusion coeﬃcient for PNIPAM at an
air-water interface. In this way, they were able to quantify the weight
fraction at which dynamic arrest occurred at the interface.

2.4.3 Rheology of particle laden interfaces
Dilatational rheology
Most of the experimental studies on particle-laden interfaces have focused
on silica (with or without surfactants) or latex particles. Experimental
work in this area has been carried out mainly in the past decade; earlier
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Figure 2.4: Elastic(top) and viscous(bottom) contributions to the dilatational
viscoelastic moduli for 1%w/w silica particles with 0.1mM CTAB at an airwater interface. Diﬀerent symbols indicate diﬀerent experimental techniques.
Solid lines are theoretical predictions by Ravera et al.[131]. Reproduced from
Liggieri et al.[132] with permission from RSC.

contributions include those by Tambe and Sharma[101]. The theoretical
framework for dilatational rheology of a system of particle with or without
surfactants was given by Miller et al.[130].
Safouane et al.[133] studied the dilatational rheology of fumed silica
particle monolayers at an air-water interface using the capillary wave technique. They reported that the storage modulus was always greater than
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the loss modulus, irrespective of the particle hydrophobicity or the surface
coverage of the interface by particles. The elastic moduli increased as the
surface of the silica particles was grafted with an increasing number of (hydrophobic) methyl groups. Dilatational rheology of surfactant-decorated
silica monolayers has been examined in several studies, due to the ability
of these systems to form extremely stable foams and emulsions. Ravera
et al.[53] investigated the adsorption properties and dilatational rheology
of silica particles with CTAB at both air-water and oil-water interface in
the low frequency range (0.005-0.2 Hz) using the oscillating drop method.
They found that the surfactant formed complexes with the silica particles,
thus fostering their adsorption to the interface. The elastic moduli for surfactant+particle layers were always higher than those of pure surfactant
layers adsorbed on the interface. Furthermore, particle + surfactant layers formed at an oil-water interface were more elastic than similar layers
formed at an air-water interface. This work was extended to higher frequencies by using other techniques like Capillary Pressure Tensiometry
(CPT)[131]. Liggieri et al.[132] studied the same system using 3 diﬀerent
techniques: Oscillating Barrier, CPT and Elastocapillary Waves. This
enabled them to probe the response of silica+surfactant interfacial layers
over an unprecedented range of frequencies (10−2 − 103 Hz). The experimental data obtained by these 3 techniques agreed very well, and when
analysed in the theoretical framework developed previously [131] they revealed diﬀerent relaxation mechanisms associated with diﬀerent characteristic frequencies. The relaxation at low frequencies was governed by the
diﬀusion of particles towards the interface and at high frequencies by surface kinetic processes like molecular reorientation, aggregation or chemical
reactions. For charged Poly(Styrene) latex particles, it was reported that
they formed elastic monolayers even at low surface coverage[134]. The
linear regime was very small and experiments had to be performed at low
frequencies. Dilatational rheology of PS latex particles at an air-water
interface was carried out by Kobayashi and Kawaguchi[135], using the
Oscillating Barrier technique at very low frequencies. They reported a
crossover from a viscous to an elastic regime at frequencies of around 12
mHz. In their recent work on dilatational rheology of spread monolayers
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of PS particles, Bykov et al.[136] report that the entire range of surface
pressure-area isotherms can be divided into three zones. First one is characterised by a relatively low surface elasticity (< 50mN/m) that is a result
of electrostatic interactions. In the second region, the surface elasticity is
extremely high (∼500 mN/m) due to strong hydrophobic attraction. Finally in the third region, the collapse and folding of the monolayer results
in an almost zero surface elasticity.
Shear Rheology
Safouane et al.[133] in their work on fumed silica particles of varying hydrophobicity at an air-water interface, reported that the shear moduli of
silica monolayers were small and dependent on the particle wettability.
At low hydrophobicity the layers had negligible shear moduli whereas for
very hydrophobic particles, G′ > G′′ . The authors deﬁned a gel point at
intermediate hydrophobicity where G′ = G′′ . This work was extended by
Zang et al.[137, 138], who showed that the behaviour of a 2D layer is similar to that of a 3D soft solid, characterized by a decrease in the structural
relaxation time with increasing strain amplitude. They also applied the
Strain-Rate-Frequency-Superposition (SRFS) principle developed for 3D
systems by Wyss et al.[139], to interfacial measurements. The relaxation
time scaled inversely with shear-rate. Silica particles in combination with
various lipids were studied by Maas et al.[73]. They concluded that particles + lipid layers at the oil-water interface were elastic in nature with
a very small critical strain (i.e. a brittle network).
Silver nanoparticles at a toluene-water interface exhibited a frequency
independent elastic response at low frequencies[140]. Amplitude sweep
measurements showed shear thinning at large strain amplitudes. Steady
shear measurements revealed a ﬁnite yield stress. All of these are characteristics of a 2D soft glassy material. In contrast to these ﬁndings,
gold nanoparticles at air-water interface showed a gel-like behaviour[141].
The viscoelastic moduli increased with the particle coverage, following a
power law behaviour that was correlated to percolation phenomena. The
storage modulus was independent of frequency whereas the loss modulus
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increased at higher frequencies.
Charged polystyrene latex particles surprisingly showed a completely
diﬀerent behaviour. Cicuta et al.[142] found the interfacial layers of these
particles to exhibit a viscous behaviour (G′′ > G′ ), with increasing moduli
as the surface coverage increased. In the same study these authors also
compared the interfacial rheology of latex particles (hard disk-like) and
β-lactoglobulin (soft, deformable disk-like) systems and concluded that
the viscoelastic response of systems with very diﬀerent interaction potentials was similar. In their recent study, Barman and Christopher [143]
performed shear rheology using a double wall ring geometry and simultaneously observed the interfacial micro-structure. They ﬁnd that at high
surface coverages the interface undergoes a transition from shear thinning
to a yielding behaviour. Surprisingly this transition occurs much before
the maximum coverage is reached indicating that the yielding does not
necessarily require a fully jammed interface. These ﬁndings highlight the
fact that interfacial rheological measurements must always be carefully
evaluated.
As a general remark about interfacial rheology of stiﬀ particles at interface, we can say that the dilatational rheological studies of particle monolayers at interface show a very small linear viscoelastic range, whereas the
deformations that occur in most real life scenarios are much higher. This
points towards a need of non-linear rheological study of interfacial particulate layers. Shear rheology suggest that the surface elasticity is strongly
dependent on the surface concentration of particles. Jamming of particles
at the interface is an aspect that could be a possible area of interest in
the near future.

2.4.4 Rheology of microgel laden interfaces
Microgels have recently garnered a lot of attention from the scientiﬁc
community as possible emulsion stabilizers. Yet the interfacial rheology
of microgel layers at ﬂuid-ﬂuid interfaces and its eﬀect on emulsion stability has not received much attention. The ﬁrst systematic study was
carried out by Brugger et al.[92], who used the oscillating drop technique
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Figure 2.5: The visocleastic moduli of PNIPAM-co-MAA microgel layers at
heptane-water interface. Viscoelastic shear moduli as a function of strain amplitude at (a)pH 3 and (b)pH 9. Viscoelastic dilatational moduli as a function
of strain amplitude at (c)pH 2.8 and (d)pH 9.2. Figures taken from[144] with
permission from RSC.

to study layers of PNIPAM-co-MAA microgel particles at a heptane-water
interface. They evaluated the eﬀect of both pH and temperature on the
dilatational viscoelastic moduli. At low temperature and high pH, the interface was found to be predominantly elastic. Addition of acid reduced
the Coulombic repulsion and consequently the storage modulus also decreased. Increasing the temperature above the VPTT caused a dramatic
increase in the loss modulus. This work was complemented by considering the eﬀect of pH on shear rheology, dilation rheology and compression
behaviour for a similar system. The eﬀect of the pH on the interfacial
rheological properties was substantiated by the cryo-SEM images of the
interfacial layer taken at diﬀerent pH. At high pH where the particles are
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charged, the interface exhibited a soft gel-like structure that gave rise to
an elastic response to mechanical deformation. However at low pH where
the charge on the particles is lower, the resultant layer was compact and
brittle (i.e. breaking easily upon deformation). Recently Cohin et al.[39]
looked at the interfacial dynamics of microgels using particle tracking.
They found that the motion of particles at the interface was arrested
even at very low bulk concentrations of PNIPAM particles.
It is clear that many insights are still lacking regarding interfacial
rheology of PNIPAM microgel layers. Clearly, the stimuli responsive
nature of these particles results in a rich behaviour with morphological transformations that can have interesting consequences for the interfacial rheology. Also the non-aqueous phase, whether it is air or oil
(and in case of oil: polar or non-polar) has an eﬀect on the interfacial
rheology[34]. However, the details of the interplay between electrostatic,
elastic and hydrophilic/hydrophobic interactions still have to be resolved.
The mathematical modelling of these interactions and their relation to the
macroscopic interfacial rheological properties is also still missing. Interfacial micro-rheological investigations supported by appropriate theoretical
analysis could provide some interesting insights in this regard.

2.5 Interfacial assembly and emulsion
stabilization
Ultimately, the acquired insights on the interfacial adsorption, the particle
interactions (in bulk and at the interface) and the rheology of the layer,
have to be combined to understand the stability of particle-stabilized
emulsions. The most common explanation for the stability of Pickering emulsions is the steric hindrance provided by the particulate layer.
However, some studies have also attributed emulsion stability to the
slow thinning of liquid ﬁlms between the drops[101], or the interfacial
rheological properties of the particle layer[147–150]. Several excellent
scientiﬁc studies on isolated mechanisms have appeared in the past 15
years[6, 12, 64, 151–156]. However, due to the variability of the systems,
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Figure 2.6: (a)Drop of hexadecane in 1M aqueous NaCl solution stabilized by
densely packed layer of 3.2μm diameter carboxyl-coated PS latex particles.
Image taken from Binks et al.[145] with permission from Wiley and (b)Drop of
poly(dimethylsiloxane) in water stabilized by 1μm PS latex particles. Image
reprinted from Tarimala and Dai[146] (scale bars for both images =10μm)

mechanistic explanations of the stability of Pickering emulsions may still
diﬀer from system to system.
For this reason, many formulations are still empirical in nature, or
make use of just some basic principles. For example, using the fact that
particles adsorb irreversibly to a liquid-liquid interface, emulsions with
very narrow droplet size distribution have been obtained, utilizing the
phenomenon called limited coalescence[157, 158]. Here a very large oilwater interfacial area is produced by shaking a mixture of oil, water and
particles vigorously. When the shaking stops, insuﬃciently covered drops
coalesce until the drops are suﬃciently covered with particles. The ﬁnal
drop diameter (D) was found to be related to the total number of particles
in the system (n) and their coverage (C) by the following relation:
nπd2p
1
=
D 24CVd

(2.17)

Where dp is the particle diameter and Vd is the dispersed phase volume.
The coverage C, deﬁned as the ratio of surface covered by particles to the
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total interfacial area, thus contains some information about the packing
of the (hard) particles at the interface. For an ideal case when the droplet
is covered by a uniform densely packed layer of particles as shown in ﬁg
6(a)[145], C is close to 0.9. On the other hand in other studies on hard
particles it has been found that sparsely covered droplets can be stable
too (as shown in ﬁg 6(b)[[146] where C < 0.9), indicating that interactions
other than excluded volume type could play a role and even dominate.
The stability of the sparsely droplets could be explained by a possible
formation of network structure at the interface or due to the formation
of single or double layered bridge at the droplet contact area[159]. Another possible explanation is that the stability of these sparsely covered
droplets is governed by electrostatics and is due to preferential localisation
of particles at the droplet junctions[160].
Microgel particles diﬀer fundamentally from hard particles, regarding
their interfacial assembly. They are inherently surface active, and they
readily adsorb to the interface. As a consequence, dense layers are formed
very easily. This was ﬁrst noticed by Ngai et al.[36] in their freeze-fracture
SEM images of PNIPAM-co-MAA stabilized toluene-water emulsions. Using cryo-Field Emission Scanning Electron Microscopy (Cryo-FESEM),
Schmidt et al.[34] showed that it was not electrostatic interactions but
the soft, deformable nature of the microgel particles that was responsible
for the stability of emulsions. Destribats et al.[161, 162] used cryo-SEM
to show that the microgels were substantially deformed at the interface.
(Also see ﬁg 7)
They formed hexagonally packed ordered layers at the interface and
adopted a unique structure with a protruding core and a ﬂat shell made
out of long ramiﬁed digitations that covered the remaining part of the
interface. The authors attributed this “fried egg-like” morphology to the
uneven distribution of crosslinker within the microgels. The same authors
also studied water in oil emulsions[162] and showed that inverse emulsions
were stabilized by multilayers of undeformed microgels located inside the
aqueous phase. First attempts at revealing the conformations of particles
in 3D were made by Geisel et al.[94] using freeze-fracture shadow-casting
cryo SEM (FreSCa). They reported the particles to be substantially ﬂat-

39

2 Literature review









Figure 2.7: Cryo-SEM images of dodecane drops covered with microgel particles (a) large view of the drop (scale bar =5μm) (b) Close up view of the
same droplet showing the lens shaped ﬂattened morphology of the particles.
(scale bar =1μm) (c) Close packed hexagonal structure formed by microgel
particles at heptane-water interface and (scale bar =1μm) (d) Schematic of
the structure and arrangement of particles at the interface. Images reprinted
from Destribats et al.[161] with permission from RSC.

tened with an internal core that protruded slightly into the oil phase.
Surprisingly this protrusion height was independent of pH. In summary,
particle self-assembly at interface is an important factor that governs the
stability of emulsions. Both in case of hard and soft particles, the resistance to coalescence arise due to the presence of a continuous elastic
layer of closely packed particles at the interface. For microgel particles,
the deformation of these particles at the interface gives rise to interesting
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mesostructures that ultimately help in stabilizing these emulsions.

2.6 Conclusion and Outlook
The stability of Pickering emulsions is caused by the permanent adsorption of solid particles onto a ﬂuid-ﬂuid interface. Soft microgels represent a class of its own in the area of colloidal particles. Their ability to
swell and shrink upon thermal or chemical triggers and the incorporation of functional co-monomers makes them very well suited for a variety
of applications. In the past 5 years their high potential as stabilizers
for emulsions and foams has been picked up by researchers worldwide.
Their practical eﬃcacy as stabilizers has been demonstrated, and some
major steps have already been made in understanding their adsorption
behaviour, interactions, assembly and mechanical properties. The adsorption of soft polymeric microgels (at air-water or oil-water interfaces)
is clearly distinguished from that of hard colloidal particles. Owing to
their polymer character, microgels can adsorb in small steps, without the
need to overcome high adsorption barriers as found for hard particles. Yet
in the end, also the adsorption of the microgels is irreversible.
An important deﬁciency in the adsorption kinetics studies, that was
hitherto unnoticed, is the improper usage of the equation of state to
relate the surface pressure and adsorption. Latest studies in this regard
indicate a need to revisit the previous studies with a new perspective.
The interactions between adsorbed microgels are fundamentally diﬀerent from that of hard particles: whereas for the latter, the (sometimes
complex) electrostatic contributions are often dominant, for many microgel systems they appear to play a more modest role. Often both the
Van der Waals attractions and the electrostatic repulsions are weak for
microgel particles, making their deformability more important.
The ability of interfacial microgels to either stretch or compress itself,
depending on the chemical environment and external mechanical load,
has only been modestly explored. This probably will be an important direction for further research into interfacial microgels in the coming years.
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The ongoing and future eﬀort should strongly beneﬁt also from (the latest developments in) optical and rheological techniques such as Cryoscanning electron microscopy and ellipsometry. Interfacial micro-rheology
will be an indispensable tool to increase our understanding of how interfacial microgels deform under diﬀerent conditions: from the stretch or
compression of individual particles during adsorption, to the viscoelastic response of an entire layer under diﬀerent dynamic conditions (time
scale, strain amplitude), including those that pertain to potential coalescence events. Interfacial rheology on particle layers can involve delicate
experiments, and interpretation may provide issues, especially for some
micro-rheological techniques (which are still under development). Combination of diﬀerent interfacial rheological experiments, with some overlap
between measuring regimes, is therefore recommended.
The way particles adsorb and arrange at the interface directly impacts
the mechanical strength of the interfacial layers and consequently the
stability of emulsions. Microgel stabilized emulsions are a result of an
intricate interplay between various parameters. A small change in any
one of the parameters can lead to drastically diﬀerent end results in terms
of interfacial properties and/or emulsion stability. This makes it rather
diﬃcult to characterize them in a generalized framework. But on the
positive side, it also enables formulation of systems that can be tailormade to suit very speciﬁc applications.
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3 Materials & Experimental
Methods
Abstract

In this chapter, the systems, instruments and experimental methods used in this thesis are described. As we investigate
interfaces laden with thermoresponsive microparticles, I ﬁrstly describe the synthesis and characterisation of these thermoresponsive
microparticles. Next the techniques used to investigate particle
laden interfaces, i.e. the pendant drop technique and the Langmuir trough technique, are discussed.
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3 Materials & Experimental Methods

3.1 Introduction
The experimental methods evoked in the course of the thesis are described
in this chapter. PNIPAM particles used in this research are synthesized
in house. We begin with describing the procedure used for the sysnthesis
of these microgel particles. We then characterise these particles using
Static and Dynamic Light scattering. We also measure the electrophoretic
mobility and the zeta-potential of the particles.
The main experimental techniques used in this thesis are dynamic interfacial tension measurement using the pendant drop method and the
measurement of surface pressure- area isotherms using a Langmuir ﬁlm
balance. I present the working principle for both these methods and explain in detail, the experimental protocol that was followed.

3.2 PNIPAM microgel sysnthesis
The sysnthesis of PNIPAM microgel particles was carried out using batch
suspension polymerisation as described previously in the literature[1, 2].
The exact recipe was ﬁnalised after some discussions and a few iterations.

3.2.1 Chemicals
N-Isopropylacrylamide monomer (Acros organics), N,N-Methylene
bis(acrylamide) (Sigma Aldrich), Acylic acid (Sigma Aldrich), Potassium
persulfate (Acros organics) are used as received. Sodium dodecyl sulfate
(SDS) is used from the stock already available in the lab in puriﬁed form.
Glycerol (Merck) is used as a heating medium. N-Isopropylacrylamide
is the monomer. N,N’-Methylenebis(acrylamide) (BIS) is used as the
cross-linker in the polymerisation reaction of the N-Isopropylacrylamide
monomer. Addition of acrylic acid(AA) made the particles sensitive to
pH. Potassium persulfate (KPS) is used as an initiator and Sodium dodecyl sulfate (SDS) as a surfactant to facilitate emulsion polymerisation.
The concentration of the surfactant gives us a handle on the size of the
particles.
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Figure 3.1: Experimental setup

3.2.2 Experimental setup
The setup consists of a 500 ml three neck round bottom ﬂask (RBF).
The rotary blade, made of Teﬂon, is connected to an overhead stirrer
through the central neck. One of the remaining two outlets is connected
to a water cooled reﬂux condensor, the other is used to add chemicals
or as an inlet for nitrogen supply. This entire assembly is immersed in a
heating bath with glycerol as the heating liquid. Gylcerol is chosen over
silicon oil because it is easy to clean the exterior of the ﬂask by simply
washing it with water. The heating liquid is stirred for uniform heating
using a teﬂon coated magnetic bar. The temperature of the liquid is kept
constant at 80○ C using a temperature measurement and control unit that
is connected to the heater/stirrer. The entire setup was placed in a fume
hood. Figure 3.1 shows a schematic of the experimental setup.
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3.2.3 Synthesis protocol
200 ml MilliQ water is degassed by sonicating it at 60 − 70○ C for about 30
minutes and introduced into the reaction vessel (RBF). Nitrogen is bubbled through it for another 30 minutes to get rid of any dissolved oxygen.
100 ml MilliQ water is degassed separately using a similar procedure in a
glass bottle. 6.35 gm of monomer (NIPA), 0.425 gm of cross-linker (BIS),
and 8.6 mg SDS are weighed and transferred to the glass bottle. Once
the content in the bottle has dissolved completely, it is transferred to the
RBF. 10 ml water in a glass tube is degassed using the above mentioned
procedure. 140 mg of KPS is dissolved in the tube. The temperature of
the bath is set at 80○ C. I wait till the temperature has stabilized within
a margin of ±0.2○ C from the set temperature. Once the temperature is
stable, I transfer the contents of the tube into the RBF. Nitrogen is continuously bubbled through the reaction mixture. The reaction mixture is
stirred continuously at a speed of approximately 500 rpm. Within a few
minutes after adding the initiator, the reaction mixture turns translucent
indicating the start of the polymerisation reaction. The reaction mixture
soon turns milky. The reaction conditions are maintained for 2 hours
from the start of the reaction. After 2 hours, I stop the heating and let
the RBF cool down in air for about 15 minutes. After that I remove the
RBF from the setup and cleaned any glycerol sticking to the exterior of
the RBF by washing it with cold water. This cools the reaction mixture
further. Following this, the reaction mixture is ﬁltered twice. First with
a crude ﬁlter paper to separate any agglomerates and then followed by
ﬁltering through a Whatmann ﬁlter paper with a mesh size of 3 micron,
which ensures that only particles less than that size are present in the
ﬁltrate. The unreacted monomers and the surfactants are separated by
centrifugation at 18000g in an ultracentrifuge. After each centrifugation
step, the supernatant is thrown away and the particles are resuspended
in MilliQ water. This procedure is repeated at least 5 times. Finally
the particles are ﬂash-frozen and freeze dried in a lyophilizer to yield dry
ﬂakes of particles. These particles can be resuspended in water to get the
desired concentration of particles.
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3.3 Particle characterisation
3.3.1 Dynamic Light Scattering
The hydrodynamic diameter of the particles is measured by dynamic light
scattering (DLS)[3] using a Malvern Zeta-sizer Nano ZS instrument. The
instrument measures the intensity ﬂuctuations of the scattered light at
a ﬁxed angle (173○ ). The intensity ﬂuctuations are used to construct a
correlation function.
G(τ ) = ⟨I(t).I(t + τ )⟩
(3.1)
Here the brackets denote time averaging. For large particles performing
Brownian motion, this correlation function decays exponentially with the
decay time τ as:
G(τ ) = A [1 + B exp(−2Γτ )]
(3.2)
In the above expression, A and B are the baseline and intercept of the
correlation function respectively. The term Γ is given by:
Γ = Dq 2

(3.3)

Here, D is the diﬀusion coeﬃcient of the particles and q is the wave vector
which is expressed as:
θ
4πnsolv
sin ( )
q=
(3.4)
λ0
2
Where, nsolv is the refractive index of the solvent, λ0 the wavelength
of the laser and θ the scattering angle. Thus, if our sample is fairly
monodisperse, we can ﬁt a single exponential to the correlation function
and extract the mean size DH (hydrodynamic diameter). Figure 3.3(a)
shows how the hydrodynamic diameter of the microgel particles varies
with temperature.

3.3.2 Static Light Scattering
To get further information about the microgel particles, we studied them
using Static Light Scattering (SLS)[4]. This enabled us to measure the
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Figure 3.2: Scan of Raleigh ratio Rq measured for angles between 20○ and 130○
detection angles. The diﬀerent symbols and colours denote the measurements
for various temperatures namely: (◻) 20○ C, (○) 24○ C, (△) 28○ C, (▽) 32○ C, (◁)
36○ C. The solid lines are the ﬁts to the experimental measurements.

molar mass (M) of the particles and the size (RSLS ) equivalent to a homogeneous spherical particle. We can quantify the scattering intensity at
each angle θ using the Excess Rayleigh Scattering (Rθ ) as:
Rθ =

n2
I(θ)sample − I(θ)solv
Rref solv
I(θ)ref
n2ref

(3.5)

For our experiments we use Toluene as a reference since it is known from
the literature that ntoluene = 1.494 and Rtoluene = 2.10 × 10−3 m−1 for λ0 =
532nm. The excess rayleigh scattering can also be expressed as a function
of wave vector q (deﬁned above in eqn.3.4) as:
Rq = Kr CM P (qR)S(q)
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Figure 3.3: (a) The hydrodynamic diameter DH as a function of temperature
measured by DLS, (b) The size RSLS as it varies with temperature as measured
by SLS.
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Figure 3.4: Schematic of the pendant drop shape analysis setup.

Where, Kr is a constant that depends on physical properties of the particle
like refractive index (n) and (dn/dC), S(q) is the structure factor, which
for low particle concentrations is unity, C is the particle concentration, M
is the molar mass and P (qR) is the form factor, which for homogeneous
spherical particles is expressed as:
2

P (qR) = 9 (

sin(qR) − qRcos(qR)
)
(qR)3

(3.7)

We plot Rq as a function of q for various temperatures as shown in ﬁgure
3.2. From this we can extract the size and the molar mass by using them
as ﬁt parameters. In our case the molar mass of the particles was found
to be 1.82 × 106 kg/mol. The equivalent radius (RSLS ) has been plotted
as a function of temperature in ﬁgure. 3.3(b).

3.4 Pendant drop measurements
The dynamic interfacial tension of particle laden drop interfaces is measured on a Dataphysics OCA 20L device as shown in the ﬁgure 3.4. The
device consists of a pendant drop or a bubble created at the tip of a
needle. The drop is illuminated from behind and the shape of the drop
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is recorded by a camera capable of capturing images at 30 frames per
second. The drop shape for each individual image is then analysed using
SCA 22 software provided by the manufacturer from which the interfacial tension is determined using the Axisymmetric Drop Shape Analysis
method .

3.4.1 Axisymmetric Drop Shape Analysis (ADSA)
The basic principle behind the ADSA method is described as follows[5]:
The pressure diﬀerence (ΔP ) across a very thin ﬁlm separating two
bulk phases is given by the classical Laplace equation.
ΔP = γ (

1
1
+
)
R1 R2

(3.8)

Where, γ is the interfacial tension and R1 is the radius of curvature in the
image plane and R2 is the radius of curvature in a plane perpendicular to
the image plane.
In absence of any external force other than gravity, the hydrostatic
pressure head at a given point can be given by:
ΔP = ΔP0 + Δρgz

(3.9)

Where, ΔP0 is the pressure diﬀerence at the selected datum plane. If
we select the datum to be at the base of the drop, then at the origin
R1 = R2 = R0 . Also R2 can be expressed as R2 = x/ sin φ, where φ is the
angle measured between the tangent to the interface at point (x, z) and
the datum plane.
Thus from equations 3.8 and 3.9 we get:
γ(

2γ
1 sin φ
+
+ Δρgz
)=
R1
x
R0

(3.10)

Mathematically, the interface is completely described as u(x, y, z) = 0.
But given the axisymmetric nature of the drop, one only needs to describe
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Figure 3.5: Co-ordinate system for a proﬁle of a pendant drop.

the meridian section of the drop. The system can be further simpliﬁed
by expressing the curve in parametric form as:
x = x(s) and z = z(s)

(3.11)

Where, s is the arc length measured from the origin. Thus, both x and z
are reduced to being single valued functions of s and we have:
dx
= cos φ
ds
dz
= sin φ
ds
Also, the curvature 1/R1 can be deﬁned by geometry as:
1
dφ
=
R1 ds

(3.12)
(3.13)

(3.14)

Substituting eqn. 3.14 in eqn. 3.10 and rearranging, we get:
2 Δρgz sin φ
dφ
+
=
−
ds R0
γ
x
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3.5 Langmuir Film Balance measurements
Equations 3.12, 3.13 and 3.15 together with the boundary conditions:
x(0) = z(0) = φ(0) = 0

(3.16)

form a set of ﬁrst-order diﬀerential equations. For a given R0 and Δρg/γ,
we can obtain the complete shape of the drop by simultaneously integrating these equations. Conversely, if the shape of the drop is known, we can
ﬁt it to the theoretical expression and extract the value of Δρg/γ as a ﬁt
parameter.

3.4.2 Dilatational Rheology
Dilatational rheology of adsorbed layers of PNIPAM microgel particles is
carried out on the Dataphysics OCA 20L instrument using an additional
accessory called Oscillating Drop Generator (ODG). The ODG basically
consists of a small peizo element attached to the setup which can be
used to periodically dispense very small volumes of liquid in a controlled
fashion to generate a systematic variation of the interfacial area. The
response of the system to these perturbations in the interfacial area is
reﬂected in the interfacial tension values[6, 7]. The dilatational surface
modulus E is thus deﬁned as[8]:
E=

dγ
dlnA

(3.17)

However, in most practical cases, the response of the system is not perfectly elastic. The interfacial tension response often lags behind the oscillations in the interfacial area. In such scenario, the system is described
by a complex dilatational modulus (E ∗ ) as:
E ∗ = E ′ + iE ′′

(3.18)

Where, E ′ = ∣E∣cosφ is the dilatational storage modulus, E ′′ = ∣E∣sinφ is
the dilatational loss modulus and ∣E∣ = Δγ/(ΔA/A).
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Figure 3.6: A typical Pressure-Area isotherm for PNIPAM particles spread on
an air-water interface. Insets show schematic picture of the morphology and
interactions of particles as they are compressed.

3.5 Langmuir Film Balance measurements
A Langmuir ﬁlm is deﬁned as a monolayer of insoluble species spread on
a ﬂat subphase[9, 10]. A langmuir monolayer can be compressed or expanded by modifying the area by means of movable barriers in a Langmuir
ﬁlm balance (LB). The surface tension (or surface pressure) is measured
by Wilhelmy plate method as the area of the monolayer is compressed. A
typical Pressure-Area isotherm for PNIPAM particles spread on an airwater interface is shown in ﬁgure 3.6. The isotherm helps us to understand
the morphology of particles at the interface and also the nature of interactions between them as they are compressed. Since the number of particles
that we spread on the interface is known, and because these particles, due
to the high energy barrier, never leave the interface, the Pressure - Area
isotherm can be represented as a Pressure - Surface concentration curve.
This is just the equation of state (EOS) for the PNIPAM particles at an
air-water interface.
For my experiments, I have used two Langmuir trough setups. In Chapter 4, for the experiments at room temperature, I used the KSV NIMA
trough. The trough and the barriers are both made out of Teﬂon. The
maximum and minimum possible area available in the trough is 500 cm2
and 40 cm2 respectively. The surface pressure is measured using a stan-
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Figure 3.7: A photograph of the Kibron μ-trough setup.

dard paper Wilhelmy plate connected to a Mini PS4 sensor capable of
measuring minimum surface pressure variations of 0.1 mN/m. Followup measurements for Chapter 4 and the measurements with temperature
control are performed on a Kibron μ-trough. Figure 3.7 shows a photograph of the apparatus. The Kibron trough is much smaller as compared
to the NIMA trough. The maximum and minimum possible area available
in the Kibron μ-trough is 51.50 cm2 and 3.25 cm2 respectively. The surface pressure is measured using a platinum Wilhelmy plate (DyneProbe)
connected to a sensor capable of measuring surface pressure with a resolution of 0.01 mN/m. The temperature of the trough is controlled by
means of a heating plate placed beneath the trough. The heating plate
is connected to a LAUDA RE306 water bath ﬁtted with a temperature
controller. The temperature on the surface of the trough is separately
monitored using a thermocouple.
The experimental protocol is similar for both setups. Prior to the experiments, I clean the trough with choloroform to remove any impurities.
Then I create a bare air-water interface. The interface is thoroughly
cleaned by aspirating and removing any impurities ﬂoating on the interface. This is done until the pressure-area compression cycle shows a perfectly horizontal line and the pressure at maximum compression is < 0.1
mN/m. Next, I spread a known amount of particles on a clean air-water
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interface, wait for at least 30 minutes for the system to equilibrate and
then systematically reduce the area of the interface. The reproducibility
of the experiments is checked by repeating the experiment under the same
conditions. We also check for hysteresis between the compression and the
expansion cycles. The observed hysteresis in the pressure in all cases is
less than 2mN/m.
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4 Equation of state and
adsorption dynamics of soft
microgel particles at an
air-water interface
Abstract

In this study I experimentally determine an equation
of state (EOS) for Poly (N-isopropylacrylamide) (PNIPAM) microgel particles adsorbed onto an air-water interface using a Langmuir
ﬁlm balance. I detect a ﬁnite surface pressure at very low surface
concentration of particles, for which standard theories based on
hard disk models predict negligible pressures, implying that the
particles must deform strongly upon adsorption to the interface.
Furthermore, I study the evolution of the surface pressure due to
the adsorption of PNIPAM particles as a function of time using
pendant drop tensiometry. The equation of state determined in
the equilibrium measurements allows us to extract the adsorbed
amount as a function of time. I ﬁnd a mixed-kinetic adsorption
that is initially controlled by the diﬀusion of particles towards the
interface and at longer times by a coverage-dependent adsorption
barrier related to crowding of particles at the interface

This chapter has been published as Deshmukh OS, et al., Equation of state and
adsorption dynamics of soft microgel particles at an air - water interface, Soft
Matter (2014), http://dx.doi.org/10.1039/C4SM00566J
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at an air-water interface

4.1 Introduction
Microgel particles (swollen colloidal particles consisting of cross-linked soluble polymers) show great promise as Pickering stabilizers of emulsions
and foams[1–3]. This has two reasons. First, the fact that they are particles makes them adsorb very strongly to the interface with adsorption
energies in order of hundreds of kB T or more[4]. Second, their swollen
polymeric character facilitates attachment from solution to ﬂuid interfaces
in comparison to solid particles[4, 5]. Understanding how these particles
stabilize the interface, what shape they take and what surface pressures
they generate are the important questions that need to be addressed in
the context of knowledge based design of particles for these speciﬁc applications. Although various studies of adsorbed microgel layers have
appeared[6–11], none of them has precisely established the equation of
state for these adsorbed soft microgel particles. There also exists a dearth
of experiments regarding the adsorption dynamics of these particles onto
ﬂuid interfaces. Yet, the processes controlling adsorption are at present
not well understood. For example, it has been found that the adsorption
of hard colloidal particles is strongly aﬀected by the electrostatic interactions between the particles and the air-water interface[12]. Negative
particles are repelled and adsorb slowly or not at all (depending on the
ionic strength and dynamic conditions) whereas positive particles adsorb
readily, possibly following a diﬀusion based rate law. It is not yet known
whether the adsorption of soft particles is governed by similar processes.
Even the equilibrium surface pressure as a function of the amount of adsorbed soft particles, i.e. the equation of state (EOS) is poorly known,
let alone the physical mechanism giving rise to surface pressure. It is
well-known that a 2D ideal gas model of adsorbed colloidal particles will
not lead to a measurable pressure due to the large size of the particles[8].
Hence a simple 2D hard disk model will predict measurable pressures only
for adsorbed layers extremely close to the hexagonal close packing limit.
Groot and Stoyanov[13] carried out dissipative particle dynamics (DPD)
simulations of soft particles at ﬂuid interfaces and proposed to rescale
the density by introducing an eﬀective length scale, which is two orders
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of magnitude smaller than the particle size. This leads to more realistic
values of the surface pressure, yet the physical meaning of this eﬀective
length is not very clear.
Finally it is important to realize that such soft microgel particles deform strongly upon adsorption to both solid - liquid[14] and liquid liquid[3, 7, 15, 16] interfaces resulting in ‘sombrero’ or ‘fried egg-like’
morphologies. In the case of ﬂuid - ﬂuid interfaces, this deformation is
usually attributed to the tendency of the polymer strands to maximize
their contact with the interface counteracted by the particle elasticity.
The extent of deformation is then controlled by Δγ/, where Δγ is the
net interfacial tension acting on the particle and  is the Young’s modulus of the particles. For swollen particles at the air-water interface one
typically ﬁnds such deformations to be of the order of 10−6 m which is
comparable to the size of the particle. Hence such particles undergo substantial deformation at the interface, an aspect that has not been taken
into account in the simulations of Groot and Stoyanov.
It is the purpose of this chapter to address these issues by ﬁrst determining the (equilibrium) equation of state (EOS) for PNIPAM microgel particles adsorbed onto an air-water interface using a Langmuir balance(LB).
Second, I follow the time-dependent evolution of surface pressure in a
separate experiment as PNIPAM particles adsorb from an aqueous bulk
solution to the interface of newly formed air bubble using pendant drop
(c.q. ‘bubble’) tensiometry. From these two measurements it is possible
to obtain the kinetics of adsorption Γ(t), revealing important aspects of
the mechanisms controlling the adsorption kinetics.

4.2 Materials
The PNIPAM particles are synthesized by a batch suspension polymerization using a recipe that has been described in literature[17, 18].
I used N-isopropyl acrylamide (NIPAM) as monomer with N, N’methylenebisacrylamide as the cross linker (2 mol%) and potassium persulfate as the initiator for the polymerization reaction. I expect the particles to carry a small amount of charge due to the potassium persulfate
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used in the initiation step. The particles are puriﬁed by repeatedly centrifuging at 18000 g and replacing the supernatant with fresh Milli-Q
water. The process was repeated at least 5 times. The particles are then
freeze dried and stored. The suspension is prepared by weighing a calculated amount of the freeze dried particles and simply adding them to
Milli-Q water to get the desired concentration and stirring for at least
24 hours before use. I prepare a stock solution of 0.5 g/l concentration.
Suspensions of lower concentration are prepared by diluting this stock
solution.

4.3 Methods
4.3.1 Particle Characterisation
The size of the microgels is measured by Dynamic Light Scattering on a
Malvern Zeta Sizer. The hydrodynamic diameter of the particles at 20 o C
is 589 ± 5 nm which, using the Stokes-Einstein relation, corresponds to a
diﬀusion coeﬃcient of 7.29×10−13 m2 /s. Calibrated Static Light Scattering
is used to ﬁnd the molar mass and the radius of gyration of these particles
by ﬁtting the form factor assuming the particle to be spherical. I use
dn/dC = 0.167 ml/g as reported in literature[19]. The molar mass is
1.82 × 106 kg/mol and the radius of gyration (Rg ) at 20 o C is 200 ± 19
nm. A small value of Rg / Rh indicates existence of long dangling chains
on the periphery of a stiﬀer cross-linked core[20].

4.3.2 LB pressure-area isotherms
The equation of state (Pressure v/s Adsorbed mass relationship) is determined using a Langmuir trough. All the experiments are carried out at
room temperature. Firstly I carefully clean the air water interface until
a point where the pressure – area compression cycle shows a perfectly
horizontal line and the pressure at maximum compression is < 0.1 mN/m.
I then spread a known amount of particles on a clean air-water interface
and systematically reduce the area of the interface. The resultant change
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in pressure is recorded by a pressure sensor using a Wilhelmy plate. I
perform 3 diﬀerent sets of experiments: Two of these sets are performed
on a NIMA Langmuir trough with a Mini PS4 pressure sensor using a
paper Wilhelmy plate. The maximum and minimum possible areas available on the NIMA trough are 500 cm2 and 40 cm2 respectively. In the
ﬁrst set I study the particles at high initial loading. I spread 100 μl of
a suspension of 0.5 g/l concentration. I carefully place the drops of the
suspension on the interface using a 10 μl syringe with a sharp tip by
holding the needle very close and parallel to the interface. I try to evenly
deposit the drops over the initial spreading area and wait for at least 30
minutes for the system to stabilize before I begin my measurements. For
the second set of experiments I use the same NIMA trough but this time
I study the system at lower initial loading. I spread 40 μl of the 0.5 g/l
concentration suspension. I carry out one more set of experiments on
a Kibron μ-trough. The maximum and minimum possible areas in the
Kibron μ-trough are 51.50 cm2 and 3.25 cm2 , respectively. I spread 100
μl of 0.035 g/l particle solution on an initially clean air-water interface.
These loading conditions are similar to the loading conditions for NIMA
for high loading. The compression rate was kept low (10 cm2 /min for
NIMA trough and 5 cm2 /min for Kibron μ-trough). The reproducibility
of the experiments is checked by repeating the experiment under the same
conditions. I also check for hysteresis between the compression and the
expansion cycles. I ﬁnd the hysteresis in the values of pressure to be < 2
mN/m. Compression-expansion cycles are repeated and no evidence for
particle detachment is found in any experiment.

4.3.3 Interfacial tension measurements
I use a Dataphysics OCA apparatus to measure the surface tension of
microgel particle laden interfaces. I create an air bubble in the suspensions of varying concentrations using an inverted needle. The interfacial
tension (γ) is calculated with a resolution ± 0.01 mN/m by image analysis
from the shape of the bubble using the well-known Laplace equation. I
convert the values of interfacial tension into surface pressure by using the
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correlation Π(t) = γ0 − γ(t). Where γ0 = 72 mN/m is the value of bare
air-water interfacial tension. For the interfacial tension measurements to
be accurate, I make sure that the bubble is big enough so that it is substantially deformed by the buoyancy forces. The Bond number is deﬁned
as Bo = ΔρgR2 /γ, where, Δρ is the density diﬀerence between the ﬂuids,
R is the radius of the drop and γ is the interfacial tension. It is a measure
of the interplay between the gravity/buoyancy and surface forces. For accurate measurements, it is advised that Bo should always lie between 0.1
and 1[21]; I check this to be the case in all my measurements. Like the
surface pressure experiments, all tensiometry measurements are carried
out at room temperature.

4.4 Results and Discussion
The pressure-area isotherms are obtained from compression of spread
monolayers on a Langmuir trough for 3 diﬀerent set of experiments. The
area coordinates in these isotherms are scaled by the number of particles adsorbed on the interface. All the curves collapse on to a single plot
as shown in ﬁgure 4.1. At increasing compression, the pressure initially
varies a little, but below 2 μm2 /particle, there is a steep increase in the
pressure. The slope of the curve ﬁrst increases, but reaches a maximum
at ∼ 27 mN/m where there is an inﬂection point followed by a somewhat
weaker slope. The value of area per particle (Ac ) that corresponds to this
inﬂection point turns out to be 0.545 μm2 as shown by the dotted line in
ﬁgure 4.1. Assuming the particles are closely packed, this corresponds to
an inter-particle distance of ∼ 835 nm, which is much larger than the hydrodynamic diameter of the particles measured in the bulk solution (590
nm) suggesting that the particles are indeed substantially deformed. As
the inset of ﬁgure 4.1 shows, ﬁnite surface pressures of order 0.5 mN/m
(i.e. well above our detection limit of 0.1 mN/m) can in fact be measured
already at areas per particle of around 4 μm2 . The inset also shows that
the absolute values of Π are reproducible to within 0.3 mN/m between
diﬀerent experiments on the two diﬀerent Langmuir troughs.
In ﬁgure 4.2 I present the same data as in ﬁgure 4.1, but converted into
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Figure 4.1: Pressure area isotherm for PNIPAM particles at air-water interface. The open symbols denote experimental data points corresponding to
three diﬀerent sets of experiments namely∶ (◻) NIMA trough with high initial
particle loading, (◯) NIMA trough with low initial particle loading and (△)
Kibron μ-trough with high initial particle loading. Inset shows expanded view
of the pressure area curve at low loadings. The dashed line in the inset denotes
the detection limit of the pressure sensor.

a Pressure v/s adsorbed amount curve using Γ = 1/(A × NAv ) where A is
the area/particle from ﬁgure 4.1 and NAv is the Avogadro number. This
curve represents the 2D Equation of State (EOS) of the present system.
At relatively low densities (< 5 × 10−13 mol/m2 ) the pressure is extremely
low (≈ 1mN/m) but quite well detectable. It follows that even at low
densities where the inter-particle distance is much larger than the particle
size in solution, the particles still somehow interact. As the particles
hardly have any electrophoretic mobility[22, 23], electrostatic repulsion is
unlikely to be the cause. The only other option is particle-particle contact.
Hence the particles must be strongly deformed upon their adsorption
onto the interface, which qualitatively agrees with the ﬁndings by other
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Figure 4.2: Surface pressure(Π) v/s amount of PNIPAM particles adsorbed
(Γ) on an air - water interface. The open symbols denote experimental data
points corresponding to three diﬀerent sets of experiments namely∶ (◻) NIMA
trough with high initial particle loading, (◯) NIMA trough with low initial
particle loading and (△) Kibron μ-trough with high initial particle loading.
The solid red line denotes the predictions made using the Groot and Stoyanov
model.

authors[2, 3, 7, 8, 15, 24]. I can make a rough estimate the extent of
deformation using the ansatz Δr ≈ Δγ/ε. Using typical values of ε ≈
50 kPa from the literature[25, 26] along with Δγ = 70 mN/m, I ﬁnd
Δr = 1.7μm which is consistent with the distances of ∼ 3 μm between
close-packed and fully deformed particles. I base my analysis on the
assumption that the particles that I spread on the interface do not desorb.
But even if I accounted for desorption of particles, it would only mean
that the ﬁnite pressures detected would in fact correspond to even lower
surface concentrations. ﬁgure 4.3 shows a schematic explanation of the
mechanism of deformation of the particles at the interface. It should be
noted that in case of LB experiments, the particles are spread on the
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Figure 4.3: Schematic representation of the deformation of microgel particles
upon adsorption to the interface at very low loading conditions.

interface and I do not have any particles in the bulk. In case of the
interfacial tension measurements, the particles diﬀuse from the bulk to
the interface.
Particles adsorbing to a ﬂuid-ﬂuid interface interact with each other and
give rise to the surface pressure (Π), which is the 2D analogue of pressure
in 3D systems. By extending this analogy further, it is also possible to relate this surface pressure to other state parameters like the number density
and temperature via an equation of state. For colloidal particles adsorbing on a ﬂuid-ﬂuid interface, the simplest approximation could be that of
2D hard disks. The equation of state (EOS) for a one component system
is given in terms of density dependence of the compressibility factor Z.
The literature is replete with multiple approaches towards providing an
expression for an EOS for 2D hard disk ﬂuid. Mulero et.al.[27, 28] provide
a succinct review and comparison of all these equations of state.
I ﬁnd that at very low densities the surface pressure measured is at least
5-6 orders of magnitude higher than predictions of surface pressures as-
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Figure 4.4: Evolution of Surface pressure (Π) as a function of time. The open
symbols are experimental data points. Diﬀerent symbols and colors denote
various bulk concentration of particles: (◇)0.10 g/l, (△)0.20 g/l, (◻)0.50 g/l,
(○)1.00 g/l. Arrow denotes the direction of increasing concentration.

suming an ideal gas of non-interacting particles at these densities. Groot
and Stoyanov[13] do not explicitly consider the deformation of these particles due to surface tension. They simply postulate that the pressure
depends predominantly on the micro-structure and composition of polymers within the colloidal particles, and introduce a new length scale deﬀ
which is meant to reﬂect the particle micro-structure, and which up scales
the pressure to experimental values. However, realizing that the particles
spread out to a large extent, I can also see the measured pressure as reﬂecting the internal elasticity of the particles. Since this is given by a 2D
density of crosslinks, it is not surprising that I ﬁnd a microscopic length.
Groot and Stoyanov propose an expression for surface pressure(Π) that
takes into account the size of these smaller correlated domains within the
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particle given by:
Π=

4kB T bηZ(λη)
− b2 η 2 )
2 (
λ
πdeﬀ

(4.1)

where, deﬀ is the size of the correlated domains within the particle. The
compressibility factor (Z) can be expressed by using any of the equations
of state available in literature. In my case, I use the modiﬁed Henderson
equation[29] given by:
ZHM =

1 + η 2 /8 0.043η 4
−
(1 − η)2 (1 − η)3

(4.2)

where η is the surface packing fraction which can in turn be expressed
in terms of the number density of particles (ρ) and the bulk diameter
of individual particle (d) as η = (π/4)ρd2 . For my experiments, η lies
between 0 and 0.91. The corresponding values of ZHM lie between 1 and
96.
I ﬁt the scaling relation given by Groot and Stoyanov to my data in
ﬁgure 4.2(red curve). The ﬁtting gives deﬀ = 1.25 nm as the characteristic
length scale. To provide a physical picture, this deﬀ can be viewed as the
average distance between cross-links within the microgel particle. This
is in agreement with previous studies[30, 31] that report a mesh size in
the range of 1 - 10 nm. The parameters b and λ used in the model
denote repulsive interactions due to the elastic nature of disks. For my
system, the values for b and λ can be taken as unity[13]. The parameter b2
denotes short range attractive interactions. I checked the eﬀect of short
range attraction interaction by incorporating the parameter b2 as a ﬁt
parameter, but the analysis yields extremely small values of b2 (∼ 1×10−4 ).
Hence I conclude that I have purely repulsive particles. The deviations
of the actual data from the model at high loading are possibly because
at high compressions, the surface no longer remains ﬂat but undergoes
out-of-plane deformations i.e., buckles. Also, these particles have a lot
of loose, un-cross-linked polymer chain segments along the periphery of
these particles. At high compressions, it is energetically favourable for
these segments to leave the interface rather than inter-penetrate. Such
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Figure 4.5: Adsorbed amount(Γ)as a function of the product Ct1/2 . The inset
shows the individual curves of Γ v/s t1/2 for various bulk concentration of
microgel particles: (◇)0.10 g/l, (△)0.20 g/l, (◻)0.50 g/l, (○)1.00 g/l. Solid lines
are straight line ﬁts and dashed lines are drawn with slopes calculated using
D=DDLS .

partial desorption also may result in deviations from the predictions of
hard disk like model.
Having established an equation of state to correlate the surface pressure and the adsorbed amount, I now proceed to study the adsorption
dynamics of the particles. For this I monitor the evolution of the interfacial tension of a freshly prepared air bubble in a suspension of PNIPAM
particles as a function of time. I convert the values of interfacial tension
into surface pressure. The results are as shown in ﬁgure 4.4. The values
of surface pressure initially increase rapidly and then relax to a ﬁnal equilibrium value. The dynamics can be clearly separated into two separate
time scales: An initial rapid dynamics denoted by the increase in the surface pressure values, and a slow part as the system relaxes towards the
ﬁnal equilibrium state. This distinction between rapid kinetics at short
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Table 4.1: Values of diﬀusion co-eﬃcient D (m2 /s) for various concentrations
calculated from the experimental Γ v/s t1/2 curves compared to ones measured
using DLS.
Conc(g/l)

0.10
0.20
0.50
1.00

Conc(mol/m3 )

Dexp (m2 /s)

DDLS (m2 /s)

5.495 × 10−8
1.099 × 10−7
2.747 × 10−7
5.495 × 10−7

7.57 × 10−13
7.73 × 10−13
6.72 × 10−13
6.48 × 10−13

7.26 × 10−13
7.20 × 10−13
7.01 × 10−13
6.72 × 10−13

times and much slower kinetics at longer times is characteristic for the
adsorption behaviour of many surface active materials[32, 33].
At short time scales, the increase in Π is limited by the transport of
the particles from the bulk to the interface. I expect the transport to be
governed by the diﬀusion of particles. Since my particles are fairly large,
the energy of adsorption for these particles is 3-4 orders of magnitude
higher than kB T. Hence it is safe to assume that the particles never leave
the interface once they are adsorbed. Under these conditions, the Ward
and Tordai model[34] gives:
√
Γ = 2C

Dt
π

(4.3)

where, Γ is the adsorbed molar mass, C is the bulk concentration and
D is the diﬀusion co-eﬃcient of the particles.
Using the experimental Π v/s Γ curves obtained in ﬁgure 4.2, I convert
the Π(t) data into Γ(t) data and then plot Γ v/s C t1/2 as shown in
ﬁgure 4.5. I scale the time axis with concentration expecting the curves to
collapse onto a single curve. What I observe is that the initial growth of Γ
follows the t1/2 dependence quite well. This is followed by a concentration
dependent slowing down in the relaxation of Γ at long times as the system
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Figure 4.6: ln(1 - Γ/Γm ) as a function of time for various bulk concentration
of microgel particles: (◇)0.10 g/l, (△)0.20 g/l, (◻)0.50 g/l, (○)1.00 g/l. Solid
lines are straight line ﬁts.

approaches saturation. The inset in ﬁgure 4.5 shows the individual Γ
v/s t1/2 curves for diﬀerent bulk concentration of particles. The solid
lines are straight line ﬁts to the initial part of the experimental data
(open symbols). The initial slope of each curve yields a value for the
diﬀusion coeﬃcient D. For comparison, the dashed lines are drawn with
slopes calculated using D obtained from Dynamic Light Scattering (DLS)
(DDLS = 7.29 × 10−13 m2 /s). As can be seen, they do not deviate very
much from the experimental curves. Alternatively, I can determine D
from best ﬁts to the data. Table 1 gives the values of D as obtained by
ﬁtting straight lines (solid lines) to the experimental results for diﬀerent
bulk concentration and compares them to the value obtained from DLS.
The values so obtained do not deviate by more than 10% from the ones
measured by DLS.
As the system approaches saturation, the fall in Γ(t) must slow down as
the surface gets crowded. The concentration of the adsorbate just below
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Table 4.2: Values of rate constant k(1/s) for various concentrations calculated
from the experimental curves in Fig 6.
Conc(g/l)

0.10
0.20
0.50
1.00

Conc(mol/m3 )

k(1/s)

5.495 × 10−8
1.099 × 10−7
2.747 × 10−7
5.495 × 10−7

5.21 × 10−4
9.70 × 10−4
1.21 × 10−3
4.13 × 10−3

the surface then falls out of equilibrium with the adsorbed species and the
kinetics becomes limited by an adsorption barrier. A ﬁrst order kinetic
process then leads to:
dΓ
(4.4)
∼ k (Γmax − Γ)
dt
where, k is the rate constant that is related to the adsorption barrier.
Ideally, k should be proportional to the local solute concentration below
the interface. This leads to an exponential relaxation:
Γ = Γmax (1 − e−kt )

(4.5)

Figure 4.6 shows that such a barrier controlled regime does indeed exist
at long times. The open symbols are the experimental values for ln(1 −
Γ/Γmax ). At long times, the curves ﬁt a straight line as denoted by the
solid lines. The slopes of the solid lines can be identiﬁed to the inverse of
a kinetic relaxation time which is 1/k.
As shown in Table 2, the rate constant depends on the bulk concentration of the microgel particles. But the dependence is not linear. This
presumably indicates that the adsorption process itself is rather complex
and depends on details of the conﬁguration of the particles at the interface. A deeper analysis of these aspects is beyond the scope of the present
work.
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4.5 Conclusions
PNIPAM microgels adsorb readily to an air-water interface owing to their
polymeric nature. I have experimentally established a 2D equation of
state for such soft microgel particles adsorbed onto an air water interface.
The pressure area isotherms give a measurable pressure even at average
inter-particle distances much larger than their hydrodynamic diameter in
the bulk. This conﬁrms the fact that the particles deform substantially
at the interface. Using a simple scaling argument I show that the deformation of particles is of the same order as the inter-particle distance at
very low loadings resulting in a very small yet measurable pressure. This
pressure at low loadings indirectly probes the internal elasticity of the
particles, which is related to the internal cross link density. Experimental
observations of an EOS match the scaling relation proposed by Groot and
Stoyanov. The length scale deﬀ = 1.25 nm that arises out of this scaling relation can be seen as an eﬀective distance between the cross-links.
The deviations from the scaling relation at very high loadings may be
attributed to buckling of the interfacial layer or to partial desorption of
the peripheral polymeric chain segments due to compression.
Using the experimental EOS, I study the adsorption dynamics of these
microgel particles on to air-water interface. I ﬁnd that the adsorption
process can be clearly separated into two regimes. At short times, the
adsorption process is controlled by the diﬀusion of the particles from bulk
to the interface. At long times, the interface gets ﬁlled with particles
thereby creating a barrier for newer particles to adsorb onto the interface.
This leads to an exponential relaxation of Γ.
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control of adhesion between emulsion drops stabilized by thermally
sensitive soft colloidal particles. Langmuir, 28(8):3744–3755, 2012.
[8] Karen Geisel, Lucio Isa, and Walter Richtering. Unraveling the 3d
localization and deformation of responsive microgels at oil/water in-

95

4 Equation of state and adsorption dynamics of soft microgel particles
at an air-water interface
terfaces: A step forward in understanding soft emulsion stabilizers.
Langmuir, 28(45):15770–15776, 2012.
[9] Zifu Li, Karen Geisel, Walter Richtering, and To Ngai. Poly(nisopropylacrylamide) microgels at the oil-water interface: adsorption
kinetics. Soft Matter, 9(41):9939–9946, 2013.
[10] To Ngai, Sven Holger Behrens, and Helmut Auweter. Novel emulsions stabilized by ph and temperature sensitive microgels. Chemical
Communications, (3):331–333, 2005.
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5 Eﬀect of temperature on
equation of state and
adsorption dynamics of soft
microgel particles on an
air-water interface.
Abstract

In the previous chapter, an equation of state (EOS)
was experimentally determined for PNIPAM microgel particles
spread on an air-water interface at room temperature.This EOS
was used to study the adsorption dynamics of microgel particles.
In this chapter I extend the work carried out in the previous chapter to study the eﬀect of temperature on the EOS and consequently
on the adsorption dynamics. It is observed that the interfacial layer
appears to become softer with increasing temperature. This softness is a combined result of long range electrostatic repulsion and
short range attraction between microgel particles induced by the
hydrophobic interactions of the polymer segments which leads to
formation of an open network of particles. The complete adsorption process can be explained using a simple model that assumes
diﬀusion limited adsorption at the beginning and at long times
limited by an adsorption barrier. The model was ﬁtted to the experimental data to extract parameters like the diﬀusion co-eﬃcient
(D), adsorption rate constant (K) and the equilibrium surface concentration (Γ∞ ).
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5.1 Introduction
Emulsions are thermodynamically metastable systems. Their unstable
nature is a critical issue in a variety of well-established industrial applications ranging from pharmaceutical, food and cosmetics to oil-recovery
[1, 2]. Colloidal particles can attach to oil/water interfaces achieving the stabilization of oil droplets to achieve surfactant-free emulsions.
Such particle-stabilized emulsions are known as (Ramsden)-Pickering
emulsions[3, 4]. The eﬃciency of partially hydrophobic particles in the
stabilization of emulsions is related to their ability to irreversibly adsorb
at ﬂuid interfaces[5]. Furthermore, the stability of Pickering emulsions
also comes from the strong repulsion produced by steric interactions and
long-range electrostatic forces between layers of colloidal particles sitting
at the interface of droplets.
Lately, microgel particles (swollen colloidal particles consisting of crosslinked soluble polymers) have shown great promise as Pickering stabilizers
of emulsions and foams[6–9]. The fact that they are particles makes them
adsorb very strongly to the interface with adsorption energies in order
of hundreds of kB T or more[5]. Having said that, their swollen polymeric character facilitates attachment from solution to ﬂuid interfaces in
comparison to solid particles[5, 10]. What makes these systems really
interesting is the possibility of tuning the stability of such emulsions by
exploiting the stimuli responsive behaviour of the polymer microgels. A
deeper understanding of the adsorption mechanism and the interactions
between these particles on ﬂuid interfaces and how these change with external stimuli is vital in the context of design of smart particles for speciﬁc
applications.
Microgels based on thermosensitive polymer Poly N-Isopropyl acrylamide (PNIPAM) undergo volume phase transition at temperatures
around the body temperature and therefore are considered promising for
applications such as thermo-stimulated drug delivery and smart emulsions. Given the interest these systems have generated in the scientiﬁc community, there have been various studies of adsorbed microgel
layers[11–16]. Yet the precise knowledge of the adsorption dynamics and
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the nature of interparticle interactions is still lacking. Especially the effect of external stimuli such as temperature on the adsorption, particle
morphology and interactions at an interface and their relation to the stability/instability of emulsions is yet unexplored.
It is well known that the microgel particles deform substantially upon
adsorption on to both solid - liquid[17] and liquid - liquid[8, 12, 18, 19]
interfaces resulting in ‘sombrero’ or ‘fried egg-like’ morphologies. In our
previous work[20], I experimentally measured the equation of state for
a layer of particles spread on an air-water interface. I show that the
deformation of microgels results in a measurable surface pressure at very
low concentrations whereas standard hard-disk models predict pressures
that are orders of magnitude lower than the observed pressures. In this
chapter I extend our previous work to probe the eﬀect of temperature
on the equation of state and consequently on the adsorption kinetics of
microgel particles on an air-water interface.

5.2 Materials
The PNIPAM particles are synthesized by a batch suspension polymerization using a recipe that has been described in literature[21, 22].
We used N-isopropyl acrylamide (NIPAM) as monomer with N, N’methylenebisacrylamide as the cross linker (2 mol%) and potassium persulfate as the initiator for the polymerization reaction. We expect the
particles to carry a small amount of charge due to the potassium persulfate used in the initiation step. The particles are puriﬁed by repeatedly
centrifuging at 18000 g and replacing the supernatant with fresh Milli-Q
water. The process is repeated at least 5 times. The particles are then
freeze dried and stored. The suspension is prepared by weighing a calculated amount of the freeze dried particles and simply adding them to
Milli-Q water to get the desired concentration. The suspension is stirred
for at least 24 hours before use. Doing so, we prepare a stock solution
of 0.5 g/l concentration. Samples of lower concentration are prepared by
diluting this stock solution.
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5.3 Experimental methods
5.3.1 Particle Characterisation
The temperature dependent size of the microgel particles is determined by
both Dynamic Light Scattering (DLS) and Static Light Scatering (SLS).
The DLS measurements are performed using a Malvern Zeta Sizer. The
Stokes-Einstein relation (D = kB T /6πηRH , where kB is the Boltzmann
constant, T is the absolute temperature and η is the viscosity of the
solvent) is used to calculate the hydrodynamic diameter (DH ) from the
measured diﬀusion coeﬃcient (D) of the particles measured with DLS.
The variation of DH with temperature was shown previously in Chapter
3 (ﬁgure 3.2(a)). With SLS the molar mass and the light scattering radius (RSLS ) (for an equivalent homogeneous sphere) of these particles are
determined by ﬁtting the form factor to the recorded data. RSLS is given
in ﬁgure 3.2(b). The molar mass of the particles is The molar mass of the
particles is 1.82 × 106 kg/mol.

5.3.2 LB Pressure-Area isotherms
The equation of state (Pressure versus Adsorbed mass relationship) is determined using a Langmuir trough. All the experiments are carried out on
a Kibron μ-trough Langmuir apparatus. The temperature of the trough
is controlled by means of a heating plate placed beneath the trough. The
heating plate is connected to a LAUDA RE306 water bath ﬁtted with a
temperature controller. The temperature on the surface of the trough is
separately monitored using a thermocouple. The entire trough is covered
by an acrylic casing to prevent any disturbances from ambient air currents. I place a wet paper inside the casing to ensure that the evaporation
losses at higher temperatures are minimised. I also recalibrate the pressure sensor at each temperature taking into account the changes in the
value of bare air-water interfacial tension with temperature[23]. Firstly
the air water interface is carefully cleaned until a point where the pressure
– area compression cycle shows a perfectly horizontal line and the pressure
at maximum compression is < 0.1 mN/m. Then a known amount of parti-
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cles is spread on the clean air-water interface and the area of the interface
is systematically reduced. The resultant change in pressure is recorded
by a pressure sensor using a DyneProbe. The maximum and minimum
possible areas in the Kibron μ-trough are 51.50 cm2 and 3.25 cm2 , respectively. I spread 100 μl of a suspension of 0.025 g/l concentration.The
drops are carefully placed on the interface using a 10 μl syringe with a
sharp tip by holding the needle very close and parallel to the interface. It
is ensured that the drops are evenly deposited over the initial spreading
area and a waiting time of at least 30 minutes is allowed for the system
to stabilize before starting the measurements. The compression rate is
kept low (5 cm2 /min). The reproducibility of the experiments is checked
by repeating them under the same conditions. I also check for hysteresis
between the compression and the expansion cycles. The hysteresis in the
pressure is < 2 mN/m. Compression-expansion cycles are repeated and no
evidence for particle detachment is found in any experiment. Each cycle
is repeated atleast 3 times to ensure reproducibility of experiments.

5.3.3 Interfacial tension measurements
I use a Dataphysics OCA 20L apparatus to measure the surface tension
of microgel particle laden interfaces. I create an air bubble in the suspensions of varying concentrations using an inverted needle. The interfacial
tension (γ) is calculated with a resolution ± 0.01 mN/m by image analysis from the shape of the bubble using the well-known Laplace equation
(See chapter 3). We convert the values of interfacial tension into surface pressure(Π) by using the correlation Π(t) = γ0 − γ(t). Where γ0 is
the value of bare air-water interfacial tension. For the interfacial tension
measurements to be accurate, we make sure that the bubble is big enough
to deform substantially under the buoyancy forces. The Bond number is
deﬁned as Bo = ΔρgR2 /γ, where, Δρ is the density diﬀerence between the
ﬂuids, g is the acceleration due to gravity, R is the radius of the drop and
γ is the interfacial tension. It is a measure of the interplay between the
gravity/buoyancy and surface forces. For accurate measurements, it is advised that Bo should always lie between 0.1 and 1[24]; we check this to be
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Figure 5.1: Surface pressure(Π) versus amount of PNIPAM particles adsorbed
(Γ) on an air-water interface. The open symbols denote experimental data
points corresponding to diﬀerent temperatures ∶ (◻) 24○ C, (◯) 28○ C, (△) 32○ C
and (▽) 36○ C. Inset shows expanded view of the pressure versus adsorbed
amount curves at low loadings. The dashed line in the inset denotes the detection limit of the pressure sensor.

the case in all our measurements. Like the surface pressure experiments,
all tensiometry measurements are carried out at room temperature.

5.4 Results
The pressure-area isotherms for 4 diﬀerent temperatures are obtained
from compression of spread monolayers on a Langmuir trough. The Pressure versus area per molecule data, as obtained from the LB experiments
is converted into Pressure versus adsorbed amount curves as shown in ﬁgure 5.1, using the relation Γ = 1/(A×NAv ) where A is the area/particle and
NAv is the Avogadro’s number. These curves represent the 2D equation
of state (EOS) for the given temperatures. The pressure versus adsorbed
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amount curves as shown in ﬁgure 5.1 show low, yet ﬁnite surface pressures at very low loadings. The curves seem to be touching each other
at low loadings. However, when we blow up the graph and look closely
at the data for very low loadings we observe that the surface pressure at
low loadings also is apparently aﬀected by increasing the temperature. It
must however be noted that owing to sensitivity issues, the pressure readings below 1 mNm may not be very accurate. The error bars for pressure
values 1 mN/m are of the order of 0.5 mN/m. Even if we consider only the
pressure values from 1 mN/m onwards, the corresponding eﬀective area
per particle at 1 mN/m increases approximately by a factor of 2 with
increasing temperature. Pinaud et al.[25] perform similar compression
experiments of microgel particles at an air-water interface. They are able
to scan a much wider range of areas. They propose that the increase in
pressure is due to the peripheral brush like polymer segments coming in
contact with each other. Upon further compression, the pressure reaches
a plateau. Our experiments are carried out in a range where only the
onset to this plateau is visible.
In their recent work, Geisel et al.[26] show that the microgel layers
produced by compression of spread monolayers and the ones formed by
spontaneous adsorption are very similar. Hence the EOS can thus be
safely used in the study of adsorption kinetics of these particles at an air
water interface. For this we monitor the interfacial tension of a freshly
prepared air bubble in a suspension of PNIPAM microgel particles as a
function of time using the pendant drop method. I measure the decay in
the interfacial tension as a function of time for 2 concentrations 1.0 g/l and
0.5 g/l as shown in ﬁgure 5.2(a). For each concentration measurements
are performed at 4 diﬀerent temperatures namely 24○ C, 28○ C, 32○ C, 36○ C
as shown in ﬁgure 5.2(b). Each measurement at a given temperature and
concentration is repeated atleast 3 times to ensure consistency. Since the
values of bare air-water interfacial tension as a function of temperature
are known[23], the interfacial tension can also be expressed as surface
pressure. The increase in pressure is as expected slower for lower concentrations as seen in ﬁgure 5.2(a). A quick rough calculation indicates
that the pressure scales as square of concentration which is indicative of

107

5 Eﬀect of temperature on equation of state and adsorption dynamics of
soft microgel particles on an air-water interface.

D

E

Figure 5.2: Measurement of surface pressure over time. (a)Surface pressure as
a function of time for various concentrations∶ (◻)0.5g/l and (◯)1.0g/l measured at 24○ C. (b) Surface pressure as a function of time for 0.5g/l for various
temperatures∶ (◻) 24○ C, (◯) 28○ C, (△) 32○ C and (▽) 36○ C.
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diﬀusive transport of particles. The particles shrink with increasing temperature. This means that they will diﬀuse faster at higher temperatures.
This is reﬂected in a faster increase in the surface pressure as seen in
ﬁgure 5.2(b).
Now coming back to my EOS measurements. I express the surface
concentration as a function of surface pressure by ﬁtting the EOS data
with a smoothing spline in MATLAB. I use the ﬁt results to convert the
Π(t) data obtained using the pendant drop measurements into Γ(t) data.
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Figure 5.3: Evolution of surface concentration as a function of time for 1.0g/l
PNIPAM suspension for various temperatures, (◻) 24○ C, (◯) 28○ C, (△) 32○ C
and (▽) 36○ C. Solid lines are the ﬁt to the experimental data generated using
the model described in section 5.4.1

5.4.1 Adsorption process: Mathematical model
For modelling the adsorption process, the classical approach involves separating the physical process into two steps. (i) The transport of particles
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from the bulk to a thin sublayer just beneath the interface and (ii) adsorption from the sublayer onto the interface. For particles adsorbing onto a
initially bare interface in absence of any external ﬂow ﬁelds, the transport
of particles is governed by Fickian diﬀusion described as:
∂c
∂ 2c
(5.1)
=D 2
∂t
∂x
The drop provides a ﬁnite interfacial area for the particles to adsorb. Since
these particles are irreversibly adsorbed on the interface, each adsorbing
particle reduces the possible number of adsorption sites for the subsequent
particles. This kinetic process can be described as:
∂Γ
(5.2)
= kc0 (Γ∞ − Γ)q
∂t
Where k is the rate constant, c0 is the concentration of particles in the
sublayer and Γ∞ is the equilibrium surface concentration.
Assuming that the interface is initially bare and that there are no concentration gradients within the drop, the initial conditions can be given
as:
Γ(0) = 0
c(x, 0) = c∞

(5.3)
(5.4)

Similarly, the boundary conditions are:
D(

∂Γ
∂c
=
)
∂x x=0
∂t

(5.5)

c(∞, t) = c∞

(5.6)

Equations 5.1 and 5.2 can be solved numerically to predict the evolution
of Γ(t). The details of the numerical calculations and the algorithm are
provided as an appendix to this chapter. A MATLAB routine ﬁts the
numerical solution to the experimental data as shown in ﬁgure 5.3. The
ﬁt parameters are deﬁned as:
√
KΓ2∞
1
Q=
,
t∗ =
(5.7)
Dc∞
Kc∞
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Q and t∗ can be used to calculate more tangible physical parameters such
as the diﬀusion co-eﬃcient(D), rate constant(K) and equilibrium surface
concentration(Γ∞ ). The pendant drop measurement technique is not very
accurate is measurement of surface pressures below 1mN/m. Hence the
Π(t) data contains a lot of scatter especially within the ﬁrst few seconds
after creation of the drop. This scatter also transcends into the Γ(t) data.
Hence for our ﬁt, we ignore the data points for the ﬁrst few seconds.

5.5 Discussion
The pressure versus surface loading curves presented in ﬁgure 5.1 provide
many interesting insights into the inter-particle interactions and morphology of these soft particles at an interface. I observe detectable surface
pressures even at very low loadings for all temperatures. I have previously established that this ﬁnite pressure is a result of deformation of
the particles upon adsorption to the air-water interface. This explanation
seems plausible when the particles are in a swollen state. But at higher
temperatures the particles are collapsed in the bulk. So the hypothesis
that these particles also deform upon adsorption to the interface on the
outset, is counter-intuitive.
The collapse of particles in the bulk at higher temperatures is entropically driven. However when these particles arrive at the interface, they
experience a deforming force which is countered by the elasticity of the
particles. This deformation causes an additional gain in the free energy. In
short, upon reaching the interface, the particles may lose some free energy
by losing their collapsed state, but they gain more energy by spreading
out along the interface. So the scenario that the particles deform at the
interface irrespective of whether they are swollen or collapsed in the bulk
does seem plausible. Another interesting observation is that as the temperature increases, the surface pressure, even at low loadings is slightly
higher as shown in the inset in ﬁgure 5.1. This suggests that at higher
temperatures, the origin of surface pressure does not simply lie in the
steric interactions between particles. At temperatures above the VPTT,
the shrinking of the particles cause an increase in the charge density and
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Figure 5.4: Schematic description of the conformational changes in the particles at interface as a function of temperature.

thereby an increase in the electrostatic interactions between the particles. The asymmetry in the charge dissociation at the interface causes
the particles to act like dipoles which increases the range as well as the
strength of the electrostatic repulsion. But the shrinking of these particles
also induce short range attractive forces due to the interactions between
hydrophobic polymer segments. These ﬁndings of increased electrostatic
repulsion are exactly opposite to the ﬁndings of Geisel et al.[27], who
report that higher charge in the microgel particles leads to reduced replusion amongst particles at the interface. Thus a combination of long range
electrostatic repulsion and short range attractions leads the microgels to
form a percolating network at the interface. Thus the morphology of the
microgel monolayer at the interface changes from ordered, dense layer of
particles to an open network consisting of clusters of particles as shown
in ﬁgure 5.4. This transformation is evident from the change in the compression isotherms. At temperatures above the VPTT, the compression
isotherms show an increasingly softer response. Such a transformation
in the interfacial microstructure from a dense and ordered structure to
a clustered network of particles has been previously reported[8, 11, 28].
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Figure 5.5: Adsorbed amount (Γ) as a function of product Ct1/2 for various
temperatures:
(a)24○ C, (b)28○ C, (c)32○ C and (d)36○ C. The dashed lines denote
√
a slope 2 D/π, where D is the diﬀusion co-eﬃcient measured using DLS. The
solid lines denote the ﬁts of the model to the experimental data.

However, these ﬁndings are for pH responsive microgels as a response to a
change in pH. Whether similar underlying mechanisms also play a role in
case of thermoresponsive microgel particles is unclear. The electrostatic
interactions are discussed in greater detail in the next chapter.
At short times the adsorption is governed by the diﬀusion of particles
from bulk to the interface. In this case, the evolution of surface concentration with time can be predicted by the well known Ward & Tordai
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Table 5.1: Values of diﬀusion co-eﬃcient D (m2 /s) for various temperatures
calculated from ﬁtting the adsorption model to the experimental Γ(t) curves
and values of D measured using DLS.
Temperature(○ C)

Dﬁt (m2 /s)

DDLS (m2 /s)

24
28
32
36

1.51 ± 0.14 × 10−12
1.29 ± 0.05 × 10−12
1.74 ± 0.35 × 10−12
2.61 ± 0.32 × 10−12

9.22 × 10−13
1.22 × 10−12
1.71 × 10−12
2.75 × 10−12

equation[29]:

√
Γ = 2c∞

Dt
π

(5.8)

For each temperature, the data is plotted as Γ versus Ct1/2 as shown in
ﬁgure 5.5. The surface concentration data collapses nicely. For all temperatures, the initial part of the Γ(t) curve scales as t1/2 . However since
the study is limited to relatively high bulk concentrations of PNIPAM
microgels, this diﬀusive regime is later taken over by a regime where the
adsorption is controlled by a barrier created due to crowding of particles
at the interface. Such a crossover from diﬀusion limited to barrier limited
adsorption has been previously observed for other surface active materials
as well[30, 31]. Fitting the adsorption model described in section 5.4.1, it
is possible to calculate the value of diﬀusion co-eﬃcient D from the ﬁt parameters Q and t∗ . Alternatively, D can also be measured by DLS using
the Stokes-Einstein relation. Values of D calculated by both the above
methods are listed in table 5.1 and are found to be in fair agreement.
As the system approaches saturation, the rate of surface adsorption also
slows down considerably. This happens due to crowding of the particles
at the interface. In such a scenario, the concentration of the particles in
the sub layer just beneath the interface falls out of equilibrium with the
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Table 5.2: Values of adsorption rate constant K (m3 /mol.s) and equilibrium
surface concentration Γ∞ (mol/m2 ) for various temperatures calculated by ﬁtting the adsorption model to the experimental Γ(t) curves.
Temperature(○ C)

K(m3 /mol.s)

Γ∞ (mol/m2 )

24
28
32
36

3.23 ± 2.37 × 106
8.64 ± 4.06 × 106
6.83 ± 3.92 × 106
4.88 ± 1.04 × 106

3.48 ± 0.08 × 10−12
3.33 ± 0.06 × 10−12
3.20 ± 0.04 × 10−12
3.05 ± 0.05 × 10−12

particle already adsorbed and the kinetics become limited by an adsorption barrier. This process can be described by a general q th order kinetic
process as described in equation 5.2. It is possible to also include the order q as one of the ﬁt parameters. But the ﬁt results always yield values
close to 2. Hence to improve the eﬃciency, we ﬁx the value to q = 2.The
ﬁtting also yields other relevant physical parameters like the adsorption
rate constant K and the ﬁnal equilibrium concentration Γ∞ the values
of which are provided in table 5.2. As described in the appendix, the
value of ﬁt parameter Q determines whether the adsorption is limited by
diﬀusion or by the adsorption barrier. For the range of temperatures and
concentrations investigated in this study, the values of Q lie between 5
and 10. These values are high enough so that we can say that the adsorption process is predominantly diﬀusion limited. This in addition to the
scatter in the Γ(t) data results in the ﬁtting to be relatively insensitive
to the values of K. Thus we observe a very large scatter in the values of
K.
The values of Γ∞ however show a clear trend. The surface saturates at
a lower surface concentration with increasing temperature. Thus, lesser
amount of particles at the interface still result in higher surface pressures.
These ﬁndings agree very well to our hypothesis of dense ordered monolayers at lower temperatures and open network consisting of clusters of
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particles combined with higher electrostatic repulsion at higher temperatures, that we had put forth earlier.

5.6 Conclusions
Even at temperatures above the VPTT, PNIPAM microgel particles adsorb readily to an air-water interface. A temperature dependent experimental equation of state was established. The pressure-loading curves
suggest that even if the particles are in a collapsed state in the bulk, they
deform upon adsorption to the interface. Above the VPTT, the particles
experience a long range interaction, which is most possibly electrostatic
repulsion. This in addition to the short range attraction between polymer
segments leads to formations of lose open networks consisting of clusters
of particles at the interface. This results in a soft response to lateral
compression of the monolayers.
This experimental EOS is used to study the adsorption dynamics of
these microgel particles at an air-water interface. A simple model taking
into account diﬀusion limited adsorption at short times followed by barrier
limited adsorption created by particles ﬁlling the interface, describes the
adsorption process fairly well. The full solution to this model is ﬁtted
to the experimental Γ(t) values to extract values of diﬀusion coeﬃcient
(D). The values thus obtained are in good agreement with ones measured
using DLS.
For the range of concentrations investigated, the adsorption process is
predominantly governed by diﬀusion. Hence the ﬁtting is insensitive to
the values of K. The reduction in the equilibrium surface concentration
Γ∞ with increasing temperatures corroborates the hypothesis of formation
of network of particles consisting of particle clusters as the temperature
increases beyond VPTT.
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Water-in-oil emulsions stabilized by water-dispersible poly(nisopropylacrylamide) microgels: Understanding anti-ﬁnkle behavior.
Langmuir, 27(23):14096–14107, 2011.
[29] A. F. H. Ward and L. Tordai. Timedependence of boundary tensions
of solutions i. the role of diﬀusion in timeeﬀects. The Journal of
Chemical Physics, 14(7):453–461, 1946.
[30] Chien Hsiang Chang and Elias I. Franses. Adsorption dynamics of
surfactants at the air/water interface: a critical review of mathematical models, data, and mechanisms. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 100(0):1 – 45, 1995.
[31] Hernan Ritacco, Dominique Langevin, Haim Diamant, and David
Andelman. Dynamic surface tension of aqueous solutions of ionic
surfactants: Role of electrostatics. Langmuir, 27(3):1009–1014, 2011.

121

5 Eﬀect of temperature on equation of state and adsorption dynamics of
soft microgel particles on an air-water interface.

5.8 Appendix
5.8.1 Introduction
We consider the adsorption of particles on an initially clean interface from
a liquid reservoir. Due to the adsorption process, the particle concentration in the liquid near the interface, c0 = c(x = 0, t), is initially depleted.
But it is soon re-established at its original value c∞ , by diﬀusion. In these
notes we will investigate this process numerically.

5.8.2 Governing equations
The equations governing this process are given by:1
∂c
∂ 2c
= D 2
∂t
∂x
∂Γ
= kc0 (Γ∞ − Γ)q
∂t
The initial and boundary conditions are given by:

(5.9)
(5.10)

Γ(0) = 0
c(x, 0) = c∞
D(

(5.11)
(5.12)

∂Γ
∂c
=
)
∂x x=0
∂t
c(∞, t) = c∞

(5.13)
(5.14)

These expressions are made dimensionless by substituting:
x = L∗ ξ,
which results in:
∂ 2n
∂n
=A 2 ,
∂τ
∂ξ
1

t = t∗ τ,

c = c∞ n,

∂θ
= B n0 (1 − θ)q ,
∂τ

(

Γ = Γ∞ θ

∂n
) = Q n0 (1 − θ)q (5.15)
∂ξ ξ=0

The expressions were formulated by Prof. Martien Cohen Stuart and Dr. Dirk
van den Ende. DvdE formulated the numerical solving algorithm and wrote a
MATLAB routine for ﬁtting the solution to the experimental data.

122

5.8 Appendix
where n0 = n(ξ = 0, τ ) and the dimensionless constants A, B and Q are
given by:
A=

D t∗
,
L2∗

B = Kc∞ t∗ ,

Q=

KΓ∞ L∗
,
D

K = kΓq−1
∞

(5.16)

The other bc’s are now given by:
θ(0) = 0 ,

n(ξ, 0) = 1 ,

n(∞, τ ) = 1

(5.17)

Here L∗ and t∗ are not yet deﬁned. They can be deﬁned in such a way
that 2 of the constants A, B, Q are one. In case A1 = B1 = 1 (case 1) the
scaling factors L∗ , t∗ and Q1 are equal to:
√
√
D
KΓ2∞
1
L∗ =
,
t∗ =
,
Q1 =
(5.18)
Kc∞
Kc∞
Dc∞
Let’s look for the meaning of Q1 . The time t∗ is the characteristic adsorption time in case c0 ≃ c∞ . In this time the particles in the ﬂuid diﬀuse over
the scaling distance L∗ = (Dt∗ )1/2 . There is second length scale in this
process, which is the distance over which the liquid will be depleted due
to the adsorption, L = Γ∞ /c∞ . Q1 is just the ratio of these length scales,
i.e. Q1 = L/L∗ . Another option (case 2) is to deﬁne L∗ = L. Deﬁning
A2 = 1, we obtain now:
L∗ =

Γ∞
,
c∞

t∗ =

Γ2∞
,
Dc2∞

B 2 = Q2 =

KΓ2∞
Dc∞

(5.19)

The set of Eqs. (5.15) can be solved numerically. But before we do so we
ﬁrst consider the asymptotic behavior of the process.

5.8.3 Asymptotic behavior
Fast diﬀusion
In case of fast diﬀusion, i.e. Q ≪ 1, the concentration in the liquid near
the interface (in the sublayer) remains constant, c0 ≃ c∞ . In that case the
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problem reduces to solving, see Eq. (5.15):
dθ
= B(1 − θ)q
dτ
which results for q = 1 in:
θ = 1 − exp(−Bτ )
and for q ≠ 1 in:

−1/(q−1)

θ = 1 − (1 + (q − 1)Bτ )

(5.20)
(5.21)

where θ = Γ/Γ∞ and Bτ = Kc∞ t.
Fast adsorption
In case of fast adsorption, i.e. Q ≫ 1, the concentration in the sublayer
is fully depleted to n0 ≪ 1. We suppose n0 is constant, so the equations
(5.15) are now decoupled. First we have to solve the concentration distribution n(ξ, τ ) and from that the surface density θ(τ ) = BQ−1 ∫ dn/dξ dτ .
Suppose the liquid is conﬁned between ξ = 0 and ξ = L, where L ≫ 1. We
express the concentration proﬁle as the sum of its equilibrium proﬁle and
a Fourier series:
n(ξ, τ ) =

ξ
L−ξ ∞
mπξ
+ n0
+ ∑ am (τ ) sin(
)
L
L
L
1

(5.22)

As n(ξ, 0) = 1 except at ξ = 0 where it is n0 , i.e.
∞

∑ am (0) sin(
1

mπξ
ξ
) = (1 − n0 ) (1 − )
L
L

(5.23)

the coeﬃcients at t = 0 are given by:
am (0) = (1 − n0 )

2
mπ

(5.24)

To obey the diﬀusion equation these coeﬃcients develop in time according:
dam
mπ 2
= −A (
) am
dτ
L
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or

2
mπ 2
(5.26)
exp(− (
) Aτ )
mπ
L
Substituting this relation in Eq. (5.22) we get for the derivative at zero:
am (τ ) = (1 − n0 )

(

∂n
1 − n0 2(1 − n0 ) ∞
mπ 2
=
exp(−
(
)
+
) Aτ )
∑
∂ξ ξ=0
L
L
L
1
=

(5.27)

2(1 − n0 ) ∞
mπ 2
1
(∑ exp(− (
) Aτ ) + )
L
L
2
1

To evaluate the summation we consider the integral:
∫0

∞

e

−z 2

∞

(m+1)δz

dz = lim ∑ ∫
δz→0
0

2

e−z dz

(5.28)

mδz

δz ∞ −(mδz)2
2
+ e−((m+1)δz) )
= lim
∑ (e
δz→0 2 0
∞
√
1
2
= lim δz (∑ e−(mδz) + ) = 12 π
δz→0
2
1
Hence, for π(Aτ )1/2 /L ≪ 1 we obtain:
1
mπ 2
L
) Aτ ) + = √
L
2 2 πAτ

(5.29)

1 − n0
∂n
) =√
∂ξ ξ=0
πAτ

(5.30)

dθ B ∂n
B(1 − n0 )
=
( ) = √
dτ Q ∂ξ ξ=0 Q πAτ

(5.31)

∞

∑ exp(− (
1

and so:
(
The rate dθ/dτ is

Integrating this expression yields:
2B
θ = (1 − n0 )
Q

√

τ
πA

(5.32)
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Figure 5.6: Sketch of the substrate with surface density θ and the sublayers
with concentration nk .

or in dimensional form:

√
Γ = 2(c∞ − c0 )

Dt
π

(5.33)

∂n
) = Q n0 (1 − θ)
∂ξ ξ=0

(5.34)

with c0 ≪ c∞ .

5.8.4 Numerical approach
To solve the set of equations:
∂n
∂ 2n
,
=
∂τ
∂ξ 2

∂θ
= n0 (1 − θ) ,
∂τ

(

numerically, we discretize the time derivative as:
dn n(τ + δτ ) − n(τ )
=
dτ
δτ
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and integrate the diﬀusion equation over small distance δξ:
ξ+δξ/2

∫
ξ−δξ/2

ξ+δξ/2

∂n
dξ = ∫
∂τ

ξ−δξ/2

∂ 2n
dξ
∂ξ 2

(5.36)

or for suﬃciently small δξ:
∂n
∂n
∂n
−( )
δξ = ( )
∂τ
∂ξ ξ+δξ/2
∂ξ ξ−δξ/2
n(ξ + δξ) − n(ξ) n(ξ) − n(ξ − δξ)
−
=
δξ
δξ

(5.37)

Combining Eq. (5.35) with Eq. (5.37) we get the update scheme for
n(ξ, τ ):
n(ξ, τ + δτ ) − n(ξ, τ ) n(ξ + δξ, τ ) + n(ξ − δξ, τ ) − 2n(ξ, τ )
=
δτ
δξ 2

(5.38)

Deﬁning nm
k = n(ξk , τm ) we can write this as:
m
m
m
= nm
nm+1
k
k + (nk+1 + nk−1 − 2nk )

δτ
δξ 2

(5.39)

where ξk = (k + 1/2)δξ and τm = mδτ . The time derivative of the surface
density is given by:
(

m
∂θ m
m
−1 ∂n
(1
−
θ
)
=
Q
(
) = nm
)
0
∂τ
∂ξ 1/2

(5.40)

So the update step for the surface density becomes:
θ

m+1

∂θ m
m
= θ + ( ) δτ = θm + (nm
0 (1 − θ )) δτ
∂τ

(5.41)

δτ
m δτ
− Q nm
0 (1 − θ )
2
δξ
δξ

(5.42)

m

and for n0 we get:
m
m
nm+1
= nm
0
0 + (n1 − n0 )
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Hence, the complete algorithm becomes:
m
m
m
nm+1
= nm
k
k + (nk+1 + nk−1 − 2nk )

δτ
δξ 2

δτ
m
m δτ
−
Q
n
(1
−
θ
)
0
δξ 2
δξ
m
m
m
= θ + n0 (1 − θ ) δτ

(5.43)

m
m
= nm
nm+1
0
0 + (n1 − n0 )

(5.44)

θm+1

(5.45)

Together with the initial conditions n0k = 1 and θ0 = 0 and the boundary
condition nm
N = 1, we now are able to calculate the time dependence of
both the surface density and the concentration proﬁle.
Is this algorithm stable? Suppose only bin k at ξ = ξk with width δξ
m
m
is populated, i.e. nm
k > 0 and nk−1 = nk+1 = 0. In that case one must
demand δτ /δξ 2 < 1/2 otherwise nm+1
< 0. Moreover, considering bin 0, we
k
should have Q δτ /δξ < 1. At last δτ < 1 otherwise θm+1 > 1. Therefore the
algorithm is stable if:
δτ < min{ 12 δξ 2 , δξ/Q, 1}

(5.46)

So, for large Q it is wise to start with δτ = 0.1 δξ/(Qn0 ) until
0.1 δξ/(Qn0 ) > 0.01 δξ 2 . From there on we’ll use δτ = 0.01 δξ 2 .
We use Eqs. (5.43)-(5.45) to calculate the time evolution of the particle
density at the surface.
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Abstract

We address the inﬂuence of temperature on the adsorption and the interactions of PNIPAM microgel particles at a
water-decane interface. Owing to their polymeric nature, the particles are found to readily adsorb onto a water-decane interface.
Under compression, they do not desorb from the interface even
when subjected to high loads. As the temperature is increased
from 24o C to 36o C, the inter-particle interaction changes from predominantly steric to largely electrostatic repulsion. This is inferred
from the observed increase in the zeta potential, and is explained
using a simple theory that takes into account the change in charge
distribution.
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6.1 Introduction
Microgel particles are made of chemically cross-linked polymer that can
be swollen by a solvent. The degree of swelling depends on solvent
quality and cross-link density[1, 2]. Microgel particles made from the
thermo-sensitive polymer poly N-isopropyl acrylamide (PNIPAM) undergo reversible swelling/shrinking transitions at temperatures around
the body temperature, and therefore are considered as promising particles for thermo-stimulated control of drug delivery[3, 4]. In this context,
the particle chemistry can also be varied, e.g., by incorporating charged
co-monomers like (meth) acrylic acid to make them responsive to pH.
Another possibility which has only recently come under scrutiny is their
possible use as so-called Pickering stabilizers of emulsions and foams[5–9].
This application hinges on their hybrid character somewhere between ﬂexible polymer and colloidal particle. On one hand they share with the former the ability to easily adsorb to water/air or water/oil interfaces, while
on the other hand they share with the latter the very strong anchoring
at the interface, making their adsorption practically irreversible[10, 11].
Given this context, knowledge about aspects such as adsorption dynamics, interfacial interactions, microstructure and rheology of these particles
are key to intelligent design of these systems. Although signiﬁcant advances have recently been made in understanding these aspects[5–9], a
comprehensive knowledge is still lacking.
The stability of conventional Pickering emulsions comes from the strong
repulsion between the colloidal particles produced by (hard sphere) steric
interactions and long-range electrostatic forces due to surface charges.
In contrast, microgel particles deform strongly due to interfacial tension
upon adsorption to solid - liquid[12] and liquid - liquid interfaces[6, 7, 13–
16]. The nature of the mutual interactions and the interfacial assembly of
such soft deformable colloidal particles at the interface is not yet clearly
understood. Furthermore, the statics and kinetics of adsorption (in particular as a function of temperature), have not been very well studied,
which is surprising. For example, it is currently not very clear which
particle properties control the density and pressure at which spontaneous
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adsorption saturates.
This lack of knowledge has prompted us to study layers of PNIPAM
particles at a water-decane interface, focusing on the eﬀect of temperature on the adsorption and interactions. We study the interfacial tension
response of spontaneously adsorbed layers when they are subjected to
compression, by reducing the interfacial area or by cycling the temperature. We also study the dilatational rheology of these adsorbed layers. To
explain our observations, we corroborate a (previously proposed) mechanism in which the distribution of ions changes drastically upon crossing
the phase transition temperature of the microgel. This explanation is
supported by measurements of the zeta potential as a function of temperature.

6.2 Materials & Methods
6.2.1 Chemicals:
PNIPAM microgels are synthesized by batch suspension polymerization
from NIPAM as monomer with 2 mol% N-N’ methylene bisacrylamide as
cross-linker, in the presence of sodium dodecyl sulfate (SDS) and using
potassium persulfate as the initiator[17, 18]. No acidic monomers like
methacrylic acid or acrylic acid are used, so that the particles only carry a
slight negative charge due to persulfate groups. The particles are puriﬁed
by repeated centrifugation at 18000g and replacing the supernatant with
fresh Milli-Q water; the process is repeated 5-6 times which is enough
to remove all the SDS. The particles are then freeze-dried and stored.
Suspensions are prepared by adding a weighed amount of particles to
Milli-Q water and stirring the suspension for at least 24 hours. The
n-decane used as the oil phase (Merck) is puriﬁed by passing over an
alumina column 5 times, to remove surface-active impurities. The purity
is evaluated by checking that the interfacial tension of the decane-water
interface to be equal to the value of the pristine interface (51 mN/m).
The value of the bare water-oil interfacial tension drops by less than 3
mN/m over a period of 8 hours.
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6.2.2 Particle characterization
The temperature dependent size of the microgel particles is measured
by Dynamic Light Scattering (DLS) on a Malvern Zeta Sizer. We used
the same instrument to measure the Electrophoretic Mobility (μ) and
the Zeta Potential (ζ) of the particles at various temperatures. The
zeta sizer uses the Stokes-Einstein relation (D = kB T /6πηRH , where
kB is the Boltzmann constant, T is the absolute temperature and η is
the viscosity of the solvent) to calculate the hydrodynamic radius (RH )
from the measured diﬀusion coeﬃcient (D) of the particles. The electrophoretic mobility of the particles is measured using Laser Doppler
Micro-electrophoresis. Since the suspending medium is water, Smoluchowski approximation (Henry’s function f (Ka) = 1) can be applied to
the Henry’s equation (μ = εr ε0 ζf (Ka)/η, where ε0 is the dielectric permittivity of vacuum, εr is the relative permittivity of the medium) to
calculate the zeta potential from the electrophoretic mobility[19]. Microgel particles are also characterised by Static Light Scattering (SLS) by
ﬁtting the form factor, to ﬁnd the molar mass and the light scattering
radius (RSLS ) (for an equivalent homogeneous sphere) of these particles.

6.2.3 Pendant drop measurements
Water/decane interfacial tensions (IFT) are measured with an accuracy
of ±0.1 mN/m from drop image analysis using a Data Physics OCA apparatus. A drop of water containing a known concentration of microgel
particles is formed at the end of a needle, and the interfacial tension is determined as a function of time, while the particles adsorb onto the initially
clean interface. The temperature is maintained by means of a heating
stage and measured in the oil phase using a thermocouple. Measurements are started when the temperature is uniform (±0.1o C)throughout
the system. For the interfacial tension measurements to be accurate, we
make sure that the drop is big enough so that it is substantially deformed
by the buoyancy forces. This criterion can be expressed in terms of the
Bond number deﬁned as Bo = ΔρgR2 /γ (where, Δρ is the density diﬀerence between the ﬂuids, R is the radius of the drop and γ is the interfacial
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tension). For accurate measurements, we make sure that Bo always lies
between 0.1 and 1[20].
In compression experiments, a drop is formed at a given temperature
and allowed to equilibrate for 30 minutes. The suspension is then slowly
withdrawn through the needle at a rate of 0.5 μl/s. The IFT response is
measured instantaneously as the liquid is withdrawn from the drop. In
the so called step compression experiments, a similar protocol is followed
except that the drop is withdrawn rapidly at a rate of 5.0 μl/s, and only
the initial and ﬁnal IFT, after 10 minutes of equilibration, are considered.
For dilatational rheology measurements we use the oscillating drop
method on the OCA apparatus. The volume and surface area of the drop
are modulated by periodically withdrawing and injecting small volumes
of liquid using a small piston driven by a piezoelectric element. The corresponding sinusoidal IFT response is measured, after which the complex
dilatational modulus E* is determined from the normalised amplitude and
phase lag[21].

6.3 Results
For our microgel particles, the Volume Phase Transition Temperature
(VPTT)[22] lies between 32o C and 36o C. The molar mass of the particles
as measured from static light scattering is 1.82×106 kg/mol. As expected,
the PNIPAM particles swell considerably upon decreasing the temperature. Particle size measured using static and dynamic light scattering are
plotted as a function of temperature in ﬁgure 6.1, where it is seen that
the hydrodynamic radius (RH ) as determined by DLS, drops from about
255±7 nm to 110±3 nm, which implies approximately a 12-14 fold reduction in volume. The radius (RSLS ) measured using SLS is smaller than
the hydrodynamic radius (RH ) for temperatures below VPTT. At these
temperatures, a small RSLS /RH ratio (RSLS /RH < 1) is due to the fact that
in their swollen state, the particles have highly cross-linked cores with a
number of loose polymer ends at the periphery. Thus the RSLS that is
calculated assuming a optically homogeneous particles may be less than
the actual size of the particles. Above the VPTT, both the loose polymer
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Figure 6.1: Size of PNIPAM microgel particles as a function of temperature.
(∎) Radius (RSLS ) measured using SLS and ( ) Hydrodynamic radius (RH )
measured using DLS.

chains as well as the cross-linked particle core collapse and the particle
behaves like a homogeneous particle leading to values of RSLS /RH ≊1[23].
Anticipating changes in the charge distribution (ionized groups on the
particle and counterions in the liquid phase), we also measure the electrophoretic mobility of our particles as a function of temperature. The
results shown in ﬁgure 6.2 correspond to the particles in bulk. But we
expect them to be important in understanding the interactions between
adsorbed particles as well. Ohshima [24] has derived a simple approximate formula for predicting the electrophoretic mobility of core-shell type
colloidal particles:
μ=

εr ε 0 ψ 0 λ + ψ D κ m
d
ρ
)f ( ) + 2
(
η
λ + κm
a
ηλ

(6.1)

Here, ε0 is the dielectric permittivity of vacuum, εr is the relative permittivity of the medium, η is the viscosity of water, ψD is the Donnan potential in the particle, ψ0 is the surface potential, κm is the Debye-Hückel
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Figure 6.2: Electrophoretic mobility (μ) as a function of temperature. Solid
line is theoretical calculation using Equation(1). Inset shows the variation of
the Zeta Potential (ζ) as a function of temperature. Solid line is calculated
from Henry’s equation using the values of mobility computed by Equation(1).

parameter, ρ is the charge density in the particle (number of elementary
charges per unit volume of the particle) and 1/λ is the softness parameter.
The function f (d/a) denotes the relative size if the radius of the particle
core to the thickness of polyelectrolyte shell. In limiting cases when the
particle is a spherical soft polyelectrolyte with no particle core (d ≫ a)
f (d/a) = 2/3[24, 25]. Garcia-Salinas et al. [26] point out that in case of
PNIPAM microgel particles, even if the number of charges per particle
remains constant, ρ varies with temperature since the volume of the particle varies signiﬁcantly with temperature. Thus if the number of charges
per particle is kept ﬁxed, shrinking implies an increase in charge density.
Using λ as a ﬁt parameter to match their experimental results with the
theoretical expression, they observe that changes in λ as a function of
temperature are also closely related to changes in the size of the particle.
We use these ﬁndings also for analysing our data. Assuming 3000 ele-
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Figure 6.3: Decay in the IFT of an interface between n-decane and 0.5 g/l
aqueous suspension of PNIPAM microgel particles at (◻) 24o C, (◯) 28o C, (△)
32o C and (▽) 36o C.The inset shows the equilibrium surface tension versus the
temperature.

mentary charges per particle, and using the typical values of temperaturedependent softness for PNIPAM[26] , we calculate the mobility as a function of temperature. The experimental data agree fairly well with the calculated predictions. The mobility decreases with decreasing temperature
because in swollen particles, the charges are more dilute and hydrodynamically screened by the dangling polymer segments. Upon collapse the
particles feature a higher charge density and a smoother surface which
allow the surrounding medium and the counterions to move more easily resulting in a higher mobility. These ﬁndings are also in qualitative
agreement with the outcome of model calculations by Moncho-Jordá[27],
who found that upon shrinking of the microgel particles, the counterions are squeezed out from the interior of the particles to the surface.
For suﬃciently charged particles, this results in more repulsive eﬀective
interactions.
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Figure 6.4: IFT response to changes in temperature. Green data points show
response of a drop created at 36o C and subjected to temperature cycles between
36o C and 24o C. The blue data points show the response of a drop created
at 24o C. The grey areas denote the part of temperature cycle at 36o C and
the blank spaces at 24o C. Inset shows a schematic of the proposed particle
conformations in aqueous phase at both temperatures.

The decrease of IFT as a function of time is presented in figure 6.3, for
four temperatures (24o C, 28o C, 32o C and 36o C). In all cases, the initial
interfacial tension γ0 of the clean surface is ∼ 51 mN/m. The temperature
coefficient dγ/dT for this system is about 0.069 mN/K so that γ0 varies by
less than 1 mN/m over the range studied[28]. For the 0.5 mg/l PNIPAM
dispersion the tension drops in about 15 minutes to values around 18
mN/m, indicating that particles adsorb and a surface pressure builds up.
The final tension depends weakly on concentration[29] but significantly
on T, ranging from nearly 18 mN/m for 24o C, to slightly above 13 mN/m
for 36o C. The surface pressure, given by Π = γ0 − γ, thus increases by
about 5 mN/m (from about 33 to 38 mN/m) by going from the lowest to
the highest temperature.
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The response of the surface tension when the temperature is cycled
between 24o C and 36o C is shown in ﬁgure 6.4. A drop surface saturated
with microgels at 36o C is cooled to 24o C and kept at this temperature
for 30 minutes (1800 sec) after which it is heated back to 36o C and kept
there for about 20 minutes (1200 sec). This cycle is repeated three times.
As can be seen, the response is entirely reversible. The tension slowly
adjusts to each imposed temperature reaching a steady value after about
1000 seconds, which is partly due to slow adjustment of the bath temperature to the new setpoint (∼ 500 sec) and partly due to relaxation
of the tension itself (∼ 500 sec). In principle, this could mean that the
particle surface density reversibly adjusts during the temperature cycles.
However the compression experiments discussed below exclude any desorption. Therefore we must also rule out extra adsorption. This means
that the surface density of the particles is the same at both temperatures
and no adsorption or desorption of particles occurs upon changing the
temperature.
Even though the spontaneous adsorption saturates, the surface pressure still responds to further compression, either carried out slowly and
continuously, or carried out step-wise, allowing for a 10 minute waiting
time between measurements. The results of such measurements (carried
out on a surface which is ﬁrst allowed to spontaneously ﬁll with particles
from solution) are shown in ﬁgures 6.5 and 6.6. For our analysis we deﬁne the excess surface pressure(ΔΠ) due to compression of the drop, by
subtracting the equilibrium surface pressure due to spontaneous adsorption of the particles(Πsp ) at the oil-water interface from the instantaneous
surface pressure(Π). The excess pressure is thus a measure of the extra
interactions between microgel particles upon compression. Compressing
the surface by a factor of about 4 (from 40 to 10 mm2 ) leads to an excess
pressure increase of 3-5 mN/m depending on the temperature as shown
in ﬁgure 6.5. At the lowest temperature, for which the pressure due to
spontaneous adsorption is lowest, the increase is strongest, and vice versa.
If the particles were to desorb, it would cause the surface pressure
to relax. At short times, this relaxation to equilibrium is expected to be
dictated by the transport of the expelled particles away from the interface.
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Figure 6.5: Evolution of excess surface pressure (ΔΠ) due to compression of
the interfacial area for (◻) 24o C, (◯) 28o C, (△) 32o C and (▽) 36o C. The
compression was carried out by reducing the drop volume at a rate of 0.5 μl/s.

At long times local particle rearrangements that ensue after desorption of
particles may lead to a slow relaxation in pressure. No such relaxation was
observed even when the interface was rapidly compressed as seen in ﬁgure
6.6(b). This clearly means that no particles leave the (compressed) surface
i.e. no desorption. Moreover, Figure 6.6(c) shows that the response upon
compression is nearly instantaneous, so that the pressures found depend
only on the extent of compression, and not on the rate of compression.
Finally, we present in ﬁgure 6.7 values of the dilatational modulus (E∗ )
as a function of frequency for the same four temperatures. The moduli
turn out to be low, in the range 2-7 mN/m; the lowest modulus is found for
the highest temperature. The frequency dependence is nearly absent for
36o C whereas there is a modest and increasing frequency dependence for
the other three temperatures. It indicates existence of very soft layers at
the interface that tend to get even softer as the temperature increases[30].
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Figure 6.6: Surface pressure response to a step compression in the interfacial
area. (a) The applied deformation (strain) at 24o C. (b) The corresponding
response of surface pressure (stress) is the diﬀerence between the instantaneous
pressure and the pressure due to spontaneous adsorption.(c)Comparison of the
surface pressure response to a step change in the interfacial area(open circles)
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Figure 6.7: Complex dilatational viscoelastic modulus E∗ as a function of frequency for (◻) 24o C, (◯) 28o C, (△) 32o C and (▽) 36o C.

We can also roughly calculate the moduli from ﬁgure 6.5 by considering
the IFT response at small area compressions. The moduli calculated thus
are comparable to the values obtained from dilatational rheology.

6.4 Discussion
The interfacial tension data clearly indicate that the (negatively charged)
PNIPAM microgel particles adsorb rapidly onto the water-decane interface. This is also found by other investigators[31]. The adsorption is as
expected faster at higher temperatures due to a higher diﬀusion coeﬃcient
which, in turn, comes from a combined eﬀect of the decrease in viscosity
and the de-swelling of particles[29]. Moreover, once adsorbed, they stick
ﬁrmly to the interface; compression/expansion cycles show no sign of particle desorption from the interface, in contrast to the typical behaviour
of small molecules. It has been argued that this is simply related to the
much larger contact area that colloidal particles can have with the inter-
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face causing an anchoring free energy exceeding the thermal energy by
orders of magnitude. Yet, colloidal particles do not always adsorb easily.
In fact, it has been found that the adsorption of hard colloidal particles
is strongly aﬀected by the electrostatic interactions between the particles
and the air-water interface[32]. Negatively charged particles tend to experience a strong adsorption barrier of electrostatic origin towards clean
water-air and water-oil interfaces. It is therefore remarkable that the
negatively charged microgel particles adsorb fairly easily implying a low
barrier, if any. It seems likely that the polymer chains at the periphery
of the particles allow for shape ﬂuctuations by which they can establish
a ﬁrst contact with the interface without a large penalty of electrostatic
energy.
As we have shown in a previous paper[29], at room temperature for
an air-water interface (when the particles are in the swollen state in the
bulk), the particles already start to exert measurable surface pressures at
low surface loadings, where the area per particle is a multiple of its cross
section in solution. This must be largely ascribed to the fact that these
particles deform very strongly under the action of the bare interfacial
tension. The extent of deformation (increase in cross section) scales as
γ0 /ε, where ε is the elastic modulus of the particle. Using literature
values of ε determined for PNIPAM particles[33, 34], we estimate a value
of about 50 kPa, which leads to deformations on the order of 10−6 m,
which is of the same order of magnitude as the particle diameter. It is
therefore not surprising that adsorbed microgels assume cross sections 510 times larger than their unperturbed diameter. Upon ﬁlling the surface,
the particles retract thereby reducing their elastic energy and presenting a
larger polymer chain density at the interface. This shows up as a decrease
in surface tension or, equivalently as an increase in pressure.
A key result of the present study is that an increase in temperature
leads to an increase in pressure. From the data in ﬁgure 6.6 we can rule
out that particles leave the interface and from ﬁgure 6.4 we know that the
number of particles does not increase during temperature cycles. Hence,
we have to conclude that the adsorbed amount remains constant during
changes in temperature. At ﬁrst sight it is truly puzzling that an increase
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in temperature, which tends to lead to particle shrinking, can lead to an
increase in pressure.
This apparent contradiction can be clariﬁed by looking at the measurements of the zeta potential as a function of temperature, presented in the
inset in ﬁgure 6.2. Here, we see that ζ increases 2.5 times from around
-10 mV at 22o C to -26 mV at 40o C. Standard theories for the diﬀuse
double layer predict hardly any eﬀects of temperature so they cannot explain this ﬁnding, but the temperature-induced shrinking, together with
the Ohshima theory[24, 25] for microgel particles oﬀers a quantitative explanation. The negative charge most likely must be attributed to sulfate
groups originating from the persulfate initiator. These are almost entirely
deprotonated at neutral pH, so that any temperature eﬀect on the protonation must also be ruled out. We therefore must suppose a constant
number of charges per particle.
Due to the negative charge, the particles repel. The fact that these
particles are at an oil-water interface adds to this electrostatic repulsion.
Decane has a much smaller relative dielectric constant (∼ 2)[35] as compared to water (∼ 80)[36]. Thus the asymmetry in the charge dissociation
at the interface causes the particles to become dipoles, which in turn
leads to an enhancement in the range as well as the strength of electrostatic repulsion between the particles[37–40] which then contributes to a
higher surface pressure. Having said that, increase in temperature also
causes a coil to globule transition in the polymer. Hence the particle
do experience attractive forces at short range owing to the interactions
between hydrophobic polymer segments. We therefore propose that the
increase in surface pressure is the net eﬀect of a contribution from electrostatic repulsion and the formation of a network of particles due to short
range attractive interactions. Hence, it is not surprising that the eﬀect is
small. The morphology of the particle layer thus changes from a ordered
structure with particle interacting sterically via loose polymer brushes at
low temperatures to an open network consisting of clusters of particle at
higher temperatures.
This scenario of increased electrostatic interactions coupled with a network of particles at higher temperatures is consistent with the results of
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the dilatational rheology as well as the drop compression experiments. At
low T, where the interfacial layer is ordered and dense, the interaction is
mostly steric in nature, the modulus increases with frequency, because
the polymeric network needs time to adjust to changes in density. At
high temperature, the moduli are low due to a gel like network formed at
the interface.

6.5 Conclusion
PNIPAM microgel particles despite being negatively charged, adsorb
readily to an oil water interface. This is possible because of the polymeric character of the particles that allow for deformation and shape
ﬂuctuations at the interface enabling adsorption to the interface without
any electrostatic energy barrier. Once equilibrated, the surface density of
particles remains constant even if the drop is subjected to temperature
cycles. The particles are irreversibly adsorbed on to the interface and
do not leave the interface even when the interfacial area is reduced by a
large extent. The increase in temperature causes an increase in surface
pressure. This can be explained by a cross-over in the inter-particle interactions that change from predominantly steric at lower temperatures
to predominantly electrostatic at higher temperatures. The increase in
electrostatic interactions are veriﬁed by the Zeta potential measurements
which show a 2.5 fold increase as the temperature increases from 24o C to
40o C.
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Frieder Mugele. Inﬂuence of cationic composition and ph on the
formation of metal stearates at oil–water interfaces. Langmuir,
27(14):8738–8747, 2011.
[21] R. Miller and L. Liggieri. Interfacial Rheology. Progress in Colloid
and Interface Science. Taylor & Francis, 2009.
[22] A. Fernandez-Nieves, H. Wyss, J. Mattsson, and D.A. Weitz. Microgel Suspensions: Fundamentals and Applications. Wiley, 2011.
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Summary
In this thesis we study the properties of oil-water and air-water interfaces. They determine the behavior and stability of for instance foams
and emulsions. These properties can be changed by adding particles to
the interface. Often hard colloidal particles are used for that purpose.
This is called Pickering stabilization. We investigate the use of soft microgel particles based on poly-N-isopropylacrylamide (PNIPAM) and try
to understand the interactions between these particles at an air-water or
oil-water interface. These interactions also aﬀect the adsorption process
of such soft particles. PNIPAM microgel particles are sensitive to external stimuli as temperature. Hence, also the eﬀect of temperature on the
adsorption kinetics and the interfacial behaviour of these particles will be
studied. A deeper understanding of the adsorption kinetics as well as the
particle interactions and the resulting microstructure at the interface is
crucial in the intelligent design of these microgel particles for applications
like Pickering stabilisation of foams and emulsions.
We start our research in Chapter 2 with a detailed review of the existing literature regarding particles at ﬂuid interfaces. The existing understanding of the adsorption kinetics, particle interactions, interfacial
microstructure and interfacial rheology is based on stiﬀ colloidal particles. The soft and deformable nature of microgel particles adds another
level of complexity. The deformation enables them to adsorb readily on
to an interface allowing for shape ﬂuctuations which help them overcome
the electrostatic adsorption barrier faced by charged colloidal particles.
In the study of adsorption kinetics of both stiﬀ as well as soft microgel
particles, an ideal gas equation of state is often used to relate the surface
pressure and the surface concentration. However, a linear relation between pressure and loading is not valid and results in erroneous values of
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diﬀusion coeﬃcients that diﬀer by a factor of 1012 - 1013 . In case of hard
colloidal particles at interfaces, the particles posses a well deﬁned shape,
contact line at the interface and charge distribution at the surface of the
particle. This makes the estimation of electrostatic, Van der Waals and
capillary forces between hard particles at interface relatively easy. The
literature is thus replete with numerous articles covering the experimental
and theoretical estimation of interaction between hard particles at ﬂuid
interfaces. The soft, deformable and permeable nature of the PNIPAM
microgel particles make it diﬃcult to deﬁne a shape, a contact line or even
the surface of the particle. We highlight the lack of a concrete theoretical or experimental investigation into the nature of interactions between
microgel particles at the interface. The stimuli responsive nature of the
microgel particles also results in changes in the interfacial microstructure
of these particles with changes in the environmental conditions such as
temperature and pH. These microstructural changes reﬂect in the interfacial rheological measurements.
In Chapter 3, we provide an overview of the materials and the various
experimental methods used in the research. The PNIPAM microgel particles used during all the experiments have been synthesized in-house. We
provide a detailed description of the synthesis and the characterisation of
these microgel particles. We further discuss the theoretical background of
the most important experimental techniques used for our research, namely
compression isotherms of spread monolayers using the Langmuir balance
and interfacial tension measurement using the axisymmetric drop shape
analysis method. Minute details of the protocol followed during each of
the experiments have been discussed separately in respective chapters.
In Chapter 4, we aim to study the adsorption dynamics of microgel particles at an air-water interface. As pointed out in the literature review,
an ideal gas like EOS is insuﬃcient to describe the relation between the
surface pressure and surface concentration. Hence we experimentally determine such a relation (an EOS) using compression isotherms of spread
monolayers of microgel particles. The pressure-area isotherms reveal some
interesting observations. The isotherms detect measurable surface pressures at inter-particle distances that are much greater than the particle
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diameter. This suggests that the particles are strongly deformed. Using
a simple scaling argument we show that the surface pressure detected at
very low loading is a measure of the internal elasticity of the particles.
We compare our experimental ﬁndings to the scaling relation proposed by
Groot and Stoyanov. The length scale deﬀ = 1.25 nm that arises out of this
scaling relation is the eﬀective distance between the crosslinks in the microgel particle. We use this experimentally determined EOS to study the
adsorption dynamics of these microgel particles. The adsorption process
is clearly comprised of two regimes. An initial diﬀusion limited regime
which is later taken over by a barrier limited adsorption regime where the
crowding of the particles at the interface causes a barrier for the subsequent particles to adsorb on to the interface.
In Chapter 5 we have extended the experimental observations of Chapter 4 to diﬀerent temperatures in order to study the eﬀect of temperature on the adsorption dynamics. We establish separate EOS for various
temperatures. The compression isotherms show a softer response with
increasing temperature. This softness is speculated to be a result of increasing electrostatic repulsion between the particles combined with short
range attractive interactions between loose polymer segments along the
periphery of the particle. This leads to a change in the interfacial microstructure from a dense ordered monolayer at lower temperatures to a
network of particles consisting of clusters of particles at higher temperatures. The experimental EOS has been used to study the adsorption
kinetics of microgel particles. Based on the observations in the previous
chapter, a simple model that takes into account diﬀusion limited adsorption at short times and a barrier limited adsorption at long times has been
developed. Such a model described the entire process very well. The solution to such a model is ﬁtted to the experimental data using diﬀusion
coeﬃcient and adsorption rate constant as ﬁt parameters. The diﬀusion
coeﬃcient thus extracted agreed well with ones measured using DLS.
Chapter 6 deals with microgel particles adsorbed on an oil-water interface. We equilibrate the surface of drops so that the drop surface is
covered with particles. We then subject the drops to changes in temperature as well as in the surface area. Cyclic changes in the temperature
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invoke a perfectly reversible response in the interfacial tension. When the
drop is subjected to a change in the interfacial area the result is a change
in the surface pressure. Any desorption of particles caused by the decrease
in the interfacial area should reﬂect as a relaxation in the surface pressure.
However, no such relaxation is observed even if the drop was deformed by
a large extent. Moreover, the change in surface pressure is independent
of the rate of compression. These conﬁrm the fact that the particles are
irreversibly adsorbed on the oil-water interface. The electrophoretic measurements suggest a 2.5 fold increase in the eﬀective surface potential over
the range of temperatures studied. The asymmetric charge distribution
at the oil-water interface causes the particles to interact via long range
dipole-dipole interactions. In addition to this the particles also experience
a short range attraction owing to the hydrophobic interactions between
the loose polymer segments along the periphery of the particles. The net
eﬀect is that the interfacial microstructure goes from a dense, ordered
structures at lower temperatures to a more open network of particles at
higher temperatures. This change can be observed indirectly through the
interfacial dilatational rheology measurements. At low temperatures the
dense network results in a higher modulus whereas at higher temperatures
the dilatational elasticity is reduced. These insights will prove crucial if
PNIPAM based microgel particles are to be used as Pickering stabilisers
for foams and emulsions. Their stimuli responsive nature provides us with
a handle to control the particle interactions, their interfacial microstructure and interfacial rheology and consequently on the stability of foams
and emulsions prepared using such particles as stabilisers. Suitable modiﬁcations in the chemistry of these particles can enable us to manufacture
particles that are tailor made for very speciﬁc applications.
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In dit proefschrift bestuderen we de eigenschappen van olie-water en luchtwater grensvlakken. Deze eigenschappen bepalen het gedrag en de stabileit van schuimen en emulsies. Men kan ze beinvloeden door deeltjes
aan het grensvlak toe te voegen. Vaak worden hiervoor harde colloı̈dale deeltjes gebruikt; men spreekt dan van Pickering stabilisatie. In
deze studie beschouwen we zachte microgel deeltjes op basis van polyN-isopropylacrylamide (PNIPAM). Belangrijke vragen hierbij zijn: hoe
adsorberen deze deeltjes aan het grensvlak en wat is de wisselwerking
tussen deze deeltjes in het grensvlak. Omdat de deeltjes bij omgevingstemperaturen beneden de karakteristieke overgangs temperatuur (TT)
sterk gezwollen zijn en boven deze temperatuur juist sterk gekrompen,
is het van belang de temperatuurafhankelijkheid van deze processen te
bestuderen. Met deze kennis kan men vervolgens de eigenschappen van
stabilisatoren verder verbeteren en toespitsen op de speciﬁeke eisen die
men aan het product stelt, waarin ze toegepast worden.
We beginnen onze studie in Hoofdstuk 2 met een uitgebreid overzicht
van de reeds beschikbare literatuur op dit gebied. De beschrijving van de
deeltjes wisselwerking, de adsorptie kinetiek en de daaruit voortvloeiende
grensvlak structuur en reologie is meestal gebaseerd op het gedrag van
harde deeltjes. Voor zachte, vervormbare deeltjes verandert deze beschrijving enigszins: door hun vervormbaarheid kunnen ze makkelijker de
barrière opgeworpen door de elektrisch lading op de deeltjes, overwinnen. Daardoor adsorberen ze makkelijker aan het grensvlak dan harde
colloı̈dale deeltjes. De adsorptie kinetiek hangt mede af van de toestandsvergelijking (de relatie tussen grensvlakspanning en grensvlakbezetting) van de deeltjes in het grensvlak. Meestal wordt zowel voor
harde als voor vervormbare deeltjes de ideale gaswet verondersteld. Deze
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lineaire relatie is echter onjuist en leidt bij voorbeeld tot waarden van de
diﬀusie constante die twaalf tot dertien ordes van grootte mis zijn. In
geval van harde colloı̈dale deeltjes met een goedgedeﬁnieerde vorm is de
contactlijn van het grensvlak met het deeltje en de elektrische lading van
het deeltje goed gedeﬁnieerd. Daardoor zijn de elektrostatische, de van
der Waals en de capillaire krachten goed te schatten. Hierover is dan ook
een schat aan informatie te vinden in de literatuur. Het zachte, vervormbare en doordringbare karakter van de PNIPAM microgel deeltjes maakt
het moeilijk om de vorm, het oppervlak en de contactlijn te precies vast te
stellen. Er zijn dan ook weinig theoretische of experimentele artikelen te
vinden die de wisselwerking tussen de microgel deeltjes in het grensvlak
adequaat beschrijven. De temperatuur (en pH) afhankelijkheid van deze
deeltjes heeft ook zijn invloed op de microstructuur in het grensvlak, zoals
zichtbaar wordt in de oppervlakte reologie van het grensvlak.
In Hoofdstuk 3 wordt een overzicht gegeven van de in dit proefschrift
gebruikte technieken en materialen. In dit hoofdstuk beschrijven we ook
de synthese van de gebruikte microgel deeltjes en hoe we deze deeltjes
gekarakteriseerd hebben in termen van afmeting en oppervlaktepotentiaal. Verder wordt de Langmuir balans en de ”pendant drop” methode in
detail besproken. De gevolgde protocollen worden in de desbetreﬀende
hoofdstukken nader uitgewerkt.
In Hoofdstuk 4 bestuderen we het adsorptie proces van microgel deeltjes
aan een lucht-water grensvlak. Zoals al eerder aangegeven beschrijft de
ideale gas toestands-vergelijking de grensvlakspanning versus grensvlakbezetting relatie onjuist. Daarom bepalen we deze relatie experimenteel
door met een Langmuir balans de compressie isothermen op te nemen
van monolagen van deze microgel deeltjes. Deze compressie isothermen
vertonen een interessant gedrag. De grensvlakspanning is al voelbaar als
de afstand tussen de deeltjes nog veel groter is dan de deeltjes diameter.
Dit geeft aan dat de deeltjes de neiging hebben om zich in het grensvlak
te spreiden waarbij ze sterk moeten vervormen om dat mogelijk te maken.
Met simpele schalings relaties kunnen we laten zien dat de grensvlakspanning bij lage oppervlakteconcentratie wordt bepaald door de elasticiteit
van de microgel deeltjes. Door onze resultaten te vergelijken met theo-
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retisch werk van de Groot en Stoyanov krijgen we een indruk van de eﬀectieve afstand tussen de ”cross-link” posities binnen een microgel deeltje:
deﬀ = 1.25 nm. Vervolgens gebruiken we de experimenteel gevonden toestandsvergelijking om de grensvlakspanning, gemeten als functie van de
tijd, te vertalen naar een oppervlaktebezetting versus tijd relatie. Het onderliggende adsorptieproces laat duidelijk twee regimes zien. Aanvankelijk is het proces diﬀusiegelimiteerd maar als de bezettingsgraad in het
grensvlak toeneemt, levert dit een barrière op voor verdere adsorptie en
bepaalt deze de adsorptie snelheid.
In Hoofdstuk 5 trekken we de lijn van Hoofdstuk 4 verder door en
bestuderen we in detail de temperatuurafhankelijkheid van het adsorptie proces. Daartoe bepalen we eerst de temperatuurafhankelijkheid van
de toestandsvergelijking. De compressie isothermen vertonen met toenemende temperatuur een ”zachtere” respons, dat wil zeggen de drukvariatie met varierende oppervlaktebezetting neemt af als de temperatuur
toeneemt. Aangezien de deeltjes met toenemende temperatuur steeds
meer krimpen, vermoeden we dat dit gedrag veroorzaakt wordt door
een toenemende elektrische ladingsdichtheid op de deeltjes waardoor deze
elkaar over relatief lange afstand afstoten. Ook kan er een korte dracht
aantrekkingskracht tussen de polymeeruiteinden van de microgel deeltjes
aanwezig zijn omdat water bij deze temperaturen een slecht oplosmiddel is. Hierdoor lijkt de microstructuur in het grensvlak te verschuiven
van een geordende monolaag bij lage temperaturen beneden de TT naar
een tweedimensionaal netwerk van aggregerende deeltjes bij temperaturen boven de TT. Ook de temperatuurafhankelijkheid van de adsorptie
kinetiek is nader bestudeerd. Uitgaande van de waarnemingen in vorig
hoofdstuk hebben we een eenvoudig model geformuleerd waarmee zowel
de invloed van de diﬀussie in de sublaag als van de adsorptie barriëre theoretisch kan worden bestudeerd. De model berekingen zijn geﬁt aan de
gemeten adsorptie karakteristieken. Hierbij zijn de diﬀusieconstante en
de adsorptiesnelheids constante gebruikt als ﬁtparameter. De gevonden
waarden voor de diﬀusieconstante blijken goed overeen te komen met de
waarden gemeten met dynamische lichtverstrooing.
Hoofdstuk 6 gaat over het gedrag van microgel deeltjes die aan het
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grensvlak van een oliedruppel in een waterbad adsorberen. Hierbij laten
we het grensvlak eerst tot evenwicht komen met de waterfase die een
hoge concentratie microgel deeltjes bevat. Daarbij wordt het grensvlak
volledig bezet met deeltjes. Zodra dit evenwicht zich heeft ingesteld onderwerpen we de druppel aan temperatuur en oppervlakte veranderingen.
Het cyclisch variëren van de temperatuur leidt tot een volledig reversibele
respons van de grensvlakspanning. Ook het variëren van de grootte van
het oppervlak leidt tot een nagenoeg instantane verandering van de oppervlaktedruk. Als ten gevolge van deze oppervlakte variatie deeltjes zouden
ad- dan wel desorberen, zou de oppervlakte druk relaxeren naar zijn oorspronkelijke waarde. Deze relaxatie wordt niet waargenomen ook niet als
het druppeloppervlak aanzienlijk vergroot wordt. Bovendien is de drukvariatie onafhankelijk van de compressiesnelheid. Daaruit concluderen
we dat de deeltjes inderdaad irreversibel in het olie-water grensvlak zijn
geadsorbeerd. Elektroforese metingen suggereren dat de ladingsdichtheid
en de corresponderende elektrische potentiaal sterk temperatuurafhankelijk zijn: de potentiaal varieert met een factor 2.5 over het beschouwde
temperatuur bereik. Omdat in het grensvlak de ladingsverdeling niet symmetrisch is, ontstaat er een dipool-dipool wisselwerking in het grensvlak
welke ook sterk temperatuur afhankelijk is. Dit is in overeenstemming met
de in Hoofdstuk 5 geschetste verschuiving van de microstructuur van een
compacte ordening bij temperaturen beneden de TT naar een meer open
netwerkstructuur bij temperaturen boven de TT. Deze veranderingen zien
we indirect terug in de opervlakte reologie van de druppel. De compacte
ordening bij lage temperaturen heeft een hoge elasticiteitsmodulus tot
gevolg. Bij hoge temperatuur blijkt deze dilatatie elasticiteit veel kleiner
te zijn ten gevolge van de meer open netwerkstructuur. Op basis van deze
bevindingen kunnen in de toekomst hopelijk PNIPAM microgel deeltjes
gebruikt worden als Pickering stabilizatoren waarbij de temperatuur (en
pH) afhankeijkheid van deze deeltjes het mogelijk zullen maken de structuur van het olie-water of lucht-water grensvlak te beheersen en daarmee
ook de stabilteit van bij voorbeeld emulsies of schuimen. Door de chemie
van de microgel deeltjes aan te passen kan men de producten waarin ze
gebruikt worden, verder optimaliseren voor hun speciﬁeke toepassing.
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