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Chapter 1

Introduction
“Without interfaces, there is only bulk” (by Dirk Aarts1 ).

An interface is the boundary between two immiscible fluid phases having dissimilar
physico-chemical properties [1,2] . From a simple mathematical viewpoint, the interface
corresponds to the two dimensional surface dividing a volume into two parts with each
of them containing one of the two media [3] .
Some two phase systems can be solely described by the physical properties of the interface [3] . A soap film can, for example, be considered as a pure two-dimensional object. The
mathematical description of the interface is sufficient to explain why bubbles minimise
their surface area [3] , but in practice the complete physics of the foam cannot be captured
with such a minimal model. In reality soap films age and eventually break [3] . The underlying mechanisms are related to the molecular dynamics occurring within the soap
film and this description becomes important in understanding the dynamic properties of
the film. Thermal fluctuations influence dynamic processes that occur on the molecular
length-scale [4–6] . Throughout my thesis, I will focus on interfaces in liquid-liquid systems,
in which the interface is the diffuse layer of molecules where the thermodynamic properties vary abruptly from their bulk values in one phase to those in the other phase [1,6] . From
this perspective, the interface corresponds to a soft object in which dynamic processes
occur [4] . Surface active molecules (surfactants) increase the complexity of the dynamics
1

Talk at the “Symposium: Frontiers of Soft Matter Research”, Institute of Science and Technology Austria,
2014.
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of the interface by coupling to these dynamic processes [2,7] . This interconnection affects
not only the properties of the interface but also influences macroscopic properties [7,8] .
For convenience, I have started with the discussion on foams and soap films, but interfaces
are ubiquitous in nature and technological systems. The analogues of soap films in water
are vesicles or liposomes. These lipid membranes are essential for living systems, in
which the function of the membrane is to separate (up to a certain extent) the inner part
from the outer part of the cell [9,10] . Additionally, interfaces are prevalent in all types of
dispersions such as aerosols and emulsions [1,2] .
Emulsions are omnipresent in man-made systems throughout industrial applications.
They are widely used in paint materials, paper coatings as well as in the cosmetic
and the food industry [1,4,5] . Monodisperse aqueous droplets of emulsions become evermore attractive for use as separate microreactors in biotechnological, pharmaceutical
and medical applications [4,5,7,11–15] . These droplets can be produced and precisely controlled using droplet-based microfluidics [5,7,11,16–19] . Using microfluidics, a detection of
molecules with high-sensitivity and high-throughput is feasible while using only small
volumes in the range of picolitres [11,17–20] . Biological material can be encapsulated in
the aqueous emulsion droplets to obtain information on the single cell or single enzyme
level [5,11–15] . Likewise, it is possible to find rare mutations to perform directed evolution
experiments [14,17,20] . The utilization of emulsion droplets can enhance chemical synthesis [21] and open new ways for complex particle synthesis [22,23] .
All these applications require constant experimental conditions, which means that the
metastable aqueous emulsion droplets need to be kinetically stabilised against coalescence while the transport of molecules through the interface needs to be suppressed as
well [7,24,25] . Stabilisation against coalescence can be obtained using surfactants. These
molecules adsorb to interfaces and stabilise the emulsions. This stabilisation is due to
a reduction of interfacial tension, steric repulsion between surfactant molecules and the
coupling of surfactants to hydrodynamic flows (Marangoni effect) [7,26,27] . However, the
stabilisation against transport is more ambitious than that of coalescence as surfactants
can increase the solubility of solutes inside the oil phase [28] . Surfactants are also involved in other transport processes such as the diffusive transport leading to Ostwald
ripening, which is a major effect controlling the ageing of emulsions [29] . In general, all

2
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processes which influence the lifetime of emulsions, such as coalescence, exchange and
loss of molecules are affected by surfactants [4,5,7,18,19,28] . The dynamics of surfactants
at interfaces influence not only the stabilisation and the exchange across the interface,
but surfactants also interact with the dispersed and the continuous phase. The coupling between the adsorbed surfactant and the continuous phase can for example induce
self-propulsion of droplets via e. g. the Marangoni effect. Droplet emulsions out of
equilibrium could become a model system in the steadily growing field of active systems
to understand the phenomena of self-organisation [30,31] , the swarming behaviour of biological systems and the collective behaviour of micro-organisms [31] . The use of minimal
systems paves the way to understand and mimic primitive cells which sense and react to
their environment [32] .
As surfactants influence all these out-of-equilibrium processes, the dynamics of surfactant adsorption are of great importance in understanding how these molecules affect
macroscopic properties of emulsions [7,8] . The adsorption kinetics are controlled by two
limiting cases, either being restricted by the diffusion of molecules towards the interface
or by the adsorption process itself [33–41] . The dynamics of surfactant adsorption at small
length scales, such as in emulsions, are mainly adsorption limited and differ from those
at larger scales [41] . The presence of adsorption and desorption barriers, though, is far
from understood as their experimental determination is challenging due to the fact that
the kinetics of adsorption often differ only slightly from the diffusion limited regime [40] .
Droplet-based microfluidics provides means to quantitatively explore the dynamics of
adsorption at small scales [33] .

1.1

Aims of this work

In my thesis, I study the dynamics of surfactants at interfaces. I am using droplet-based
microfluidics to perform a complete analysis of the adsorption kinetics of a surfactant.
In microfluidics, perfluoropolyether (PFPE) with hydrophilic headgroups (e. g. carbohydrate, crown ether, polyethylene glycol (PEG) etc.) are often used as surfactants in
combination with a fluorous solvent [7,42] . To determine the absorption kinetics, I use the
carboxylic acid of a perfluoroether (Krytox) and monitor the transfer of protons across the
interface using the pH change of the aqueous droplets produced on chip. I combine these
3
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measurements with coalescence experiments to obtain the timescale and the coverage required for interfacial stabilisation. I unite these information to obtain a combined model
of the adsorption kinetics of surfactants and the transport of molecules across interfaces.
For biotechnological applications, pH changes due to surfactant adsorption could be
detrimental to biochemical processes occurring in the droplet. Therefore, non-ionic surfactants are most promising for the use in droplet-based microfluidics, e. g. tri-block
copolymers (e. g. PFPE-PEG-PFPE) [7] . These surfactants are often synthesised from
the aminoterminated PEG and the PFPE carboxylic acid. The purity of the synthesised
product is of great importance as small impurities of the acid lead to the exchange of
solutes from the aqueous phase towards the continuous phase [28] and a change of pH
of the emulsion droplets as observed in the adsorption studies in this work. Therefore,
I improve the surfactant synthesis to circumvent these issues, while characterising the
purity of the synthesised products using bulk methods, such as infrared spectroscopy,
partitioning experiments and nuclear magnetic resonance spectroscopy.
To obtain information on the interactions between the surfactants at the droplet interface and the continuous phase, I analyse the surfactant properties in a minimal system
showing self-propulsion.
In the following chapter (2), I explain the properties of emulsions and surfactants. I illustrate the adsorption behaviour of surfactants to interfaces including interfacial tension
methods for the determination of the surfactant coverage, the critical micellar concentration and the adsorption kinetics. Afterwards, I introduce microfluidics as a tool for
droplet manipulation. In Chapter 3, I describe the experimental methods and techniques,
which I use to obtain the kinetics of surfactant adsorption to interfaces, the transfer of
molecules across interfaces, information on the stabilisation of interfaces and criteria for
the surfactant synthesis. I analyse the results in Chapter 4. In Chapter 5, I describe the
follow-up experiments dealing with alternative adsorption measurements, the role of adsorption in self-propulsion and the stabilisation of emulsion droplets to perform particle
synthesis and ice nucleation experiments in droplets. I discuss and conclude in Chapter 6
and 7, respectively. Through these studies, I aim at obtaining a consistent picture of the
surfactant dynamics at droplet interfaces.
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Thanks to the financial support from the IMPRS-PBCS program from the GGNB doctoral school
and from the ERC (FP7/2007-2013 /ERC Grant agreement 306385–SofI), I had the chance and
freedom to initiate collaborations on particle synthesis and ice nucleation in emulsion droplets,
additionally to the work within the groups of Jean-Christophe Baret.
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Chapter 2

Theoretical Background
Parts of this chapter are published in P. Gruner, B. Riechers et al. [8] and B. Riechers et al. [43]
(in preparation 2015).

2.1

Emulsions

An emulsion is a liquid phase dispersed into a second liquid phase confined by interfaces in a metastable state [4,24] . An emulsion is obtained upon shearing, spraying or
stirring of two immiscible liquids [4,11] . Direct emulsions are made of oil droplets in an
aqueous phase (oil in water, O/W) while for inverse emulsions, the two phases are interchanged (water in oil, W/O). Additionally, double or multiple emulsions consist of small
droplets of the continuous phase (or a third phase) dispersed in the emulsion droplets [4]
(Fig. 2.1). The interfaces of emulsions can be stabilised using surface active agents (surfactants, Sec. 2.2) which are either small molecules, macromolecules (such as proteins [44]
or polymer [45] ) or even particles [2,7,46,47] . In the special case of solid particles stabilising
emulsions (e. g. colloidal silica [48] ), the term Pickering emulsions is used [47] .
Emulsions are metastable dispersions of one (or more) immiscible phase into another [24] .
The immiscibility of these phases is due to the differences of the intermolecular interactions between molecules from the same phase and the second phase [2,8,49,50] . This
difference results in an enthalpy of mixing counteracting the entropy of mixing and leads
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Emulsion

Double Emulsion

Multiple Emulsion

Figure 2.1: Different types of monodisperse emulsions: simple, double and multiple emulsion. The different colours
represent the different phases.

to phase separation at below a critical temperature. The presence of an interface between
the two phases requires an interfacial free energy Gint to create this interface with the area
σ at constant temperature T, pressure P and number of particles n. The physico-chemical
description of the two phases is then characterised macroscopically by the interfacial
tension γ = ∂Gint /∂σ |T,P,n [2,24] . If two emulsion droplets with the same size coalesce, the
free energy of the coalesced droplet is about 20% (1 − 2−1/3 , Fig. 2.2) smaller than that of
the two initial droplets due to the change in surface to volume ratio. Thus, emulsions age
with time towards the state of minimal energy where the two phases are separated by a
minimal surface (in the absence of gravity a large droplet). Several ageing processes coexist such as coalescence (merging of two droplets) [4,5,7,28] , Ostwald ripening [4,5,7,29] , phase
partitioning [7] , flocculation [4] , gravitational separation [24] and exchange of molecules between neighbouring droplets due to bilayer formation between them [51] .
Ostwald ripening is an equilibration process occurring because of the differences in
Laplace pressures in different droplets. The pressure equilibrates because of the finite solubility of the dispersed phase inside the continuous phase [5,7] . Therefore, large droplets
(low pressure) grow at the expanse of smaller droplets (high pressure). This mechanism
leads to a polydispersity of the emulsion [7,52] . This coarsening can be reduced upon the
addition of compounds, which are completely insoluble inside the continuous phase such
as salts [53] . The osmotic pressure due to the salt will counterbalance the Laplace pressure
effect.
The mechanism of Ostwald ripening can be generalised to the equilibration of the chemical potential of all species. The equilibration is mediated by phase partitioning between
both phases. The partitioning coefficient is the ratio of the equilibrium solubility of the

8
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∆Gint / γR0


with surfactants

R0
without surfactants
∆Gint,0
γR0

∆Gint,1
γR0

=

R1

2−1/3 ∆Gint,0
γR0

Reactioncoordinate
Figure 2.2: If two droplets with the same radius R0 coalesce, they form a droplet with radius R1 = 21/3 R0 due to volume
conservation. This leads to a change in interfacial free energy from ∆Gint,0 = 2γ∆σ0 to ∆Gint,1 = γ∆σ1 with σ = 4πR2 . Thus
the interfacial free energy decreases from ∆Gint,0 to ∆Gint,1 = 2−1/3 ∆Gint,0 (flash with continuous line). Surfactants at the
interface create an energy barrier (dashed flash, Section 2.2).

solute in the continuous phase and in the dispersed phase, K = ceq,cont /ceq,disp [54] . Phase
partitioning occurs when molecules are either soluble in both phases or are introduced
into (reverse) micelles (Sec. 2.2) [25] . The permeability of molecules P = KD/dmem through
a permeable membrane (such as the interface) depends on the partitioning coefficient K,
the diffusion coefficient D, and the thickness of the membrane dmem [54] .
The control over these ageing processes is of great relevance for the use of emulsions in
industry [7] . Produced creams and homogenised milk, for example, have to be stable over
time and should not undergo coarsening. Even more challenging is the use of droplets as
single microreactors in biotechnological applications, where partitioning, exchange and
Ostwald ripening lead to mixing of components of droplets [8,18,25,55,56] . Thus, the efficient
use of droplets as microreactors depends on the timescales of the ageing mechanisms
in comparison to the timescale of the experiment considered [28] . Stabilisation against
ageing such as coalescence, rupture, exchange and loss of molecules is therefore critical
to enhance the lifetime of the emulsion [4,5,7,19,28] . Both, the driving force decreases and
the energy barrier increases upon the use of surfactants. In some cases, surfactants even
lead to an exergonic formation of the dispersion (microemulsion) meaning the change
in the reaction Gibbs free energy is negative [24] . Thus, surfactants play a crucial role in
these ageing processes [7,8,25,29] and I will introduce their properties and interactions in the
following section.

9
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2.2

Surfactants and interfaces

As metastable systems (Fig. 2.2, Section 2.1), emulsions require kinetic stabilisation against
ageing [24] . Stabilisation of an emulsion with given droplet sizes can be achieved thermodynamically by lowering the free energy through a decrease of interfacial tension (Sec. 2.1)
or kinetically by introducing an activation barrier for the ageing process (Fig. 2.2) [2,27] . The
properties of surfactants play a crucial role on both mechanisms. The term ‘surfactant’
is a composite of the words surface-active agent meaning that the molecules act on the
surface or interface of a system [7] . Typical surfactants possess hydrophilic headgroups
and hydrophobic tails. They adsorb to interfaces through their amphiphilic character
and lower the interfacial tension [1,2] . Additionally, they delay coalescence of emulsion
droplets through steric repulsion as well as through the coupling with hydrodynamic
flows [7,27] . The hydrodynamic flows (Marangoni effect) between approaching droplets
delay the drainage time between the emulsion droplets, and thus, increase the kinetic stabilisation of the emulsion [27] (see Sec. 2.5). Finding a suitable surfactant for an emulsion
application is chemically challenging as emulsion stability depends on a large variety of
factors, such as the interactions of the hydrophilic and hydrophobic groups with each
other and their interactions with the adjacent phases [2,18] .

2.2.1

Equilibrium coverage of surfactants

A quantitative approach for the surfactant adsorption of a monolayer to interfaces or surfaces is given by the Gibbs adsorption equation (Eq. 2.1) derived by describing the Gibbs
free energy including the surface excess quantities of the system [1,2,57] . The following
approach holds for surfaces as well as for interfaces, the surfactant being only present
(soluble) in one of the phases. The Gibbs Adsorption Equation is given by
dγ = −

X

Γi dµi

(2.1)

i

with the interfacial tension γ, the interfacial excess concentration Γi , and the chemical
potential µi , of each component i. In equilibrium (eq), the chemical potential depends on
the activity ai = xi · fi , with the activity coefficient fi , and the mole fraction xi :
dµi = RTd ln ai
10
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with R as the ideal gas constant and T as the absolute temperature. In the case of
the adsorption of surfactants to the interface, only two species are present, namely the
surfactant and the solvent(s) [1,2,57] . The Gibbs convention states, that the major component
(the solvent(s)) has an interfacial excess concentration of zero. Thus, only the excess
concentration of the surfactant (subscript s) Γeq differs from zero [1,2,57] leading to
−

dγeq
RT

= Γeq d ln aeq,s .

(2.3)

In dilute solutions and for non-ionic surfactants, its activity equals the concentration of
the surfactant in solution C, resulting in [1,2,40,57]
Γeq = −

dγeq
1
·
.
RT d ln C

(2.4)

For surface active species, the interfacial excess concentration equals the interfacial coverage without significant error [2,57,58] . Therefore, the equilibrium interfacial coverage is
obtained from equilibrium interfacial tension measurements of a set of concentrations of
surfactant solutions (Fig. 2.3). Equation 2.4 only holds for dilute surfactant concentrations
where the interactions between the surfactant molecules are ideal and thus the activity
coefficient is close to unity. Above a critical concentration (called the critical micellar
concentration, CMC, Sec. 2.2.2), the linear relation between the equilibrium interfacial
tension with ln C deviates (Fig. 2.3 (a)) due to the fact that the surfactant monomers
(non-aggregated surfactant molecules) cluster to micelles [1,2] (Sec. 2.2.2).
The maximum interfacial coverage is obtained from the slope −RTΓ∞ of the change of
equilibrium interfacial tension with ln C (see Sec. 2.4.2, Eq. 2.22). The change of the
interfacial tension with the concentration of surfactant (Eq. 2.4) is also influenced by the
size and chemical structure of both the headgroup and the tail of the surfactant and
their interactions with the adjacent phases. The interactions between the headgroups are
of great relevance as well [2] as charged headgroups for example do not form a dense
packing on a pure water interface due to electrostatic repulsion between the headgropus.
The charges can be screened by adding counter ions of the opposite charge to the aqueous
phase leading to a denser packing of the surfactant molecules at the interface, and thus,
a lower interfacial tension [4] .
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Γ∞
CMC
Γeq

−RTΓ∞
γCMC
eq
CMC

CMC

ln C

ln C

Figure 2.3: (a) Equilibrium interfacial tension and (b) equilibrium coverage versus concentration of surfactant for the
determination of the CMC (modified from Barnes et al. [1] ). At low surfactant concentrations only monomers exist,
whereas micelles (Fig. 2.4) coexist with monomers at concentrations above the CMC. The maximum interfacial coverage
Γ∞ is obtained from the slope in (a) (Sec. 2.4.2, Eq. 2.22) and it is higher than the equilibrium interfacial coverage at the
CMC is ΓCMC
(b).
eq

2.2.2

Critical micellar concentration

In the last section, I have described the surfactant adsorption of a monolayer to an interface considering the presence of surfactant monomers in solution. In this section, I
will describe the formation of surfactant clusters due to their amphiphilic nature. When
the concentration of surfactant is increased to above the CMC, they form clusters to
minimise their free energy [2,57,59] . These structures are called micelles and greatly influence the properties of the surfactant solution such as the capacity to solubilise waterinsoluble compounds in an aqueous surfactant solution or water-soluble molecules for
non-aqueous solutions [2] . Surfactants in an aqueous solvent can form spherical micelles
with small aggregation numbers (<100 surfactant molecules form a micelle) [2] , large
micelles with different shapes (elongated, disk-like) or vesicles which consist of bilayers of surfactant. In all these structures, the hydrophobic tails cluster together and the
hydrophylic headgroups point towards the aqueous phase (Fig. 2.4). In non-aqueous
media, the organisation is inverted, thus forming reverse or inverse micelles and vesicles
(Fig. 2.5) [2,62–64] . Micelles always coexist with monomers above the CMC, whereas its
value depends on the solvent and surfactant mixture [2,60] . However, not all surfactants
show a CMC in aqueous solutions, e. g. bile salts [60] . Whether the existence of aggregates
in solution is energetically more favourable than the existence of monomers, depends
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(a)

Vesicular
structure

(b)

oil/fluorous
core

water

aqueous
core

Micellar
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∼100 nm

Figure 2.4: Clusters of surfactants in aqueous media and their sizes [60] (figure adjusted from P. Gruner, B. Riechers et
al. [61] ).
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Vesicular
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(b)

aqueous
core

oil/fluorous
core

oil

Inverse
Micellar
structure
∼5 nm

∼100 nm

Figure 2.5: Clusters of surfactants in non-aqueous media and their sizes for fluorous media (micelles [65] , vesicles [28,61] ,
figure adjusted from P. Gruner, B. Riechers et al. [61] ).

on the interactions between the surfactant and the solvent [2,62,63] . The different interactions in non-aqueous media lead to mostly smaller aggregation numbers (around 10
to 30) [62,63,66] than the comparable micelles (<100) [2] as they posses weaker interactions.
Mostly, non-aqueous solutions show only dipole-dipole interactions, whereas stronger
interactions due to hydrogen bonds exist in aqueous media [63] . In non-aqueous systems,
the aggregation numbers often gradually increase upon addition of further surfactant
or of water leading to larger clusters without a sharp and sudden change in the cluster
size [2,62] . Thus, for many non-aqueous solvents, a CMC does not exist [2,62] .
For the determination of the CMC, many different methods are described in literature.
Firstly, the CMC can be determined indirectly using interfacial tension measurements at
different total concentrations (of the surfactant monomers). Upon increasing the surfac-
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tant concentration in solution, the equilibrium interfacial tension (usually) decreases [2] .
For concentrations above the CMC, the interfacial tension does not decrease further
(Fig. 2.3 (a)) and the monomer concentration stays virtually constant [1,2,60] . Secondly,
micelles in solution can be measured directly upon changing the concentration of the
surfactant, e. g. using light scattering (size of clusters) or nuclear magnetic resonance
spectroscopy (NMR, diffusion measurements) [60] .

2.3

Measurement of interfacial tension

The interfacial tension of an interface between two bulk fluids covered with a surfactant
can be measured using different methods. The first precise method was introduced by
Du Nouy [60,67] which then led to the ring tensiometer [68] (Fig. 2.6(a)). It is based on the
measurement of a force to detach a ring from the liquid-air interface. This force is due
to the interfacial tension of the liquid and the weight of the ring itself. Subtracting the
effect of the weight, the interfacial tension is given by γ = Fint /(2 l) with the force Fint
arising solely from the interfacial tension acting on the entire circumference of the ring,
l [68] (more accurately, 2 l being the sum of the inner and outer circumference of the ring [6] ).
Later, it was shown that a correction factor for the calculation of the interfacial tension
is needed to account for the thickness of the wire. Experimental inaccuracy can arise
due to i. e. the ring hanging not horizontally, a too small interfacial area and imperfect
illumination [6,69,70] .
Another very common technique measuring the force exhibited by the interfacial tension,
is the Wilhelmy-plate method [1,6,71] . Here, the plate is positioned at the interface and the
interface exhibits a force onto the plate (Fig. 2.6(b)). It is assumed, that one of the two
phases completely wets the plate (contact angle, θ = 0, Fig. 2.6(b)). The contact angle
in equilibrium is related to the interfacial and surface tensions of the phase boundaries
intersecting at the three phase contact line. For a wetting surface this contact angle is 0◦ ,
for a completely non-wetting surface 180◦ [1,6] . The force due to the interfacial tension, Fint
of the plate downwards is again given by Fint = γ 2 l, with 2 l as the circumference [1,6] .
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Fmes

Fmes
Fint

Fint
θ

θ

(a)

l
(b)

Figure 2.6: Setups to measure the interfacial tension using the force exerted onto a ring (a) or a plate (b) with the contact
angle θ, the measured force Fmes (gravitational force is subtracted) which counteracts the force Fint exhibited by the
interfacial tension. (a) Sketch of the ring tensiometer. A ring with a circumference of 2 l is dipped into a solution (adjusted
from Du Nouy [68] ). (b) Sketch of the Wilhelmy plate dipped into a solution with the length of the plate l (adjusted from
Butt et al. [6] ).

In early experiments, the interfacial tension of drops was obtained using the size of falling
drops from the tip of a fine capillary tube [72–74] . In these experiments, the interfacial
tension counteracts the gravitational force until the growing drop detaches. A scaling
law relates the size of the falling drop to the radius of the tip Rtip leading to the bond
number (Chapter 3 in [75] and [71] )
Bo = g∆ρR2tip /γ ,

(2.5)

where g is the acceleration of gravity and ∆ρ = ρi − ρo the density mismatch between
the inner fluid i and the outer fluid o. For known densities ρi and ρo , and given the
acceleration of gravity g, one can compute the magnitude of interfacial tension from the
Bond number. During a falling drop experiment, the interfacial area is changing and
convection takes place at the interface. These two effects are both disadvantageous for
the measurement of dynamic interfacial tensions.
To overcome this, the sessile bubble or pendant drop method (Chapter 3, 12 in [75]
and [6,71,76] ) was developed to measure the interfacial tension of a static fluid-fluid interface
from a balance of interfacial and gravitational forces. In both techniques, the contour of
the hanging drop or the sessile bubble (or drop) is detected (Fig. 2.7) and fitted by the
Young-Laplace equation (Eq. 2.6). The free fit parameter is the bond number (Eq. 2.5).
The Young-Laplace equation relates the mean curvature and the tension γ of an interface
between two fluid phases to the pressure difference ∆P = Pi − Po of the two adjacent
phases (Chapter 3 in Miller et al. [75] ). In mechanical equilibrium, the pressure difference
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Figure 2.7: The pendant drop method with all important parameters to obtain the interfacial tension using the YoungLaplace Equation (adjusted from Barnes et al. [1] and Miller et al. Chapter 3, 12 [75] ).

∆P is related to the two principal radii of curvature, c⊥ and ck , through the law of Young
and Laplace:


∆P = γ c⊥ + ck

(2.6)

with the two radii r⊥ = 1/c⊥ and rk = 1/ck (Fig. 2.7).
In the absence of gravity or if the densities of the two bulk fluids are identical, the
pressure difference ∆P does not depend on the position on the interface. Provided that
the interfacial tension is the same in all points of the interface, the interface of the pendant
drop must be a surface of constant mean curvature1 .
The derivation of the Young-Laplace law (Eq. 2.6) and the equations governing the shape
of a pendant drop is given in Chapter 3 and 12 of Miller et al. [75] . It is derived considering
all force components acting on a thin slice of the droplet, which is cut out by two parallel
planes perpendicular to the symmetry axis (Fig. 2.7(b)) and at z and at z + δz over the
reference plane. Due to the cylindrical symmetry of the pendant drop with respect
1
Besides the catenoid and the plane, the surface of a sphere is the only non-periodic cylindrically symmetric
surface of constant mean curvature.
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to the direction of gravity, only the z-components of the forces need to be considered
(forces projected onto the z-axis). Thus, this method is only applicable for cylindrically
symmetric droplets. For later convenience, the droplet shape is described by the local
angle φ(s) between the local tangent and the reference plane, the distance r(s) to the zaxis, or the coordinate z(s) as a function of the arclength s measured along the interfacial
contour. The tip of the droplet s = 0 corresponds to φ = 0, r = 0 and z = 0. As a note, these
three functions are not independent from each other, thus, only one of them is sufficient
to describe the profile.
In mechanical equilibrium (Chapter 3, 12 in [75] and [1] ), the interfacial force δFγ , the
gravity δF g , and the pressure contributions δFp to the thin slice balance each other. From
geometrical considerations, dz/ds = sinφ and dr/ds = cosφ (Fig. 2.7(b’)). Thus, the
interfacial tension γ exerts a force
− 2πγ(r sin φ) z=z
0
!
dφ
= 2πγ sin φ cos φ + r
cos φ
δs + O(δs2 )
ds
z=z0

δFγ = 2πγ(r sin φ) z=z

0 +δz

(2.7)

on the slice, while the pressure Pi in the droplet phase amounts to a total force of




δFPi = −π Pi r2 z=z +δz + π Pi r2 z=z
0
0


2 dPi
= −π 2 r Pi cos φ + r
sin φ
δs + O(δs2 ) .
dz
z=z0

(2.8)

The force acting on the fluid-fluid interface due to the pressure of the ambient phase Po is
given by
δFPo = 2π r Po cos φ δs + O(δs2 ) .

(2.9)

The gravitational force on the thin slice simply reads
δF g = −πρi g r2 sin φ δs + O(δs2 ) .

(2.10)

Because of the hydrostatic contribution to the pressure in the bulk fluids, the pressure
dPi /dz = −ρi g depends on the density of the liquid ρi , which leads to the condition
δFγ + δFPo + δFPi + δF g =
!
sin φ
dφ
+γ
− ∆P = 0 ,
2π r cos φ γ
ds
r

(2.11)

for the sum of forces in mechanical equilibrium. Since r cos φ , 0 for a generic point on
the droplet contour in equilibrium, it can be concluded that
!
dφ sin φ
γ
+
= ∆P
ds
r
17

(2.12)

CHAPTER 2. THEORETICAL BACKGROUND
holds in every point of the droplet contour between the apex z = 0 and the tip of the pipette.
From the sketch in Fig. 2.7, the meridional curvature is given by c⊥ = 1/r⊥ = dφ/ds and
the normal curvature into the direction of a parallel is ck = 1/rk = sin φ/r (Fig. 2.7).
Condition (2.12) is the Young-Laplace law (2.6) for cylindrically symmetric surfaces.
The pressure difference ∆P depends on the height z above the reference plain at z = 0
passing through the apex of the droplet:
∆P = ∆P0 − g ∆ρ z .

(2.13)

The Laplace pressure ∆P0 at the apex z = 0 (Chapter 12 in [75] ) is related to the curvature
1/b = ck = c⊥ of the contour at the apex through
∆P0 =

2γ
.
b

(2.14)

Employing the radius of the pipette Rtip as a length scale, γ/Rtip as a pressure scale, and
respecting Equations (2.13), (2.14), and the definition (2.5), the Young-Laplace law (2.12)
in the dimensionless form can be rewritten as
dφ 2 sin φ
= −
− z̃ Bo ,
ds̃
r̃
b̃

(2.15)

where b̃ = b/Rtip denotes the dimensionless radius at the apex, z̃ = z/Rtip and r̃ = r/Rtip
the dimensionless cylindrical coordinates, and s̃ = s/Rtip the dimensionless arclength on
the contour. The definition of r̃, z̃, and φ lead to additional conditions
dr̃
= cos φ
ds̃

(2.16)

dz̃
= sin φ .
ds̃

(2.17)

and

With the boundary conditions, r̃(0) = z̃(0) = φ(0) = 0, and the given meridional curvature
dφ/ds̃ = 1/b̃ at the droplet apex, one can numerically solve the set of first order differential
equations (2.15-2.17, Chapter 12 in [75] ). The differences between the detected contour in
the experiment and numerically computed droplet contours according to Equations 2.152.17 as a function of the parameter b̃ and Bo are minimized. The interfacial tension γ is
obtained from the optimised Bond number and the known density mismatch ∆ρ using
Equation 2.5 [75] .
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With these methods, the interfacial tension of pure liquids or surfactant solutions can be
measured including its change upon time. From such data, the value of the CMC and
the interfacial coverage can be obtained (Sec. 2.2.1). Additionally, these data give rise to
information on the adsorption kinetics (see the following Sec. 2.4).

2.4

Modelling the kinetics of adsorption

Mechanisms of adsorption kinetics are a highly debated field of scientific research with
the first quantitative experiments at the beginning of the 20th century [77,78] . Many different experimental and theoretical studies were performed on the adsorption mechanism of
ionic and non-ionic surfactants to fluid-fluid interfaces [33–39,79] . Depending on the properties of the surfactant in relation to the two phases, mainly two limiting mechanisms of the
adsorption rate were described. Many different models try to explain adsorption kinetics
either by a diffusion-only mechanism or by a mixed diffusion-kinetic controlled adsorption with the implementation of an adsorption barrier [33–40] . The effect of adsorption and
desorption barriers in surfactant solutions is far from being understood as contradictory
data are published in the literature [40] . Adsorption barriers are difficult to identify as the
kinetics often differ only slightly from the diffusion limited regime, apart from the barrier due to electrostatic repulsion. Modelling the complete adsorption kinetics involves
many adjustable parameters [40] . Recently, there has been an approach to overcome these
difficulties by predicting interfacial tension data using experimental data as inputs [38] .
Using this method, it becomes unnecessary to measure the whole interfacial tension data
in the complete concentration range using standard techniques like the pendant drop
or the Wilhelmy plate method. The disadvantages of these two techniques are the long
equilibration times and the need for large amounts of surfactants and solvents [37,40,69,80]
(e. g. 30 mL of both adjacent phases per measurement). Depending on the concentration of surfactant, a measurement of one single dynamic interfacial tension curve at a
liquid-liquid interface takes more than a week.
The adsorption kinetics of a surfactant to the interface describe the coverage of an interface
at given surfactant concentrations from time zero to the time where the equilibrium of
the surfactant coverage with the bulk phases is reached (Fig. 2.8). The interfacial tension
at time zero is given by the interfacial tension between the pure liquids without any
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Adsorption to interface

aqueous
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Figure 2.8: The adsorption process of surfactants soluble in one of the two phases including the two limiting cases:
diffusion or kinetic.

surfactants leading to a surfactant coverage of Γt=0 = 0. The relation of the equilibrium
surfactant coverage Γeq with the interfacial tension is discussed in Section 2.2.1.
In the following section, the kinetics of surfactant adsorption from an initially empty
interface to an interface with equilibrium coverage are described. Firstly, these kinetics
depend on the timescale of the adsorption process of molecules in close proximity to
the interface. It describes how fast the layer close to the interface is depleted of surfactant molecules. Secondly, the timescale of diffusion of molecules is set by the average
time it takes for molecules to diffuse towards this depleted layer close to the interface
(Fig. 2.8) [41,81] . Thus, two possible governing mechanisms exist: the diffusion and the
kinetic limited adsorption [41,81,82] . I will now describe these two mechanisms in detail
leading to different scalings of the adsorption rate with time and important crossovers
(see Fig. 2.9).
For these considerations, the surfactant at a concentration C is only soluble in one of the
phases. The interface is created at time t = 0 with a surfactant coverage of Γt=0 = 0, before
the surfactant coverage increases with time and reaches the equilibrium coverage Γeq (C).
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Figure 2.9: Scaling laws for the interfacial coverage if the diffusion (1D: flat interface, 3D: droplet or bubble interface) or
the kinetic limited adsorption process is rate limiting.

2.4.1

Diffusion limited adsorption

The adsorption kinetics is diffusion limited when the timescale of diffusion is larger than
that of the adsorption process itself. This is directly related to the Fickian diffusion and
depends on the geometry of the interface [41,81] . The newly created (at t0 ) interface is not
covered by surfactants (Fig. 2.10(a)). At small times (at t → 0), the layer close to the
interface is depleted of surfactant molecules. Diffusion takes place (at tinter ) and leads to
an equilibration of the surfactant concentration throughout the bulk (at teq ). If the amount
of surfactant initially in the bulk is much larger than the amount at the interface, the
bulk concentration of the surfactant at equilibrium (at teq ) is equal to the one at the initial
contact of the interfaces (at t0 ). The length or depth L of the layer where all molecules
adsorb to a planar interface can be explained by considering the adsorption of molecules
in a volume element dV to an element of the interface dA [41,81] . As the adsorption in
the diffusion limited case is very fast, the amount of molecules adsorbed is always in
equilibrium with the concentration of surfactant in the subphase. This coverage Γ1D and
the area dA describe the number of adsorbed molecules Γ1D dA. This amount of molecules
equals C dV = CL dA as they were present in the volume dV before adsorption. Thus, the
lengthscale follows L = Γ1D /C. The time, which is required for the surfactant to adsorb
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Figure 2.10: The representation of the diffusion limited regime for 1D (a) and 3D interface at different timescales (b) with
the radius of the droplet, R, and the diffusion length, L.

from this length scale, is described by the Fickian first diffusion law with τdiff,1D = L2 /D,
with the diffusion coefficient D. For dilute surfactant concentrations, the depth L is in
the order of 10−1 m, for concentrations approaching the CMC, it is in the order of 10−5
to 10−3 m [41,81] . From these considerations, the surfactant coverage for a flat interface at
early times scales with the square root of time (Fig. 2.9) [77,81,83] :
√
Γ1D (t) = D C2 t .

(2.18)

A 3D interface, namely a bubble or droplet (Fig. 2.10(b)), shows a different scaling law. In
the case of a spherical droplet (or bubble), the above developed argument still holds
for very small timescales where the curvature of the droplet is insignificantly small
(Fig. 2.10(b)). At larger times, this curvature needs to be taken into account [41,81] . Using
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geometrical arguments for the depleted volume, the interfacial coverage for the spherical
case Γ3D scales with a power of 3/2 with time (Fig. 2.9) [81] :
Γ3D (t) =

C (D t)3/2
.
R2

(2.19)

The crossover between these two regimes occurs at a time τdiff = R2 /D (Fig. 2.9) [41] .

2.4.2

Kinetic limited adsorption

The second limiting case implies that diffusion is much faster than the adsorption of
the surfactant molecules to the interface due to an adsorption barrier. Many different
adsorption models are found in the literature. Apart from an adsorption barrier for non
screened ionic surfactants due to electrostatic repulsion, other barriers are more difficult
to identify as the rate of surfactant coverage often differs only slightly from the one of the
diffusion limited regime [40] .
In the following, I will only consider the Langmuir adsorption model as it is well understood and the most relevant for this work. It is a simple approach to describe the
adsorption and desorption processes. For this approach, the following assumptions are
relevant. The surface is considered as being divided into a regular plane lattice on which

Figure 2.11: The Langmuir isotherm relates to a plane surface where all sites are equal and can hold maximum one
molecule. Occupied (red) and unoccupied (white) sites do not interact with each other. Adsorption takes place on random
sites.

all sites are equal (Fig. 2.11) [2,39,84] . Each site can hold maximum one adsorbed molecule.
If all sites are occupied, the coverage is Γ∞ . The adsorbed molecules do not interact
with the neighbouring sites and other adsorbed molecules [2,39,84] . This means that the
adsorption of a molecule on one of the sites is independent of the presence of adsorbed
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molecules on the neighbouring sites. Considering these assumptions, the rate of adsorption is directly proportional to the concentration of the surfactant inside the bulk solution
C, the amount of free sites at the interface (Γ∞ − Γ), and the adsorption constant kads (first
part of Equation 2.20). The desorption depends on the occupied sites Γ and the desorption
constant kdes (second part of Equation 2.20) [2,39,40,84] .


∂Γ
Γ
= kads CΓ∞ 1 −
− kdes Γ
Γ∞
∂t

(2.20)

At equilibrium coverage Γeq , the coverage of the interface is in a steady-state (∂Γ/∂t = 0),
resulting in the Langmuir isotherm [2,39,40,84] :
Γeq = Γ∞



κC
1 + κC


(2.21)

with κ = kads /kdes (Appendix C.1). This equation holds for surfactant concentrations
below the CMC [39] . Equating this relation with the dependency including the interfacial
tension (Eq. 2.4) leads to [39] (Appendix A.1):
γeq = γ0 − RTΓ∞ ln (1 + κC) .

(2.22)

Upon fitting the equilibrium interfacial tension data versus the concentration lower then
the CMC, the maximum interfacial coverage Γ∞ is obtained (see also Fig. 2.3 (a)). At early
stages, the desorption term can be neglected (right side of Equation 2.20) as the coverage is
close to zero leading to an integrated form of Equation 2.20 where the surfactant coverage
scales linearly with time (Fig. 2.9) [82] :
Γ(t) = kads CtΓ∞ .

(2.23)

This is the upper boundary for interfacial coverage as desorption of surfactant molecules
is not taken into account. Equating the change in surfactant coverage due to adsorption
(Eq. 2.23) with the one due to diffusion (3D case, Eq. 2.19) leads to the crossover (Fig. 2.9)


2
[41] . The diffusion coefficient D varies
between the two regimes of τkin = D/ Γ2∞ kads
slightly with the surfactant but can be estimated to be in the order of 5 x 10−10 m2 /s for
nonpolymeric surfactants [41] . As long as τkin > τdi f f , the system is kinetic limited [41] . This
holds for radii R smaller than the crossover radius R∗ = D/ (kads Γ∞ ) which is in the order
of 15 to 70 µm. The crossover timescale is of the order of 0.5 to 10 s [41] .
Due to the wide use of emulsions, the understanding of the effects that occur when decreasing the size of droplets is of great relevance. It is important for the emerging field
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of droplet-based microfluidics (e. g. pharmaceutical) [17] . The measurements of interfacial
tensions with large volumes such as the Wilhelmy plate or the pendant drop method
(Sec. 2.3) do not provide the same information on the kinetics as measurements at small
length scales (in the range of tens of micrometer). In the case of small length scales, the
adsorption kinetics are usually governed by the adsorption limited case.
The crossover radius depends on the diffusion coefficient, the maximum interfacial coverage and the adsorption constant. Many different methods exist for the determination
of the diffusion coefficient such as NMR measurements or light scattering. The maximum interfacial coverage can be obtained using interfacial tension measurements. The
adsorption rate constant is more challenging to obtain.
In my study, I use droplet-based microfluidic to obtain information on the kinetic limited
adsorption of surfactants with the advantages of high throughput, small dimensions and
in flow measurements.

2.5

Surfactant induced self-propulsion

The presence of surfactants at interfaces leads to additional phenomena, such as selfpropulsion, which arise due to the interfaces being out of equilibrium. This movement of
droplets can mimic locomotion of some organisms (called squirmers) [31] . Such a propulsion can lead to a macroscopic directed motion [85] . Self-propulsion is widespread as it is
found in many different systems. Prominent examples are the bromination of monoolein
at the interface of water in oil droplets [31] , liquid crystals [86] , microtubuli at interfaces [87] ,
pure water droplets in a surfactant solution [30] and pH induced deprotonation of surfactants at the interface [88] . This motion has different origins, but they all include a
reaction at the interface of the droplet and an interaction between the interface and the
exterior of the droplet. The above named movement of pure water droplets is created
by microemulsification of the aqueous droplet inside a continuous phase of monoolein
in squalane [30] . The movement due to deprotonation of surfactants at the interface is
induced by the Marangoni effect [88] . Self-propulsion and possible self-assembly and
self-sorting are directly linked to the dynamics of surfactant adsorption.
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The Marangoni effect occurs due to a local variation of the interfacial tension which arises
from the variation in composition or temperature [7,27,89] , or an extension or contraction
of the interface [89] . This effect was first noticed by James Thomson in 1855 and already
qualitatively explained by Marangoni about 150 years ago [89] . It is also observable on
a droplet moving with a non-zero velocity through a surfactant solution. Due to the
movement, the surfactant molecules at the interface are concentrated at the back of the
droplet leading to a non-uniform interfacial tension [7] . This interfacial tension is usually
lowered upon increasing the surfactant concentration [2] . A interfacial tension gradient
leads to a redistribution of the surfactant molecules to obtain a homogeneous coverage [7] .
This flow at the interface opposes the initial flow. This Marangoni flow also rigidifies
the interface [7] . A non-uniform distribution of the interfacial tension of a stationary
droplet, due to other causes, leads to a movement of the droplet into the direction of
lower interfacial tension.
During the entire time of self-propulsion, the surfactant distribution at the interface needs
to remain inhomogeneous [7] . As an example, the self-propulsion of an aqueous droplet
inside a surfactant-oil solution can be induced due to the adsorption of surfactants to the
interface and the subsequent reaction of the surfactant with components from the aqueous
phase [31] . This reaction leads to a mixture of different type of surfactant molecules at the
interface which can lead to inhomogeneities of the interfacial tension at the droplet’s
interface, and thus, to self-propulsion. In such a process, the movement is related to two
timescales resulting from the reaction rate and the adsorption / desorption kinetics [90] .
In case the adsorption / desorption process is very fast, an instantaneous equilibration of
the surfactant distribution takes place. In case the reaction rate is much faster than the
adsorption / desorption process, the conversion of molecules at the interface will lead to
a homogeneous distribution as well. In these two limiting cases, the droplet does not
move. If the timescale of the reaction and of the adsorption / desorption kinetics become
comparable, self-propulsion can become possible.
The stabilisation of droplets with surfactants is not only due to a decrease in interfacial
energy and to steric hindrance of the surfactant molecules, but also due to the Marangoni
flow. It stabilises the interface while acting against drainage of the continuous phase
between two surfactant laden droplets. This mechanism increases the drainage time [7] .
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These behaviours of surfactants at out-of-equilibrium interfaces, including resulting selfpropulsion, are not fully understood. Thus, a concerted effort is being made in our lab
and within other groups [91,92] to study these phenomena in simple systems (minimal
systems) in order to advance the understanding.

2.6

Microfluidics

Emulsions are used in many different areas in industry and every day life (Sec. 2.1). Often,
these emulsions are polydisperse due to the production mechanism (shearing, spraying,
stirring of two immiscible liquids) [4,11] . For the use of emulsions in biotechnological applications, monodispersity meaning every microreactor (droplet) has the same volume, is
a prerequisite [7,11,18,19] . Monodisperse emulsions allow screening of reactions (biological,
(bio-) chemical), which can be used for pharmaceutical or biotechnological applications
because all reactions occur within the exact same environment [7,17] .
Using droplet-based microfluidics, emulsions with highly monodisperse droplets can be
produced. Further advantages of this method include high sensitivity in the detection
(single molecular) with high-throughput (good statistics) including parallel and continuous processing of the different reaction steps [5,7,11,18,19,28] . In the following sections, I will
introduce the important aspects of microfluidics.

2.6.1

Single-phase microfluidics

Microfluidics is the study of small amounts of fluids, in the range of 10−9 to 10−18 L [93] ,
flown in channels of small dimensions (tens to hundreds of micrometer). A typical device
consists of inlet(s) to introduce the fluid(s) into the channel(s) and a system of detection
further downstream, from which a quantitative and/or qualitative output is obtained.
Furthermore, the products are collected at the outlet(s). More concrete, the first microfluidic setups were developed for molecular analysis such as gas-phase chromatography
(GPC) and high-performance liquid chromatography (HPLC, also high-pressure LC) [93] .
Existing devices typically operate in the nanolitre to femtolitre range [94–96] . With optical
detection methods using lasers, these methods combine high sensitivity and high resolu-
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tion with the use of only small sample volumes. Advances in microfluidics were driven
by the needs in the fields of biodefense (detection of small amount of chemicals in the
field), molecular biology (sequencing of genomics and DNA (deoxyribonucleic acid)) and
microelectronics (development of lithography) [93] . In all of these cases, the common need
for low cost and rapid analysis with a high resolution and high sensitivity was realised
by using microfluidic devices [93] .
The huge advantage of the small dimensions in microfluidics is the laminar flow which
gives a new quality on the control of localisation and time inside the microfluidic channel [93] . The flow can be characterised using suitable dimensionless numbers such as the
Capillary number, the Reynolds number and the Péclet number (Sec. 2.6.2).
The Reynolds number Re relates the inertial forces to the viscous stresses with the velocity U, the viscosity µ, the density ρ, and the hydraulic diameter of the microchannel
DH = 4A/pw calculated from the cross-sectional area A and the wetted perimeter pw [95,97] .
Re =

ρUDH
µ

(2.24)

For the small lengthscales typical in microfluidics, the Reynolds number is generally
smaller than 1, being characteristic for laminar flow [95,98,99] . Thus, mixing, which is required for many applications, occurs only through diffusion without the help of vortices
which are present in turbulent flow. Specific channel geometries, e. g. a zigzag configuration, induce mixing through chaotic advection [100,101] . An additional difficulty in
single-phase microfluidics, is the occurrence of dispersion induced by a parabolic velocity
profile over the cross-section of the channel with the velocity being zero at the channel
walls and maximum at the centre [101] . This leads to a non-uniform residence-time of the
reagents across the cross-section of the chip and a non-uniform reaction progress at a
specific distance from the start of the reaction.

2.6.2

Basics of droplet-based microfluidics

With the difficulties of mixing and dispersion of materials in single-phase microfluidics
due to the above named phenomena, multi-phase microfluidics was developed. Here,
droplets of one phase inside another phase are used to localise and encapsulate material [101] . The first droplet-based microfluidic experiments were performed in 2001 [98] .
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100µm
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Figure 2.12: Monodisperse droplets produced with a microfluidic PDMS device. (a) Flow focussing (Fig. 2.13) PDMS
device with the tubings attached (left: inlet fluorous phase, middle: inlet aqueous phase, right: outlet); the contrast is
increased to make the droplets inside the channel visible. The device is mounted onto a fluorescence microscope with
LEDs (here blue, see spot). (b) Fluorescein is encapsulated into monodisperse aqueous droplets with a fluorous continuous
phase produced with the PDMS device in (a) using a flow focussing junction (Fig. 2.13).

Today, monodisperse droplets (Fig. 2.12) are produced using two immiscible phases which
are injected into microfluidic channels with different geometries (Fig. 2.13), such as the
co-flowing, cross-flowing (T-junction), flow focussing [95] or step emulsification geometry [102] . The flow rate of the two phases is controlled using syringe or pressure driven
pumps [16,99] . Tubings connect the pumps with the chip (Fig. 2.12(a)). Droplet breakup
is caused by homogeneous shearing of the two phases and a competition between the
stresses which act locally on the fluid to deform the interface and the capillary pressure
which acts against this deformation [95] . Generally, the droplet size is controlled by the
channel geometries and the flow rate ratios of the two phases [95,99,103,104] .
In addition to the flow rates, the production of monodisperse droplets depends on the
capillary number Ca of the microfluidic system [105] . It relates the viscosity of the system
µ, usually the viscosity of the continuous phase, and the flow velocity U to the interfacial
tension, γ [8,106–108] :
Ca =

µU
.
γ

(2.25)

Reducing the capillary number of a system, with given flow rates and channel geometry,
leads to a domination of interfacial effects in comparison to viscous effects and increases
the handling stability of the system [8,106,108] . At low capillary numbers, the droplet
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Figure 2.13: Channel geometries for the production of monodisperse droplets. (a) Emulsions are produced using two
phases. As an example in blue: aqueous phase, no color: oil phase; the arrows show the flow direction of the aqueous
(blue) and the oil phase (black), respectively. (b) In my experiments, I use the flow focussing geometry: the water is
pumped from the left and the oil from the top and the bottom. To the right, the droplets are directed through a delayline
(with bends to make it fit on the chip - see also Fig. 2.12(a)).

breakup is controlled by the channel geometry. An increase of the capillary number at
droplet production results in higher viscous forces of the continuous phase exerted on
the inner phase which stretch the droplet (inner) phase upon droplet production [108] . The
‘geometry-controlled’ breakup becomes first ‘dripping’ before it turns into ‘jetting’ [108]
(Fig. 2.14). When surfactants are present, thread formation can occur at capillary numbers
of around 0.4 to 1.0 (Fig. 2.14). Tipstreaming occurs in the same regime and is due to
a combination of these capillary numbers with large flow rate ratios and surfactants at
the interface [108,109] . Both tipstreaming and thread formation result in the production of
additional small droplets (Fig. 2.14).
In the last paragraph, I have explained the effect of the channel geometry and the flow rate
ratio on the droplet size as well as the effect of the capillary number on the flow regimes.
In the following, I will discuss the flow pattern inside the droplet, which can be used
to achieve mixing of the components inside the droplets. In single-phase microfluidics,
mixing is achieved through specific channel geometries (e. g. a zigzag configuration,
Sec. 2.6.1) [100,101] . For droplet-based microfluidics, a flow pattern forms automatically
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(a)

Without surfactant
Capillary number increases
Geometry-controlled breakup

(b)

Dripping regime

Jetting regime

With surfactant
Capillary numbers around 0.4 to 1.0
Thread formation
Tipstreaming

Figure 2.14: The different break-up regimes (a) with a pure two-phase system (as an example: blue: aqueous phase, no
color: oil phase) and (b) with the presence of surfactant in a flow-focussing device. Surfactants can lead to the production
of additional small droplets. (a)-(b) The arrows show the flow direction of the aqueous (blue) and the oil phase (black),
respectively (adjusted from [108] ).

inside the droplet and in the continuous phase inducing mixing. This mixing occurs only
in the two halves of the droplet, but not across the centre (Fig. 2.15(a)) [104,110–112] . For the
use of droplets as microreactors, the droplet should be homogeneously mixed. This is
achieved analogous to the mixing in single-phase microfluidics using channel geometries
which lead to chaotic advection, e. g. winding channels (Fig. 2.15(b)) [104,110–112] . The
Péclet number, Pe, compares the convective with the diffusive transport. It compares
these transports using the flow velocity, U, the characteristic length scale of the system,
L, (for droplets, the size of the droplet) and the diffusion coefficient, D [110,113,114] .
Pe =

UL
D

(2.26)

If I consider the typical experimental conditions described in this work: droplet radius of
80 µm, a speed of ∼20 mm/s and a diffusion coefficient of 10−10 m2 /s, the Péclet number is
larger than 1 (Pe = 16000) which means that convection is prevalent over diffusion [110,113] .
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(a)

Uwall

Uwall
(b)

Uwall
Uwall
Figure 2.15: The flow pattern induced by flowing droplets in (a) a straight and (b) a winding microchannel in the reference
frame of the droplet with the wall moving with a velocity Uwall (adapted from [104,110] ). In the lab, the droplets would flow
from left to right.

2.6.3

Manipulation of droplets on chip

Since the first experiments on the production of monodisperse droplets inside microfluidics [98] , the demand for the manipulation of droplets on chip has continually increased.
Additional to mixing in droplets on chip (Sec. 2.6.2), droplets can be split by elongation using specific channel geometries [16] , fused by electrocoalescence [16,115,116] , redirected with
valves by changing the pressure in adjacent channels [93] , sorted by dielectrophoretical
forces [20,117–119] and trapped by making use of the surface energy of the droplet upon
deformation [120–122] . Small amounts of solutions can be added to the droplets (picoinjection) [123] or emulsions can be broken using electric fields [124] . For applications requiring
an electric field, electrodes can be fabricated by introducing molten metal (e. g. lowtemperature soldering) into additional microfluidic channels [119,125,126] . These additional
channels are directly included when designing the microfluidic chip. Thus, these electrodes require no alignment as the microfluidic channels define their positions.
Today, there are lab-on-a-chip devices for an extensive range of applications utilising
multi-phase flow and droplet manipulation methods. Despite an unprecedented level of
control over emulsions made with microfluidic devices, their application at the industrial
scale is limited by their relatively low throughput [127] . High-throughput droplet pro-
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duction refers to 1000 to 10 000 [7] droplets per second with diameters of ∼100 µm. This
production rate, though, provides only a volume of ∼5 mL/h which equals ∼10 kg per
year [128] . Thus, many research groups are still working towards large-scale droplet production with the achievement of already a couple of hundred millilitres per hour [128–130] .
Many industrial formulations need 1000 tons per year [127] . Such a production would
need 100 000 parallel droplet makers requiring a volume of the device of 40 L [127] . The
space required is similar to commercial homogenizers (polydisperse droplets) but the
parallelisation of the droplet makers is challenging. From a commercial point of view, the
throughput which are nowadays achievable are only enough for formulations with the
need of small volumes such as in the pharmaceutical and cosmetic industry [127] .

2.6.4

Fluorous continuous phase

After the description of microfluidics, I will now explain the criteria for the continuous
phase and the surfactants which lead to a stable droplet production. The combination of
the continuous phase with the surfactant does not only have to lead to a stable production, but the continuous phase including the surfactant must not interact with the interior
of the droplet (chemically inert). For devices dealing with biotechnology (e. g. screening applications), this translates into the need for a bicompatible continuous phase and
biocompatible surfactants [7,18,19] . The correct choice of the continuous phase and the
surfactant can be very challenging [18] .
In this part, I describe important aspects concerning the continuous phase. The capillary number describes if viscous effects dominate over interfacial effects meaning a low
capillary number is of advantage in droplet-based microfluidics (Sec. 2.6.2) [8,106] . This
means, that for a fixed speed and fixed channel geometries, a small viscosity and a high
interfacial tension is of advantage.
A combination of fluorous oils with fluoro-surfactants conforms to these conditions [8] .
These oils are usually perfluorinated and contain one functional group (e. g. amine or
ethoxy). Fluorocarbons are molecules consisting only of fluorine and carbon atoms [8,131] .
Due to long names for some substances, the prefix ‘perfluoro’ is used to define the substitution of all hydrogen atoms of a molecule by fluorine [8,132] . Fluorocarbons show different
properties than hydrocarbons.
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These properties depend on the molecular structure, which I will now discuss in detail.
The different properties between fluorocarbons and hydrocarbons are mainly due to the
size and electronegativity of the fluorine atoms which show the strongest bonds (C-F) in
organic chemistry. The high electronegativity of the fluorine atom leads to extremely polarised C-F bonds with low polarisability. For this reason, the fluorine atom is not a good
lone pair donor [8,133,134] . Thus, the C-F groups interact only weakly with other molecules
or functional groups by electrostotatic or dipole interactions [133,134] . The high electronegativity also strengthens the C-C bonds from the backbone of the molecule by electron
withdrawal [133] . In fact, perfluorocarbons are the least polar existing fluids [8,135,136] . The
low polarisability leads to low surface energies, low interfacial tensions and low cohesive
forces between fluorocarbon molecules [8,133,137] and above a critical temperature [8,49] to a
miscibility of fluorocarbons with aliphatic hydrocarbons [8,50] . This temperature increases
with increasing length of the chain of the molecules. Therefore, bigger hydrocarbon
molecules are less soluble inside a fluorous phase than smaller ones [8,49] . The solubility
of small molecules, e. g. naphtalene in (C4 F9 )2 )O or (C3 F7 )3 )N at 25◦ C, is extremely small
and is only of the order of 0.3 mol percent [8,138] .
The low solubility of organic molecules in fluorocarbon fluids results in less partitioning
and cross-talk between emulsion droplets [139] . Furthermore, the low intermolecular forces
lead to a high compressibility and high interstitial space resulting in a high solubility of
respiratory gases, such as oxygen and carbondioxide [8,133,137] . This makes fluorocarbons
suitable for blood substitutes and cell culturing in emulsions [8,133,140,141] . Another advantage for applications in microfluidics is directly related to PDMS, the channel material
commonly used. In contrast to hydrocarbons, fluorocarbons do not swell PDMS [7,8,142] .
All these properties render water-in-fluorinated-oil emulsions a very promising systems
for the use in droplet-based microfluidics [7] .

2.6.5

Surfactants in microfluidics

Having defined favourable properties for the continuous phase being a fluorous phase,
the surfactants have to be adjusted. These surfactants need a fluorophilic and a hydrophilic part [7] . The molecules available for such applications is still limited [7] .
Up to now, the most promising surfactants consist of a di- or tri-block copolymer of perfluoropolyether (PFPE, fluorophilic) and polyethylenglycol (PEG, hydrophilic) [7] . These
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Figure 2.16: PFPE-PEG-PFPE surfactant (black PFPE, red PEG). Different size can be used for the repeating units; in this
case: y ∼ 9, x + z ∼ 3.6, n = 22 (determined in Sec. 4.3.1).

surfactants show a small interaction with cells and proteins inside the droplets making
them suitable for the screening of many different cells (mammalian, yeast), bacteria and
viruses [7] . The synthesis of these surfactants is well reported as well [143] .
Some problems still arise from interactions of the surfactant with encapsulated molecules [8]
and from phase partitioning (Sec. 2.1, 2.2), which is due to a finite solubility of molecules
of the dispersed phase inside the continuous phase or in reverse micelles (bilayers do not
form in these emulsions used here) [8,28] . Depending on the system, the rate of transport
is influenced by the partitioning [144,145] as well as by interfacial properties [146–151] . As
mentioned in the previous section, organic molecules are mostly insoluble in fluorous
phases. These molecules can, however, be extracted changing the partitioning by introducing fluorinated groups into the molecules. This modification can lead to selective
extraction [152–154] via non-covalent interactions such as hydrogen bonding or ion pairing
depending on the functional groups present [135] . Perfluorinated acids (e. g. perfluoropolyether with a carboxylic headgroup, Krytox DuPont) are surface active molecules.
The acid and also its salt form dimers in fluorous solvents [155–159] . The first study on
the increased solubility due to intermolecular hydrogen bonding with perfluorinated carboxylic acids was shown using urea [159] . It has to be noted that the interaction of a O-H
group with a nitrogen atom is even stronger than with an oxygen atom [156–158,160] .
Due to this fact, an appropriate surfactant without the possibility of non-covalent interactions would be perfect. One of the most used surfactants is a PFPE-PEG-PFPE surfactant
(Fig. 2.16). This surfactant is synthesised from the PFPE carboxylic acid and the PEG
using a two-step synthesis [143] . In the first step, the carboxylic acid is activated to its acyl
chloride. In a condensation reaction, it reacts with a primary diamine yielding an amide
bond [143] . In the literature, the analysis shows that the reaction is not complete [143,161,162] .
Thus, left over carboxylic acid is inevitable and easily leads to leakage problems.
In this chapter, I have described properties of emulsions and their stabilisation using surfactants. I have given an introduction on the effect of surfactants on interfaces including
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methods for their characterisation and challenges for the use in emulsion stabilisation.
Furthermore, I introduced droplet-based microfluidics for the production of monodisperse emulsions. In the next chapter, I describe my experiments used in this study
including all necessary materials.

Summary of Chapter 2 – Theoretical Background
I have introduced the physico-chemistry of emulsions and surfactants at
interfaces and the methods to characterise them.
The key result coming from this analysis is that the kinetics of surfactant
adsorption depends on the droplet size. One can define a critical droplet
radius R∗ = D/ (kads Γ∞ ) which is typically in the range of 50 µm: For droplets
with a radius R < R∗ , the kinetics are always limited by the adsorption /
desorption process.
Microfluidics is, therefore, a key technology to study the kinetics of surfactant
layers.

36

Chapter 3

Experimental Methods and
Techniques
Parts of this chapter are included in P. Gruner and B. Riechers et al. [61] (in press 2015) and
in B. Riechers et al. [43] (in preparation 2015).

3.1

Manufacturing of microfluidic devices

Having described the basics of microfluidics and manipulation on chip, I will now illustrate the production of microfluidic chips used in this study, starting with the description
of lithography before describing micro-milling and embossing [163] . I start with a general
introduction before describing the materials and methods used in my experiments.
For the lithographic production of microfluidic chips, the design of the device is created
with a computer-aided design (CAD) software [163–165] . It is printed on a transparent foil
(such as those used for overhead projectors, Fig. 3.1(a)) using a commercial image setter
with high-resolution to obtain the photomask.
Using contact photolithography and the printed photomasks, a master containing the
channels is produced for replica molding [163–165] (Fig. 3.1(b)-(c)). In the first step of photolithography, a photoresist is spincoated onto a silicon-wafer to obtain a specific height
of the resist and, thus, of the final channels [16,166] . The resist is covered with the mask
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Figure 3.1: An example of the process of mask printing, photolithography, soft lithography and PDMS-glass bonding.
(a) Photomask, (b) Master, (c) Zoom of master, (d) Master with PDMS, (e) PDMS, (f) PDMS-chip with microfluidic channels.

for UV (ultraviolet) illumination. A negative photoresist, such as SU-8 (photocurable
epoxy) used in this study, polymerises upon UV-exposure. Upon development, the part
of the resist which was not exposed to UV-light is washed away to obtain the master
(Fig. 3.1(b)-(c)). Additionally, these steps can be repeated to obtain double layers of the
resist leading to different heights at different positions of the channels [166] . With such a
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master, at least 50 replications can be obtained using soft lithography [167] .
In the first step of soft lithography, a liquid prepolymer and its crosslinker (usually
poly(dimethylsiloxane) (PDMS) [163] ) is cast onto the master [163,164] and degassed [16] . The
polymer is crosslinked at elevated temperature (Fig. 3.1(d)) before the replica is peeled
from the master (Fig. 3.1(e)) [164,167] . The holes for the in- and outlets are punched into
the device before it is glued to a substrate using plasma cleaning (Fig. 3.1(f)) [164] . The
air (or oxygen) plasma produces polar groups on the surface of the PDMS and the substrate [16,164] . Upon contact, the substrate seals the microfluidic channels by condensation
of silanol groups with the functional groups of alcohol, carboxylic acid or ketones [164] .
The sealing, using this technique, withstands up to 2 to 3.5 bar [164] (Table 3.1).
Untreated PDMS is hydrophobic. Its surface properties can easily be modified upon treatment with plasma or chemicals [163] . To change the wettability of the channels, appropriate
chemicals are added which react with the functional groups of the PDMS [164] .
PDMS is widely used as it is inexpensive, easily manageable and non toxic (Table 3.1).
The elastomeric character of PDMS is an advantage as it allows formation of complex
and fragile structures [163] . The deformability of the PDMS allows for good contact also
with non planar surfaces. However, in some cases, the elasticity makes it an unsuitable
choice [163] . Not all aspect ratios of channels can be obtained due to the deformability as
sagging and paring of structures occurs upon too high or too low aspect ratios [163] . The
shrinking upon curing (about 1%) is a disadvantage as well [163] . A further advantage
of PDMS is the optical transparency down to about 300 nm enabling for photoreactions
inside channels using UV light [163] . PDMS is a durable polymer [163] but it swells and
dissolves in many common nonpolar organic solvents [93,142] . It has a high permeability to
carbon dioxide and oxygen, enabling for the use in biological applications [93] . The high
permeability towards water is a significant draw back. For experiments requiring the use
of PDMS incompatible solvents or the control of water vapour, other suitable materials
such as NOA (Norland Optical Adhesive) should be used instead [16] (Table 3.1). NOA
has other disadvantages such as the fluorescence in the visible range [168] .
Other polymers such as poly(methyl methacrylate) (PMMA), polystyrene (PS), fused
silica and fluorinated thermoplastic polymers have also been successfully used for the
production of microchannels [19] (Table 3.1). Usually, these microchips are produced using
micromilling [16,116,167,169–173] and/or hot embossing techniques [16,167,169,170,174,175] .
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Table 3.1: Comparison of different materials for microfluidic chip production. In this study, I used PDMS and PMMA.

PDMS

PMMA

Glass

NOA

cheap [182]

cheap [182]

expensive [182]

cheap [182]

Production

easy [182]

easy [182]

elaborate [182]

medium [182]

Fabrication time

rapid [182]

rapid [182]

slow [182]

good [182]

sub-micron [182]

micron [169]

high [182]

sub-micron [182]

low [182]

medium [175]

high [182]

good [182]

Cost

Resolution
Solvent compatibility
Deformability (Young’s modulus)
Pressure before failure

0.5-4

MPa [182]

2-3.5 bar [164,182]

3

GPa [182]

3.2 bar [169]

63

GPa [182]

high [182]

325 MPa [182]
4.8-5.5 bar [182]

In the following, I will focus on PMMA as this was the choice for my adsorption experiments. It can also show fluorescence in the visible range, but PMMA needs a lower
excitation wavelength than NOA making PMMA usable for the adsorption measurements in this study [168,176,177] . PMMA is a low cost disposable material and replication of
devices is easy and fast. It is biocompatible, optically transparent having an amorphous
structure and it is stable with temperatures up to about 80◦ C [175,178] . It does not deform
as much as PDMS [179] . Due to this, it has a larger operation window than PDMS and the
microfluidic chips can be reused for several months (14 months [175] ).
The microfluidic channels are either directly fabricated into the PMMA or milled into a
stamp and replicated into PMMA using hot embossing. The direct fabrication includes
writing with a CO2 laser [170,180,181] or drilling with an end mill [169,171,172] . The PMMA
plate including the channels and a PMMA substrate are combined using hot embossing.
More precisely the plates are pressed (8 to 15 bar [169] ) together at an elevated temperature (80 to 100◦ C [169] ) to slightly overcome the glass transition temperature (depending
on the PMMA ∼100◦ C [169,180] ), melting the surfaces together [169,170,180] . This bonding is
improved upon cleaning the surfaces with oxygen plasma before bonding [180] . Using
this treatment, a bonding strength of up to 3.2 bar is obtained [169] (Table 3.1). If the microfluidic channels are to be replicated in big numbers, a metal mold (CNC milling with
high precision), from which the structures are transferred into PMMA by hot embossing,
is more convenient. In the following, I will describe the process of device fabrication
for the microfluidic channels in PDMS used in this study. Afterwards, I will explain
the production of the PMMA devices, which I used for the determination of adsorption
kinetics using pH measurements at the micronscale. For all other measurements, I used
the PDMS devices.
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3.1.1

PDMS device – Lithography

I manufactured microfluidic channels in polydimethylsiloxane (PDMS) using standard
photo- and soft lithography techniques (see Sec. 3.1) [163–165] . I designed the channel
geometries using a computer-aided design (QCad or LibreCAD) software. This design
was then printed on a mask (Selba S.A., laser photoplotting on film, resolution 50800
dots per inch (dpi)). I performed photo-lithography for the production of the mold,
using the negative photoresist SU-8 (Series 3000, Microchem), spin coated on a silicon
wafer (Si-Mat, diameter 10 cm, thickness 525 ± 25 µm) after having cleaned the wafer
with Ethanol and having dried it on a hotplate (200◦ C, 20 min, No. 4 on CB3000 Stuart).
After spin coating (Laurell Technologies Corporation, model WS-650MZ, 23NPPB), I soft
baked (95◦ C, Prescicion Hotplate, ems electronic microsystem Ltd. Model 1000-1) the
resist. I placed the mask on the resist and illuminated them with UV light (UV KUB 2,
Kloé maximum, dose 25 mW/cm2 , wavelength 365 nm). The UV light is not perfectly
collimated1 but the divergence is less than 2◦ . This means, that a good contact between
the mask and the SU-8 is needed for high spatial resolution in the plane of the wafer
and good verticality of the edges. For this, I placed a UV-transparent glass slide (Pyrex)
onto the mask. I performed the post exposure baking (95◦ C) before developing the SU8
(Microchem). Then, I rinsed it with 2-propanol (AnalaR NORMAPUR® ACS, VWR) and
dried it with nitrogen. I checked the quality of the developing step under a microscope
before performing the hard bake (2 min at 95◦ C, 5 min at 200◦ C, 2 min at 95◦ C). For
different heights of the SU-8 layer, I adjusted the spin speeds (see Table 3.2, Figure 3.2),
the UV dose and the baking times using the information of the SU-8 data sheet.
For the replica molding, I used PDMS (10:1 polymer to curing agent, Sylgard® 184 silicone
elastomer kit, Dow Corning), degassed it (desiccator under vacuum for 45 min) and cured
it in an oven (∼70◦ C for 2 h, Dry-Line DL53, VWR). I peeled the PDMS from the mold
and punched the inlets and outlet using a biopsy punch (Harris Uni-CoreTM , diameter
0.75 mm). Then, I glued the PDMS and the glass substrate together using a Plasmacleaner
(air at 0.45 mbar, 30 s, 70%, Diener electronic, Pico). I rendered the channels fluorophilic
by injecting Aquapel (PPG Industries) into the channels. I rinsed the channels with Argon
before and after the treatment of Aquapel as Aquapel reacts with air. I determined the
1

Information from the company, KLOÉ.
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Table 3.2: The settings for the second step of spin coating to obtain different heights of the SU8 resist. The acceleration
step is set to a speed of 600 rounds/min with acceleration of 100 (200) rounds/min2 with a duration of 6 (3) s (in brackets,
information for first sample).

height (µm)
targeted

spin coating

obtained

SU8

colour

speed

acceleration

duration

in

(rounds/min)

(rounds/min2 )

(s)

Fig. 3.2

8

8.2

4000

600

36

3010

green

8

6.8

4000

600

36

3010

blue

15

17

1000

200

32

3010

red

15

19

1000

200

32

3010

black

25

27

3000

300

38

3025

maroon

40

43

1800

300

34

3025

orange

heights of the channels by cutting the devices in half and measuring the cross sections of
the channels with a microscope (Tab. 3.2, Fig. 3.2).
Using the photo lithographic process2 , I establish a calibration curve for the height of the
microfluidic channels in PDMS (Fig. 3.2, tab. 3.2). I obtain the targeted values within the
error due to the measurement at different positions on-chip and upon cutting the PDMS.

obtained height (µm)

50
40
30
20
10
0

0

10

20

30

40

50

targeted height (µm)
Figure 3.2: The height determined for the different molds produced with the specification of tab. 3.2. The error bars
reflect the height differences due to different positions on chip and due to errors in the determination of the height of each
microchannel.

2

This experiments were performed at the CRPP (Centre de Recherche Paul Pascal)
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fl. inlet

0.35mm

aq. inlet

0.10mm

outlet

1.50mm

14.7mm

0.10mm

1cm

1.40mm

(a)

(b)

Figure 3.3: PMMA channels prepared with an end mill. (a) Design used for the experiment including the inlets for the
two phases (fluorous (left), aqueous phase (middle)) and the outlet (right). (b) PMMA substrate and plate with design
engraved.

3.1.2

PMMA device – End milling

As described in Section 3.1, the elasticity of PDMS makes it an unsuitable material for
devices with high pressures. For the experiments of the adsorption kinetics involving
long channels, I used the PMMA device fabrication.
I designed a channel with a droplet production and a long delayline of the microfluidic
channel of 75 cm. The PMMA chip needs two parts: one plate in which the design is
milled and one plate as the cover. The microfluidic channels were milled3 into a PMMA
plate (height 2 mm, length 60 mm, width 25 mm, Fig. 3.3) [169,171,172] using an end mill
with a diameter of 100 µm (Fig. 3.3, for the speed measurements 150 µm in diameter).
To measure the height and uniformity of the channel, I used a white light interferometer
(Wyko NT 1100, Veeco, Plainview, NY).
I cleaned the PMMA plate including the channel and another PMMA plate for the cover
with the same dimensions (Fig. 3.3(b)) mechanically, in 2-Propanol (ACS reagent, 99.5%,
Sigma-Aldrich) in an ultrasound bath (5 min) and twice with plasma [180] (see Sec. 3.1.1).
I then combined the two parts using a temperature-controlled press (5 kN at 100◦ C for
40 min, P/O/Weber) [180] . For stress reduction, I cooled the chip down slowly (∼30 min).
Finally, I connected the inlets and the outlet of the PMMA chip with the tubing using
nanoports (coned, 10-32, Polyether ether ketone (PEEK), Upchurch) which I glued to
3

This milling was done by the mechanics workshop at the Max Planck Institute for Dynamics and SelfOrganization (Feinmechanische Hauptwerkstatt) thanks to Wolf Keiderling and Andreas Gerke.
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1cm
Figure 3.4: Photo (contrast enhanced, desaturated to black and white) of the PMMA device including microchannels and
connectors to introduce the two phases (left: fluorous, middle: aqueous) and collect the droplets at the end (right).

the chip applying UV-light (30 min, 365 nm, Polylux-PT, Dreve) onto a UV-curable glue
(Loctite, 35261). I coated this PMMA device (fig 3.4) using a coating agent (3 x 15 min,
Aquapel, PPG Industries) before I dried the device with nitrogen. The PMMA device is
stable using the solvent Novec7500 and the surfactant in solution. Other solvents, such as
ethanol and isopropanol are not compatible with the PMMA device, as delamination takes
place. Aceton even dissolves PMMA. For the storage and the reuse of the PMMA channels,
drying is a great disadvantage as particles clog the channels upon reuse. For small
aggregates, rinsing with Novec7500 or water while immersing the device in an ultrasound
bath generally solves the problem. To circumvent aggregates inside the channels, the
device can be stored with a solvent inside, e. g. fluorinated solvent Novec7500, while
avoiding air bubbles and evaporation of the solvent.
For the end milling, the uniformity of the channel height depends on the height differences
at different positions on the original PMMA plate used for milling. The height of the
channels, which I use for the pH measurements, is very uniform, with 99 µm ± 3 µm
(Fig. 3.5) after milling. The mean width of the channels is 95.6 µm ± 4.2 µm. After the
bonding step, the channel height is reduced to about 80 µm. I obtain this information
from another chip with the same quality upon taking it apart (data not shown). For the
velocity of the droplets, I use the 80 µm in height.

3.1.3

Device operation

I injected the two phases into the devices using glass syringes (Hamilton, Gastight, Series 1000, VWR) with needles (Einwegkanülen, Neolus®, Luer, 25 mm length, 0.6 mm
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Figure 3.5: Heights of PMMA channels at different positions on chip measured using a white light interferometer. Due to
the roughness of the channels, the height in some points could not be measured (black).

diameter, G23, VWR) which I connected to the microfluidic device using Polytetrafluoroethylene (PTFE) tubing (outer diameter (O.D.) 1.07 mm, inner diameter (I.D.) 0.56 mm,
Fisher Scientific). I connected the tubings to the PDMS device, by introducing them directly into the hole. For the PMMA device, I connected the syringes with the device using
fittings (short headless nut (F-333Nx) with ferrules (F-142N) and nanotight sleeves from
fluorinated ethylene propylene (FEP, F-252x, O.D. 1.59 mm, I.D. 1.07 mm, Upchurch).
I controlled the flow rates using syringe pumps (neMESYS 29:1, Cetoni). In contrast to
PDMS, a stable droplet production without the use of surfactants is possible [182] with this
device (150 µm channel width) using flow rates up to 80 and 5 µL/min or 60 and 15 µL/min
for the fluorous and aqueous phase, respectively. I did not apply higher flow rates.

3.2

Surfactant characterisation

For all experiments, I characterised the surfactant with standard bulk methods. I used
standard interfacial tensiometry to determine the dependence of the interfacial tension
on the surfactant concentration and time, giving rise to the value of the CMC and the
maximum interfacial coverage (for the adsorption measurements and the biomimetic experiments). Furthermore, I determined the molecular weight of the surfactant, Krytox,
as it deviates from the value given by the supplier [143,158,160] (for the adsorption measurements and the synthesis). Here, I used mass spectrometry and nuclear magnetic resonance
spectroscopy. I implemented all data from the bulk measurements of the KrytoxFSL into
the adsorption model obtained from microfluidics to determine absolute values.
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For the characterisation of the adsorption kinetics, I used a fluorous phase containing the
fluorous solvent Novec7500 (3-Ethoxyperfluoro(2-methylhexane), 3M) with a molecular
mass of, M, 414.11 g/mol and a density, ρ, of 1.617 g/mL. This phase contained the surfactant KrytoxFSL (perfluoropolyether with a carboxylic headgroup with small molecular
weight, Sec. 4.1.1, DuPont). For the aqueous solutions, I used a phosphate buffer saline
(PBS) solution (Sigma-Aldrich, 10 mM phosphate buffer, 0.154 M sodium chloride, density is considered as 1 g/mL).
I used KrytoxFSH (high molecular weight, DuPont, Sec. 4.3.1) for the synthesis of the
surfactant.
For the system showing biomimetic behaviour, I used oleic acid (≥ 99%, Sigma-Aldrich)
as surfactant in a continuous phase of squalane (≥ 99%, Sigma-Aldrich). I used millipore
water for the determination of the interfacial tension and the CMC. As seen during the
tensiometric experiments, the squalane contains surface active impurities which need to
be removed to characterise the squalane solutions. I filtered the squalane over Celite®
545 (Sigma Aldrich) using a glass frit (porosity 1) and low pressure. Additionally, I
filtered it by gravity filtration using a glass column (diameter 7 cm) which I packed with
Alumina (Aluminium oxide, activated, pH = 9.5, Brockmann I, Sigma Aldrich) to a height
of 15 cm [80] .

3.2.1

Molecular weight of surfactants

Mass spectrometry (MS) was measured in the positive range (m/z 600.00 - 4000.00) using
a LTQ XL mass spectrometer (Thermo Fisher, Bremen). Electrospray ionisation (ESI) was
used in combination with an ion trap (IT) to determine the mean molecular weight in
profile mode4 . The ESI-MS could not be obtained for the KrytoxFSH, as its molecular
mass is too high.
To compare the accuracy of the molecular mass determination, I used nuclear magnetic resonance (NMR) spectroscopy. I prepared a 1:15 (w/w) solution of KrytoxFSL and
the solvent Novec7500 containing 10% (w/w) Chloroform-d1 (99.8%, 5 x 1 mL, Deutero
4

This measurement was performed by Uwe Pleßmann, member of the research group of Henning Urlaub:
Bioanalytical Mass Spectrometry from the Max Planck Institute for Biophysical Chemistry.
5
0.999:1.000
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GmbH). 1D 1 H-NMR experiments were recorded at 25◦ C on a Bruker Avance 400 MHz
spectrometer using 16k points and 256 scans with a spectral widths of 4006 Hz.6 For
the determination of the molecular mass of the KrytoxFSH, I also used 1D 1 H NMR
spectroscopy with a 1:17 mixture of KrytoxFSH with Novec7500.

3.2.2

Bulk pH measurements

For the calibration of the experimental setup for the adsorption kinetics, I used 0.1 M HCl
and 0.1 M NaOH (Sigma-Aldrich) to change the pH of the PBS solution to 5.46, 5.70, 5.84,
6.04, 6.31, 6.72, 7.10, 7.31, 7.66, 7.94, 8.05, measured with a pH meter (Thermo Scientific,
Orion, Star A121), pH electrode (SI Analytics, pH-Einstabmesskette N64) and Automatic
Temperature Compensation Probe (Thermo Scientific, Stainless Stell 8” MD Connector).
For the titration of the PBS-solution, I diluted a titer of 1 mol of HCl (36.461 g HCl,
FIXANAL®, Fluka analytics) with millipore water (Merck Millipore, Milli-Q Advantage
A10) to obtain a solution of 0.1 M HCl. I titrated the phosphoric acid (10 mL, 0.1 M, 1x
PBS) solution with the titer of 0.1 M HCl (black circles in Fig. 4.5) to obtain the relationship
between the amount of protons added and the change in pH.

3.2.3

Tensiometry

I performed interfacial tension measurements of liquid-liquid interfaces with two different setups, namely the pendant drop method [6,71,75,76] and the Wilhelmy plate [1,6,71]
configuration. I obtained the change in interfacial tension with time for either a droplet
of one phase in another or a flat interface, respectively.

Pendant drop method

The pendant drop method uses the shape of the droplet to calculate the interfacial tension
between two fluid phases. I performed such measurements using a pendant drop setup
6

This measurement was performed with the help of Elias Akoury within the research group of Markus
Zweckstetter, Structure Determination of Proteins Using NMR, at the Max Planck Institute for Biophysical
Chemistry.
7
1.006:1.000
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1cm

Figure 3.6: Pendant drop of a fluorous oil phase in an aqueous continuous phase.

(Profile Analysis Tensiometer PAT-1M, SINTERFACE). The droplet of a surfactant solutions (oil phase) was automatically produced inside the aqueous phase with a syringe
with defined diameter (2 mm) (Fig. 3.6). The shape of the droplet was captured (1 s−1 )
by a camera (PixeLINK Firewire Camera Release 4) and then fitted to the Young-Laplace
equation (Sec. 2.3). The calculation was performed by the program of the pendant drop
setup using the needle diameter for the calibration and a gravitational acceleration of
9.807 m/s2 . The production of the droplet was defined as time zero. The program measured a maximum of 100 000 s, but for solutions having very long equilibration times,
I restarted the measurement after about 100 000 s. During the whole experiment, the
droplet volume was kept constant with a feedback mechanism between the real and
theoretical droplet size. I set the volume (size) of the droplet, to the maximum possible
without the droplet falling.
With this setup, I characterised the interfacial tensions between solutions containing
different concentrations of KrytoxFSL as surfactant inside the fluorous phase Novec7500
with an aqueous phase of millipore water or PBS (see Section 3.2).

Wilhelmy plate method

I used the Wilhelmy plate method to measure the interfacial tension of a plane interface
(KSV-Nima LL, KN-ISR-2, LOT Quantum Design, Fig. 3.7(a)). For this, I carefully layered
the two phases on top of each other to obtain no emulsification. I measured the interfacial
tensions using two different Wilhelmy plates. Before utilisation of the platinum plate
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10cm

(a)

2cm

2cm

(b)

(c)

Figure 3.7: Langmuir trough setup used for the Wilhelmy plate method using a platinum plate. The bottom phase is
millipore water, the top phase is squalane. (a) Setup, (b) Homogeneous and (c) inhomogeneous wetting of the plate.

(wetted length 39.24 mm, Fig. 3.7), I cleaned it with ethanol and then flame treated it. I
shortened the paper plate (wetted length 20.60 mm, single-use only, Fig. 3.8) with cleaned
stainless steel scissors (ethanol and flame treatment). After, having hung the plate on the
scale, I zeroed the balance while it was totally immersed inside the non-wetting (nonaqueous) phase but as close to the interface as possible. I then lifted the scale so that the
plate just touched the interface. Depending on the wetting phase, the meniscus pointed
upwards or downwards. The absolute value of the force measured by the scale, gave the
surface pressure and, thus, the interfacial tension. I recorded one value every 10 s. The
first 100 s of the experiment were discarded as they correspond to the time taken to set up
the experiment. For all concentrations, the experiments were equilibrated over several
hours. For some concentrations (e. g. C = 0.3 µmol (KrytoxFSL)) no equilibrium was
reached over 11 days.
I measured the time dependent interfacial tensions of two different systems (see Section 3.2). The first system was the surfactant KrytoxFSL in the fluorous phase, Novec7500,
in contact with millipore water or PBS. The second system, I used, was oleic acid in
squalane in contact with millipore water. I used the platinum Wilhelmy plate for the
measurements of the interfacial tension with the interface between the fluorinated and
the aqueous phase. I performed the measurements of the interfacial tension for the squalane water interface using the platinum and the paper plate. For the system with oleic
acid, the platinum paper plate has shown wetting inhomogeneities (Fig. 3.7(c)) changing
with each measurement (homogeneous: Fig. 3.7(b)) in contrast to a more homogeneous
wetting with the paper plate (Fig. 3.8).
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1cm

1cm

(a)

(b)

Figure 3.8: Langmuir trough setup used for the Wilhelmy plate method using a paper plate. The bottom phase is millipore
water, the top phase is squalane with the contact lines seen from the front (a) and from the side (b).

From these measurements, I obtained the equilibrium interfacial tension, the interfacial
coverage and the CMC. As described before (Sec. 2.4), the kinetic limited adsorption
regime cannot be reached at these big scales. Thus, I developed a microfluidic system
to approach the kinetic limited regime and I will describe this method in the following
section.

3.3

Microfluidic adsorption measurements

I performed these measurements for the determination of the kinetics of surfactant adsorption in the adsorption limited regime. For the droplet-based microfluidic adsorption
measurements, I produced water in oil emulsions using a dispersed aqueous and a continuous fluorous phase.
The aqueous phase consisted of a PBS buffer solution at pH ∼7.3. To this PBS solution,
I added the pH-sensitive dye (SNARF-1, 10 µM (6, 8 µM for test of ratio dependence),
life technologies) [183] to obtain a concentration of 9.5 mM phosphate buffer and 10 µM
SNARF-1. The dye has two different fluorescence maxima changing with pH (Fig. 3.9),
measured with a home-built fluorescence bench using steps of 0.5 nm (Ocean Optics
spectrometer, excitation with a green light-emitting diode, LED).
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Figure 3.9: The intensity of the two fluorescence maxima of the dye, SNARF-1 (see inset), changes with changing pH when
excited with green light (here: LED).

For the continuous phase, I used the fluorous solvent Novec7500 and the surfactant, KrytoxFSL, with varying concentrations of 0.01 mM, 0.03 mM, 0.05 mM, 0.10 mM, 0.20 mM,
0.29 mM, 0.39 mM, 0.49 mM, 0.59 mM, 0.69 mM and 2.0 mM. After the production of the
droplets, the pH changes inside the aqueous droplets, due to the adsorption of the acidic
surfactant from the fluorous phase. I used this pH change to obtain information on the
kinetics of adsorption.

3.3.1

Fluorescence setup

To determine the pH inside the droplets at different positions in the microfluidic channel,
I used a fluorescence setup [13] Fig. 3.10). The position on chip and the flow rate of the
two phases determined the age of the droplet at which the pH was measured.
Before every new surfactant solution and set of pH measurements, I performed the following steps. I rinsed the device with the new surfactant solution and aqueous phase with
30 and 2.5 µL/min, respectively, for a minimum of 10 min. After, I set the flow for the pH
measurements to the final flow rates of 7.5 µL/min and 1.5 µL/min for the fluorinated and
the aqueous phase, respectively and waited another 10 min before data acquisition. I have
chosen these flow rates as tipstreaming occurs upon increasing the flow rates (Sec. 2.6.2).
This cleaning procedure is sufficient to clean the channels from previous solutions used,
as no difference in signal is detected between repeated measurements. This means the
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Figure 3.10: The fluorescence setup used for the pH analysis of the droplets produced in a microfluidic device. (a) The
fluorescence setup including all optics. In my case, the 473 nm and the first PMT (for the green, F37-524) were not used.
The microfluidic chip was positioned on top of the objective. (b) Photo of the fluorescence setup including the colour of
the light which passes the optics described in (a). (c) The transmission data of all optics in (a).
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measurement of an aqueous solution does not depend on what other aqueous solution
with a different pH was used before. The pH values obtained after rinsing do not change
with further cleaning.
I measure the pH using the pH-sensitive dye which exhibits two fluorescence maxima
(around 647 nm and 580 nm, Fig. 3.9) depending on the concentration of protons present
in the droplets. I measured the ratio of the fluorescence at higher wavelength to the
fluorescence at lower wavelength using an optical setup, similar to that reported previously [13] . I used a laser (see Fig. 3.10, 532 nm, 25 mW, Cobolt Samba; the 473 nm was off in
these experiments) which I directed through a neutral density filter (ND = 1, see Fig. 3.10,
Thorlabs). I focussed the laser with an objective (10x, Olympus) into the microfluidic
channels using dichroics (specification see Fig. 3.10 from AHF Analysentechnik, optical
accessories from Thorlab). I mounted the microfluidic chip on a x-y-stage (Thorlabs). For
focussing, I observed the droplets with a camera (Grashopper) using a blue LED (Olympus) from above. I turned the LED off for data acquisition of the fluorescence signal of
the droplets. The dye in the droplets was excited by the 532 nm laser and the fluorescent
light was directed through several notches and filters and split with dichroics (AHF Analysentechnik) to be recorded by photomultipliers (PMTs, H9656-20, Hamamatsu). In this
experiment, only the voltages U of the two PMTs around 580 nm and around 647 nm were
recorded (at gains of G = 0.8). The data were transferred by a FPGA board (cRIO, National Instruments) at 3kHz using a program written in LabView (National Instruments).
The ratio from these two different PMTs was independent of the total intensity, making it
more suitable for the analysis. I transformed the voltage U measured by the PMTs to the
relative fluorescence unit8 RFU = U/G6.8 . I recorded the signals from the PMTs for 2.73 s
which equalled around 25 ± 5 droplets. Increasing this number does not give additional
information meaning that 25 droplets are enough for the analysis.

3.4

Coalescence in microfluidics

The following experiments were developed previously9 to study coalescence events in
relation to the time of stabilisation. In this work, I correlate these data with the pH
measurements to obtain the kinetics of surfactant adsorption. For these experiments,
8
9

The exponent depends on the manufacturer. It was experimentally verified for these PMTs.
These experiments were performed by Jean-Christophe Baret.
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Figure 3.11: The design for the PDMS device for the coalescence experiments.

microfluidic chips with a coalescence chamber at different distances from the production
were produced in PDMS (Fig. 3.11). The droplets were produced at the intersection of
the aqueous and fluorous phase. Then, they passed the coalescence chambers at different
distances from the production before they were collected at the outlets. The channel
diameter was 100 µm and the width of the coalescence chamber is fivefold. The height of
the channels was set to 40 µm. Videos with 2000 frames at a frame rate of 24 frames per
second (fps) were recorded with a Phantom Camera (v210, Vision Research).
Additionally, I conducted coalescence experiments at equilibrium coverage to determine
the concentration of surfactant at which a stable interfaces was obtained. I produced two
aqueous interfaces in a microfluidic channel with a plug of a fluorous phase (as above)
with concentrations of surfactant between 0.01 mM and 0.10 mM (as above). After a
minimum of 5 min, I brought the two interfaces into contact (with the help of syringe
pumps) to determine the time for coalescence to take place. Videos were recorded with a
frame rate of 100 fps.

3.5

Synthesis of surfactant

The synthesis protocol was adapted from Holtze et al. [143]10 and Scanga et al. [184] and
published by us in P. Gruner, B. Riechers et al. [61] (in press 2015). The synthesis was
10

I did the original synthesis with Jean-François Bartolo in the group of Dr. Valerie Taly, Translational
Research and Microfluidics, UMRS 1147, Paris Descartes University.
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Figure 3.12: Synthesis of the PFPE-PEG-PFPE (KryCO-Jeffa-COKry) surfactant.

improved11 to overcome the difficulties of the surfactant being non-biocompatible and
inducing leaking microreactors. In leaking droplets, the contents partition towards the
oil phase or exchange with neighbouring droplets. I determined the molecular weight of
the Krytox used by 1 H-NMR spectroscopy using a 1:1 mixture with Novec7500 (3M), and
integrating the peak intensities of the protons of the ethoxy- and carboxylic acid groups
(Sec. 3.2.1).
I used the following improved synthesis recipe following the scheme in Figure 3.12. The
following steps were performed under inert atmosphere (Nitrogen or Argon, Fig. 3.13):
I dissolved the Krytox 157 FSH (10.0 g, 2.50 mmol (1 eq), DuPont) in Novec7100 (30 mL,
3M; dried with 4 Å molecular sieves beads 8-12 mesh for one week) before injecting oxalylchloride (2.1 mL, 25 mmol (10 eq), Sigma Aldrich, reagent grade 98%) and one drop of
dimethylformamide into the solution while cooling with ice. I stirred the reaction mixture
until there was no further gas development. I evaporated all solvents and redissolved the
product in Novec7100 (dried, 30 mL). I dissolved the O,O’-Bis(2-aminopropyl) polypropylene glycol-block-polyethylene glycol-block-polypropylene glycol 500 (Jeffamine, Sigma
Aldrich, amounts see Table 3.3) in anhydrous Tetrahydrofurane (distilled, THF, 30 mL,
Sigma Aldrich, ≥ 99.9%) and added Triethylamine (1.73 mL, 12.5 mmol (5 eq), Sigma
Aldrich, ≥ 99%) to the solution. P0 was synthesized using a similar scheme although
without the drop of dimethylformamid (E. Mayot, private communication). Then, I injected the Novec7100 solution into the THF solution while stirring. The solution was
11
I acknowledge the chemistry facility at the Max Planck Institute for Biophysical Chemistry, Göttingen,
Germany, for letting me use their lab to perform the synthesis.
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10cm

Figure 3.13: Schlenck line for the work under inert atmospheric conditions (contrast, colors enhanced, sharpened).
Table 3.3: Amounts of Jeffamine used for the different synthesis. P0 was performed by E. Mayot with the same conditions
as P4,5 .

Synthesis

mass

volume

amount

equivalents to KrytoxFSH

P1 , P2

0.40 g

0.38 mL

0.67 mmol

0.27 eq

P3

0.85 g

0.82 mL

1.42 mmol

0.57 eq

P4 , P5

0.75 g

0.73 mL

1.25 mmol

0.50 eq

stirred overnight. At the end, the product was stable to be handled under atmospheric
conditions.
I performed a control synthesis according to the previous protocol, where the THF solution was briefly opened to air before it was added to the Oxalylchloride which had
reacted with the Krytox (C1 ). This has shown the crucial role of the inert atmosphere and
the dry solvents on the synthesis.
For the purification, I evaporated all solvents and redissolved the product in FC3283
(30 mL, 3M). I filtrated (1x (2x does not increase the purity)) and washed (3 x 25 mL) it
over Celite® 545 (Sigma Aldrich) using a glass frit (porosity 2) before I dried it under
vacuum. I obtained the final milky semi-solid product with yields of 50-90%. The variation is due to the filtering, as product is being trapped in the frit. This is seen in the
fact that filtering twice reduced the yield by about 30 % as the product is trapped in the
frit. However, this does not increase the purity. Furthermore, the yield depends on the
56

3.5. SYNTHESIS OF SURFACTANT
amount of Novec7500 used to wash with 3 x 25 mL being a rough estimate for high yield
and good purity.

3.5.1

Further purification

Additional to the purification of the surfactant using Celite® 545, I used silica beads
functionalised with an amine group.12 I produced them as follows. I cleaned silica beads
(diameter 30 µm, AEROPERL®, Evonik) using 100 mL Piranha Etch (80 mL H2 SO4 with
20 mL H2 O2 ) for 20 min. Then, I introduced these beads into H2 SO4 (95-98%, ACS reagent,
Sigma Aldrich) before adding H2 O2 (30 w%, ACS reagent, Sigma Aldrich). For neutralisation, I added 2 L of water to the solution. After sedimentation, I discarded the supernatant
and I centrifuged the sediment layer at 3500 rpm (rounds per minute) (Thermo Megafuge
16R, rotor falcon size) for 10 min. I removed the supernatant and dried the beads over
night. I added the beads to a solution of 1% (v:v) (3-Aminopropyl)triethoxysilane (≥ 98%,
Sigma Aldrich) in Toluene (≥ 99%, Merck KGaA) and stirred them for one hour before
decanting the supernatant and washing the beads three times with 50 mL of Ethanol
(Uvasol for sepctroscopy, Merck KGaA). I recovered the sediment layer and centrifuged
as mentioned above before drying the beads in an oven over night (80◦ C, Dry-Line DL53,
VWR).

Finally, I mixed these beads (2 g) with the surfactant solution (6 mL of 1 w% in FC40
(Iolitec)) before adding further FC40 (1 x or 2 x 6 mL). I filtered (Whatman® Grade1,
Sigma Aldrich) this mixture before performing 1 H-NMR for quantitative analysis13 [185] .

3.5.2

Infrared spectroscopy

To characterise the surfactant purity, I measured infrared spectra on a Fourier-transform
infrared (FT-IR) spectrometer (Nicolet 6700 FT-IR, software OMNIC 8.2, Thermo scientific)
with a resolution of 1 cm−1 and an average of 16 scans in a range of 4000 - 400 cm−1 using
a KBr cell and the surfactants without any solvents.
12

The functionalisation was done with the help of Julie Murison at the Max Planck Institute for Dynamics
and Self-Organization.
13
NMR analysis performed by Philipp Gruner, Max Planck Institute for Dynamics & Self-Organization.
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3.5.3

Partitioning experiments

I used all synthesised surfactants including the KrytoxFSL for partitioning experiments.
I prepared 500 µL of 0.5 w% or 1 w% of surfactant solution and 500 µL of 100 µM of
Rhodamine 6G (95%, Sigma Aldrich) and layered the two phases keeping them in contact
for a minimum of 72 h. I measured the absorbance spectra of both phases in the visible
region (VIS) using the microplate reader SpectraMax (1P-Tune 4 SpectraMax Paradigm,
software SoftMaxPro 6.2.2, Molecular Devices). I detected the absorbance (Absorbance
Monochromatic Illumination, Absorbance Photo Diode Detection Cardridge) of 100 µL
of solution in the range of 350 - 750 nm with steps of 1 nm using a 96-well microplate
(black, clear bottom, Microtest™, Optilux™, BD Falcon™, BD Biosciences).

Summary of Chapter 3 – Technical Aspects
I adapted a protocol to manufacture PMMA devices in complement to the
PDMS devices typically used. For a full control of the surfactant quality, I have performed and improved the synthesis of the surfactant PFPEPEG-PFPE. I have characterised the physical-chemistry of the surfactant-oilsystem applying standard techniques. Finally, I have developed a method
for miniaturised pH measurements at the millisecond time scale adapted to
the kinetics of surfactant adsorption in droplets.
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Chapter 4

Surfactants and Adsorption Kinetics
Parts of this chapter are included in P. Gruner, B. Riechers et al. [61] (in press 2015) and B.
Riechers et al. [43] (in preparation 2015).

4.1

Surfactant chemistry

In this section, I characterise the surfactants, which I use for the different experiments,
using bulk methods. In a first step, I obtain the molecular weight of Krytox (FSL, FSH)
from nuclear magnetic resonance spectroscopy and mass spectrometry. In the second
step, I determine the interfacial tensions in relation to the concentration of the surfactants
(Krytox FSL, oleic acid) from which I identify the value of the CMC.

4.1.1

Determination of the molecular weight

As stated in the literature [143] , the molecular weight of the KrytoxFSL (Krytox FSH see
Sec. 4.3.1) varies from the value given the supplier. For my experiments, it is crucial to
know the molecular weight. I use ESI-MS1 and 1 H-NMR spectroscopy for its determination (Sec. 3.2.1). Assuming, all the peaks visible in the mass spectrum contain a carboxylic
endgroup, the molecular mass of the KrytoxFSL is 1634 g/mol (see Fig. 4.1(a)). To confirm
1

This measurement was performed by Uwe Pleßmann, member of the research group of Henning Urlaub:
Bioanalytical Mass Spectrometry from the Max Planck Institute for Biophysical Chemistry
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Figure 4.1: Determination of the molecular weight of the carboxylic acid KrytoxFSL used for the kinetics experiments.
(a) ESI-MS spectrum of KrytoxFSL, (b) 1 H-NMR of a solution of 1:1 (w/w) of KrytoxFSL and Novec7500. To obtain the
molecular weight, the integrals of the triplet and the quartet from the ethoxy group are put in relation to the integral of
the singlet from the carboxylic endgroup.
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Figure 4.2: The chemical structures of Krytox and Novec7500 for the determination of the number of repeating units, n, in
Krytox.

this observation, I measured the 1 H-NMR spectrum2 of a 1:1 mixture of KrytoxFSL with
Novec7500 to elucidate the structure and determine the relative amount of carboxylic
acid groups (Fig. 4.2). The proton of the carboxylic acid shows a singlet with a chemical
shift, δ, of 9.50 p.p.m. (parts per million) [155] . On the other hand, the ethoxy group of
the Novec7500 shows a triplet and a quartet with a chemical shift centred at 1.40 and
4.18 p.p.m., respectively. The singlet has an integral of 0.25 ± 0.01 as compared to the
triplet and quartet with integrals of 3 and 2 ± 0.03, respectively. Taking the molecular
weight of the solvent Novec7500 (414 g/mol) and the weight ratio of the two components into account, the determined molecular mass is 1659 ± 67 g/mol (Fig. 4.1(b)). Thus,
the mean value of the determined molecular mass by both methods (NMR and ESI) is
2

This measurement was performed with the help of Elias Akoury within the research group of Markus
Zweckstetter, Structure Determination of Proteins Using NMR, at the Max Planck Institute for Biophysical
Chemistry.
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1646 g/mol with 7.9 of the repeating units n (Fig. 4.2). I assume an error of 67 g/mol,
referring to the error in the analysis of the NMR data.

4.1.2

Tensiometry

In this part, I describe the analysis of the surfactant with standard tensiometric techniques
(Sec. 2.3). I am analysing interfacial tensions between a solution with a surfactant with
a carboxylic headgroup and an aqueous phase consisting either of millipore water or of
the PBS solution using the pendant drop and the Wilhelmy plate method.
For these two systems, I plot the change of the interfacial tensions γ with time in Figure 4.3 with millipore water in (a) and PBS in (b). The equilibrium interfacial tension is
reached faster, the higher the surfactant concentration is. Furthermore, this equilibrium
is lower for higher surfactant concentrations. Thus, the interfacial tension data show
that increasing the concentration of surfactant in the bulk phase, increases the adsorption speed of surfactant to the interface and increases the number of molecules covering
the surfactant molecules at equilibrium. The surfactant I use is a carboxylic acid, which
can deprotonate upon the contact with water and becomes then a charged surfactant.
If millipore water is used as the aqueous phase, there is electrostatic repulsion between
the surfactant molecules upon adsorption and the adsorption cannot be seen as a simple
Langmuir adsorption process [2,39] . Additionally, less molecules adsorb to the interface
than in the case where the charge is screened with a counter ion, like in (b) with Na+ from
the PBS. Furthermore, I measured the interfacial tension using a droplet of the surfactant
solution in the aqueous phase. This is of importance as the concentration of the surfactant
inside the droplet can change upon adsorption, depending on the concentration of the
surfactant solution and the size of the droplet. The droplet size for the pendant drop
experiments at small concentrations is ∼10 µL with a droplet interfacial area of ∼5 mm2 .
With a maximum interfacial coverage of 8 µmol/m2 (see determination using the Wilhelmy plate method), the surfactant molecules at the inside of the droplet are completely
depleted up to a concentration of 40 µmol/L. Even if the interfacial coverage is only one
tenth of the maximum coverage, the measurement of the kinetics at low concentrations
is deficient. This is due to the fact that the molecules need to diffuse from the tubing
which leads to much higher equilibration times and different kinetics. Additionally, the
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(a)

(b)

Figure 4.3: The interfacial tensions of the surfactant solutions (KrytoxFSL) with (a) millipore water or (b) PBS as the
aqueous phases measured using the pendant drop method. The label shows the concentration of the surfactant inside the
fluorous phase Novec7500.

assumption that the bulk surfactant concentration stays constant does not hold. Thus, no
further analysis is performed for the pendant drop data.
In contrast, the Wilhelmy method, for which a planar interface is examined, gives more
promising results (Fig. 4.4). Here, I show the change in interfacial tension with time
using different concentrations including the plot of the equilibrium values in relation to
the concentration. Upon fitting these data (Fig. 4.4(b), Eq. 2.22), I obtain the interfacial
tension without surfactant, γ0 , the maximum interfacial coverage, Γ∞ , as well as the
critical micellar concentration (CMC) and the value κ described in Section 2.4.2.
The variation of interfacial tension of this surfactant spans almost two orders of magnitude, making it difficult to study. Additionally, a great disadvantage of both tensiometric
measurements is the long equilibration times due to the large volumes used [40] which
means that the classical methods are not convenient. Furthermore, surfactant adsorption
at these big length scales is diffusion limited and does not provide information on the
adsorption kinetics of small length scales (Sec. 2.4) [41] . Thus, I analyse the adsorption
kinetics using droplet-based microfluidics (see Section 4.2).
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Figure 4.4: The interfacial tension of different concentrations of the surfactant solutions (KrytoxFSL) in contact with a
PBS solution, measured using the Wilhelmy plate method. (a) Time traces of the interfacial tension of different surfactant
concentrations (see label). (b) Fit of the data using Eq. 2.22 to obtain γ0 = 46 ± 1 mN/m; Γ∞ = 8 ± 1 µmol/m2 ; κ = 7 ± 1 ×
106 m6 /mol2 ; CMC = 4 ± 1 µmol/L.

Summary of Section 4.1 – Surfactant Chemistry
I used mass spectrometry and nuclear magnetic resonance spectroscopy to
determine the molecular mass of a carboxylic acid surfactant. Additionally,
I characterised the surfactant by measuring the interfacial tensions between
aqueous phases and fluorous phases in which the surfactant was dissolved.
These measurements show (i) the importance of buffer conditions on adsorption kinetics, (ii) the importance of charge screening for the effective adsorption of surfactants with charged headgroups and (iii) the long equilibration
times of the interfacial tension using standard bulk methods (Wilhelmy plate,
pendant drop).
In the following, I will be using aqueous solutions containing buffers.
Charges from surfactants at the interface will be screened by the ions dissolved in the bulk. Electrostatic barriers for adsorption will therefore be
neglected and the surfactant (charged and uncharged) will be treated as a
neutral surfactant as long as adsorption is considered.

63

CHAPTER 4. SURFACTANTS AND ADSORPTION KINETICS

4.2

Adsorption kinetics at the micron scale

To obtain information on the kinetics of adsorption to droplets in microfluidics, I used
an acidic surfactant which adsorbs to the interface upon droplet production (Sec. 3.3).
Upon adsorption, it deprotonates changing the pH inside the aqueous droplets. I use a
fluorescence setup to measure the fluorescence of a pH sensitive dye inside the droplets
which displays the amount of protons added. A long microfluidic channel serves for a
good time resolution of the pH change.
In the first part, I describe the calibration of the system which includes the titration of the
buffer solution and the determination of the pH in droplets inside microfluidic channels.
I describe the analysis of the data in a second step before obtaining the change of the
proton concentration with time and with surfactant concentration. The data differ from
a simple first order Langmuir adsorption model. Thus, I develop a new second order
adsorption model which I then test for the description of the bulk equilibrium data and
on the impact on coalescence.
In the experiments, which I will describe in the following, I used a PMMA device with long
microfluidic channels. In contrast to PMMA, PDMS cannot be used as it delaminates due
to the high pressures which build up inside these long microfluidic channels. Moreover,
I could not obtain a stable droplet production without the use of surfactants when using
PDMS, due to the deformation of the channels (Sec. 3.1).

4.2.1

Calibration of the setup

For the determination of the kinetics of the adsorption of surfactants to the interface, I
measure the change of fluorescence due to the change in pH. Furthermore, I am interested
in the amount of protons added to the aqueous phase upon a measured pH change. In
the following section, I calibrate these two relations.
First, I determine the change of pH upon titrating the buffer solution with HCl (black
points in Fig. 4.5, Sec. 3.2.2). I calculate the change of pH (black line) using the equilibration
constants of the three equilibria of the triprotic phosphoric acid from PBS (Appendix B).
The theoretical and experimental data are in very good agreement. Therefore, I use the
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Figure 4.5: pH change with addition of HCl (titration (black circles) and calculation with (black line) and without dilution
(red line)).

theoretical calculation in the following. When a titration is performed, it is never possible
to only add protons which means the solution is always diluted. Within the microfluidic
pH experiment, only protons are added to the aqueous phase and no dilution of the
droplets takes place. Thus, I calculate the change of pH assuming that no dilution takes
place (red line in Fig. 4.5, Eq. B.40) [186,187] . I then use these values (grey shaded area
in Fig. 4.5) to determine the amount of protons added to the droplets in relation to the
change in pH (Fig. 4.10), even though there is only a small difference between the amount
of protons with and without dilution.
Second, I use a pH-sensitive dye to determine the pH inside the droplets at different
positions inside the microfluidic channel using a fluorescence setup (Sec. 3.3).
At slow velocities, the fluorescence inside a microfluidic channel is influenced by the
droplet’s speed as bleaching can take place [22] . Directly after production, the droplet accelerates to a terminal velocity [22] . The calibration is performed where the droplets have
reached this terminal velocity (9.8 mm ≡ 0.5 s after production) known from the time the
droplet passes the laser spot. I use the same flow rates for all experiments to make sure
this does not influence the results [22] . The velocity is calculated using the flow rates and
the channel dimensions to be 19.6 mm/s (see Sec. 5.1.2).
In the experiment, I measure the ratio, Rat, of the fluorescence at two wavelengths changing with pH (Fig. 4.6). This ratio does not depend on the concentration of the dye (6 to

65

CHAPTER 4. SURFACTANTS AND ADSORPTION KINETICS

RFU

pH = 6.31

pH = 7.10

pH = 7.94

16

16

16

12

12

12

8

8

8

4

4

4

0
0

0.1

0.2

0.3

0.4

0.5

0
0

0.1

0.2

t (s)

0.3

0.4

0.5

0

0

0.1

t (s)

0.2

0.3

0.4

0.5

t (s)

Figure 4.6: Fluorescence intensity (relative fluorescence units, RFU) of the different photomultipliers (PMTs) at higher
(647 nm, red line) and lower (580 nm, black line) wavelength for different pH values of the aqueous phase.
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Figure 4.7: Calibration of the ratio of the fluorescent signals (high/low wavelength) in relation to the pH of the original
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black: A0 = 4.1, A1 = 0.73, A2 = 0.33; blue A0 = 3.6, A1 = 0.80, A2 = 0.23; red A0 = 4.6, A1 = 0.66, A2 = 0.38.

10 µM). Thus, the small leakage of the dye towards the oil phase does not change the results. I calibrate this relation using PBS solutions including the dye at different pH values.
The fluorous phase contains a non-zero surfactant concentration of 0.02 mM of surfactant.
The pure fluorous phase cannot be used as the dye has a slight interfacial activity leading
to an adsorption of the dye to the interface when the surfactant concentration is too low.
The ratio of the fluorescence intensities (signal at higher divided by signal at lower wavelength) increases with increasing pH (Fig. 4.6, 4.7) and the pH measurement is sensitive
and reliable in the range between 6.2 and 8.0 (Fig. 4.7) [183] . I obtain the dependence
between the Ratio and the pH by fitting with Rat = (A1 · 10pKa −pH + A0 · A2 )/(A2 + 10pKa −pH )
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using the dissociation constant for SNARF-13 pKa = 7.5. For the small concentration of
surfactant which I used for the calibration, no pH change is detectable. Additionally, a
non-ionic surfactant does not show a change in pH. As I use the ratio of the fluorescence,
my measurements are independent on small variations in absolute intensity as well as on
a small leakage of the dye towards the fluorous phase.

4.2.2

Data processing

I show the raw data of the PMTs in Figure 4.6. I process these data (using MATLAB) to
obtain the calibration curve (Sec. 4.2.1). In the pH measurements, I invert this curve to
obtain the pH from the measured ratio. For the processing of the data for the calibration
and the pH experiment, I use the mean of the droplet signal to obtain the ratio of the
two PMTs. The threshold above which I define the droplets is at 35% of the difference
between the maximum and the minimum value per experiment of each PMT. Due to
the small leakage of the dye, the measured fluorescence of the continuous phase (which
should be non-existent) increases slightly with the age of the continuous phase. As the
baseline changes with this value, it is not subtracted during data treatment. I obtain a
ratio of the fluorescence signal which I convert into a pH using the three calibration curves
(Fig. 4.7). The error bars for the pH in Fig. 4.8 are due to this calibration. I relate the pH to
a concentration of protons inside the droplet using the theoretical calculation developed
in Section 4.2.1. I obtain the age of the droplet from the distance to the production, the
channel dimensions and the flow velocity. The time frame for the determination of the
kinetics from these experiments is between 0.8 and 30 s due to the acceleration of the
droplet to a final velocity (Sec. 4.2.1) and the length of the microfluidic channel (Fig. 3.3).

4.2.3

Change in proton concentration

I determine the change in pH with time (position on chip) for the different concentrations
of surfactants used (Fig. 4.8). For a given surfactant concentration (C = 0.49 mM), the pH
decreases from 7.5 to 6.8. The typical timescale of the process is ∼2 seconds. Qualitatively,
this variation of pH corresponds to the transfer of 4 mmol/L protons from the fluorous
3

Obtained from pH = pKa − log ((Rat − A0 )/(A1 − Rat) · A2 ), information from Molecular Probes.
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Figure 4.8: pH change with time for surfactant concentrations of 0.05 mM (blue), 0.10 mM (red), 0.20 mM (green), 0.29 mM
(pink), 0.39 mM (orange), 0.49 mM (black), 0.59 mM (light blue) and 0.69 mM (purple). The errorbars show the uncertainty
due to the calibration of the ratio of the signals versus the pH.

towards the aqueous phase. Increasing the surfactant concentration in the fluorous phase
has two effects: the pH decreases to a smaller equilibrium value and the timescale of the
process is shorter. The error bars result from the calibration of the change in ratio with
pH (Sec. 4.2.1). These errors become less relevant for the following analysis as I only need
to consider changes of pH and not absolute values.

All the concentrations, I use here, are above the CMC (Sec. 4.1.2) meaning that the
equilibrium coverage is constant for all concentrations. But as the equilibrium pH is
a function of the surfactant concentration, I can conclude that it is not limited by the
adsorption of the first monolayer to the interface. Indeed in such a case I expect that
the surfactant maximum coverage would determine the pH variation. Therefore, the
additional exchange of protons occurs while the interface is at equilibrium coverage,
through the desorption of the surfactant and the subsequent adsorption of other surfactant
molecules. The surfactant desorption involves the extraction of a counter ion from the
aqueous phase. The overall process can therefore be modelled as:
−
+
−−
−→
KryCOOHfl −
←
−− KryCOOint + Haq

−−
−→
KryCOO−int + Na+aq −
←
−− KryCOONafl
with the assumption that the dissociation of the carboxylic acid and the diffusion of the
protons inside the aqueous phase are instantaneous compared to the adsorption of the
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surfactant [188] . f l refers to the oil phase, int to the interface and aq to the aqueous phase.
Considering the typical ion concentration in the droplets and KrytoxFSL being a strong
acid, the extraction of the Na+ ions is the most likely event.

4.2.4

Failure of the Langmuir adsorption model

I now quantitatively analyse the reaction rate, the equilibrium of the reaction and the
order of the reaction. With this, I fully analyse the kinetics of proton transfer from the
fluorous phase to the aqueous phase.
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Figure 4.9: Speed of the reaction at time zero for all different concentrations of surfactant used.

The initial reaction rate is not linear with concentration (Fig. 4.9). This result is not
compatible with the Langmuir process. I assume in a first step, though, that the adsorption
of surfactant follows a standard Langmuir process. The rate of adsorption ∂Γ/∂t is
proportional to the concentration of surfactant in the bulk C0 , the density of the available
sites at the interfaces Γ∞ − Γ, and the adsorption constant kads . The desorption process is
proportional to the density of occupied sites Γ and the desorption constant kdes .
∂Γ
= kads C0 (Γ∞ − Γ) − kdes Γ
∂t

(2.20)

This relationship leads to an exponential relaxation of the interfacial coverage as Γ(t) =

Γeq 1 − exp(−t/τ) with τ−1 = kads C0 + kdes , and to an equilibrium interfacial coverage of
Γeq = Γ∞ κC0 /(1 + κC0 ) (Eq. 2.21, Appendix C.1) with κ = kads /kdes . In this model, one
proton is released in the bulk for each surfactant molecule adsorbing. At short timescales,
when the coverage is much smaller than the equilibrium coverage, mass conservation
implies that ∂t Γ · S = ∂t [H+ ] · V, where S and V are the surface and volume of the droplet,
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respectively. At longer times, the concentration of the acidic surfactant in the oil decreases.
Thus, the full rate equation for the proton concentration in the droplet reads:
V ∂[H+ ]
1
= kads (C0 − [H+ ]) · (Γ∞ − Γ) .
S ∂t
q

(4.1)

q is the volumetric ratio between the fluorous and the aqueous phase which accounts
for dilution effects. If all H+ are transferred from the oil to the water, the concentration
in the water is simply qC0 . In the desorption process, the counter-ion that leaves the
droplet from the bulk is likely the most abundant positive ion. In this case, a Na+ ion is
transferred to the oil. Hence, the rate equation for the H+ in the droplet does not take into
account the desorption process.

Solving the equation requires the knowledge of Γ(t). However, when the timescales for
surfactant adsorption and pH change are well separated, one can assume that the interface
is at equilibrium coverage Γeq at all times of the pH change. Only the knowledge of Γeq is
required to solve Eq. 4.1. In this case, the relaxation is again exponential and the timescale
of pH change is simply
τpH =

qR
3kads (Γ∞ − Γeq )

(4.2)

with R being the radius of the droplets. The initial velocity of the decay of the H+ concentration ∂H+ /∂t|t=0 in the droplet is thus expected to be linear in surfactant concentration
(Eq. 4.1).
Experimentally, I find a square dependence of the initial rate indicating that the adsorption
process does not follow a simple Langmuir process. The dependence of the initial reaction
rate with the concentration requires that the adsorption is of second order and is therefore
described accordingly. I construct a consistent model for the adsorption process and
for the pH variation process based on my experimental observations. I will show that
the model captures quantitatively the dynamics of pH variation and of the adsorption
process. I infer from the pH kinetics the interfacial parameters required to quantitatively
determine the adsorption process.
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4.2.5

Second order adsorption model

The first approach to describe the second order kinetics is to assume that the rate of proton
transfer is proportional to the concentration of surfactant to the square. In addition, it is
still necessary to have empty sites at the interface for adsorption to take place. Hence, I
propose a rate equation of the form:
1 V ∂[H+ ]
1
= kads (C0 − [H+ ])2 · (Γ∞ − Γ)
2 S ∂t
q

(4.3)

with kads in relation to the increase of proton concentration. For consistency in the model,
and because there is no physical reason to assume that the H+ transfer is independent on
the adsorption of surfactant, the straightforward model for adsorption is:
1 ∂Γ
= kads C20 · (Γ∞ − Γ) − kdes Γ .
2 ∂t

(4.4)

Using the assumption that I have a separation of timescales between the adsorption
process and the pH change in the droplet, the interface is quickly reaching equilibrium
while the pH is slowly changing. Therefore as previously, the pH change occurs for Γ =
Γeq . Eq. 4.3 is a second order kinetic law leading to the [H+ ] variation as (Appendix C.2):
!
1
+
+
∆[H ] = ∆[H ]eq 1 −
(4.5)
1 + t/τpH
with
τpH =

qR
.
6kads C0 (Γ∞ − Γeq )

(4.6)

To quantitatively check the validity of the model, I have fitted all experimental values
(Fig. 4.10(a)-(h)) with Eq. 4.5 using the ∆[H+ ]eq and τpH as fitting parameters. Firstly, I find
that the equilibrium value ∆[H+ ]eq scales linearly with the concentration of the surfactant
(Fig. 4.10(i)). This result implies that there is a full release of protons from the oil to the
droplet, even if the interface is at equilibrium. Second, I find that the timescale of the
process scales as 1/C0 as expected for a second order process. Combining these results, I
recover that the initial speed of the reaction scales as C20 . In principle, for a full transfer
of protons from the oil to the droplet, I expect ∆[H+ ]eq = qC0 where q is the ratio of the
oil to water volume fractions. Experimentally, I find that this ratio is ∼8 while I impose a
ratio of flow rates of 5. The error might come from the difficulty to determine accurately
the concentration of the carboxylic acid polymer. However, the experimental data are in
good quantitative agreement with my model.
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(a) 0.05 mM, (b) 0.10 mM, (c) 0.20 mM, (d) 0.29 mM, (e) 0.39 mM, (f) 0.49 mM, (g) 0.59 mM and (h) 0.69 mM (as indicated) with ’ and ” being repetitions of the same experimental condition. The

black lines show the data calculated from the mean calibration curve with the grey shaded areas relating to the maximum and minimum calibration curves (Fig. 4.7). (i) Equilibrium change of

proton concentrations (∆[H+ ]eq , fitted values) and (j) fitted τ−1 for all concentrations of surfactant. The fitting of the data of the small concentrations (b)-(c) is less confident as the pH change

is very small. Thus, the fitting value of ∆[H+ ]eq was adjusted manually to obtain a range of fits. The light blue symbol is set to zero as no pH change takes place when no acidic surfactant is
present.
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4.2.6

Bulk equilibrium data

The measurement of τpH as a function of C0 provides means to determine kads , provided
that both quantities Γ∞ and Γeq are known. These two quantities are equilibrium quantities and are measurable using standard characterisation techniques. I use a Wilhelmy
plate tensiometer to measure interfacial tension as a function of surfactant concentration
(Sec. 3.2.3). Using the standard Gibbs isotherm, these measurements provide the values
of Γeq (C), Γ∞ and in addition the value of the CMC, above which the interfacial coverage
stays constant (Sec. 4.1.2). Based on the developed second order adsorption model, I fit
the experimental data (Fig. 4.4) with the form (Appendix A.2):
κC2
1 + κC2
1
= γ0 − RTΓ∞ ln(1 + κC2 ) .
2

Γeq = Γ∞

(4.7)

γeq

(4.8)

I here obtain Γ∞ = 8 ± 1 µmol/m2 , κ = 7 ± 1 x 106 (m6 mol−2 ) and a critical micellar concentration of CCMC = 4 ± 1 µmol/L with the coverage at the CMC of ΓCMC
= 7.93 µmol/m2
eq
(Appendix C.2.1). These values lead to the determination of kads = 1.4 ± 1 x 103 s−1 m6 mol−2
(Appendix C.2.2). The value of Γ∞ corresponds to a value obtained for small headgroups,
compatible with this molecule and other data from the literature for fluorinated surfactants [2,189] . It should be noted that I use my model for consistency. However a standard
Langmuir isotherm provides the same value for Γ∞ (see Eq. 2.22).
It also shows that – contrary to my microfluidic method – equilibrium measurements
do not provide means to discriminate possible isotherm models. I obtain the adsorption
constants from these experiments, provided that the equilibrium is independently determined through standard measurements. I use the same adsorption model to describe
the equilibrium and the kinetics of pH change in the droplet, which enables the straightforward use of the equilibrium constants in the microfluidic experiments in a consistent
manner.

4.2.7

Impact on coalescence

To finally validate this model, I show that the kinetics of proton transfer provides a value
for kads compatible with the stabilisation of emulsions against coalescence. Indeed, it
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is known that the formation of the surfactant layer affects droplet stabilisation [110] . In
the following, I describe the experiment conducted for the measurement of coalescence
(Sec. 3.4) to determine the stabilisation of the interface4 (t < 200 ms) and the experiments
at equilibrium surfactant coverage (> 5 min). For these experiments, the same fluorous
and aqueous phases as for the pH measurements were used [110] . The three parameters
(1) surfactant concentration, (2) length of the channel L and (3) droplet speed U were
independently varied to change the incubation time of the droplets (t = L/U). The
droplet production is defined as stable if less than 1.5% of the droplets coalesce. The
critical parameter that controls the separation between stable and unstable emulsions is
the parameter LC2 [110] . Here, this parameter is proportional to the speed of the droplet U
(Fig. 4.11).
These experiments on coalescence determine the transition between stable and unstable
emulsions in flow. The transition towards a stable droplet production leads to a timescale
for stabilisation of the interface of the form τ ∼ 1/(kC2 ) where k ∼ 909 s−1 m6 mol−2
(Fig. 4.11). Hence, I can reuse the rate equation for the interfacial coverage Γ (Eq. 4.4)
to predict the stabilisation time of the interface during microfluidic emulsification. The
incubation of a droplet in a channel before coalescence favours the stabilisation at low
surfactant concentration. This kinetic stabilisation results from the time dependent adsorption of the surfactant in flow. I use the rate equation of Γ (Eq. 4.4) to compare the
stabilisation time of the interface during microfluidic emulsification to the adsorption
process obtained from the pH measurements:
1 ∂Γ
= kads C20 (Γ∞ − Γ) − kdes Γ .
2 ∂t

(4.4)

Through integration (Appendix D), I obtain:


kads C20
Γ
−2(kads C20 +kdes )·t
=
·
1
−
e
.
Γ∞ kads C20 + kdes

(4.9)

The kinetics of coverage is an exponential relaxation to the equilibrium coverage with a
timescale of
1
(4.10)
2 kads + 2 kdes
for the range of concentration used for the coalescence experiments. In the coalescence
τ=

C2

experiments, t = L/U and thus,
!
Γeq
L 2
1
Γ
C =−
·
ln 1 −
.
U 0
2 · kads Γ∞
Γeq
4

(4.11)

Experiment conducted by Jean-Christophe Baret; Analysis performed by me and Jean-Christophe Baret.
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Figure 4.11: Coalescence experiment at different distances from the droplet production area on chip L and different
speeds U with stable (black) and unstable (red) droplets against coalescence at different concentration, C, of surfactant
((a) 0.10 mM, (b) 0.20 mM, (c) 0.49 mM) with the corresponding images. The transition from stable to unstable droplets
takes place at different timescales τ depending on the concentration of surfactant (dashed lines: (a) τ = L/U = 0.12 s, (b)
τ = 0.024 s, (c) τ = 0.0036 s). (d) The data from (a), (b), (c) scale linear with LC2 = 0.0011 s mol2 /m6 · U (dashed line). The
different symbols refer to the different concentrations (related to the symbols in (a), (b), (c)). The coverage Γ/ΓCMC
of the
eq
interface for different values between 80.0% and 99.7% is represented by the lines of iso-Γ (Eq. 4.13).

Above the CMC, the coverage is constant:
Γeq
Γ∞
Therefore, I obtain:

∼1.




L 2
1
Γ 

C =−
ln 1 − CMC 
U 0
2 · kads 
Γeq

(4.12)

(4.13)

2
with the equilibrium coverage for the CMC: ΓCMC
eq . I obtain the value LC0 /U (Eq. 4.13)

from the coalescence experiments. It is the slope of the transition from unstable to
stable droplets (Fig. 4.11(d)) which leads to the determination of the interfacial coverage
Γ. Fig. 4.11(d) shows the lines of iso-Γ superimposed to the coalescence data: The
stabilisation of the emulsion occurs when the coverage of the interface is close to its
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equilibrium coverage (in the range 90-95%) which is close to the maximum coverage for
concentrations above the CMC (as for these experiments).
To confirm these results, I performed stabilisation measurements bringing two interfaces,
which are at equilibrium coverage, into contact (Fig. 4.12(a)). The aim is to define the
equilibrium coverage needed for the stabilisation of an interface. From the video, the
stacks of lines in the x and the y direction as a function of time (Fig. 4.12(b)-(c)) clearly
show the first contact and the coalescence events. Comparing the stacks of the line in the y
direction for different concentrations (Fig. 4.12(c)-(k)), the contact time before coalescence
occurs increases with increasing surfactant concentration. For the smallest surfactant
concentration of 0.01 mM, the interfaces are only stable for up to 1.5 s (Fig. 4.12(c)-(e) with
repetitions) whereas the interfaces start to stabilise for higher concentrations (Fig. 4.12(f)(k)). An interface in equilibrium with a surfactant solution of 0.10 mM is stable for more
than 7 min (not shown). These concentrations are above the CMC (CCMC = 4 µmol/L,
ΓCMC
eq /Γ∞ = 99.1%, see Sec. 4.2.6). This confirms the result that an interface is only stable
when the interface is nearly fully covered.
In conclusion, the values extracted from the pH measurements on chip provide a quantitative description of the kinetics of stabilisation and of transfer across the interface in a
unified picture. I show that the stabilisation of the interface needs a minimum concentration close to the CMC leading to a nearly complete coverage of the interface.
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Summary of Section 4.2 – Adsorption kinetics
I used fluorescence measurements to determine the pH change due to the adsorption of an acidic surfactant to the interface. The typical timescale for the
pH change is in the order of seconds for surfactant concentrations between
0.10 mM and 0.69 mM. For the highest concentrations, the pH decreases
upon adsorption from an initial pH of ∼7.3 to a pH of ∼6.2.
Additionally, I analysed coalescence experiments to obtain a dependence of
the stability of an interface with its age and the surfactant concentration.
Using these experiments, I describe the kinetics of the transfer of protons
across the interface and the stabilisation of an interface due to surfactant adsorption using one single model. The speed of the reaction is second order in
the concentration of surfactant. Standard interfacial methods do not distinguish between this model and a typical Langmuir adsorption model where
the speed is first order with the concentration. Combining the adsorption
experiments with the coalescence experiments, I show that an interface is
only stable if it is nearly fully covered by surfactants (minimum 90-95%).
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4.3

Consequence to improve surfactant synthesis

I have shown, that the presence of a carboxylic acid as surfactant has a great influence on
the pH of the droplets. The PFPE-PEG-PFPE surfactant commonly used in droplet-based
microfluidics, is synthesised from the carboxylic acid KrytoxFSH. I expect a full transfer
of H+ from traces of Krytox inside the PFPE-PEG-PFPE surfactant towards the droplet,
which makes the purity of the synthesised surfactant an essential factor. Therefore, I
improved the synthesis of the PFPE-PEG-PFPE surfactant (Sec. 3.5). In this chapter,
I analyse the quality of this synthesised product and quantify its impurities using IR
spectroscopy and partitioning experiments. I also used 19 F-NMR spectroscopy, but due
to very low intensities of the relevant signals no quantitative statement of the purity can
be obtained from such spectra (Appendix E).

4.3.1

Determination of the molecular weight

For the synthesis, it is a prerequisite to know the molecular weight of the KrytoxFSH or
the amount of carboxylic acid groups per weight. In the literature [158,160] and similar to
the KrytoxFSL (Sec. 3.2.1), it is stated that the molecular weight varies tremendously from
the molecular weight given by the supplier.
I use 1 H-NMR spectroscopy to determine the relative amount of carboxylic acid groups
inside a 1:1 mixture with Novec7500 (Fig. 4.13). I proceed the same way as for the
determination of the molecular mass of the KrytoxFSL (Sec. 3.2.1, 4.1.1). I could not use
ESI-MS because the maximum molecular weight for this spectrometer is 4000 g/mol.
The NMR spectrum shows a singlet for the proton of the carboxylic acid end group
with a chemical shift, δ, of 9.50 p.p.m. [155] (Fig. 4.13). The triplet and the quartet of the
ethoxy group are obtained with a chemical shift centred at 1.40 and 4.19, respectively.
The integrals of the singlet, triplet and quartet are measured to be 0.106 ± 0.010, 3 and
2 ± 0.03, respectively. Using the molecular mass of the solvent, I obtain a weight ratio
of the compounds, and a molecular weight of 3938 ± 257 g/mol with 22 of the repeating
units, n.
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Figure 4.13: 1 H-NMR of a solution of 1:1 (w/w) of KrytoxFSH and Novec7500. The integrals of the triplet and the quartet
from the ethoxy group are put in relation to the integral of the singlet from the carboxylic endgroup to obtain the molecular
weight of KrytoxFSH.

4.3.2

Analysis using infrared spectroscopy

To determine the purity of the surfactant, I use IR spectroscopy (Sec. 3.5.2). The analytical
protocol is based on IR bands [190,191] according to Doan et al. [155] , Dejournette et al. [161] ,
Loeker et al. [192] and Matochko et al. [162] .
I normalise the IR spectra (P0−5 ) to the band of the alkane group of the Jeffamine between
3000 cm−1 and 2800 cm−1 (R2 ). I treat the other spectra (R1 , C1−2 ) normalising their product
peaks to the height of the peak at 1700 cm−1 of R1 (Fig. 4.14). From the reaction scheme
(Fig. 3.12), I expect two side products. As described previously, two possible impurities
are the carboxylic acid and the carboxylate salt, which arises from a triethylamine salt
or from a Jeffamine salt [161] . The product should display both an amide bond and the
characteristic Jeffamine bonds. Small variations exist between the different batches of
Jeffamine. The product P0 was synthesised by E. Mayot and is used as a reference as
the analysis of this surfactant has shown very good performances for the use in dropletbased microfluidics [61] . I conduct the analysis and compare the presence of the alkane
CH stretch bands and the different product bands (CO stretch vibration between ∼1775 1650 cm−1 ).
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Figure 4.14: Analysis of the reaction products from the surfactant synthesis. (a)-(b) Infrared spectra of the reagents R1−2 ,
products P0−5 (with equivalents to KrytoxFSH used) and control C1−2 synthesis (C1 : Jeffamine-Krytox salt; C2 : Krytoxammonium salt, synthesised by E. Mayot [193] ): the covalent binding of the Jeffamine and the PFPE is revealed by an IR
band at 1720 cm−1 . The Jeffamine-PFPE salt corresponds to a band at 1700 cm−1 (see also Dejournette et al. [161] ). The
carboxylic acid band of the reactant is at 1775 cm−1 and is barely visible indicating traces of reactants in the final product.
P0 is the surfactant synthesised by E. Mayot with a similar synthesis. (b) Zoom of the alkane CH stretch bands (∼3000 cm−1 )
for the normalisation and the carbonyl stretch bands (∼1775 - 1650 cm−1 ) for the qualitative analysis.
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The Krytox (R0 ) does not show strong bands in the range of 3000 cm−1 to 2800 cm−1 . The
OH stretch vibration in the range of 3300 - 2800 cm−1 and the NH stretch vibration of
the amide and amine (R1 ) between 3500 - 3000 cm−1 are very broad. Thus, they cannot
be used for any quantitative analysis and they are easily distinguishable from the alkane
bands. The carboxylate groups have peaks in the range of 1800 - 1600 cm−1 where the
Jeffamine (R1 ) does not show any band.
The Krytox (R0 ) shows a clear band at 1775 cm−1 , as previously reported by Doan et
al. [155] and Loeker et al. [192] (Fig. 4.15(a)-(b)). For all products (P0 to P5 ), I measure a band
related to the amine bands which is systematically shifted (compared to the Krytox band)
indicating that the reaction occurred (Fig. 4.14).
For the control reaction (reaction opened to air, C1 ), no sharp band is present in the range
of 3000 - 2800 cm−1 : the Jeffamine is not covalently bound to the Krytox, the reaction
did not occur. The product is however different than the reagent (product band at
1700 cm−1 ). In the literature, a shift of the band towards lower wavenumbers is attributed
to a carboxylate ammonium salt (Fig. 4.15(d), blue trace) [161] . The 1700 cm−1 band is also
present in Matochko et al. (Fig. 4.15(c)) [162] . As a note, it is expected that the CO band
of the salt shifts with the counterion: I observe for example a band at 1650 cm−1 for the
ammonium salt of Krytox (control C2 , synthesised by E. Mayot [193] ), as reported by Loeker
et al. previously (Fig. 4.15(b)) [192] , while sodium salt leads to bands (eventually doublets)
at 1665-1696 cm−1 (Fig. 4.15(a)) [155] and the non-covalent Jeffamine-Krytox shows bands
at 1702 (turquoise curve in Fig. 4.15(d)) [161] . As the alkane band of the Jeffamine is not
present (control C1 ), I conclude, that the band at 1700 cm−1 corresponds to a salt of Krytox
(likely with a triethylammonium counterion used in the synthesis).
Considering now the IR spectra of the products P0−5 , I systematically obtain a clear band at
1720 cm−1 . Additionally, for the product spectra (P0−5 ), a new band appears at 1540 cm−1
being due to the NH bending vibration of amides typically appearing in the range of
1650-1450 cm−1 indicating if the reaction occurred. In Dejournette et al. (Fig. 4.15(d)) [161] ,
the band at 1720 cm−1 is recovered for the covalently bound Krytox-Jeffamine (black trace)
but with a strong additional band at 1770 cm−1 where I found the reagent Krytox band.
This means, the product of the reaction in Dejournette et al. [161] is highly contaminated
with Krytox. The 1720 cm−1 band is also present in Matochko et al. (Fig. 4.15(c)) [162] , but
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Figure 4.15: Infrared spectra from the literature. (a) The carbonyl region for the Krytox carboxylic acid (KryCOOH), the
Krytox sodium salt (KryCOONa) and a 1:1 mixture of the salt and the acid (Reprinted with permission from V. Doan,
R. Köppe, P. H. Kasai, Journal of American Chemical Society 1997, 119, 9810-9815. Copyright (1997) American Chemical
Society. [155] ). (b) Krytox carboxylic acid (dotted line), Krytox ammonium salt (dashed line) and a mixture of the two
(full line) (Reprinted from Colloids and Surfaces A: Physicochemical and Engineering Aspects, 214 (1-3), F. Loeker, P.
C. Marr, S. M. Howdle, FTIR analysis of water in supercritical carbon dioxide microemulsions using monofunctional
perfluoropolyether surfactants, 143-150, Copyright (2003), with permission from Elsevier. [192] ). (c) (1) Incomplete and
(2) complete reaction of the Krytox carboxylic acid towards the surfactant PFPE-PEG-PFPE (Reprinted from Methods,
58, W. L. Matochko, S. Ng, M. R. Jafari, J. Romaniuk, S. K. Y. Tang, R. Derda, Uniform amplification of phage display
libraries in monodisperse emulsions, 18-27, Copyright (2012), with permission from Elsevier. [162] ). (d) Ammonium
carboxylate of Krytox (‘unmodified’), ionic binding between carboxylic acid and Jeffamine (‘Jeffamine-bound-Krytox’), oil
only, Jeffamine in oil, PFPE-PEG-PFPE surfactants (‘KryJeffa covalent’) (Reprinted with permission from C. J. Dejournette,
J. Kim, H. Medlen, X. Li, L. J.Vincent, C. J. Easley, Analytical Chemistry 2013, 85, 10556-10564. Copyright (2013) American
Chemical Society. [161] ).
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is a shoulder of the peak at 1700 cm−1 : the product of the reaction in Matochko et al. [162]
is therefore likely to be contaminated with the Krytox salt.
In contrast, all of my products show minor bands at 1775 cm−1 and – possibly – a very
weak shoulder around 1700 cm−1 . Hence, the purity of my surfactant is much higher than
that of previous publications. I also recover that when the reaction is performed with an
excess of Krytox (P1 , P2 ), the side product is mainly the Krytox (bump at 1780-1790 cm−1 ).
In contrast, when the reaction is performed with larger amounts of Jeffamine (2:1 (P0,4,5 )
or excess of Jeffamine (P3 )), the side product is mainly the Jeffamine-Krytox salt.
In my synthesis, the amount of Krytox left over (in the form of acid or salt) is small, in
the order of a couple of percent from an estimate based on the spectra and better than
previous claims [143,162] .

4.3.3

Analysis using partitioning

In order to estimate this amount quantitatively, I use the partitioning experiment with
Rhodamine 6G5 (Fig. 4.16, Sec. 3.5.3). It was shown [61] that Krytox binds to Rhodamine
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Figure 4.16: Partitioning experiments for the calibration of the leakage of Rhodamine 6G towards the fluorous phase.
At time zero, the top phase consists of 100 µM of Rhodamine 6G in millipore water and the bottom phase contains the
indicated concentrations of KrytoxFSH.

6G as a 1:1 complex leading to extraction towards the oil. In this study, I use a calibration
curve to obtain the amount of Krytox inside the oil phase (Fig. 4.16, 4.17). The partitioning
measured from the fluorous phase, is more sensitive to small changes of absorbance close
to zero and, thus, more sensitive to small impurities. However, the use of the aqueous
calibration curve gives similar results (data not shown). I obtain the calibration curve as
5

I perform these experiments according to the partitioning experiments by Philipp Gruner, Max Planck
Institute for Dynamics & Self-Organization
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Figure 4.17: (a) The absorbance spectra of the fluorous phase (Fig. 4.16) including the value of absorbance of the maxima at
500 nm (shown in (b)). The red line corresponds to the calibration curve obtained upon fitting the data with y = 144x1.2115 .

previously done by Gruner et al. [61,185] (Sec. 3.5.3).

For the samples P0−5 , I use a 1 w% and 0.5 w% PEG-PFPE surfactant solution and measure
the fluorescence in the oil phase6 (Fig. 4.18). I compare the amount of extracted Rhodamine
6G to the amount upon extraction with a known amount of carboxylic acid (Fig. 4.17).
The error bars in the amount of impurity inside the sample show the measurements of the
two concentrations. From this, I conclude that all surfactant solutions show a partitioning
to the oil corresponding to less than 1 w% contamination with Krytox. The purity of my
end product is therefore of the order of 99 w%.

4.3.4

Further analysis and purification

I obtain

19 F-NMR

spectra of the fluorinated solvents (C6 F6 , Novec7100, FC3283), the

reactant (KrytoxFSH), the control (C1 ) and the product (P5 ). I present and discuss the
spectra and the signals in the appendix E. Upon comparing these spectra with literature
values, I show that they do not give any further information in terms of purity of the
synthesised surfactants. This is mainly due to the low intensities of the relevant signals.
As seen by the IR and partitioning experiments (Sec. 4.3.2, 4.3.3), further purification steps
of the product from the surfactant synthesis would be of great help to make sure that the
6

Sample P0 was measured by Philipp Gruner.
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Figure 4.18: Partitioning experiments for the synthesised surfactants with different samples: P0,4,5 2:1 Krytox:Jeffamine,
P1,2 excess of Krytox, P3 excess of Jeffamine (equivalents to KrytoxFSH indicated in (b)). (a) Photos of the 0.5 w%
partitioning experiments. (b) The leakage is the amount of dye extracted using the molecular weight of KrytoxFSH. The
error bars show the values for the 0.5 w% and 1 w% experiments.

product is free of Krytox and the salt of the Krytox. These two molecules interact well
with organic molecules and lead to extraction (Sec. 4.3.3). Thus, I grafted a silane with an
amine headgroup onto silica beads (Sec. 3.5.1). 1 H-NMR analysis7 has shown, though,
that all surfactant is removed and not just the Krytox.

Summary of Section 4.3 – Surfactant synthesis
I improved the synthesis of the PFPE-PEG-PFPE surfactant. I qualitatively
analysed the surfactant using infrared spectroscopy for the detection of residual carboxylic acid (Krytox) and its salt inside the synthesised product. I
quantified the left over carboxylic acid using partitioning experiments and
have shown that the surfactant synthesis can be optimised to less than 1w%
of residual carboxylic acid.

7

Performed by Philipp Gruner, Max Planck Institute for Dynamics & Self-Organization
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Summary of Chapter 4 – Surfactants and Adsorption Kinetics
I characterised the surfactant using bulk interfacial experiments such as the
Wilhelmy and the pendant drop method. I have shown the importance
of buffer conditions for the effective adsorption of a charged surfactant to
the interface and the inconvenience of long equilibration times using these
methods.
Thus, I used miniaturised pH experiments to quantify the adsorption kinetics
of an acid surfactant to the interface. I have shown that a full transfer of
protons takes place from the acidic surfactant inside the oil phase towards
the aqueous phase. At the same time, the measured kinetics of pH change
can be used to explain the stabilisation of the interface as well. I used this
information to explain the implications of left over carboxylic acid from
the synthesis of the PFPE-PEG-PFPE surfactant. And finally, I used these
principle to improved the synthesis of the PFPE-PEG-PFPE surfactant to
obtain less than 1w% left over carboxylic acid.
I show that the transfer of ions and small molecules from one phase to the
other is controlled by surfactants. These results could have implications on
designing new ways for liquid / liquid extraction in chemical engineering or
on developing systems for the control of communication through chemical
exchange in an assembly of droplets.
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Chapter 5

Follow-Up Experiments
In this chapter, I discuss ongoing experiments on the behaviour of surfactants at interfaces
as well as surfactant applications in droplet-based microfluidics.

5.1

Alternative measurement of adsorption

So far, I have measured the adsorption kinetics using pH measurements and coalescence
experiments at the micronscale. This approach is limited to an acidic surfactant. An
alternative approach to obtain information on adsorption kinetics can be to measure the
change of the velocity of droplets inside channels upon surfactant adsorption. The change
in speed is of interest, as surfactant adsorption to the interface of flowing droplets and
change the rheological properties (Sec. 2.5). Thus, the speed of the droplets inside a
microfluidic channel is prone to changes with the age of the droplet. This can lead to
a Marangoni effect slowing the droplets down. In the following sections, I describe the
methods and the preliminary results obtained.

5.1.1

Materials and methods

In order to investigate the change of the velocity of droplets with surfactant laden interfaces on chip over a large time frame, I used a long microfluidic channel made from
PMMA. The PMMA device had the same dimensions as the device for the pH mea89
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surements (Sec. 3.1.2) apart from the width of the channel. In this case, the microfluidic
channels had a diameter of 150 µm. I used a fluorous phase which contained 0.10 mM KrytoxFSL in Novec7500 and an aqueous phase with PBS (and SNARF-1, pH=7.10, Sec. 3.3).
I set the flow rates to 7.5 and 1.5 µL/min for the fluorous and the aqueous phase, respectively. To record high speed videos (Sec. 3.4) of 8 different areas on chip, I used a
microscope (IX71, Olympus, objective 2x) and recorded 2000 frames with a sample rate
of 1500 fps, an exposure time of 6 µs and a resolution of 1152 x 800 pixels.

5.1.2

Results and discussion

For these experiments, microfluidic channels made from PMMA have advantages over
PDMS devices because PMMA channels withstands higher pressures and do not deform
significantly (Sec. 3.1). Due to the stability of PMMA against higher flow rates, a droplet
production without the use of surfactants becomes feasible. These properties make it
possible to obtain information on the evolution of the speed of the droplets over time
and to relate a change of velocity to the concentration of surfactant inside the continuous
phase. I determine the speed of the droplets at different positions on chip (Fig. 5.1) using
a surfactant solution with a concentration (0.10 mM) above the CMC. This means that
full coverage occurs in the order of a couple of seconds (Sec. 4.1.2, Fig. 4.3(b)). For each
position, I measured the velocity of three droplets and compared the differences of the
velocity at the two sides of the chip (A-C in comparison to D-F in Fig. 5.1) as well as the
differences of the speed at the production and at the end of the microfluidic channel (A, D
in comparison to C, F in Fig. 5.1). The speed of the droplet changes more pronounced
from one side to the other side of the channel than from the production to the end of the
channel. This means, a contribution from the Marangoni effect cannot be extracted. Thus,
I use the average speed due to the flow rates to determine the age of the droplets in the
pH experiments (Sec. 4.2.1).
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Figure 5.1: Video frames capturing the microfluidic PMMA device to obtain the speed of the droplets at different droplet
ages. The speed is given for the positions A-F and depends on the side of the device rather than the age of the droplet.

Summary of Section 5.1 – Alternative adsorption experiments
Due to the variation of the height of the channels, no information on the
Marangoni effect was obtained so far. This does not pose a problem for the
pH measurements as the average velocity can be used. The improvement
of the uniformity of the height of the microfluidic channels could make the
developed measurement successful.
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5.2

The role of pH in the self-propulsion of droplets

Adsorption kinetics of surfactants play a crucial role in self-propulsion as well [7,90] . Such
a movement can be due to the Marangoni effect, which results from an inhomogeneous
surfactant distribution at the interface. The maintenance of this inhomogeneity is directly
related to the rate of adsorption and desorption of surfactants (Sec. 2.5). Thus, the study
of adsorption kinetics can provide further insight into the effect of self-propulsion.
Additionally to the perfluorinated acid (Krytox) used in the adsorption experiments, a
wide variety of organic carboxylic acids exist, which are soluble in organic oils. I can
apply the knowledge, I gained on the dynamics of pH change to other interfacial effects.
Using oleic acid and squalane, a simple water-in-oil emulsion system showing biomimetic
behaviours was developed.1 Interfacial properties control the different behaviours of
movement of the droplet through the oil phase. My contribution to this project was the
characterisation of the surfactant, oleic acid, in the continuous phase, squalane (Sec. 3.2).

5.2.1

Materials and methods

In short, this system, studied in a millifluidic setup was composed of squalane and oleic
acid at different concentrations as the continuous phase. This phase was placed into a
plastic or glass petri dish and 2 µL of the aqueous phase were slowly injected. The latter
consisted of a variety of concentrations of TrisHCl and CaCl2 . The pH of the aqueous
droplet decreases with decreasing concentration of the buffer TrisHCl due to the fact
that the buffer is diluted. A phase diagram of the droplet’s behaviour in relation to the
components of the aqueous phase and the surfactant was obtained.
I characterised the surfactant oleic acid in squalane using interfacial tension measurements
(Sec. 3.2.3).

5.2.2

Results and discussion

Another interfacial phenomenon is the movement of a droplet due to surfactant adsorption. Depending on the concentration of solutes in the aqueous phase and of surfactant
1

The experiments were conducted by Florine Maes and Deniz Pekin.
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(a)

(b)

1cm
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Figure 5.2: Example of aqueous droplets in a surfactant solution of 100 mM oleic acid in squalane showing (a) no movement
and (b) self-propulsion. (a) A pure water droplet without displacement during 179 s. The only movement seen (green
trace) is due to the initial deposition of the droplet into the solution. (b) An aqueous droplet containing 10 mM TrisHCl
and 10 mM CaCl2 shows self-propulsion (blue trace corresponds to 58 s). (a)-(b) These experiments were performed by
F. Maes and D. Pekin and the image analysis by J. Vrignon.

in the continuous phase, the droplets show different behaviours of movement, such as
self-propulsion by swimming or (ameoba-like) deformation, the formation of a shell, division or microemulsification. An example of a stationary and a self-propelled droplet
is shown in Fig. 5.2. For the understanding of the behaviour, I characterise the interface
of the surfactant, oleic acid, in squalane (CMC, interfacial tension γ(t)) in contact with
millipore water (Fig. 5.3). I perform the measurement using the platinum Wilhelmy plate.
Two issues have to be solved: First, the wetting properties of the aqueous phase are not
homogeneous on the platinum plate. Thus, I use a paper Wilhelmy plate to attempt this
problem. Second, the interfacial tension of the pure squalane with water decreases over
time. The filtration with Celite® or Alumina (Fig 5.3) gives slightly better results, but
a decrease of the interfacial tension is still visible over a time of more than 105 s. The
interfacial tension between pure squalane and millipore water is roughly between 41 and
48 mN/m (grey shaded area in Fig. 5.3). These data suggest a CMC around 40 mM but
further measurements are necessary using very pure squalane to confirm this result.

The direct measurement of squalane without further purification shows a changing interfacial tension over time (Fig. 5.3). This means that surface active molecules are present
as impurities inside the squalane. These impurities have to be removed to obtain the
interfacial tension of pure squalane and information on the effect of oleic acid on the
interfacial tension.
The impurities were not removed when filtering the squalane over Celite® (Fig. 5.3).
While it was shown previously that Alumina proved to be successful to remove the impurities and obtain a stable interfacial tension between squalane and water (52.5 ± 0.5 mN/m
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Figure 5.3: (a) The interfacial tension γ of oleic acid in squalane with millipore water. Continuous line: non-filtered,
dotted lines: filtered with Celite®, dashed lines: filtered with Alumina, blue lines: paper Wilhelmy plate, other colours:
platinum Whilhelmy plate. (b) Equilibrium interfacial tension (last values in time) with concentration of oleic acid. These
measurements include an error due to non-filtered squalane also visible in the grey shaded area (interfacial tension for
pure squalane and water falls roughly within the range of the grey area).

over 1000 s [80] ), the purification using Alumina was not successful in my experiments.
Further purification might be possible with the use of functionalised beads (Sec. 4.3.4).
The use of the Wilhelmy plate gives rise to additional difficulties. The wetting of the
platinum Wilhelmy plate at the interface between water and squalane is not homogeneous
(Fig. 3.7). This is improved slightly, if the plate is wetted with water before being brought
to the interface. However, when experiments are performed in this way, it is unclear if the
contact angle of the water on the platinum Wilhelmy plate is zero over the whole contact
length or if it deviates from this value introducing errors. Experiments with the paper
Wilhelmy plate were able to improve the homogeneous wetting (Fig. 3.8). But due to the
impurity of the squalane, I was not able to make a conclusive measurement. In future
experiments a pure squalane sample and paper plate could be used to obtain reliable
results. Another possible method to test the quality of these measurements is the use of
the pendant drop method as comparison.
Additionally, the experiments showing biomimetic behaviour show a dependence between the movement and the pH inside the droplet likely related to the acid dissociation
constant of the surfactant (pKa ), oleic acid. If the pH in relation to the acid dissociation
constant plays a role in self-propulsion, it would be possible to use the fluorinated acid,
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Krytox, to obtain movement as well. We performed preliminary experiments of such a
system and some movement was already observed.

Summary of Section 5.2 – pH and self-propulsion of droplets
For the understanding of our minimal system showing self-propulsion, a
characterisation of the surfactant solution (oleic acid in squalane) is necessary. The determination of the exact critical micellar concentration of oleic
acid in squalane remains challenging as the purification of squalane was not
yet successful.
For studying interfacial properties it is of great relevance that the used solvents do not contain interface active contaminants. Such contaminants are
present in the squalane used here. Further studies using squalane should
thus systematically analyse impurities in commercially available solvents
before concluding on interfacial properties.
The ongoing experiments to define the dependence of the buffer conditions
and the surfactant on the movement of droplets could lead to a link between
the kinetics of surfactant adsorption and other interfacial phenomena.
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5.3

Monodisperse particle synthesis

I focussed so far on the transport of surfactants towards the interface. In other applications, droplets need to be stabilised against exchange as well. For example, microgels can
be obtained through polymerisation of emulsion droplets. An exchange between droplets
could lead to undesired cross-linking between them. As before, surfactant properties are
of great relevance to stabilise these interfaces.

5.3.1

Materials and methods

Within the collaboration with Ramsia Sreij2 , I was involved designing the microfluidic
chips for the on-chip production of monodisperse smart microgel particles. The collaboration included the chip-design, the production of the molds and the production of the
PDMS devices. The chips contained several features, e. g. a flow-focusing geometry for
proper droplet production, a delay line for longer reaction time, and an expansion chamber for droplet storage and analysis. The designs ranged from a basic 2-inlet (2 reactants)
device to study polymerisation through diffusion, to a 3-inlet and a 4-inlet device to study
polymerisation using water-in-oil droplet-based microfluidics (2 reactants + 1 oil and 2
reactants + 1 buffer + 1 oil, respectively). The droplets function as reaction vessels. They
were stabilised by a fluorinated surfactant (PFPE-PEG-PFPE) which was synthesised and
provided by me (Sec. 3.5). The first experiments of the synthesis of monodisperse Poly(Nisopropylacrylamide) (pNIPAM) particles were performed on-chip. The final aim is to
determine the kinetics of polymerisation.

5.3.2

Results and discussion

The on-chip synthesis via water-in-oil droplet-based microfluidics leads to monodisperse
microgels in the micrometer range. The production is stable using channels between
40 µm and 100 µm. The droplets are successfully stabilised with the synthesised PFPEPEG-PFPE surfactant (Sec. 3.5). Upon transfer of the droplets into an aqueous phase,
though, the droplets partially coalesce. This is due to the nature of the surfactant having
2

From the group of Prof. Dr. Thomas Hellweg, Physical and Biophysical Chemistry, Faculty of Chemistry,
Bielefeld University
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suitable properties to stabilise water-in-fluorinated-oil emulsions only. Furthermore,
cross-linking between droplets occurs. Adapting time and concentrations of the reactants
is promising to solve these problems.

Summary of Section 5.3 – Particle synthesis
In this collaboration, we designed microfluidic devices for the production
of monodisperse microgels. Using these microfluidic channels, the first
monodisperse microgels were successfully produced. Ongoing experiments
aim at stabilising the particles against cross-linking after transferring them
from the continuous phase into an aqueous phase.
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5.4

Ice nucleation in emulsion droplets

The stabilisation of emulsion droplets is of great relevance when utilising these droplets to
study volume dependent properties. In such experiments, interfacial properties should
not be dominant over the volume dependent properties. This is especially important
when studying volume dependent ice nucleation rates. A prerequisite for these studies is
the occurrence of the nucleation inside the volume and not at the interface. This depends
on the interaction of the surfactant with the droplet phase. This project is a follow-up
on my previous measurements on the dependence of the homogeneous ice nucleation
rate on the volume of monodisperse droplets [194] . In the present work, the aim is to
produce monodisperse droplets for the examination of not only homogeneous but also
heterogeneous ice nucleation using different biological ice nuclei in collaboration with
Katharina Dreischmeier3 .

5.4.1

Materials and methods

For these experiments we used a continuous phase of squalene or mineral oil with Span®
65, Span® 80 or Tween® 80 as surfactants tuning the concentrations and flow rates for
stable droplet production on-chip. For the surface treatment of the channels, we used
Nanoprotect, Aquapel or dichlorodimethylsilane.
I designed and fabricated the microfluidic chips to aim at slow droplet throughput for a
camera using 25 fps. I produced a flow focussing geometry with channel width of 20 µm
to 100 µm and varying nozzles sizes to obtain droplet sizes between ∼15 µm and ∼200 µm.
6 mm after droplet production, I added an expansion of a width of 1 mm into the chip to
slow down the droplets.

5.4.2

Results and discussion

Within this work, we use different combinations of surfactants and oils including different
treatments of the channels to obtain a stable droplet production including a stability upon
3

From the group of Prof. Dr. Thomas Koop, Atmospheric and Physical Chemistry, Faculty of Chemistry,
Bielefeld University.
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the handling of these droplets off-chip. The latter includes the use of an oil phase which
can be cooled down to below −40◦ C to access the homogeneous ice nucleation temperature
of pure water. Additionally, the freezing of neighbouring droplets has to be independent
for the measurement of nucleation temperatures [194] . To cool down the droplets, they
are placed inside a cryo-microscope. Thus, it is of advantage if the oil phase is lighter
than the aqueous phase preventing the droplets from evaporation and obtaining a better
contact with the cooling system. Squalene is not suitable for this, as the melting point
is around -5◦ C [195] . For the squalene, though, the best combination of surfactant and
channel treatment is found with 1.3 w% of Span® 80 with Nanoprotect, in comparison to
the other combination of surfactants and oil phases. With mineral oil, the best production
is obtained using 1.3 w% Span® 80. Upon freezing these droplets, the interfaces of the
droplets become turbid being likely due to the behaviour of Span® 80 at the interface
of mineral oil and water at these low temperatures. The future work aims towards
the optimisation of the formulation of the oil-surfactant mixture before investigating ice
nucleation.

Summary of Section 5.4 – Ice nucleation
In this collaboration, monodisperse droplets were produced using different
organic continuous phases and different surface coatings for the microfluidic
channels to find a suitable combination for the use in ice nucleation experiments. We used a cryo-microscope for the observation of the freezing events
of the different emulsion droplets. In ongoing experiments, the combination
of the oil phase, the surfactant and the surface coating will be optimised.
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Summary of Chapter 5 – Follow-up Experiments and Collaborations
In this chapter, I have described ongoing experiments. I have developed an
experiment to determine the adsorption kinetics of surfactants using the velocity of droplets in microfluidic channels. Additionally, I studied interfacial
properties of a surfactant to understand self-propulsion of aqueous emulsion droplets. And finally, I initiated two collaborations with groups at the
Bielefeld University to study the production of monodisperse microgels as
well as homogeneous and heterogeneous ice nucleation using droplet-based
microfluidics.
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Discussion
In this study, I investigate surfactant induced interfacial phenomena within water-in-oil
emulsions. Surfactants play a crucial role in the stabilisation of emulsion droplets against
coalescence [110,196] . Both at the same time, they can effect the exchange of solutes between droplets due to the intermolecular interactions with the solute [28] . Furthermore,
surfactants interact with the exterior oil phase which can lead to self-propulsion of the
droplet [31,86–88] . In all these processes, adsorption and desorption processes are of relevance. In my thesis, I study three aspects of surfactants: (1) emulsion stabilisation
(adsorption kinetics, Sec. 4.1, 4.2, 5.1), (2) stabilisation of droplets against exchange of
solutes (surfactant synthesis, Sec. 4.3, 5.3, 5.4) and (3) surfactant induced self-propulsion
(properties of surfactants at interfaces, Sec. 5.2).

6.1

Kinetics of surfactant adsorption

With the use of microfluidics, I describe an efficient tool for the analysis of adsorption kinetics of surfactants to interfaces. I present a unified model for the transport of molecules
across the interface and the stabilisation of interfaces (Sec. 4.2). This method overcomes
the problems often encountered by standard interfacial techniques like the pendant drop
or Wilhelmy plate method: inflexibility, long equilibration times, large amount of fluids [37,40,69,80] and different kinetics due to the size of the droplet [33,41] (Sec. 2.4).
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The results of the droplet-based microfluidic experiments show a direct relation between
the adsorption kinetics, the transfer of molecules across interfaces and the stabilisation
of emulsions (paper in preparation [43] ). These results have several implications on the
use of droplet-based microfluidics for the implementation in biotechnology. Aside from
the stabilisation of the droplets against coalescence, biotechnological applications require
the conditions inside the droplets to be constant [7,8,18,25,55,56] (Sec. 2.1). I have shown
that interfacial stabilisation against coalescence by surfactants is only achieved for almost
completely covered interfaces. Additionally, I demonstrated that stable conditions inside
droplets are not always achieved: Depending on the surfactant, a pH change and a loss
of ions take place within the order of seconds.
In fact, not only do surfactants influence droplet stability, but they also act on the droplet
composition [28] . The composition change is seen with different surfactants such as triblock copolymers [28,61] . In my study, I used an acidic surfactant which changes the pH
inside the buffered aqueous emulsion droplets drastically, due to a deprotonation of all
surfactant molecules present in the fluorous phase. This results in a conversion of all
carboxylic acid molecules to their salt. This conversion can only take place if the surfactant molecules adsorb to the interface and subsequently desorb with another ion from
the aqueous phase. This leads to the drastic pH change and a depletion of salt from the
emulsion droplets.
A pH change to this extent can lead to an environment which is not suitable for encapsulated biological material. This applies also to the loss of salt from the droplets in which
biological material is encapsulated [7] . One can argue, that a pure carboxylic acid, such as
the KrytoxFSL in this study, is rarely used as surfactant. It has to be noted, though, that
when working with a fluorinated continuous phase the surfactant is usually synthesised
from this acid. Only traces of such an acid can already be an issue as seen by the following thought experiment. In common droplet-based microfluidic experiments, the amount
of surfactant used is around 2 w% [14,99,197] , whereas the maximum concentration of the
carboxylic acid surfactant used for the pH measurements was only 0.07 w% (Fig. 4.10).
Hence, an impurity (carboxylic acid) of less than 4 w% is enough to achieve this outcome
in equilibrium. Furthermore, this transfer can be completed in less than 10 s, depending
on the concentration of the impurity and the competition of all surface active molecules.
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As a consequence, the purity of the surfactant is a crucial parameter to consider when
using droplet-based microfluidics.
The effect of pH change might also be used as an advantage. To trigger a reaction
inside a droplet, a conventional method is selective droplet fusion [16,115,116,198] with the
disadvantage of a volume change of the droplets [198] . To overcome this, Mashaghi et
al. [198] used an acid soluble in the aqueous and the oil phase to externally control the pH
of the droplets. They achieved a pH change in the order of seconds. In principle, such a
pH change should also be obtainable using my system, but further work is needed here
to tune the surfactant concentrations and compositions. With the system I developed
here, a pH change is induced upon exchanging an ion from the aqueous phase with a
proton from the surfactant in the oil phase. In contrast to the previous study [198] , no
other molecule is added to the aqueous phase. This is advantageous as my system does
not introduce additional molecules into the aqueous phase triggering no additional side
products or interactions with the reactants inside the aqueous phase. The pH change only
reduces the amount of positive ions inside the droplets. Controlling the pH change or
pH stability is only possible with the quantitative information I gain from the adsorption
measurements.
Now, with a qualitative sense of the importance of surfactant adsorption in mind, I will
quantify the pH change by examining the adsorption isotherms. Adsorption kinetics on
the micron scale are highly discussed in the literature since the 1930s [40] . Many studies
explain the adsorption kinetics with two limiting cases either limited by diffusion or
by adsorption with an adsorption barrier. These studies are often only empirical and
introduce large errors [40] . To overcome these difficulties, a recent approach consists of
predicting surface tension data using inputs of experimental data [38] . The identification
of an adsorption barrier is very complex as the kinetics are often very similar to the
diffusion limited regime [40] . However, it was shown, that the kinetics of surfactant
adsorption on emulsion droplets change with the size of the droplets [41] . Upon reducing
the droplet size, the diffusion limited regime for the adsorption kinetics crosses over to
the limiting regime including an adsorption barrier [41] . Reducing the size of emulsion
droplets and measuring the kinetics in flow gives rise to the kinetic limited adsorption
of surfactants [33,41] . Therefore, I used small scale pH measurements in flowing droplets

103

CHAPTER 6. DISCUSSION
to obtain information on the kinetic limited adsorption. To obtain absolute values, I
implemented equilibrium interfacial tension data.
These kinetic measurements have shown, that the adsorption of the surfactant to the
interface is not a simple first order Langmuir adsorption process (Sec. 4.2.4, 4.2.5). The
speed of adsorption rather scales quadratically with the concentration of the surfactant
inside the oil phase (Fig. 4.9, 4.10), which might be related to dimerisation of the carboxylic
acid molecules inside the fluorous phase [155] . Quantitatively, my model does not change
the value of the maximum coverage of the interface obtained from large volume interfacial
tension data (Fig. 4.4, Eq. 4.7). In contrast to these bulk interfacial tension experiments,
my microfluidic method can distinguish between possible isotherm models.
From the pH measurements, I extract a value for the adsorption constant kads for a process
occurring at a timescale of several seconds. I can relate these kinetics to the shorttime kinetics of the adsorption of surfactants to interfaces obtained from coalescence
experiments even though the timescale for the stabilisation of the droplets’ interfaces is
one or two orders of magnitude smaller (of the order of tens of milliseconds). I find that
for a stable emulsion, the coverage of the interface needs to be close to (≥ 90% of) the
equilibrium coverage. The equilibrium coverage for surfactant concentrations above the
CMC, used in these experiments, is close to 100%. Thus, a stabilisation of the emulsion
can only be achieved using surfactant concentrations very close to or larger than the
CMC (Sec. 4.2.7). In previous coalescence experiments for a surfactant with the same
tail as used in my study and with the hydrophilic group dimorpholino phosphate, the
value above which stabilisation takes place was found to be around 10% of the maximum
coverage [110] . Unlike my experiments, this value was obtained considering diffusion
limited adsorption, whereas the adsorption limited kinetics were neglected.
The dynamic processes at the interfaces describe the equilibrium of the chemical potential
across the interface leading to the extraction of counter ions from the aqueous phase upon
transfer of protons towards this phase. Previously, it was shown that no barrier to
partitioning is present for timescales of about 45 seconds, meaning that the timescale
of such a barrier is smaller [61] . In my study, the equilibrium of the complete transfer
of ions from one phase to the other is reached with timescales of the order of seconds
(∼5 s, Fig. 4.10). Due to the steady-state in equilibrium, the extraction of ions and the
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pH variation have the same timescales (Eq. 4.4). Thus, I expect the extraction of small
solutes (such as dyes and counter ions) to occur in a couple of seconds as well, as observed
in other experiments [61] . The timescale of the extraction will depend on the affinity of
the surfactant molecules with the different solutes available. The amount of molecules
extracted depends on the chemical interactions and the stoichiometry of the surfactant
molecules bound to the solutes [8,61] .
In summary, the analysis of the adsorption kinetics of the surfactant, perfluoropolyether
carboxylic acid (KrytoxFSL), towards the water-fluorinated-oil interface shows that the
speed of adsorption scales quadratically with the concentration. Additionally, the adsorption of the acid surfactant gives rise to a pronounced pH change and loss of ions from
the aqueous phase.

6.2

Surfactant synthesis

The analysis of the kinetics of surfactant adsorption and pH change show the importance
of the control of surfactant purity and contents. For water-in-fluorinated-oil emulsions,
PFPE-PEG-PFPE surfactants are often used [7] . These surfactants are generally synthesised
from the PFPE carboxylic acid and a primary PEG-diamine [143,161,162,184,199] . As mentioned
in the last section, already 4 w% of residual PFPE-carboxylic acid inside the synthesised
surfactant are enough to obtain a pH change of the order of 1. Thus, a high purity of the
surfactant is of great relevance.
The aim of this study was to improve the surfactant synthesis and develop a method
to determine the purity (Sec. 4.3). In previous studies, the occurrence of the reaction
was proven, using

19 F-NMR [143,161,184,199]

or IR spectroscopy [161,162] . Only in the study

of Holtze et al. [143] , the purity was given to be 80 w%. As discussed in Appendix E,
the relevant signals in the

19 F-NMR

spectra and their chemical shifts can hardly give

accurate quantitative information. This is mainly due to the low intensities of the relevant
signals. The IR spectra qualitatively show if the synthesis product still contains the
reactant carboxylic acid (Fig. 4.14). Big differences in impurities are visible as well. It is
challenging to obtain highly quantitative information using the IR spectra as the signals
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of the impurity and product overlap. The partitioning experiments developed before [185] ,
give further information on the amount of left-over carboxylic acid.
I measured the amount of carboxylic acid using the interaction with a dye Rhodamine 6G
and the extraction of this dye from the aqueous phase towards the oil phase (Fig. 4.16, 4.17).
Using the partitioning, I have shown that the synthesised products have low amounts of
residual carboxylic acid (KrytoxFSL) of less than 1 w% (Fig. 4.18). The obtained surfactant
is biocompatible as shown in preliminary experiments to culture bacteria (E. coli Rosetta
DE3) and to perform reverse transcription. The analysis of my products has shown the
same properties and impurities than the product synthesised by E. Mayot included in
our paper P. Gruner, B. Riechers et al. [61] (in press 2015). The latter being usable for
on-chip manipulation of droplets (sorting, trapping, incubation, picoinjection). Even
though the surfactant is of great purity, the exchange of dyes between droplets still takes
place and depends on the surfactant concentration [61,185] . The exchange is described with
one parameter being the partitioning of the dye [61,185] . This partitioning depends on the
concentration of the carboxylic acid inside the surfactant, and thus, the impurity due to
the synthesis (Sec. 4.3.3). Additionally, the dye also interacts with other functional groups
such as the amine of the PEG affecting the partitioning of the dye towards the fluorous
phase as well.
Further purification of the synthesised surfactant could lead to an even higher quality
surfactant. Filtering the surfactant twice only decreases the yield and does not improve
the purity. The purification with functionalised beads is promising (Sec. 4.3.4). Up to
now though, I only achieved the complete removal of all surfactants from the solution
with these beads.
With the improved synthesis of the PFPE-PEG-PFPE surfactant, non-leaking microreactors can be obtained and used for more extensive biotechnological applications.
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Summary of Chapter 6 – Discussions
In general, I have demonstrated here, that microfluidics is an essential tool
to analyse interfacial processes with capabilities being way beyond standard
techniques.
A better knowledge on molecular transport, on interfacial stabilisation and
on surfactant induced self-propulsion using one single surfactant, KrytoxFSL, paves the way towards a more complete understanding of the effect
of surfactants at interfaces. Further experiments on different surfactants will
facilitate the use of emulsion droplets as single microreactors and support
the advancement of microfluidics for industrial biotechnological, pharmaceutical and medical applications.
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Chapter 7

Conclusions and Outlook
In this work, I studied the impact of surfactants on interfacial phenomena out of equilibrium. I investigated three different effects, (1) the stabilisation of interfaces upon
surfactant adsorption (adsorption kinetics), (2) the interaction of the surfactant with the
interior of the droplet (surfactant synthesis) and (3) the interaction of the surfactant with
the exterior of the droplet (interfacial flows). Parts of this chapter are included in the papers P. Gruner, B. Riechers et al. [61] (in press 2015) and B. Riechers et al. [43] (in preparation
2015).

7.1

Conclusions

Adsorption kinetics of surfactants are of relevance for the stabilisation of interfaces against
coalescence and transport. I investigated the adsorption kinetics of the acidic surfactant
KrytoxFSL to the interface of water-in-fluorinated-oil emulsions using droplet-based microfluidics. The surfactant, which is soluble inside the fluorous continuous phase, adsorbs
to the interface of the aqueous droplet after droplet production. Upon adsorption the surfactant deprotonates causing a change in the pH inside the aqueous phase containing a
buffer. I measured this pH change with a pH dependent dye using a fluorescence setup.
The age of the droplet can be related to the distance from the production unit on chip.
The pH change provides information on the adsorption kinetics of the surfactant.
The pH change is faster and more pronounced the higher the initial surfactant concentra109
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tion inside the fluorous phase. This relation was determined for surfactant concentrations
above the CMC (4 ± 1 µmol/L). For the highest concentration investigated in this study
(C = 0.69 mM ≡ 0.07 w% in oil), the pH change induced through the adsorption is even
larger than 1 and is obtained within the order of seconds. The equilibrium change in
proton concentration inside the aqueous phase equals the surfactant concentration that
was initially inside the fluorous phase. The pH change results from the adsorption of the
acidic surfactant to the interface, its deprotonation, the subsequent formation of the salt
with a counter ion from the aqueous phase (Na+ ) and the desorption of this surfactant
from the interface. Thus, the transfer of protons and other ions across the interface is
related to their partitioning between the two phases. The adsorption / desorption process
is quantitatively linked with the kinetics of partitioning.
At small length scales, the adsorption process of the surfactant to the interface is slower
than the diffusion of surfactant molecules towards the interface, causing the adsorption
process to be rate limiting [33,41] . Thus, the kinetics of the adsorption process of surfactants
are accessible using droplet-based microfluidic experiments. To measure the adsorption
kinetics, I used the pH change as an indicator for the amount of adsorbed acidic surfactant
to the initially empty, and at a later stage partially and then fully, covered interface. Describing the surfactant adsorption with a simple first order Langmuir model fails, because
the rate of adsorption does not scale linearly, but rather quadratically with the surfactant concentration. The adsorption rate constant can be obtained applying the second
order adsorption model developed here with the proviso that the equilibrium surfactant
coverage is independently determined through standard measurements. Additionally,
the adsorption model gives information on the timescale of the adsorption process. The
pH change and the partitioning take place with a timescale of the order of one second.
Therefore, phase partitioning across the interface is always in equilibrium for any process
occurring at larger timescales. At smaller timescales the dynamics of surfactants at the
interface have to be taken into account. The timescale of partitioning (and pH change,
Eq. 4.6) increases with the radius of the droplet R and decreases with the typical speed
kads C0 (Γ∞ − Γeq ), which depends on the adsorption constant kads , the concentration of the
surfactant C0 and the free sites at the interface Γ∞ − Γeq . The timescale of partitioning is at
least one or two orders of magnitude larger than the timescale for the stabilisation of the
interface (kads C2 + kdes )−1 obtained from coalescence experiments. Combining these results
it is found that the stabilisation of two interfaces against coalescence is only possible for
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surfactant concentrations close to or larger than the CMC.
The maximum interfacial coverage is accessible from standard bulk interfacial tension
measurements by applying a model for the adsorption kinetics. The Langmuir and the
second order adsorption model provide the same value for the maximum interfacial coverage (Γ∞ = 8 ± 1 µmol/m2 ). Hence, bulk interfacial tension techniques cannot distinguish
between different adsorption isotherms which is in contrast to the microfluidic method
developed in this study.
As demonstrated, the pH change is due to an acidic surfactant (Krytox) adsorbing to the
interface at any time during the experiment. Small amounts of residual acid in another
surfactant lead to a pH change of the droplet (e. g. a pH change of the order of one with
4w% of residual acid). Accordingly, acid free surfactants are crucial for the use in emulsion
stabilisation. The typical surfactant used in droplet-based microfluidics is usually synthesised from such an acidic surfactant [143,161,162,184] . Hence, a high purity of the synthesised
surfactant is required. The product quality depends on the residual acidic surfactant.
Additionally, this impurity (acidic surfactant) needs to be quantified for a reliable use of
the synthesised surfactants for the stabilisation of emulsions. In this work, I improved the
synthesis showing the crucial role of inert atmospheric conditions [61] . I characterised the
purity of the synthesised surfactant using infrared spectroscopy and partitioning experiments between an aqueous phase and a fluorous phase. The partitioning experiments
are bulk measurements and determine the amount of water soluble dye (Rhodamine 6G)
extracted towards a fluorous phase in which the surfactant is dissolved. The amount
of extracted dye correlates directly with the amount of residual carboxylic acid (acidic
surfactant) present inside the surfactant. I found that my synthesised surfactants show
a partitioning corresponding to less than 1 w% contamination of carboxylic acid. The
purity of the final product is therefore of the order of 99 w%. With the improvement of
the synthesis and the possibility to characterise the amount of residual carboxylic acid, a
more reliable production of surfactants for emulsion stabilisation becomes feasible.
Adsorption of surfactants to interfaces influence the behaviour of droplets in emulsions.
Out-of equilibrium dynamics at interfaces can lead to the Marangoni effect, which couples
inhomogeneities of the surfactant distribution at the interface to interfacial flows and can
lead to self-propulsion of droplets. The self-propulsion of droplets is directly linked to the
dynamics of surfactants at interfaces and thus to the adsorption kinetics of surfactants.
111

CHAPTER 7. CONCLUSIONS AND OUTLOOK
To obtain further insight into the relation between self-propulsion and surfactant adsorption, I studied interfacial properties of aqueous droplets in a squalane continuous phase.
These droplets show biomimetic behaviours (ongoing experiments) such as swimming,
deformation (ameoba-like), division or microemulsification of the droplet or formation
of a shell around the droplet. These different behaviours depend on the concentration of
the solutes inside the aqueous phase (of TrisHCl, Ca2+ ) and on the concentrations of the
surfactant oleic acid inside the oil phase. In this system, the movement of the droplet is
likely related to the pH of the droplet (due to TrisHCl) and the pKa of the oleic acid. The
characterisation of the temporal evolution of the interfacial tension and its dependence
on the concentration of the oleic acid, including the determination of the CMC, is of great
relevance for the understanding of these behaviours. These measurements are challenging, due to the impurity present in the oil from the supplier. Purifications upon filtering
over Celite® or Alumina do not remove all impurities. Therefore, the determination of
the CMC, 40 µmol/L, is only a rough estimate on the preliminary data.
In additional experiments, I developed a microfluidic device to study the evolution of the
droplet velocity upon surfactant adsorption. Due to height variations of the microfluidic
channels, no final conclusion on the Marangoni effect was obtained so far.
These two ongoing experiments are promising to gain insight into the interplay of the
interfacial flow and the adsorption kinetics of surfactants.

7.2

Outlook

I determined the adsorption kinetics of the surfactant KrytoxFSL using pH measurements at the micron scale. This method can now be employed to systematically explore
the kinetics of homologous surfactants where the size of the molecular tail can be investigated (e. g. KrytoxFSH instead of KrytoxFSL) while retaining the same headgroup
(the carboxylic acid). This can lead to a direct measurement of the influence of the chain
length on the adsorption dynamics including the influence on the adsorption rate and the
interfacial equilibrium coverage.
The self-propulsion of droplets depends also on the timescale of surfactant adsorption.
Furthermore, the movement correlates with the pH inside the droplet and potentially
with the pKa of the oleic acid used as surfactant. Thus, the utilisation of other acids might
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also induce self-propulsion. Preliminary results using KrytoxFSL as the acidic surfactant
and a droplet at low pH are promising and need further investigation.
The amount of residual carboxylic acid in the synthesised surfactant is relevant for the
equilibrium value of partitioning and pH change. The timescale of adsorption of these
two surfactants will depend on the competition between the synthesised surfactant and
the acidic surfactant. The adsorption of the pure acidic surfactant will be the lower
boundary for the timescale of pH change occurring with a surfactant mixture. The pH
change of a mixture of the synthesised surfactant with different amounts of carboxylic
acid should give further insight into the adsorption kinetics of surfactant mixtures.
At equilibrium each carboxylic acid molecule leads to the partitioning of one counter ion
or one Rhodamine 6G molecule towards the fluorous phase. Less partitioning would
occur, if the interaction was less pronounced. Thus, the interactions with other functional
groups, such as amines, present in the synthesised surfactant have to be considered as
well. Any interaction will lead to the transfer of small molecules from the aqueous phase
towards the fluorous phase. To obtain further information on the strength of the interactions a surfactant containing only one type of functional group should be analysed. To the
best of my knowledge, the simple perfluorocarbon amine is not commercially available.
Thus, a more suitable approach could be to synthesise the same PFPE-PEG-PFPE surfactant as before, but using a stoichiometric ratio which leads to free amine groups. From
this, a mixture of the di-functionalised and mono-functionalised PEG should be obtained.
Using the pH measurements information on the interaction strength of the amine and
small organic molecules should be accessible.

In my thesis, I have shown the role of surfactants in droplet-based microfluidics. These
surfactants play a key role in the transport of molecules across interfaces, in the stabilisation of interfaces as well as in self-propulsion of droplets. Controlling these interfacial
processes can lead to the development of new and more extensive biotechnological applications using emulsion droplets.
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Maximum interfacial coverage
In this chapter, I show that the slope of the equilibrium interfacial tension with ln C is
given by −RTΓ∞ for the Langmuir adsorption process as well as for the second order
process. I derive Equation 2.22 from Equation 2.4 and 2.21 for the Langmuir adsorption
process [39] (Sec. A.1) and Equation 4.8 from Equation 2.4 and 4.7 for the second order
process (Sec. A.2).

A.1

Langmuir adsorption model
1 dγeq
RT d ln C
κC
Γeq = Γ∞
1 + κC

Γeq = −

Γ∞

1 dγeq
κC
=−
1 + κC
RT d ln C

(2.4)
(2.21)

(A.1)

Using d ln C/dC = 1/C leads to:
Γ∞

κC
C dγeq
= −
1 + κC
RT dC
κ
dγeq = −Γ∞
RTdC
1 + κC

(A.2)
(A.3)

With d ln(1 + κC)/dC = κ/(1 + κC), I obtain:
dγeq = −Γ∞ RTd ln(1 + κC)
γeq = −Γ∞ RT ln(1 + κC) + const
115

(A.4)
(A.5)

APPENDIX A. MAXIMUM INTERFACIAL COVERAGE
For C = 0, γeq = γ0 ., Therefore,
γeq = γ0 − Γ∞ RT ln(1 + κC)

(2.22)

γeq ∼ γ0 − Γ∞ RT ln κC

(A.6)

If κC >> 1,

A.2

Second order adsorption model

The derivation for the second order adsorption process is analogue to the Langmuir
adsorption process.
Γeq = −

1 dγeq
RT d ln C

(2.4)

κC2
1 + κC2

(4.7)

Γeq = Γ∞

Γ∞

κC2
1 dγeq
=
−
RT d ln C
1 + κC2

(A.7)

Using d ln C/dC = 1/C gives:
Γ∞

κC2
1 + κC2
dγeq

C dγeq
RT dC
1
2κC
= − RTΓ∞
dC
2
1 + κC2
= −

(A.8)
(A.9)

Substituting d ln(1 + κC2 )/dC = 2κC/(1 + κC2 ) gives:
1
dγeq = − RTΓ∞ d ln(1 + κC2 )
2
1
γeq = − RTΓ∞ ln(1 + κC2 ) + const
2

(A.10)
(A.11)

At C = 0, γeq = γ0 . Thus,
1
γeq = γ0 − Γ∞ RT ln(1 + κC2 )
2

(4.8)

If κC2 >> 1:
1
γeq ∼ γ0 − Γ∞ RT ln κC2
2
∼ γ0 − Γ∞ RT ln κC
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Appendix B

Titration curves
In the following, I calculate the titration curves of monoprotic and triprotic acids and
bases. The calculations are based on Dick [186] and Bliefert et al. [187] .

B.1

Monoprotic substance

I calculate the change of pH when titrating a monoprotic acid HAc or base Ac – .

B.1.1

Monoprotic acid

The monoprotic acid HAc is titrated by a strong base, NaOH, to obtain the base Ac – :
HAc + H2 O

Ac− + H3 O+

(K1 )

NaOH → Na+ + OH−
H2 O

H3 O+ + OH−

(Kw )

The auto-dissociation constant of water Kw and the acid dissociation constant K1 are
defined as:
K1 =

[Ac− ][H3 O+ ]
[HAc]

Kw = [H3 O+ ][OH− ]
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with [x] denoting the concentration of x. Additionally, charge and mass conservation lead
to:
[OH− ] + [Ac− ] = [H3 O+ ] + [Na+ ]

(B.3)

[HAc]s = [HAc] + [Ac− ]

(B.4)

with the subscript s as the new ‘starting’ concentration for each titration step. The relative
amount of each species α is given by:
[Ac− ]
[HAc]s
[HAc]
=
[HAc]s
[Ac− ]
[Ac− ]
K1
B.1
B.4
=
=
− ][H O+ ] =
−
[Ac
3
[Ac ] + [HAc]
K1 + [H3 O+ ]
[Ac− ] +
K1

αAc− =

(B.5)

αHAc

(B.6)

αAc−

αHAc =

[H3 O+ ]
K1 + [H3 O+ ]

(B.7)
(B.8)

Inserting Equations B.2, B.5, B.7 into Equation B.3 gives:
K1
Kw
+ [HAc]s
− [H3 O+ ] = [Na+ ]s
+
[H3 O ]
K1 + [H3 O+ ]

(B.9)

Solving this equation, leads to:
[H3 O+ ]3 + [H3 O+ ]2 ([Na+ ]s + K1 ) + [H3 O+ ](K1 ([Na+ ]s − [HAc]s ) − Kw ) − Kw K1 = 0 (B.10)
With this equation, the concentration of protons in relation to the amount of base NaOH
used for the titration is obtained.

B.1.2

Monoprotic base

The same approach as for the monoprotic acid (Appendix B.1.1) applies for the monoprotic
base Ac – , titrated with a strong acid HCl
Ac− + H2 O

HAc + OH−

(K1b )

HCl + H2 O → H3 O+ + Cl−
H2 O

H3 O+ + OH−

(Kw )

with the base dissociation constant:
K1b =

[HAc][OH− ]
[Ac− ]
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Using the exact same approach as above:
[Ac− ]
[Ac− ]s
[HAc]
=
[Ac− ]s
[Ac− ]
[Ac− ]
[OH− ]
B.4
B.11
=
=
=
[Ac− ]K
[Ac− ] + [HAc]
[OH− ] + K1b
[Ac− ] + [OH− ]1b

αAc− =

(B.12)

αHAc

(B.13)

αAc−

αHAc =

K1b
K1b + [OH− ]

(B.14)
(B.15)

Charge and mass conservation gives:
[H3 O+ ] = [Ac− ] + [OH− ] + [Cl− ]

(B.16)

[H3 O+ ] − [Ac− ] − [OH− ] = [Cl− ]

(B.17)

[H3 O+ ] − [Ac− ]s αAc− − [OH− ] = [Cl− ]

(B.18)

[H3 O+ ] + [Ac− ]s αHAc − [OH− ] = [Cl− ]

(B.19)

Inserting Equations B.2 and B.15 into Equation B.19 gives:
K1b
Kw
+ [Ac− ]s
− [OH− ] = [Cl− ]s
−
[OH ]
K1b + [OH− ]

(B.20)

This leads to an equation analogue to Equation B.10:
[OH− ]3 + [OH− ]2 ([Cl− ]s + K1 b) + [OH− ](K1b ([Cl− ]s − [HAc]s ) − Kw ) − Kw K1b = 0

(B.21)

This equation gives the relation between the concentration of OH – and the amount of
acid added during titration.
From the concentration of OH – and the pOH, the pH is obtained as follows:

B.2

pOH = −log10 [OH− ]

(B.22)

14 = pH + pOH

(B.23)

Triprotic substance

In the following, I calculate the change in pH for the titration of a triprotic substance,
here, phosphoric acid H3 PO4 or its salt PO4 – 3 .
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B.2.1

Triprotic acid

I use the same approach as for the monoprotic acid (Appendix B.1) using the triprotic
phosphoric acid H3 PO4 with the dissociation constants K1−3 of the following reactions:
H3 PO4 + H2 O

H3 O+ + H2 PO−4

(K1 )

H2 PO−4 + H2 O

H3 O+ + HPO2−
4

(K2 )

HPO2−
4 + H2 O

H3 O+ + PO3−
4

(K3 )

H2 O

H3 O+ + OH−

(Kw )

NaOH → Na+ + OH−
Kw = [H3 O+ ][OH− ]
K1 =
K2 =
K3 =

[H3 O+ ][H2 PO−4 ]
[H3 PO4 ]
[H3 O+ ][HPO2−
]
4
[H2 PO−4 ]

[H3 O+ ][PO3−
]
4
[HPO−2
]
4

(B.24)
(B.25)
(B.26)
(B.27)

Charge conservation leads to:
2−
−
+
+
[OH− ] + 3[PO3−
4 ] + 2[HPO4 ] + [H2 PO4 ] = [H3 O ] + [Na ]

(B.28)

The relative amount α of the different species (H3 PO4 , H2 PO4 – , HPO42 – ,PO43 – ) in solution
is:
[H3 O+ ]3
[H3 O+ ]3 + [H3 O+ ]2 K1 + [H3 O+ ]K1 K2 + K1 K2 K3
[H3 O+ ]2 K1
=
[H3 O+ ]3 + [H3 O+ ]2 K1 + [H3 O+ ]K1 K2 + K1 K2 K3
[H3 O+ ]K1 K2
=
[H3 O+ ]3 + [H3 O+ ]2 K1 + [H3 O+ ]K1 K2 + K1 K2 K3
K1 K2 K3
=
+
3
+
2
[H3 O ] + [H3 O ] K1 + [H3 O+ ]K1 K2 + K1 K2 K3

αH3 PO4 =

(B.29)

αH2 PO−

(B.30)

4

αHPO2−
4

αPO3−
4

(B.31)
(B.32)

Using the same procedure as for the monoprotic acid/base leads to the relation between
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1.0
H2 PO4 –

HPO42 –
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0.4
0.2
0.0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH

Figure B.1: The fractional composition α of the species of the triprotic acid (see colours) at a pH between 0 and 14,
calculated using Equations B.29 - B.32.

the [H3 O+ ] and [Na+ ]s :
0 =[H3 O+ ]5
+[H3 O+ ]4 (K1 + [Na+ ]s )
+[H3 O+ ]3 (K1 ([Na+ ]s − [H3 PO4 ]s ) + K1 K2 − Kw )
+[H3 O+ ]2 (K1 K2 ([Na+ ]s − 2[H3 PO4 ]s ) + K1 K2 K3 − Kw K1 )

(B.33)

+[H3 O+ ](K1 K2 K3 ([Na+ ]s − 3[H3 PO4 ]s ) − Kw K1 K2 )
−Kw K1 K2 K3
If the change in proton concentration is accompanied by a dilution of the solutes (as with
titration), the concentration of the different species with subscript s changes in relation to
the start concentration denoted as subscript 0 with the start volume V0 and the volume
added upon titration Vt :
Vt [Na+ ]0
Vt + V0
V0 [H3 PO4 ]0
[H3 PO4 ]s =
Vt + V0
[Na+ ]s =
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B.2.2

Triprotic base

The tripotic base PO3 – gives the dependence of the OH – concentration upon titration
analogous to the triprotic acid (Appendix B.2.1) with the base dissociation constants
K1b−3b :
H3 O+ + PO3−
4

HPO42− + H2 O

(K1b )

H3 O+ + HPO2−
4

H2 PO4− + H2 O

(K2b )

H3 O+ + H2 PO−4

H3 PO4 + H2 O

(K3b )

H3 O+ + OH−

(Kw )

H2 O

HCl + H2 O → Cl− + H3 O+

Kw
K1
Kw
=
K2
Kw
=
K3

K1b =

(B.36)

K2b

(B.37)

K3b

(B.38)
(B.39)

0 =[OH− ]5
+[OH− ]4 (K1b + [Cl− ]s )
+[OH− ]3 (K1b ([Cl− ]s − [PO3−
4 ]s ) + K1b K2b − Kw )
+[OH− ]2 (K1b K2b ([Cl− ]s − 2[PO3−
4 ]s ) + K1b K2b K3b − Kw K1b )

(B.40)

+[OH− ](K1b K2b K3b ([Cl− ]s − 3[PO3−
4 ]s ) − Kw K1b K2b )
−Kw K1b K2b K3b
If dilution takes place, the concentration [Cl− ]s changes with each titration step:
[Cl− ]s =
[PO3−
4 ]s =

Vt [Cl− ]0
Vt + V0
V0 [PO3−
]
4 0
Vt + V0

(B.41)
(B.42)

I use Equation B.40 (without dilution) to calculate the pH inside the droplets upon ‘titration’ with the surfactant KrytoxFSL.
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Appendix C

First and second order kinetics
In this chapter I derive the first (based on [2,39,40,84] ) and second order kinetics used for the
analysis of surfactant adsorption in more detail.

C.1

Langmuir adsorption model

In comparison to my model (Appendix C.2), the Langmuir model [2,39,40,84] is a model
assuming a first order in the concentration of surfactant.
∂Γ
= kads C0 (Γ∞ − Γ) − kdes Γ
∂t

(2.20)

The steady state at equilibrium gives:
∂Γ
=0
∂t

(C.1)

and with κ = kads /kdes leads to:
Γeq =
Γ∞ =

Γ∞ κC0
1 + κC0
(kdes + kads C0 ) Γeq
kads C0

(C.2)
(C.3)

To obtain the dependence of Γeq on the time, I integrate Equation 2.20 using Equation C.3
and substitution:

∂Γ
= (kads C0 + kdes )∂t
Γeq − Γ
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(C.4)
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I substitute as follows:
x = Γeq − Γ

(C.5)

∂x
= −1
δΓ

(C.6)

∂x
= −(kads C0 + kdes )∂t
x
ln x = −(kads C0 + kdes )t + const1
Γeq − Γ = e−(kads C0 +kdes )t · const2
Γ(t) = Γeq − e−(kads C0 +kdes )t · const2

(C.7)
(C.8)
(C.9)
(C.10)

At t = 0, Γ(t) = 0. Therefore the const2 = Γeq . Thus, I obtain the integrated form of
Equation 2.20
t

Γ(t) = Γeq (1 − e− τ )

(C.11)

with τ−1 = kads C0 + kdes .

C.2

Second order model

I integrate the following equation:
1
1 V ∂[H+ ]
= kads (C0 − [H+ ])2 · (Γ∞ − Γ)
2 S ∂t
q

(4.3)

with V/S = R/3:
∂[H+ ]aq
∂t

=

6
1
kads (C0 − [H+ ]aq )2 · (Γ∞ − Γ)
R
q

(C.12)

Substituting as follows:
1
x = C0 − [H+ ]aq
q
6
kads · (Γ∞ − Γ)
a =
R
∂x
1
= −
+
q
∂[H ]
∂x
∂t
∂x
−q 2
x
1
q
x
−q

(C.13)
(C.14)
(C.15)

= a · x2

(C.16)

= a∂t

(C.17)

= a · t + const

(C.18)
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leads to
q

1
1
+
q [H ]aq

C0 −

=

6
kads · (Γ∞ − Γ) · t + const
R

(C.19)

At t = 0, [H+ ] = 0,
const = q

1
C0

(C.20)

Therefore,
1
C0 −

1
+
q [H ]aq

=

6
1
kads · (Γ∞ − Γ) · t +
qR
C0

1
C0 − [H+ ]aq =
q
qC0 − [H+ ]aq =

1
6
qR kads

· (Γ∞ − Γ) · t +

1
C0

1
6
k
q2 R ads

· (Γ∞ − Γ) · t +

1
qC0

qC0 = [H+ ]eq
[H+ ]eq − [H+ ]aq =

6

(C.22)
(C.23)

(C.24)
[H+ ]eq

q2 R

(C.21)

kads · (Γ∞ − Γ) · [H+ ]eq · t + 1

[H+ ]aq = [H+ ]eq −

[H+ ]eq
6
qR kads

· (Γ∞ − Γ) · C0 · t + 1

(C.25)
(C.26)

The concentration change considered, here, is due to the transfer of protons from the oil
phase, not considering the protons initially present inside the aqueous phase due to the
initial pH. Thus, I rename the concentration as follows:
∆[H+ ]aq = [H+ ]aq

(C.27)

∆[H+ ]eq = [H+ ]eq

(C.28)


1


6
qR kads · (Γ∞ − Γ) · C0 · t



+
+
∆[H ]aq = ∆[H ]eq 1 −
1+

1
∆[H ]aq = ∆[H ]eq 1 −
1 + τ−1 · t
qR
τ=
6 · kads · (Γ∞ − Γ) · C0
+

+
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(4.5)
(4.6)
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C.2.1

Equilibrium interfacial coverage

Fitting the bulk equilibrium data using either Equation 2.22 or Equation 4.8, results in the
following values:
Γ∞ = 8 ± 1 · µmol · m−2
CCMC = 4 ± 1 · mmol · m−3
κ = 7 ± 1 · 106 m6 · mol−2
which leads to an equilibrium interfacial coverage Γeq of and an equilibrium interfacial
coverage at the CMC ΓCMC
eq :
= Γ∞
ΓCMC
eq

κC2CMC
1 + κC2CMC

(4.7)

ΓCMC
= 7.929 · 10−6 mol · m−2
eq

C.2.2

Adsorption rate constant

I calculate the adsorption constant kads from the slope, m (Fig. 4.10(j)), obtained from the pH
experiments with a typical droplet size of R = 80 µm, q = 8 and Γ∞ −Γeq = 7.1·10−8 mol·m−2
from Equation 4.6:
qR
6kads C0 (Γ∞ − Γeq )
6kads (Γ∞ − Γeq )
τ−1
∆[H+ ]eq
pH =
q2 R
6kads (Γ∞ − Γeq )
m=
q2 R
L
= 115
mol s
m6
kads = 1386
mol2 s
τpH =
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Coverage for interfacial stabilisation
In the following, I derive Equation 4.13 from Equation 4.4.
1 ∂Γ
= kads C20 (Γ∞ − Γ) − kdes Γ
2 ∂t
Γ

1 ∂ Γ∞
2 ∂t
∂ ΓΓ∞
∂t



Γ
Γ
= kads C20 1 −
− kdes
Γ∞
Γ∞

Γ 
= 2 · kads C20 − 2 ·
kads C20 + kdes
Γ∞

(4.4)

(D.1)
(D.2)

Substituting as follows,
a = 2 · kads C20


b = 2 kads C20 + kdes
∂ ΓΓ∞

Γ
Γ∞
∂t
Γ
x = a−b·
Γ∞
∂x
= −b
∂ ΓΓ∞
= a−b·

(D.3)
(D.4)
(D.5)
(D.6)
(D.7)

gives
−

1 ∂x
= x
b ∂t
1
∂x = −b∂t
x
ln x = −b · t + const
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and


 Γ 


ln 2 · kads C20 − 2 kads C20 + kdes
= −2 kads C20 + kdes · t + const
Γ∞

(D.11)

for t = 0: Γ/Γ∞ = 0


const = ln 2 · kads C20

(D.12)







 Γ 
= −2 kads C20 + kdes · t + ln 2 · kads C20
ln 2 · kads C20 − 2 kads C20 + kdes
Γ∞

 Γ
2
2 · kads C20 − 2 kads C20 + kdes
= 2 · kads C20 · e−2(kads C0 +kdes )·t
Γ∞


kads C20
Γ
−2(kads C20 +kdes )·t
=
·
1
−
e
Γ∞ kads C20 + kdes




kads C20 + kdes 

Γ
 = −2 kads C2 + kdes · t
ln 1 −
0
Γ∞
kads C20 

(D.13)
(D.14)

(4.9)

(D.15)

In the coalescence experiments, the time t = L/U is defined by the distance of the droplets
to the production L and by the flow velocity U:


kads C2 +kdes
ln 1 − ΓΓ∞ k 0C2
L
ads 0


=
2
U
−2 kads C0 + kdes

(D.16)



2
C20

Γ kads C0 + kdes 
L 2

 ln 1 −
C = − 

U 0
Γ∞
kads C20 
2 kads C20 + kdes

(D.17)

with:
κ =
Γeq
Γ∞

=
=

kads
kdes
κC20

(D.18)
(D.19)

κC20 + 1
kads C20

(D.20)

kads C20 + kdes

(D.21)
Thus:

Γeq
L 2
1
Γ
C0 = −
·
ln 1 −
U
2 · kads Γ∞
Γeq

!
(4.11)

Above the CMC, the coverage is constant and:
Γeq
Γ∞

∼1
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(4.12)





1
L 2
Γ
C0 = −
ln 1 − CMC 
U
2 · kads
Γeq
Γ
ΓCMC
eq

= 1 − e−

(4.13)

2·kads LC2
0
U

(D.22)

The rate constants from the pH data kads (Fig. 4.10) and from the coalescence experiments

−1
k = LC2 /U
(Fig. 4.11), respectively, are:
m6
s mol2
m6
= 1400
s mol2

k = 909
kads

(D.23)
(D.24)

Relating the adsorption constant from the transfer of protons kads to the coalescence
experiments (Eq. D.22), the interface is stable against coalescence above a coverage of:
Γ
= 95.4%
Γ∞

(D.25)

Additionally, I assume a certain coverage and calculate the apparent adsorption constant
of the transition from stable to unstable emulsions k = (LC2 /U)−1 (Table D.1, Fig. 4.11).
Table D.1: Calculation of the adsorption constant, k, for different coverages, Γ/Γ∞ , of the interface using Equation D.22.

Γ/Γ∞ in %

80.0

85.0

90.0

95.0

98.0

98.5

99.0

99.7

k in s−1 m6 mol−2

1740

1476

1216

935

716

667

608

482
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Appendix E

Analysis of the synthesis using NMR
spectroscopy
E.1

Materials and methods

I used NMR spectroscopy for the analysis of the synthesised surfactants. I prepared a
solution of 1:1 (w/w) of synthesised surfactant or reactant in hexafluorobenzene (99% Alfa
Aesar). The locking was done using Benzene-d6 (99.98%, euriso-top) as internal reference
(within a thin tube inside the NMR tube). 1D

19 F-NMR

experiments were recorded at

40◦ C on a Jeol Resonance 400 MHz spectrometer using 130k points and 6500 scans and a
spectral width of 37899 Hz.1

E.2

Results

In this chapter, I present the NMR spectra of the reactant (Fig. E.2) and the products
(Fig. E.3, E.4) and all fluorinated solvents (Fig. E.5-E.7) used for the synthesis. The signals
between -70 and -150 p.p.m. are as follows.
The sum of the integrals for the reactant KrytoxFSH, the product P5 and the control C1
is set to 143 as this is the number of fluorine atoms present in the molecule (Sec. 4.3.1).
1

These measurements were performed by Stéphanie Exiga at the Centre de Recherche Paul Pascal.
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For the solvents, the sum of the integrals is arbitrary because only the chemical shifts in
the region relevant for the reactant, control and product is considered. The signals * are
discussed later on.
b
F 3C

g
F 2C
F 3C
h

O
F 2C
f

c
F 2C
CF
d
CF3
e

a
CF
n

O

X
C
O

Figure E.1: The structure of the different products with different X. KrytoxFSH: X = OH, C1 : X = salt, PFPE-PEG(-PFPE):
X = PEG.

19 F-NMR

of KrytoxFSH (Fig. E.2) (400MHz, benzene-d6 ): δ −80.5 - −83.5 (m, 115.8F,

‘c,e,h’), −83.82 - −83.98 (m, 1.8, ‘f’); −84.85 - −85.04 (m, 1.5F, ‘b’); −131.55 - −131.68 (m,
0.9F, ‘g’); −133.10 - −133.57 (s, 0.4F, ‘a’); −145.25 - −146.75 (m, 22.5, ‘d’). For the KrytoxFSH
(Fig. E.1) the peaks were assigned previously [184,199,200] . The impurity of the solvent C6 F6
is visible in the signal with the center at −142.77 (see Spectrum of C6 F6 : Fig. E.5).
19 F-NMR

of sample P5 (PFPE-PEG-PFPE) (400MHz, benzene-d6 ): δ −80.47 - −82.41 (m,

114.7F, ‘c,e,h’); −83.70 - −83.93 (m, 2.8F, ‘f’); −84.65 - −85.05 (m, 2.0F, ‘b’); −131.52 - −131.67
(m, 1.3F, ‘g’); −133.17 - −134.12 (m, 0.6, ‘a’), −145.23 - −146.25 (m, 21.7F, ‘d’) are assigned
in Fig. E.3. The peaks were assigned previously [143,184,199,200] . The signals from impurities
of the solvent are as follows (see Spectrum of C6 F6 : Fig. E.5): −110.55 of C6 F6 , −119.68 *,
−123.27 of FC3283, −128.26 of Novec7100*, −142.21 of C6 F6 .
19 F-NMR

of Sample C1 (400MHz, benzene-d6 , Fig. E.4): δ −80.47 - −81.47 (m, 115.6F,

‘c,e,h’); −83.81 - −83.97 (m, 2.1F, ‘f’); −84.27 - −84.26 (m, 0.8F, ‘b’ of PEG-PFPE *);
−86.83 - −87.00 (m, 1.2F, ‘b’ of salt *); −124.95 - −126.05 (m, 0.25, ‘a’ of salt *); −131.54
- −131.67 (m, 1.2F, ‘g’); −145.22 - −146.30 (m, 21.8F, ‘d’). The signals are assigned as
previously [143,155,184,199,200] . The other signals are due to impurities in the solvent (see
Spectrum of C6 F6 : Fig. E.5): −110.53, −142.3 from C6 F6 ; −147.78 - −148.13 *.
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c,e,h

KrytoxFSH
g

a

-110
f

-115

-120

-125

-130

-135

d

b
1

-70

Figure E.2:

19 F-NMR

-80

-90

-100

-110

-120

-130

-140

-150

spectrum of KrytoxFSH (Fig. E.1, X=OH) with the assigned peaks [184,199,200] . The number in the

spectrum relates to the solvent.
c,e,h

PFPE-PEG-PFPE
g

2

1
-110

f

-115

-120

a

3*

*
-125

-130

-135

b

-70

Figure E.3:

19 F-NMR

-80

d
1

-90

-100

-110

-120

-130

-140

-150

spectrum of PFPE-PEG-PFPE (Fig. E.1, X=PEG(-PFPE)) with the assigned peaks [143,184,199,200] . The

number in the spectrum relates to the solvent.
c,e,h

PFPE salt
g

1
-110
f

*
-115

-120

-125

-130

-135

d

b*
1

-70

Figure E.4:

19 F-NMR

-80

-90

-100

-110

-120

-130

-140

*
-150

spectrum of the PFPE salt (Fig. E.1, X=salt) with the assigned peaks [143,155,184,199,200] . The number in

the spectrum relates to the solvent.
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The solvents, I use for the synthesis as well as the impurities in the solvent used for the
NMR spectroscopy show some peaks in the above named region as well.
19 F-NMR

of C6 F6 (solvent #1, 400MHz, benzene-d6 , Fig. E.5): δ −110.52 - −110.64 (s, 1F);

−135.53 - −135.56 (m, 1.7F); −142.12 - −142.39 (s, 29.4F).
C6 F6 = solvent #1

-70

Figure E.5:

-80

-90

19 F-NMR

-100

-110

-120

-130

-140

-150

spectrum of C6 F6 in the region used for the other spectra.

19 F-NMR of FC3283 (solvent #2, 400MHz, benzene-d , Fig. E.6):
6

−82.97 - −84.78 (m, 44.7F);

−85.42 - −86.70 (m, 27.8F); −88.42 - −89.08 (m, 1.0F); −122.00 - −122.34 (m, 0.9F);−122.70 −123.85 (m, 27.2F); −128.13 - −128.53 (m, 1.1F).
FC3283 = solvent #2

-70

Figure E.6:

19 F-NMR

-80

19 F-NMR

-90

-100

-110

-120

-130

-140

-150

spectrum of FC3283 in the region used for the other spectra.

of Novec7100 (solvent #3, 400MHz, benzene-d6 , Fig. E.7): −74.47 - −75.75 (m,

46.4F); −82.84 - −83.48 (m, 15.4F); −83.48 - −84.38 (m, 15.5F); −90.37 - −90.95 (m, 10.21);
−127.42 - −127.95 (m, 9.9F); −127.95 - −128.26 (m, 9.8F).
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Novec7100 = solvent #3

-70

Figure E.7:

E.3

-80

19 F-NMR

-90

-100

-110

-120

-130

-140

-150

spectrum of Novec7100 in the region used for the other spectra.

Discussion

In general, my 19 F-NMR spectra show the peaks cited in the literature. I relate the signals
of the carboxylic acid (KrytoxFSH) to the studes by Li et al. [200,201] as they analyse the
19 F-NMR

spectra using a 2D NMR study of a model compound of Krytox which is much

shorter (Fig. E.8(b)-(c)). Thus, in this study all peaks are well assigned which is not
possible using classical NMR methods [200] . This study confirms the results of the work of
Temtem et al. [199] (Fig. E.9(e)). Only the NMR signals of the fluorine atoms which are in
close proximity to the functional group, which undergoes reaction, differ from molecule
to molecule (‘a,b’, in Fig. E.1 to Fig. E.4). None of the other signals are influenced (‘c-h’ in
Fig E.1 to Fig. E.4, Fig. E.8(c)) [201] . Thus, the CF ‘a’ and the CF3 ‘b’ have to be considered
for further analysis. Other work by Holtze et al. [143] and Scanga et al. [184] on the product
PFPE-PEG-PFPE molecule (P5 ) has been done assigning these two groups to signals in the
same range (Fig. E.8(a), E.9(f)). The study by Guo et al. [202] agrees with the finding that
the chemical shift from the acid to the amide changes only slightly (-3 p.p.m.) including
experiments on perfluoroheptanoic acid and perfluoroheptanoyl N-polyoxalate amide
(Fig. E.9(a), (b)). They show that the salt (sodium perfluoroheptanoate) in relation to
the acid does not influence the chemical shift either (-1 p.p.m.). More importantly, they
show that an increase of the surfactant concentration in solution leads to merging of the
relevant signals due to interactions and micellisation. The study on a similar molecule
to the one I use in this study (linear perfluoropolyether chain) shows that the ionisation
of the carboxylic acid group (to the salt) results in an only slightly higher (+2 p.p.m.)
chemical shift (Fig. E.9(c), (d)) [155] . Holtze et al. assign the signal of the chemical shift
of the CF group in close proximity to the functional group (‘a’, fig E.1) of the PFPE-salt
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(C1 ) [143] and the PFPE-PEG-PFPE using the integrated signals (Fig. E.9(f)). This results to
an chemical shift which is a little bit higher (+6 p.p.m.).
The signals of my synthesised PFPE-PEG-PFPE surfactant are in good agreement with
the above named literature values. I discuss the deviating signals in the following. The
signal marked with 3* is likely due to the solvent, though it might be on overlay of more
signals. The signal around −120 p.p.m. could not be assigned but is very low in intensity.
Importantly, the signals for the PFPE salt are very similar to the PFPE-PEG-PFPE, apart
from the signal ‘a’ and ‘b’. In the literature, the signal ‘b’ was not shown to be shifted in
contrast to the signal ‘a’ which is likely to be shifted to around −125 p.p.m. (Fig. E.9(f)) [143] .
Besides the difficulty, that the chemical shifts are very similar for the different species, I
am characterising a polymer. This makes the quantitative analysis challenging because
the integrals of the relevant signals are very low in intensity. Therefore, I do not use these
NMR experiments for the quantification of impurities in the synthesised products, but
rather IR spectroscopy and partitioning experiments (Sec. 4.3.2, 4.3.3).
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(a)

(b)



(c)

Figure E.8:

19 F-NMR

spectra previously published with assigned peaks. (a) PFPE-PEG-PFPE surfactant [184] . (Reprinted

with permissions from R. Scanga, R. Nassar, B. Miller, H. Gang, L. Xinyu, J. B. Hutchison, Fluorinated Amphiphilic Block
Copolymers to Stabilize Water-in-Fluorocarbon Emulsions, Polymer Preprints 2009, 50, 148-149 [184] . Copyright (2009), the
authors.) (b) The compound shown in the figure has two main-chain repeat units (B, C shown by the rectangles), which are
similar to those in Krytox. The number indicates the amount of F-atoms in the group. In the A-region, there are two CF2
groups. The one directly connected to the oxygen is called A2 and the second one is a2 [200] . (Reprinted with permissions
from X. Li, E. F. McCord, S. Baiagern, P. Fox, J. L. Howell, S. K. Sahoo, P. L. Rinaldi, Magnetic Resonance in Chemistry 2011,
49, 413-24. Copyright (2011) John Wiley & Sons, Ltd. . [200] ) (c) Assignments (compare to (b)) of the backbone of pure E2 ,
E4 and 80 mg/ml of K4 in hexafluorobenzene [201] . (Reprinted with permissions from X. Li, E. F. McCord, P. A. Fox, J. L.
Howell, P. L. Rinaldi, International Journal of Polymer Analysis and Characterization 2012, 17, 161-188. Copyright (2012) Taylor
& Francis. [201] )
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(a)
sodium
perﬂuoroheptanoate

perﬂuoroheptanoic
acid

1

2

3

4

concentration
increasing

concentration
increasing

concentration
increasing

(d)

(c)

(f)

(e)

-126

-127

-128

-129

-130

-110

-131

-132

-133 PPM

-120

-130



-140

PPM

sodium salt (1) below c0 (aggregates form at a concentration of c0 ) at 284 MHz, (2) above c0 at 284 MHz, and (3) above c0 at 470 MHz. The width of each plot is 80 Hz, except for the acid above

co , which has a plotting width of 800 Hz [202] . ((a)-(b) Reprinted with permission from W. Guo, T. A. Brown, B. M. Fung, The Journal of Physical Chemistry 1991, 95, 1829-1836. Copyright (1991)

and the 1:1 mixture [155] . ((c)-(d) Reprinted with permission from V. Doan, R. Köppe, P. H. Kasai, Journal of American Chemical Society 1997, 119, 9810-9815. Copyright (1997) American Chemical

American Chemical Society. [202] ) (c) The chemical shifts of the given molecule are measured in reference to CFCl3 [155] . (d) Peak 8 of (c), shown in an expanded scale for the acid, its sodium salt

Society. [155] ) (e) Krytox in supercritical CO2 measured at high pressure and a temperature of 334 K (Reprinted with permission from M. Temtem, T. Casimiro, A. G. Santos, A. L. Macedo, E.

J. Cabrita, A. Aguiar-Ricardo, Journal of Physical Chemistry B 2007, 111, 1318-1326. Copyright (2007) American Chemical Society. [199] ) (f) Spectra of the Krytox carboxylate and the synthesised

the molecule with the acid chloride end group, concluding a 80% completeness of the synthesis. (Reproduced from C. Holtze, A. C. Rowat, J. J. Agresti, J. B. Hutchison, F. E. Angilè, C. H. J.

PFPE-PEG-PFPE surfactant. They compare the peaks in the region around −132 to −133 p.p.m. of the PFPE-PEG-PFPE surfactant and the peaks in the region around −126 to −127 p.p.m. of

Schmitz, S. Köster, H. Duan, K. J. Humphry, R. A. Scanga, J. S. Johnson, D. Pisignano, D. A. Weitz, Lab on a Chip 2008, 8, 1632-1639 with permission of The Royal Society of Chemistry. [143] )
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Figure E.9:
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