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1 Introduction
Abstract
The subjects of the thesis are placed in broad context and the relevant concepts
articulated in an informal manner. This style is chosen to facilitate insight
and intuition before the physical phenomena are more formally introduced in
the following chapters. Provision of historical context is likewise delegated to
the separate chapters, while this general introduction is presented in a logical
order from a modern perspective.
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1 Introduction

1.1 Hierarchy
It is not possible to hold in one’s human mind an idea that contains the entire
universe as a single holistic concept. To make some sense of it all, we divide
it up into smaller objects and ideas and think about how they behave and
interact with each other. These pieces might be anything from a grain of sand
to a flock of sheep to a galaxy, anything to avoid thinking about everything
at once! Of course we can do better than just dividing things up, we should
also organise them. Having a concept of a grain of sand is all very well, as is
having the idea of a beach, but better yet is to understand how the two are
related. Namely that one is a collection of many separate entities of the other.
This is a useful hierarchy: we needn’t worry about the individual grains every
time we wish to walk on the beach, but it is convenient to know what a small
part of the beach looks like if we accidentally take it home between our toes.
Structural hierarchies such as these, where something is made up of multiple
subunits, are everywhere. We have covered the beach, but also our flock of
sheep is made up of individual animals. Each of those is composed of several
million much smaller cells, and so on all the way down to the subatomic particles
which are fundamental as far as we know.
The complexity of the hierarchy is highly variable. While most matter
that we interact with has atoms as a common building block, above those
the possibilities are innumerable. For example, let us consider the differences
between a cast iron stove and a hearth made of bricks and mortar. The atoms
in cast iron are strongly bonded together and can be arranged in various ways.
Zooming out a little, it becomes clear that the material has not only one
type of atomic arrangement, but contains a patchwork of domains with atoms
organised differently in adjacent patches. The sizes and structures of these
domains depend on the way the iron object was made and determine many of
its properties.
For the hearth on the other hand, we can step down through some extra
structural levels before again arriving at the atoms that the two have in common1 . The first and most obvious step is that from the walls of the fireplace to
the individual bricks comprising them. A more interesting rung on the ladder
is below that, as we cannot yet say that the brick is domains of atoms from
here on down.
Zooming in on the brick to a scale just below that accessible with the naked
eye, domains will appear but we should keep an eye on our magnification
1 This

approach to the topic was inspired by a discussion in Reference 1, in which the
hierarchy of a forest is the illustrative example. The aforementioned book is recommended
to everyone: from the layperson looking for an introduction to colloid science to the expert
who will frequently benefit from novel perspectives therein.
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because these domains are not made of atoms, but something hundreds or
thousands of times larger. These are the clay particles which the brick itself
is built from [2]. Within each particle, atomic domains and interatomic bonds
are found, thus reconciling with the case of cast iron. The clay particles can
have different arrangements and form domains just like the atoms.
What is the difference between these ‘particles’ and arbitrary subunits of cast
iron? In wet clay, these particles are able to slide past each other and the mass
may be moulded into different shapes. This is because there are not strong
interatomic bonds linking two clay particles, but weaker and longer ranged
forces which are discussed in the following section. Only with drying and firing
at high temperature do the edges of the discrete particles melt together and
from bridges of bonded atoms upon cooling [3]. The particles only stick at
certain points of contact, so the result is a porous network with a complex
structure, quite distinct from the ‘landlocked’ domains in cast iron.
The structural hierarchies may be summarised as follows for cast iron:
atoms→ atomic domains→ cast iron→ stove
and brick:
atoms→ atomic domains→ clay mineral particles→ particle domains→
bricks→ brick wall→ hearth.
Knowledge of the microstructure allows us to answer many questions about
our fireplace materials which cannot be explained simply from consideration of
the chemical components. Why does an iron bar weigh so much more than a
brick of the same size? Why does the brick have much lower heat conductivity?
Why is the brick able to absorb so much water while the iron bar cannot? The
answers to all of these questions lie in the pores of the brick, which may be full
of lightweight and insulating air or with water sponged from the environment.
We have seen that insight may be gained from consideration of the individual
bricks which were used to build the wall, and now turn our attention to the
individual particles which were used to build the brick. To get there, let us
return to the brick-making process, specifically to the wet clay. If we go in the
opposite direction to pottery and brick-making, and keep adding water, we will
make a thick slurry and eventually: muddy water. A familiar feature of the
latter is that when your feet are immersed in it, they cannot be seen through
the liquid. This is a good indication that the clay is not dissolved in the water
(in contrast to when salt is added to water, and it becomes transparent) but
is dispersed in it as particles much larger than atoms, which scatter the light
between your feet and your eyes.
A system of discrete particles such as this is known as a colloidal dispersion.
To omit the colloidal size region in our thinking by skipping all the way from
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macroscopic objects to atoms would leave many phenomena unexplainable.
Principal among these are processes occurring in the most complex hierarchy
we know of: human life.

1.2 The colloidal domain
The boundaries of the colloidal size range are not rigidly defined, with the
broadest definition including particles with at least one dimension in the range
1 nm–10 µm [4]. Below this range, the dispersion approaches the behaviour of a
true solution, and above it lies the realm of granular materials [5]. The change
which justifies having an upper limit is that of the relative importance of the
thermal energy of the particle (which does not change with size) to its behaviour.
For a 1 nm particle, there is significant thermal motion at room temperature,
while this is negligible for a grain of sand, so the latter is considered granular
and not colloidal. The boundary is fuzzy because the degree of thermal motion
depends on the material properties and because the definition of ‘significant
motion’ depends on how long a human experimenter is willing to wait for it.
Therefore the upper limit may fall anywhere between 1 and 10 µm.
The surface to volume ratio of solid objects increases with decreasing size.
This means that the surface properties of colloidal particles greatly influence
their behaviour, while for macroscopic objects, the properties of the bulk often dominate. In fact, colloidal stability (the property of staying as discrete
particles and not sticking together) is due entirely to surface phenomena. With
only volume effects, all similar colloidal particles would irreversibly aggregate
upon meeting each other, held together by the attractive van der Waals forces.
The force keeping them apart can arise either from electrostatic repulsion
between their like charged surfaces or from steric repulsion. The latter occurs
when hair-like polymer molecules which ‘prefer’ to be near the solvent than
to each other are attached to the surface. When two such particles approach,
a repulsive force manifests to avoid interdigitation and/or compression of the
polymers, which would derive them of their precious solvent molecules. The
combination of these attractive and repulsive interactions has energy on the
order of the thermal energy, meaning that there is still a chance of the particles
spontaneously sticking together. How likely this is depends on the details of
the attractive and repulsive forces.
The interaction energies being close to the thermal energy at room temperature means that materials composed of colloidal particles are readily deformed
by external forces. It is for this property that such materials are known as soft
matter, an intuitive name for things like the squidgy modelling clay discussed
in the previous section. It remains reasonable for the dried clay before it enters
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the kiln, which behaves like a soft rock akin to chalk2 . Upon firing however, the
atomically bonded links between the particles reduce the thermal motion to
tiny vibrations and at this point the material graduates out of the field of soft
matter and the issue is handed over to the aptly named solid-state physicist.
At the other extreme, when presented only with the dilute dispersion (muddy
water), the meaning of ‘soft’ is less clear and one must revert to the more
abstract concepts of softness as being related to the particle interactions and
the thermal energy.

1.3 The Toolkit
There are myriad ways to study colloidal systems, with the muddy-water light
scattering experiment in Section 1.1 being a perfectly valid one. In this section,
three of the main tools which are available to the modern colloid scientist are
introduced. With these, the colloidal domain may be studied to increase our
understanding, as well as leveraged to do our bidding.

1.3.1 Creation: Colloidal synthesis
Being able to create colloidal particles custom designed for a purpose provides
many opportunities in both fundamental research and applications. For the
former, the simplest system is often the most useful, at least to begin with.
In colloid science, the base system is one consisting of identical hard spheres,
whose interaction is completely isotropic and acts only to prevent overlap when
two particles touch.
Real colloids are often born through nucleation and growth from a complex
chemical soup which yields particles with a range of sizes, complicating the
comparison with theory. The ability to minimise the size dispersity in a system
of colloidal particles is therefore an important tool. At present, the most readily
synthesised monodisperse systems are particles of organic polymers or silica.
Clear from Section 1.2 is the importance of also controlling the particle
surface properties. For charge stabilised particles, alteration of the pH or salt
concentration can change the interactions to make the particles more or less
stable. Charged chemical species can also be attached to the surface to change
the magnitude and/or sign of the surface charge. In non-polar solvents where
the particle surface less readily becomes charged, the attachment of polymer
chains for steric stabilisation may be used to control the particle interactions.
2 Chalk

is also a hierarchical material, being formed by sedimentation of colloidal calcite
platelets left behind by prehistoric algae [6].
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1.3.2 Observation: Microscopy
The upper limit of the colloidal size range may be debatable, but there is
no questioning that it lies well below what our eyes can resolve unassisted.
Therefore to see the individual particles and observe their behaviour, some sort
of microscope is required. Electron microscopes enable the closest examination
of the particles, being able to resolve surface features on the nanoscale. This is
an important tool for particle characterisation but the study of many colloidal
phenomena is impossible in the vacuum of the electron column3 .
What the more old-fashioned optical microscope lacks in resolution, it gains
in versatility. Here, particles can readily be observed while suspended in
liquids and a compound microscope of the type the reader may remember from
school is sufficient to observe individual colloids engaged in their mesmerising
Brownian dance. Upping the tech-level with fluorescent colloids and a confocal
microscope which can image thin cross sections of a thick sample,  d volume
images (and videos) may be captured.
The confocal method pushes the resolution of the microscope to a fundamental physical limit, which is determined by the diffraction of light. Recently,
a range of ‘super-resolution’ techniques have emerged which sneak around this
limit in various ways, to resolve ever finer details [8]. One of the tricks is to
somehow separate the illumination of the unresolvable objects in time as well
as space. This may be illustrated with the example of taking a photograph of
two lightbulbs which are close together and far away from the camera. When
photographed together, only a single blob of light is visible but if two pictures
are captured in sequence with only one of the lights on at at time, comparison
of the two photographs will reveal the separate positions of the bulbs.

1.3.3 Manipulation: Phoresis
Ways to manipulate colloidal dispersions may be placed on a spectrum of
granularity (or selectivity), with global methods like pouring or pumping the
whole dispersion at one end and single particle choreography with optical
tweezers at the other. In between, we may place sedimentation under gravity
closer to the global end, and phoretic transport between this and the local end.
This last is defined as colloidal migration due to a field interacting with the
particle surfaces [9]. Examples are electrophoresis in an electrical potential
gradient (i.e. an electric field), thermophoresis in a temperature gradient and
diffusiophoresis in a gradient of concentration of a chemical species. These
gradients induce fluid flows along the particle surface and cause it to move.
3 Liquid

phase electron microscopy is an emerging technique with the promise to change
this [7].
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The reason that gravitational sedimentation is not a phoretic effect is a
subtle question of force. The difference may be illustrated with a thought
experiment involving a screw immersed in a fluid. The case of sedimentation
is clear: a net force is exerted on the particle by the gravitational field causing
it to accelerate until the drag force balances the gravitational one. If we then
consider the screw to be somehow made to rotate around its long axis, then
it will be propelled forwards by pulling fluid along its surface and effectively
swapping places with the fluid in front of it. There is no net force on the
combined system of screw and swapping-fluid. This lack of a net force causing
movement is characteristic of phoretic transport, as is the confinement of the
disturbed fluid to a region very close to the particle surface [9].
Dependence on the surface properties is what makes phoretic manipulation
more specific than sedimentation. Approaching the usefulness limit of our
screw analogy, we could distinguish two screws with different sizes and/or
densities by watching them sink in the liquid. On the other hand, our phoretic
analogue could not only distinguish size but also screws with different surface
properties, i.e. the handedness and pitch of the threads. The relevant surface
parameters of colloidal particles are the sign and magnitude of the surface
charge as well as the electrolyte concentration. These govern the behaviour
of the electric double layer around the particle, and hence that of the fluid
involved in phoresis. A feature which is lost in the analogy of the screw is the
non monotonous relationship between the surface charge (zeta potential) and
the velocity (both magnitude and direction) of phoretic migration.

1.4 The work
The pebble to be added to the cairn atop the mountain of scientific achievement
by this thesis is a little more knowledge of the cutting edges of the above tools
and of how these edges may be honed.
Chapters 2 and 3 deal with the creation of colloidal matter, in the form
of solid spherical particles and oil droplets respectively. The solid fluorescent
silica colloids were made by a combination of methods, one older and one
newer. Seed particles were synthesised using a relatively new amino acid
catalysed route and additional layers were grown around these using more well
established techniques. The relative sizes of the core, dyed layer and spacer
layer were carefully tuned to make a model system suitable for study with
super-resolution optical microscopy. With just the right proportions, single
particles may be resolved without the spacer layer becoming so large that
gravitational sedimentation dominates.
In a different example of colloidal creation, the oil droplets of Chapter 3
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were made using microfluidics. Here, droplets are made serially at a nozzle
resembling a microscopic dripping tap. Such methods are well known for their
production of uniformly sized droplets, albeit relatively slowly and usually at
sizes larger than the colloidal limit. It is these latter two issues which are
addressed in Chapter 3. Results are presented from a parallelised dropmaking
device which contains thousands of nozzles all creating colloidal droplets of
diameter 1 µm.
Observation by microscopy is represented by Chapter 4. Therein, the resolution limits of a commercial super-resolution (specifically: s t e d 4 ) microscope
are probed at different imaging depths using fluorescent silica particles small
enough to approximate point light sources. The response to such a source is the
point spread function (p s f) which completely characterises the information
gathering ability of the microscope. An attempt was also made to use this
characterisation to extract more information from microscopic data, by depth
dependent deconvolution.
Finally, attention is turned to colloidal manipulation in the form of diffusiophoresis in Chapter 5. This is a specific case of phoretic migration due to a
gradient in solute concentration. Combining a salt gradient constructed using a
microfluidic device with single particle confocal microscopy, the phoretic transport was measured. With such detailed data, direct comparison with current
theories of diffusiophoresis could be made to increase understanding of how
colloidal particles may be precisely controlled using imposed salt gradients.

4 Stimulated

Emission Depletion, in reference to the method of temporal separation of
fluorescent signals, by darkening the adjacent fluorophores using stimulated emission.
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2 Synthesis of monodisperse
fluorescent silica nanospheres
Abstract
Synthetic routes to model systems of spherical silica nanoparticles with diameters in the range 30 − 360 nm are presented. The general method uses
nanoparticles formed by an arginine catalysed method as seeds for growth of
Stöber-type silica. In this way, fluorescently dyed and uniformly sized particles
could be made with diameter as low as 30 nm (polydispersity < 7%). By growing the particles to diameter 360 nm (polydispersity < 2%), the possibility of
imaging single particles in  d with super-resolution optical microscopy was
opened up, while keeping the gravitational length of the particles more than
50× greater than the particle diameter. Examining the resulting particles,
preliminary results suggest the arginine catalysed growth is surface reaction
limited, with polydispersity inversely proportional to the particle diameter. Finally, with a modified particle surface, dispersion in non polar organic solvents
was demonstrated, showing the versatility of this model colloidal system.
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2 Synthesis of monodisperse fluorescent silica nanospheres

2.1 Introduction
The packing behaviour of spheres has been of interest to humanity since at least
, when Walter Raleigh1 wanted to calculate the number of cannonballs
in a stack and his friend Thomas Harriot provided him with a formula [10].
In the intervening time, atomic theory has been proven, lending fundamental
relevance to the sphere packing problem and bringing this niche interest of
16th century gunners to the attention of physics and chemistry undergraduates
the world over. Wishing to model the behaviour of atoms, cannonballs are
rather limited in predictive power since their arrangement is determined by
forces which do not behave at all like those acting on atoms. Where atomic
behaviour is governed by quantum mechanics and may be described by the
laws of thermodynamics, that of cannonballs is determined principally by their
initial configuration (e.g. how they were put into the box) and by gravity.
A model system which takes a step closer to an accurate representation
of atomic behaviour is that consisting of colloidal particles. These are able
to sample different configurations by Brownian rearrangement and eventually
reach thermodynamic equilibrium. While colloids do sink (or float) under
gravity, their thermal motion allows them to jiggle around enough to find the
arrangement that minimises the free energy of the system. Just how much
jiggling is possible in a gravitational field may be characterised by the ratio of
the thermal energy to the gravitational force on a particle2 , the ‘gravitational
length’, lg = kT /mg [11]. This length may be thought of as ‘how far a particle
is likely to be kicked up against gravity by Brownian motion’. Atoms, colloids
and cannonballs all have a thermal energy per particle of ∼ kT . The different
(buoyant) masses of these mean that the gravitational length of a cannonball
is completely negligible, that of an atom or molecule is large (∼ 9 km for
N2 ) and that of a silica colloid is somewhere in between. More specifically,
colloidal particles can have gravitational lengths on the order of the particle
size. Figure 2.1 shows the variation of the gravitational length with diameter
for silica colloids in water. As lg depends on the inverse of the cubed diameter,
a small increase in diameter drastically reduces lg , reaching 100× the particle
diameter at D ∼ 300 nm, 10 × at ∼ 500 nm and lg = D at ∼ 1 µm. It is not
impossible to reach thermodynamic equilibrium with lg = D, but lg = 10D is
a safer threshold.
It being possible to reach thermodynamic equilibrium is no guarantee of
getting there any time soon. The equilibration time depends not on how much
to be confused with Lord Rayleigh, who would be born some  years later.
thermal energy is given by the Boltzmann constant, k, multiplied by the absolute
temperature, T . The net force on a dispersed particle is the product of the buoyant mass,
m, and the gravitational acceleration, g.

1 Not

2 The
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Figure 2.1: Calculated gravitational length, lg , of spherical silica colloids in
water as a function of diameter, D. The black dotted lines indicate
the diameters at which the gravitational length reaches various
multiples of the particle diameter. The red dotted line indicates the
gravitational length of the target 350 nm diameter particles of this
chapter, chosen to maximise lg while maintaining the possibility of
single particle confocal microscopy.

the particles are jiggling around, but how quickly they are doing so. The time
required for a free particle to diffuse over its own diameter scales with D3 , so
the dynamics are much faster in systems of smaller particles.
Why not push the particle size down as far as possible to maximise lg and
minimise equilibration times? This would negate the reason for using colloids
rather than atoms themselves: colloids can be large enough and move slowly
enough to be imaged with in situ optical microscopy. Therefore there is a lower
limit on the useful size of particles set by the spatial and temporal resolution
of the microscope to be used to study them.
Apart from being a suitable size for microscopic study, the interactions
between colloids may be readily tuned by modification of the particle surfaces
and/or properties of the dispersing solvent, making them a versatile model
system. Monodisperse colloidal spheres have therefore been extensively studied
and, for example, the earlier predicted [12] entropy driven crystallisation of
hard spheres was demonstrated with such a system [13].
In reality, systems of colloidal particles always contain some finite size dispersity, which affects the equilibrium phase behaviour. Specifically, increasing
polydispersity destabilises the crystal with respect to the fluid phase, as the
lattice must accommodate increasingly disparate particle sizes [14, 15]. Hard
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spheres (h s) have long been observed to be able to crystallise up to a polydispersity (δ, relative standard deviation in the diameter distribution) of ∼ 7%,
above which amorphous phases dominate at high density [16–18]. Above this
‘terminal polydispersity’, formation of the classic face centred cubic (f c c)
crystal is no longer possible and the phase behaviour becomes more complex
and is dominated by the polydispersity3 .
Spherical colloids may be made from a number of materials, with silica and
organic polymers being the most well established. Both of these facilitate
synthesis of (almost) monodisperse spherical particles across a range of sizes
within the colloidal range [23]. The reason for the prominent position of silica
stems largely from the work of Stöber, Fink and Bohn who in  discovered a
way to make monodisperse silica colloids with diameters ranging from around
50 nm to 2 µm by condensation of an alkoxysilane precursor in alcohol/water
with an ammonia catalyst [24]. Since then, methods have been found to change
the size of the particles by growing shells of silica around them, in the process
also reducing the relative width of the size distribution [25, 26]. Furthermore,
it is possible to incorporate dyes into the particles, allowing them to be studied
with fluorescence microscopy [27].
In , a new route to colloidal silica spheres was discovered by Yokoi et
al. [28]. In contrast to the Stöber method, this involves two liquid phases: an
oily (tetra)alkoxysilane containing phase and an aqueous solution of a basic
amino acid (lysine or arginine). This method yields low polydispersity particles
with diameter around 12 nm, considerably below the lower limit accessible using
the Stöber process.
Building upon this discovery was the comprehensive work of Hartlen et al. in
which the accessible size range was greatly extended using seeded growth [29].
Using an arginine catalyst, growth up to 167 nm (δ = 2%) was demonstrated as
well as the incorporation of fluorescent dye inside the particles. By switching
to conventional seeded Stöber growth, larger particles could be made. With
this detailed study, the method became well established and is often referred to
in literature as the ‘two phase method’4 . Particles made in this way have since
been frequently applied in the assembly of photonic crystals [30–37] and the
fluorescently dyed particles have found application in biological mapping [38].
An important distinction between dyed particles is whether the fluorophore
3 At

high polydispersity, crystal phases may still be formed via size segregation [19]. This
requires rearrangement in dense suspension which is extremely slow and thus the timescale
for such h s crystallisation is well beyond the typical experimental one for 1 µm colloids.
However, fractionation into exotic binary phases has been demonstrated for systems
of 8 nm (δ = 14%) nanoparticles with almost hard interactions [20]. Furthermore, it
was recently suggested by computer simulations that a range of binary crystal phases
may be formed in systems with polydispersity up to 19% with very fast dynamics/long
equilibration times [21, 22].
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loading allows visualisation of (sufficiently well separated) individual particles
or only of particle ensembles in a fluorescence microscope. The dyed particles
from the amino acid method reported thus far have mostly fallen into the
former category. One notable exception was recently presented in Reference 39.
Single particle imaging is an important feature if these particles are to find
application as a colloidal model system.
In the present study, an almost monodisperse (δ < 2%) smooth spherical
particle system suitable for single particle imaging in dense suspension was
made. As referenced above, this requires a sufficient quantity of fluorescent dye
to be incorporated into each particle as well as separation of the fluorescent
particles. Separation of the dyed cores may be achieved by adding non fluorescent silica around a dyed core such that even when the particles are almost
touching in a dense phase, the fluorescent signals remain resolvable in the
microscope. For this work, the somewhat arbitrary target particle diameter of
350 nm was chosen for having a reasonably high lg of 53D ∼ 19 µm and a structure consisting of a 100 nm dyed core with a 125 nm thick spacer shell around
it to facilitate single particle volume imaging in a  d s t e d microscope.
The various synthetic routes to this goal are summarised in Figure 2.3 in
Section 2.4. It was found that addition of dye during two phase growth incorporated insufficient fluorophores for single particle imaging. Therefore a
Stöber-type method was used to grow a dense dyed silica layer around the
seeds [40], followed by a non fluorescent spacer layer.
This chapter is focussed on the synthetic routes to the desired particles as
well as understanding why they are successful (or not) in terms of the particle
growth mechanism. First an overview of previous work on the two phase method
is presented, along with a more limited discussion of the well established Stöber
method to put the latter growth steps into context. The experimentally probed
methods are presented, followed by the particles resulting from them along
with a discussion of why each of the observed particle systems was formed and
how each relates to the goal of this chapter. The possibilities of single particle
imaging and surface modification are then demonstrated. Finally, suggestions
for future work are given.

4A

closely related method of amino acid catalysed seed synthesis and growth modifies
this with the addition of ethanol which allows homogenisation of the reaction mixture.
This is also frequently applied and allows access to a similar size range as the Hartlen
method [38, 41–45].

13

2 Synthesis of monodisperse fluorescent silica nanospheres

2.2 Theory
2.2.1 Particle formation and growth in the amino acid
catalysed method
Several efforts have been made to elucidate the phenomena at play in the
amino acid catalysed formation of silica particles [43, 46–49]. Perhaps the most
convincing of these is presented in Reference 49, in which in situ pH data,
transmission electron microscopy (t e m) and 29 Si spectra were combined to
deduce a mechanism. In the lysine catalysed synthesis, it was observed using
cryogenic t e m that the resulting 24 nm particles were composed of 1.3 nm
primary particles. The mechanism involves initial formation of diffusively
charged ‘clouds’ which densify to form the primary particles. These then
associate to form assemblies of around 5 nm which are the precursors to the
main particles. The primary particles are continually formed at around the
same size and add to the assemblies in the growth stage of the reaction. This
hinges on the idea that the primaries are more stable to each other than to
the assemblies such that there is only one short period of association at the
beginning of the reaction.
A short initial association period is consistent with destabilisation due to a
peak in ionic strength caused by a maximum in the silicic acid concentration.
An early conductivity peak is known to occur in the Stöber process before
condensation balances hydrolysis [50]. The same almost certainly occurs in the
amino acid synthesis, as indirectly evidenced by the early minimum in pH in
Reference 49.
The primary particles are still visible in the main particles in t e m, but
with a smaller size of around 1.3 nm, attributed to a further structural collapse
upon association. This structural collapse was confirmed by the observation of
increasingly condensed silica (higher Q4 /Q3 ratio) from primary to assembly to
final particles. This reaction mechanism is consistent with earlier small angle
x-ray scattering (s a x s) studies in which it was found that the number density
of particles was constant after the initial nucleation event [43, 46, 51].

2.2.2 Control parameters in the two phase method
Figure 2.2 shows the various factors involved in the two phase synthesis method,
both directly and indirectly controllable. These are discussed below in terms
of their names and letter labels in Figure 2.2.
Salt Concentration: Additional salt may be explicitly added to the reaction to (a) increase the ionic strength of the aqueous phase. Catalyst
Concentration: The added amino acid is itself an ionic species and so (b)
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Figure 2.2: Interdependence of factors affecting the resulting particle size distribution in the two phase synthesis. Arrows may be read in the forward
direction as this − affects → that. Directly controllable experimental
parameters are highlighted in red and causal relationships are labelled
with letters. Explanations of the terms and the letters may be found in
the text of Section 2.2.2.

contributes to increasing the ionic strength. As it is the catalyst, an increased
concentration (c) increases the rate of t e o s hydrolysis at the oil–water interface. Temperature: Elevation of the temperature also (d) increases the
rate of hydrolysis. Stirring Rate: By transporting the hydrolysis products
away from the interface, faster stirring (e) increases the hydrolysis rate. If the
stirring is fast enough to disturb the water–oil interface, increasing the stirring
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rate (f) increases the interfacial area of the metastable emulsion. Interfacial
Area: A larger interfacial area increases the fraction of t e o s exposed to the
aqueous phase and hence (g) increases the rate of hydrolysis. T E O S Concentration: The less diluted the t e o s is in the oil phase, the more t e o s
is exposed to the aqueous phase thus (h) increasing the rate of hydrolysis.
Hydrolysis Rate: Hydrolysis enriches the aqueous phase with silicic acid,
increasing saturation and (i) pushing the balance towards nucleation of new
particles. This acidic species dissociates in the basic medium and (j) contributes to the ionic strength until it is condensed into silica. Ionic Strength:
Ions screen the surface charge which stabilises the silica particles, so at high
ionic strength, (k) the stability of the particles is decreased. Colloidal Stability: If the main particles are unstable, (l) they will aggregate. If these
are stable but the protoparticles unstable, the protoparticles add to the main
particles and (m) the balance is pushed towards growth. If colloidal stability
is high, the protoparticles form stable assemblies, pushing the balance towards
nucleation. Main Particle Surface Area: With a high surface area of main
particles to add to, protoparticles are likely to add to a main particle before
forming a stable secondary assembly, thus (n) the balance is pushed towards
growth. Nucleation/Growth Balance: This balance determines whether or
not seeded growth of the already present particles takes place, or new particles
nucleate. Therefore this (o) controls the size of the final main particles and the
presence and size of any secondary modes in the distribution. Aggregation
Rate: If the main particles aggregate, (p) the particle shapes deviate from
spheres and the size and shape monodispersity of the system are disrupted.
T E O S Amount: The total atom amount of silicon added to the reaction determines the endpoint (q) and the final sizes of the particles are controlled by
how much they may grow before the silicon runs out.

2.2.3 Stöber Silica
The older Stöber process is in many ways similar to the arginine catalysed one
that stemmed from it, also utilising the base hydrolysis and condensation of
an alkoxysilane. In terms of the control parameters depicted in Figure 2.2, the
only one which no longer applies at all is the interfacial area since t e o s is
miscible with ethanol and so the there is no liquid-liquid interface. This more
homogeneous system means that the mechanism of particle formation is also
rather different from the arginine catalysed method.
Despite the large amount of effort devoted to the topic, consensus has not
yet been reached on a general mechanism of Stöber particle formation and
growth [52]. While it is generally agreed that the process begins with nucleation of some sort, there is contention about whether the particles grow by
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aggregation of smaller particles/ogliomers, by addition of monomers or by some
combination of the two.
For the purposes of this chapter, the view is taken that the general mechanism
is a combined one with aggregation dominating at the beginning of reaction,
monomer addition dominating at the end and the experimental conditions
determining the balance between these. This approach has been shown often to
explain experimental results [25, 53–55], and it will be seen that it is consistent
with the results in this chapter.

2.2.4 Polydispersity in seeded growth
The differently sized particles comprising a polydisperse system may compete
for monomers with different efficiencies, resulting in different growth rates and
changes to the final relative width of the particle size distribution. The rate
(and sign) of polydispersity change during seeded growth is of interest for both
applied and fundamental reasons. When striving for a monodisperse particle
system, the polydispersity must decrease upon particle growth and how quickly
it does so determines how much a set of seed particles will need to be grown
to reduce the polydispersity below the required threshold. As the rate of polydispersity change (with respect to diameter) depends on competition in time
for monomers, kinetic insights may be gained by following the polydispersity
evolution during seeded growth. For Stöber type growth, the dependence of
polydispersity on particle size has been extensively studied in the context of
the growth mechanism [25, 56, 57]. This route has not yet been investigated for
the amino acid catalysed method and it would seem that the various particle
systems studied in this chapter provide a suitable dataset to elucidate the
relationship, and hence the dependence of the reaction rate on particle size.
The changing volume of a growing particle obeys a rate equation of the
form [25, 56]:
dVp
∼ kc cm Rα .
(2.1)
dt
Vp is the particle volume, kc a rate constant, cm the monomer concentration
(‘monomers’ here referring to the units adding to the particles, so likely primary
particles in amino acid case) and R the particle radius. The exponent α characterises the power law dependence of the growth rate on the particle size and
therefore depends on the growth mechanism5 . If the growth rate is determined
by the attachment rate of units to the surface (surface reaction limited), the
rate depends on the particle surface area. Therefore for a sphere which is
5 This

definition of α is consistent with Reference 25, but is 3× greater than α in References 56 and 57, where the rate equation is in terms of Vp rather than R.
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smooth on the scale of the monomer, α = 2. For a completely penetrable
sphere in which every comprising monomer is an available attachment site,
α = 3. For a rough surface, α corresponds to the surface fractal dimension and
takes values between 2 and 3 [56, 58]. For a polydisperse system, the difference
in growth rate of the differently sized particles depends on the value of α.
This difference in growth rate determines the polydispersity, δ, of the grown
particles and it may be shown that
δ ∝ hDiγ ,

(2.2)

where hDi is the mean diameter of the distribution and γ = α − 3 for (α >
3
2 ) [57]. For Stöber type growth, values of γ close to −1 (α = 2) were measured,
thus confirming reaction limited growth [25, 56, 57].
An alternative route to determine α and hence probe the kinetics involves
following the growth of a bidisperse system [25, 59]. Instead of following
changes in polydispersity to find out how differently sized particles compete
for monomers, the mean diameters of the two modes in the size distribution
are measured. This is much easier to determine accurately.
It may be shown for growth of a bidisperse system that
3−α
3−α
Ds3−α − D0s
= Db3−α − D0b
,

(2.3)

where D0s and D0b are the diameters of the small and big seed particles
respectively [59]. These seeds are grown to larger diameters Ds and Db . Solving
for the diameter ratio yields
D0s
Db
=
Ds
Ds

"

Ds
D0s

3−α


+

D0b
Db

1
# 3−α

3−α
−1

.

(2.4)

With measurements of the mean diameters of the two modes in a bidisperse
system before and after competitive seeded growth, Equation 2.4 may be used
to determine α.

2.3 Methods
2.3.1 Materials
Tetraethyl orthosilicate (t e o s, 98%), (-aminopropyl)triethoxysilane (a p s, ≥
98%), octadecyl trimethoxysilane (o t m o s, technical grade, 90%), l-arginine
(reagent grade, ≥ 98% ), butylamine (99.5%), ammonium hydroxide solution
(‘ammonia’, 28 w% NH3 in H2 O), rhodamine b isothiocyanate (r i t c, mixed
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isomers), fluorescein isothiocyanate (f i t c, isomer i, ≥ 90%), cyclohexane
(reagent grade, ≥ 99%) and toluene (technical grade) were obtained from
Sigma-Aldrich and not purified further. Deionised water was obtained from a
Merck Milli-Q system (ρ = 18.2 MΩ cm).
All syntheses were carried out in round bottomed flasks quantitatively cleaned
with potassium hydroxide. Temperature control was achieved using metal
mantles (i k a Flask Carrier). With these mantles, the reaction temperature is
usually lower than that of the mantle (e.g. for a mantle temperature of 70 °C,
the reaction temperature was around 60 °C) so the liquid temperature was also
measured and that is reported in method descriptions.
40 kHz sonication was carried out in a Branson c p x     ultrasonic bath
operating at full power.

2.3.2 Notation
Much of this chapter concerns particles which were grown first with the arginine
catalysed method and then by the Stöber process. With many systems having
similar particle sizes, additional specification is required to avoid confusion.
Therefore the notation cδ D is used, in which c is the diameter of the ‘core’
grown with the arginine method, D is the mean full particle diameter and δ is
the diameter polydispersity as a percentage.
For example, 205 40 nm denotes a system of particles which were grown to
20 nm with the arginine method before Stöber silica was grown to make the
final particle diameter 40 nm and the final polydispersity 5%. When c = D,
the particles were made with the amino acid method without addition of a
Stöber shell.

2.3.3 Aqueous Seed Synthesis
Fluorescent silica nanoparticles were prepared according to the method described in Reference 38. 174 mL of deionised water containing dissolved arginine (276 mg, 9.10 mm) and r i t c (30.1 mg, 0.32 mm) was heated to 60 °C in a
500 mL flask. While vigorously stirring (600 rpm), 11.3 mL t e o s (50.6 mmol)
was pipetted under the surface of the hot solution. The approach of reaction
completion was indicated by the disappearance of the oily t e o s layer. To
ensure complete reaction, the mixture was not cooled and stored until at least
36 h after t e o s addition.
To prepare particles with differently coloured fluorescence, the procedure
described above was repeated but with f i t c (0.30 mm) in place of r i t c. In
both cases, only a portion of the dye was incorporated in the particles (as
indicated by a fluorescent supernatant after centrifuging all particles to the
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bottom). Finally, the same method with no dye added was used to obtain
non-fluorescent silica nanoparticles. The resulting particles of all three types
are shown in Figure 2.4 (Section 2.4.1).

2.3.4 Direct growth
‘Direct growth’ here means increasing the particle size by adding further t e o s
to the completed seed synthesis reaction. The seed reaction described above
was scaled down by a factor of 5.3 to suit a 100 mL flask. 24 h after the first
t e o s addition, a further 2.265 mL (10.1 mmol) of t e o s was added with
stirring kept at 600 rpm and temperature at 60 °C. This addition was repeated
every 24 h for a total of 6 growth steps. Thereafter, 5.00 mL (22.4 mmol) of
t e o s was added every 48 h for a further 3 growth steps. Before each t e o s
addition, a sample was removed and diluted with ethanol and dropcast onto a
t e m grid. Images of these samples are shown in Figure 2.5 (Section 2.4.2).

2.3.5 Diluted arginine growth
To take larger growth steps and reach larger particle diameters, the seed
particles were diluted by around 10× and the reagent concentrations maintained. The method is similar to that presented in Reference 29. The values
were chosen such that the total reaction mixture filled a 500 mL round bottomed
flask to the level of the top of the heating mantle (∼ 215 mL).
21.5 mL of the completed seed synthesis mixture (Section 2.3.3) was added
to a 500 mL round bottomed flask containing 160 g of arginine solution. The
arginine concentration (including arginine added with the seeds) was 9.22 m
and the reaction temperature was 60 °C. With stirring at 200 rpm, 21.5 mL
t e o s was added slowly by pipette to float on top of the aqueous dispersion.
The low stirring speed was such that the oil layer had a small central depression,
and was unbroken. These conditions were maintained for at least 48 h before
the reaction was allowed to cool to room temperature. The particles were
then stored without washing or used as seeds for further growth. In case of
further growth steps, the procedure was repeated, each time with 21.5 mL of
seed dispersion and 21.5 mL of t e o s. The specific concentrations during each
growth step are given in Table 2.1 and the resulting particles are shown in
Figures 2.6 and 2.7 (Section 2.4.3).
When it was required to reduce the appearance of secondary particles, the
conditions were modified. The ionic strength was increased by addition of
LiCl, the catalyst concentration was reduced by adding less arginine and the
available seed surface area was increased by increasing the concentration of

20

2.3 Methods
silica particles at the beginning of growth. The specific conditions tested may
be found in the lower section of Table 2.1.
D
(nm)

[Arg.]
(mm)

[LiCl]
(mm)

[f i t c]
(mm)

[Seeds]
(mg/mL)

[t e o s]
(m)

Volume
(mL)

Figure

15
12 15
35
5 35
83
3 83

8.5

0.77

0.28

0

0.27

37

2.3

9.2

0.84

0.31

1.6

0.44

219

2.3

9.3

0.77

0.12

2.8

0.44

219

2.3

182
83
3 182 / 6 83
182
76
3 182 / 7 76
177
75
3 177 / 10 75
166
51
2 166 / 20 51
156
58
4 156 / 4 58
166
54
2 166 / 10 54

9.30

0.84

-

2.9

0.44

219

2.7 a

9.30

2.3

-

2.9

0.44

219

2.7 b

9.29

23

-

2.9

0.44

219

2.7 c

2.00

78

-

2.9

0.44

220

2.7 d

8.95

0.11

-

4.3

0.66

146

2.7 e

2.07

0.86

-

3.0

0.45

213

2.7 f

Table 2.1: Concentrations of reagents in successive arginine catalysed (aqueous)
seeded growths. Bidisperse particle systems are indicated by
big / small. All systems below the break in the table used the same
83 nm particles as seeds.

2.3.6 Stöber growth
Stöber growth was carried out starting from various particle sizes. The procedures are described in this section in order of increasing seed size.
From 16 nm seeds
155 g ethanol (absolute) and 2.59 g deionised water were added to a 500 mL
round bottomed flask and heated to 40 °C with stirring. 1.22 mL ammonia
(26.99 w%) was added before the addition of 15.0 mL of 16 nm r i t c dyed
seeds prepared as described in Section 2.3.3. 2.90 mL of t e o s was added
under the liquid surface by pipette with 600 rpm stirring. The stirring rate
was reduced to 200 rpm about 10 s later and the reaction allowed to proceed
with stirring and temperature maintenance for at least 12 h. Particles resulting
from this synthesis are shown in Figure 2.8 b (Section 2.4.4).
For further growth, the stirring and temperature were maintained and an
additional 6.00 mL of t e o s was added dropwise with a syringe pump at
0.30 mL h−1 . This was also allowed to react for 24 h after the final t e o s
addition and the resulting particles are shown in Figure 2.9 a. For the following
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D
(nm)

[EtOH]
(m)

[NH4 OH]
(m)

[H2 O]
(m)

[Seeds]
(mg/mL)

[t e o s]
(m)

Volume
(mL)

15
12 15
15
7 27
15
4 82

15.4
12.8

0.078
0.183

0.424
2.355

1.13
1.78

0.060
0.195*

218
229

Notes
Seeds

Table 2.2: Reagent concentrations in successive growths starting from 15 nm
seed particles (assuming additive volumes). The 155 39 nm intermediate step is omitted since this growth was done by addition of t e o s
to the mixture used to grow the particles to 157 27 nm. The resulting
particles are shown in Figures 2.8 b and 2.9. * Concentration of
t e o s is quoted as if it were added all at once when in fact it was
added gradually by syringe pump as described in the text.

growth step (result in Figure 2.9 b), the synthesis was carried out with 135 g
absolute ethanol, 15.0 g deionised water, 3.00 mL ammonia, 30.0 mL of the
previous particle dispersion and 10.00 mL t e o s added at 0.20 mL h−1 .
From 33 nm seeds (dyed)
126 g absolute ethanol and 1.50 mL ammonia were mixed in a 500 mL round bottomed flask and the temperature raised to 30 °C. 21.5 mL 33 nm seed particles
in arginine growth mixture (1.90 mg/mL) were added, followed by 2.00 mL
t e o s.
Around these particles a dyed silica shell was grown using the silane coupling
agent a p s as described in Reference 27. First, the dye was coupled to the silane
as follows. 90 mg of r i t c (0.168 mmol) was dissolved in 10.0 mL absolute
ethanol by shaking and light sonication. 94 µL a p s (0.402 mmol) was added to
this mixture which was then left on a flat orbital shaker for 24 h. This mixture
was then diluted by adding it to 20.0 mL of absolute ethanol.
For the growth, 30.0 g of absolute ethanol, 100.0 mL of the reaction product
from the previous step and 0.50 mL ammonia were mixed in a 500 mL round
bottomed flask. 10.00 mL t e o s was diluted with 20.0 mL absolute ethanol
and loaded into a syringe. Both the diluted t e o s and a p s/dye mixtures
were added at 0.70 mL h−1 to a total volume of 29.0 mL, corresponding to a p s
and t e o s addition rates of 2.2 and 230 µL h−1 respectively. After 13 mL of
addition, 5.0 mL deionised water was added. The reaction was left heated and
stirring for 24 h after the final addition before 0.500 mL of t e o s dissolved in
1.0 mL ethanol was added by pipette. This step was included to add a small
additional layer of silica with a reduced concentration of destabilising surface
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D
(nm)

[EtOH]
(m)

[NH4 OH]
(m)

[H2 O]
(m)

[Seeds]
(mg/mL)

[t e o s]
(m)

Volume
(mL)

33
8 33
33
5 41
33
4 77
33
2 200
33
2 359

14.8
9.80
22.1
13.5

0.12
0.08
0.58
0.67

3.6
2.4
3.6
4.1

3.4
2.8
1.5
3.8

0.05
0.20*
0.41*
0.28*

185
227
92
89

Notes
Seeds
+Dye

Table 2.3: Reagent concentrations used to grow the dyed particles (assuming
additive volumes). These particles correspond to those shown in
Figure 2.10. * Concentration of t e o s is quoted as if it were added
all at once when in fact it was diluted 1:2 in ethanol and the mixture
added at 0.70 mL h−1 using a syringe pump. Additional ethanol
added in this way was not included when computing concentrations
until the subsequent step.
amine groups compared to that after the dying step. The resulting particles
are shown in Figure 2.10 c (Section 2.4.5).
The dyed particles were then washed by centrifuging at 900 g for 6 h and
replacing the supernatant with ethanol 4 times. The final two growth steps
to add a spacer of undyed silica to the particles were carried out in a similar
fashion, although in 250 mL flasks. To avoid repetition, the relevant details
are relegated to Table 2.3.

From larger seeds
When the switch to Stöber growth was made later, similar methods were used
for the growth as in the previous section. The specific concentrations used may
be found in Table 2.4. In all cases, the t e o s was diluted 1:2 in ethanol and
the mixture added at 0.7 mL h−1 using a syringe pump [26, 60]. In contrast
to the early Stöber method, a dyed Stöber shell was not added since f i t c
dye was already incorporated during the arginine catalysed seeded growth as
described in Section 2.3.5.
In the case of the 165 nm seed particles, it was necessary to remove the
secondary particles which were created during the final arginine growth before
beginning Stöber growth. This was done by repeated (6×) centrifugation
(900 g, 2 h) and redispersion of the 165 nm particles. The majority of the
turbid supernatant was discarded after each centrifugation step and the volume
recovered by addition of ethanol.
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D
(nm)

[EtOH]
(m)

[NH4 OH]
(m)

[H2 O]
(m)

[Seeds]
(mg/mL)

[t e o s]*
(m)

Volume
(mL)

83
3 83
83
2 201
83
1 350
165
2 165
165
2 330

13.0
12.2

0.56
0.62

3.0
3.8

1.7
4.7

0.48
0.24

94
87

Seeds

11.6

0.61

3.7

3.5

0.28

86

Seeds

Notes

Table 2.4: Reagent concentrations used for Stöber growth of 83 and 165 nm
seeds (assuming additive volumes). The resulting particles are
shown in Figure 2.12. * Concentration of t e o s is quoted as if
it were added all at once when in fact it was diluted and gradually
added as described in the text.

2.3.7 Surface modification
To disperse the particles in non-polar organic solvents, C18 chains were attached
to the particles using an unstable to stable method with the silane coupling
agent o t m o s [61]. This was done with two particle sizes: 39 nm and 330 nm.
Before coating, the particles were washed into ethanol to remove remaining
reactants, catalyst etc. This was more difficult for the smaller particles due to
their lower stability.
To prevent aggregation, the 39 nm particles required long and gentle centrifugation runs. Specifically, they were centrifuged at 900 g for 15 h in 40 mL
glass vials and the supernatant removed and replaced with ethanol. This was
repeated at least 3 times. The larger particles could be centrifuged at the same
speed for only 15 minutes and then washed in the same way.
For the coating, the silica concentration was adjusted such that the total
particle surface area was ∼ 2.8 m2 (e.g. 36 mg of 39 nm particles). They were
then centrifuged once again with the same conditions and the supernatant
removed as much as possible without disturbing the sediment. The ethanol
level was reduced further by encouraging it to evaporate by flowing nitrogen
into the open vial. A mixture containing 8.00 mL toluene, 0.80 mL butylamine
catalyst and 0.80 mL o t m o s was added and the vial shaken to partially
disperse the unstable colloids. This was then treated with ultrasound in a
bath at 40 °C for about 16 h. The coated particles were then washed using the
same speeds as before but this time into toluene for the first wash and into
cyclohexane for 3 thereafter.
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2.3.8 Particle characterisation
After each growth step a small portion (∼ 0.5 mL) of the reaction mixture was
diluted in ∼ 10 mL ethanol and this mixture was dropcast onto a butvar coated
and carbon sputtered copper grid. After drying, the particles were imaged
using an f e i Tecnai ,  or  transmission electron microscope (t e m).
Scanning electron microscopy (s e m) was done using a Phillips x l   f e g
microscope. Size distributions were measured by drawing lines across at least
100 particle diameters in digital images (using software it e m or ImageJ ).

2.3.9 Optical Microscopy
A 10 µm thick film of 332 359 nm particles was made by vertical deposition [62].
A #1.5 borosilicate cover glass was placed vertically in a 20 mL scintillation
vial containing 7 mL of silica dispersion in ethanol with volume fraction 1.8%.
The open vial was then covered with a 400 mL beaker and the dispersion dried
at 50 °C over a period of 16 hours.
The glass slide with deposited particles was then incorporated into a cell of
the type described in Section 4.3.1. The refractive index of the particles was
approximately determined by eye6 to match that of a 12.7 wt.% water/glycerol
mixture, corresponding to a refractive index of 1.454 [63]. The cell was filled
with such a mixture to produce an optically homogeneous sample for volume
imaging.
Image volumes were captured using a Leica t c s s p 8 s t e d  x inverted
confocal microscope operated in 100%  d s t e d mode. The objective was
a Leica h c p l a p o 93×/1.30 glyc s t e d white lens with an 85 w% glycerol/water mixture (n21
D = 1.4506) as immersion. For excitation, a 543 nm
laser line (80 MHz pulsed white light laser, n k t Photonics) was used and
a 660 nm continuous wave laser provided the depletion light. Fluorescence
emission was detected in the range 553–650 nm by a hybrid detector.
The voxel dimensions in Figure 2.11 are 23 × 23 × 80 nm, while the image
volume has dimensions 11.6 × 11.6 × 14.1 µm. Deconvolution was done using
Huygens software and a theoretical point spread function.
The particle coordinates were fitted in  d using Trackpy [64, 65]. The
particle crystalline environments were determined using common neighbour
analysis as implemented in ov i t o software [66, 67].
6 By

eye here meaning adding glycerol to a concentrated dispersion of particles in water
and judging the point of maximum dispersion transparency by looking through the vial
after each addition.
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2.4 Results and Discussion
The main results of this chapter are the different particle systems which were
synthesised. These are summarised in Figure 2.3 and the details of the different
results are discussed in the indicated sections.

2.4.1 Seed Synthesis
The arginine catalysed seed synthesis was found to be both highly reproducible
and robust to changes in conditions. In 14 repeated runs under the same
conditions7 , the mean of the mean diameters was 15.5 nm with a standard
deviation from the mean of the means of 0.95 nm. With changing conditions,
the minimum and maximum mean diameters observed were 12 nm and 17 nm
respectively. The conditions which affected the resulting particle size are
discussed in this section.
Figure 2.4 shows t e m images of particles with and without different fluorescent dyes incorporated. The particles in each of the three systems have
similar shapes, all being slightly deformed from perfect spheres. Related to
this is the size difference between the particle systems. The addition of the
fluorescent dyes resulted in increased particle diameter and it appears that the
larger the particles, the more spherical they become. This shape trend may be
explained by the addition of protoparticles of fixed size. As the relative size
of the protoparticles to the main particles decreases, the more homogeneously
they may be distributed. The reason for the dyes increasing the particle size is
due to the increase in the ionic strength of the reaction mixture, rather than
special properties of the dye molecules. This was confirmed by the observance
of the same trend after adding lithium chloride salt to the arginine solution
instead of fluorescent dye. Increased ionic strength reduces particle stability,
meaning that colloidal stability of the primary assemblies is reached at a larger
size, yielding a smaller number of larger particles.
More rapid stirring of the reaction vessel decreased the size of the resulting
nanoparticles. The stirring rate was always high enough that the t e o s did
not float atop the aqueous phase as an oily layer but was a dynamic and
unstable emulsion. As indicated in Figure 2.2, this means that faster stirring
not only improved the mixing but also increased the interfacial area available
for hydrolysis to take place. Thus with faster stirring, the rate of t e o s
hydrolysis increased, increasing the dissolved silicate concentration at the time
7 The

conditions are those reported in for r i t c dyed particles in Section 2.3.3, scaled down
by a factor of 5.3 to fit in a 100 mL round bottomed flask. The reason for this repetition
was a mistaken belief that seeded growth would not be possible with aged seeds. This
issue is discussed further in Section 2.4.4.
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Stöber Growth

a

b

c

d

15
12 15 nm

15
7 27 nm

15
5 39 nm

15
4 82 nm

Early (dyed) Stöber growth: Section 2.4.5

e

f

g

h

i

j

35
6 35 nm

35
5 35 nm

33
5 41 nm

33
4 77 nm

33
2 200 nm

33
2 359 nm

Diluted arginine growth
Section 2.4.3

Direct arginine growth
Section 2.4.2

Arginine Growth

Immediate Stöber growth
Section 2.4.4

k

l

m

83
3 83 nm

83
2 201 nm

83
1 350 nm

n

o

165
2 165 nm

165
2 330 nm

Late Stöber growth
Section 2.4.6

Figure 2.3: Summary of seeded growth protocols in this chapter. The particle
sizes are indicated in the compact notation: cδ D, with c the diameter
of the core grown with the arginine catalysed method, D the mean
total particle diameter and δ the relative polydispersity in D as a
percentage. Solid arrows connect pairs which are successive growths
of the same particles while broken arrows indicate that the particles
were grown using seed particles comparable to those shown, but
not from the same batch.
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Figure 2.4: Primary particles synthesised via the amino acid catalysed route.
15
a) 12
11 12 nm: without fluorescent dye. b) 12 15 nm: with f i t c.
14
c) 9 14 nm: with r i t c.
of nucleation as well as the height of the silicic acid conductivity peak, resulting
in a larger number of particles. Each of these grew approximately equally with
the end result being the limited silica precursor being divided into a larger
number of smaller parts.
The particle size was also observed to decrease upon scaling the reaction
volume up. This is likely due to the non-obvious way in which the mixing of
the reaction was changed with the larger reaction flask, stirring bar etc.

2.4.2 Direct arginine growth
The results of adding additional t e o s to a completed seed synthesis reaction
mixture are shown in Figure 2.5. The maintenance of a monomodal size distribution, as well as the cube-root increase in diameter (Figure 2.5 g), indicate
that all of the additional silica was incorporated into the original particles
rather than nucleating new ones.
The shape and surface morphology of the particles are worthy of note. In
contrast to the familiar Stöber seeded growth process, the particles are not
smooth spheres. The surfaces are rough to such an extent that the shape
deviates significantly from spherical, even after more than doubling the seed
diameter (Figure 2.5 f). In a more positive contrast with the Stöber growth
method, no particles were observed to have fused to form dumbbells or larger
multiparticle aggregates.
Finally, Figure 2.5 g suggests that in the last two growth steps, the reaction
was not completed. This was confirmed by the observation of an oily t e o s
layer still present in the reaction flask. This may have been due to depletion of
the arginine catalyst as it became incorporated into the particles. Furthermore,
at this stage a deposit of silica was observed to be building up on the stirring
bar. At this high silica concentration (∼ 2 m), it was apparently not possible
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to maintain all of it in suspension and so the particles in Figure 2.5 are close
to the limit of growth with this method.

b

c

d

e

f

D 3 (nm3/104)

a

g

5
4
3
2
1
0
0

10

20

30

TEOS Volume (mL)

Figure 2.5: Direct growth of seed particles in Figure 2.4 c to a diameter of
35
6 35 nm. a–f ) t e m images of the particles resulting from each
growth step. g) Variation of the cubed diameter with the cumulative amount of t e o s added. The line is a fit to the first 5 points
(seeds + four growth steps).

2.4.3 Diluted arginine growth
In order to take larger growth steps, the particle concentration was lowered by
a factor of 10 while maintaining reagent concentrations of the seed synthesis.
The particles resulting from this method are shown in Figures 2.6 and 2.7.
This method is similar to that utilised in Reference 29 in which monomodal
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systems of rough particles were made with diameters up to 120 nm. Above
this diameter, secondary nucleation occurred and was found to be unavoidable.
A similar phenomenon was observed in the present work, with particles first
grown to 83 nm without difficulty. These also had rough surfaces (as compared
to Stöber particles, see e.g. Figure 2.8) and a monomodal diameter distribution after two growth steps (Figure 2.6 c). Rougher particles likely arise from
addition of larger silica units throughout growth as discussed in Section 2.2.3
in the context of Stöber growth. Unlike in the Stöber case, in the two phase
method the addition unit size remains constant so there is no smoothing effect of smaller addition units at the end of the reaction. It may be possible
to find conditions in which the growth tends towards monomer addition to
make smoother particles, but the aqueous reaction medium is less conducive
to this than the homogeneous Stöber mixture. Here, the t e o s must be hydrolysed before it can move through the water phase and the energy benefit in
assembling with a fellow monomer is greater in water than in ethanol.
At the subsequent growth step, aiming for 180 nm, secondary nucleation
occurred. Several attempts were made to avoid this and continue growth of
the particles but as may be seen in Figure 2.7, none of these were successful
in fully suppressing the appearance of secondary particles.
The attempted routes to avoid secondary nucleation were based upon the
factors affecting the balance of nucleation and growth as depicted in Figure 2.2.
First, lithium chloride salt was added to decrease the stability of the secondary
particles (Figure 2.2 a, k). In Figure 2.7 c, it may be seen that the proportion of
secondary particles was reduced by this increased ionic strength. Unfortunately,
further increase of the LiCl concentration did not suppress secondary particle
formation completely but instead resulted in much more drastic and multimodal
secondary particles (Figure 2.7 d). The reason for this may lie in the delicate
balance of colloidal stability involved in growth. For growth only, the main
particles should be stable to each other and the protoparticles should be stable
to each other but the protoparticles should be unstable with respect to the main
particles, allowing them to add to the main particle surfaces. It may be that
by further increasing the ionic strength, the protoparticles became unstable to
each other, allowing many ‘nucleation’ events throughout the reaction, resulting
in multimodal secondary particles.
Figure 2.7 e shows the particles resulting from growth with an increased
concentration of 83 nm seed particles (an increased main particle surface area,
Figure 2.2 n). This resulted in similar levels of secondary nucleation, suggesting
that the issue is more one of stability than of the probability to encounter a
seed surface to add to.
Finally, the arginine concentration was lowered in order to reduce the hydrolysis rate to lower the supersaturation of protoparticles and drive the balance
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a

b

c

Figure 2.6: Successive growth steps of f i t c dyed particles in water.
35
83
(a) 15
12 15 nm (b) 5 35 nm (c) 3 83 nm. The inset window has side
length 100 nm.

away from nucleation of new particles. As may be seen from Figure 2.7 f, the
secondary nucleation instead became more severe. This could be for a number
of reasons. First of all, the reduction in the arginine concentration also would
reduce the ionic strength, increasing the stability of the secondary particles.
Furthermore, the arginine plays a complicated role as a catalyst which is also
partially incorporated into the final particles [68–70], making its contribution
hard to predict.

2.4.4 Immediate Stöber growth
As the arginine growth yields particles with poorly defined surfaces in terms of
structure (rough) and chemistry (variable arginine incorporation), the Stöber
method was used to grow shells of well defined (and well studied [52]) silica
around the seed particles. Stöber growth on arginine silica has been demonstrated previously, but only after some arginine catalysed seeded growth to
88 nm [29].
Stöber growth directly from the seed particles extends the accessible size
range of smooth spheres downwards. In Figure 2.6 b, the rough surfaces of the
arginine grown particles are seen to significantly distort the particle shapes
away from spherical for 35 nm particles. For the larger particles in Figure 2.6 c,
the scale of the roughness is small compared to the 83 nm particle diameter,
making the distortion less relevant for larger spheres. Thus for small diameters
(∼ 15–50 nm), there is a need for a different method which results in surface
roughness on a scale much smaller than these particles.
Unfortunately, these smaller particles are more difficult to grow without encountering either aggregation or the production of secondary particles. While
consensus has not yet been reached on a mechanism, it is likely that the
Stöber process proceeds at least in part by an aggregative growth mechan-
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+LiCl

c

b
+LiCl
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[ SiO2 ]↑
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[ Arg. ] ↓

e

Figure 2.7: Attempts at growth of the particles in Figure 2.6 c to 180 nm.
(a) Big/small diameter: 182/83 nm. (b) 182/76 nm (c) 177/75 nm
(d) 166/51 nm (e) 156/58 nm (f ) 166/54 nm. Insets show a single
particle at larger scale in order to make surface roughness visible.
All inset windows have side length 200 nm.
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ism [25, 52, 54]. Therefore the increased difficulty of growing smaller nanoparticles may be understood in terms of the relative stability of the seeds
and the addition particles. For aggregative growth of single particles, it is
required that the small addition particles be unstable and the larger seeds
are stable. Within the colloidal size range, larger particles are generally more
stable [71, 72]. This means that the closer in size the seeds are to the addition
particles, the narrower the stability range in which single particle growth is
possible.
In practice, the principal factor controlling stability in this reaction is the
ionic strength. Figure 2.8 shows the results of carrying out the synthesis at
increasing ionic strength. When it was low, the addition particles were too
stable and formed stable secondary particles. When it was high, electrostatic
screening destabilised the seed particles causing them to aggregate into chains,
becoming permanently bonded together by the silica growth. The reason for
forming chains rather than fractal aggregates of higher dimension is due to
electrostatic effects. Namely as soon as a dimer is formed, the energy barrier
for an approaching monomer is lower at the ends than at the sides [73]. This
phenomenon has been well studied with gold nanoparticles [73–75] but has also
been observed for arginine catalysed seeded growth at high ionic strength [44].
In this reaction, the ionic strength is principally determined by the added
ammonia catalyst, both in being an ionic species itself and by controlling the
rate of t e o s hydrolysis. With an increased rate of hydrolysis, the initial
peak in conductivity is heightened as discussed in Section 2.2.1. Thus the
ammonia concentration was adjusted to achieve the differences in Figure 2.8.
In the case of aggregation, the probabilities of a seed being in an aggregated
chain of length 1–8 particles was computed by counting the single particles
and aggregates in t e m images. Figure 2.8 d shows how the mean value of the
chain length approaches 1 (i.e. all single spheres, the desired outcome) with
decreasing ammonia concentration, seemingly in an exponential fashion. The
dependence of the chain length on the ionic strength corresponds to a changing
aggregation rate. In terms of d lvo theory, the aggregation rate should
increase super exponentially at salt concentrations below complete double layer
suppresion [76]. Therefore it is concluded that the observed dependence is in
qualitative agreement with d lvo predictions, without a more in depth attempt
to apply the theory to this complicated reaction system.
It is worth noting that ammonia plays two roles in the particle stability. The
basic environment increases stability by deprotonating the silica surface and
hence increasing its negative charge. In fact, the small seed particles are not
stable in ethanol and were observed to rapidly flocculate when added to the pure
solvent. For this reason, it is crucial when carrying out the described growth
that the reaction mixture is basic before the seeds are added. Incidentally, this
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is also thought to be the reason for the formation of strings of particles in the
t e m images of the seeds (Figure 2.4), since the particles were dropcast from
ethanol before imaging.
Another factor which is often discussed in literature is the age of the seed
particles [29, 69]. The consensus seems to be that seeded growth is not possible
with older seeds. In this work the age of the seeds was found to have no
effect on seeded growth (neither Stöber nor arginine catalysed). Similar results
were observed with newly synthesised seeds and seeds which were stored in the
reaction mixture for more than one month. In Reference 29, it was noted that
“it seems that aged particles partially aggregate upon addition of ammonia,
yielding polydisperse samples upon regrowth”. It may be in that work the
ammonia was not always added first to the reaction mixture (as discussed
above) and the resulting aggregation was attributed to aged seeds. It is also
possible that some aspect of the storage conditions was different between that
work and this one.
Further seeded Stöber growth was carried out when the correct conditions
were found and the results are shown in Figure 2.9. While the particles are
generally smooth and monodisperse, it may be seen that the size range is still
one where stability is an issue. This is evidenced by the few aggregated and
secondary particles in Figures 2.9 a and b respectively.

2.4.5 Early (dyed) Stöber growth
One way to incorporate dye into the particles is to add a Stöber-like silica shell
in which a fluorescent label is covalently bonded to the silica matrix. This
addition of a dyed shell was done from seeds grown a little larger to 33 nm using
the arginine method. The series showing the seeds, first Stöber shell, dyed
shell and subsequent spacer shells is shown in Figure 2.10. The synthesis was
demonstrated with two dyes: r i t c (Figure 2.10 a–e) and f i t c (Figure 2.10 f).
The first thin Stöber shell was added since both the switch from water to
ethanol of the arginine seeds and the dying procedure are sources of potential
instability and hence aggregation. By first growing an undyed shell, these two
factors were at least not present at the same time. It may be seen that the
first shell growth yielded single particles but the dying step resulted in some
multiparticle aggregates. Likely some parameter (ionic strength) tuning would
be able to reduce the occurrence of these aggregates.
The final two steps do not appear to have introduced new aggregates, but
those created during the dying step are of course still present.
In order to demonstrate the utility of these dyed particles for single particle
studies, colloidal crystals were assembled and imaged with  d s t e d microscopy. Figure 2.11 shows slices through the image volume as well as fitted
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Figure 2.8: Particles grown directly with Stöber silica. a) At low ionic strength,
stable secondary particles were formed. Big / small particle diameters: ∼ 28 nm / 13 nm. Inset shows ill defined shape of secondary particles at higher magnification (scale bar 50 nm). b) At
intermediate ionic strength the particles grow as intended, here to
15
7 27 nm. c) At high ionic strength, strings of aggregated particles
were formed. d) Mean length of aggregated chains (in number of
seed particles) as a function of the ammonia concentration. The
systems which yielded secondary particles rather than aggregated
chains are not shown. The first and last points correspond to the
systems in (b) and (c) as indicated in the plot. The dashed line
shows the equation hLi = 0.9 exp(2.2[NH3 ]).

a

b

Figure 2.9: Particles grown larger with Stöber silica from those depicted in
Figure 2.8 b. a) 155 39 nm b) 154 79 nm.
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Dye

(a)

(f)

33
8 33 nm

34
2 349 nm

(b)

(e)

33
5 41 nm

33
2 359 nm

(c)

(d)

33
4 77 nm

33
2 200 nm

Figure 2.10: Particles with fluorescent dye covalently incorporated via modified
Stöber method. a) Particles resulting from single diluted arginine seeded growth step. Comparable to Figures 2.3 f and 2.6 b.
b) Single Stöber growth step. Steep decrease in polydispersity
likely in part due to increase in sphericity. c) Particles after
growth of r i t c dyed shell. It may be seen that this is the
step most vulnerable to aggregation during growth. d, e) Further
Stöber growths to provide a spacer between the fluorescent ‘cores’.
f ) Particles grown with the same method but with f i t c dye
incorporated.
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particle locations in  d.

2.4.6 Late Stöber growth
If fluorescent dye is not a requirement, the most convenient route to 350 nm
silica nanoparticles is that depicted in Figure 2.12 a–c8 . Growth to around
80 nm with the arginine method is simple and robust and sufficiently large that
the switch to Stöber growth does not give rise to the stability issues discussed
in previous sections. Thus it may be seen in Figure 2.12 c that the particles
are very well defined smooth spheres.
Finally, in the bottom row of Figure 2.12, it is shown that it was possible
to remove the secondary particles from the larger arginine growths and add
a Stöber shell. While the main particles are well defined, some secondary
particles are still visible which have been grown and therefore the method
described above is preferred.

2.4.7 Decreasing polydispersity upon seeded growth
Figure 2.13 shows the rate of polydispersity decrease for all the particles in this
chapter. There is considerable spread in the data, making it difficult to draw
conclusions. The spread comes from the fact that this study was not carried
out with the intention of being a detailed kinetic one. For this reason, the
polydispersities were not measured with high precision: only 100 − 200 particle
diameters were measured ‘manually’ for each particle system. Furthermore, the
particle diameters were not measured in t e m images at maximal magnification,
meaning that a small but systematic contribution to the polydispersity was
made by measurement error. While the mean diameter may be trusted as
random measurement errors will balance on either side of the average, all
measurement errors make a positive contribution to the apparent polydispersity.
This is particularly problematic for low polydispersities on the order of 1%.
Examining the data nonetheless, γ ≈ −0.6 was found for both the amino
acid and Stöber type growths, corresponding to α ≈ 2.4. It is known that α
should be close to 2 for Stöber growth, so this high value would seem to be the
result of systematic overestimation of the polydispersity, casting doubt on the
accuracy of the values resulting from both growth types. Another factor which
would drive α up in the Stöber case is the surface roughness (for the amino
acid case the roughness is on the scale of the monomers). However, none of the
particle surfaces observed in this chapter appear to exhibit a fractal dimension
as high as 2.4.
8 In

fact there is some dye in these particles but the fluorescent volume of the dyed core is
so small compared to the bulk of the particle that it is inconsequential.
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Figure 2.11:  d s t e d microscopy of a colloidal crystal composed of 332 359 nm
particles. a–c) Orthogonal slices through the deconvolved image
volume showing that the fluorescent cores are resolvable in all
three dimensions. The scale bar has length 2 µm. d) Rendering
of the imaged volume based on fitted particle coordinates. The
particles are coloured according to their identified crystal environment (f c c: green, h c p: red, unidentified: transparent). This
makes the grain boundary (visible in a, c) as well as the stacking fault near the top (visible in b, c) clear and demonstrates the
utility of this model system for crystallographic studies.
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(b)
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(e)

83
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Figure 2.12: Effectively undyed particles obtained by ‘late’ switch from
arginine-catalysed to Stöber seeded growth. Note that this figure is an enlarged extract of the lower boxed region of Figure 2.3. a) Particles grown to 83 nm with the arginine catalysed
method. b, c) Successive Stöber growth steps of these particles.
d) Particles obtained by arginine growth of those in (a) followed
by removal of most of the secondary particles by centrifugation.
The unwashed particles are shown in Figure 2.7 d. e) Further
Stöber growth of the particles in (d).
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Figure 2.13: Behaviour of the polydispersity during seeded growth. a) Amino
acid catalysed growth (AA). The fit line (dark grey dashed) corresponds to γ = −0.6. Both the diameter and polydispersity are
normalised with the values of the seed particles for each series (D0
and δ0 ) b) Stöber growth. The fit line corresponds to γ = −0.6.
c) Data points from (a) and (b) with linear scales. d) The raw
(not normalised) data used to construct the plots in this figure.
The symbol shapes distinguish specific growth situations and each
growth series is assigned a colour. The symbols correspond to the
same particle systems in all four plots. The upper and lower light
grey dashed lines in (a–c) show the behaviour with reference γ
values of −0.1 and −1.0 respectively.
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Figure 2.14: Competitive amino acid growth of bidisperse seeds. a) Seed
86
particles with diameters 44
10 44 nm and 4 86 nm. b) Grown particles
134
177
with diameters 4 134 nm and 3 177 nm. c) Histograms of the
distributions. The horizontal axis shows the diameters of the
four distributions (small seeds, big seeds, small grown, big grown)
with the mean diameter of the corresponding seeds subtracted. i
indicates the ‘small’ or ‘big’ particle distribution.

As this work was focussed on monodisperse particles, growth was generally not done after the system became bidisperse. However, one well-defined
bidisperse system of the type discussed in Section 2.4.3 was grown with the
amino acid method. The seeds and resulting particles are shown in Figure 2.14.
Inserting the mean diameters into Equation 2.4 and solving numerically for
α yields α = 2.0. As discussed above, this value corresponds to surface reaction limited growth, in which the absolute difference between the particle
sizes remains constant. This is visualised in Figure 2.14 c, in which the two
distributions lie on top of each other after subtracting the mean diameter of
the seeds, because both particle sizes increased by the same absolute value.
Equation 2.3 also serves as a quick check for whether or not α = 2 holds, since
in that case it simplifies to ∆Ds = Ds − D0s = ∆Db = Db − D0b . For the
particles in Figure 2.14, ∆Ds = 90 nm and ∆Db = 91 nm.
While this single run of bidisperse growth is not sufficient to draw strong
conclusions, it does suggest that the amino acid growth proceeds in a surface
reaction limited manner. This means that the true polydispersity is expected
to decrease in proportion to 1/hDi. Thus it appears that the growth kinetics of
the Stöber and amino acid processes are similar, even though the mechanisms
are different.

2.4.8 Surface Treatment
The versatility of silica nanoparticles is increased by the ability to modify the
particle surfaces and thus allow them to be dispersed in non-polar solvents.
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This was demonstrated in this work by coating the particles with stabilising
C18 chains using the silane coupling agent o t m o s. The effective diameter of
the particles is slightly increased by the coating.
Figure 2.15 a shows the particles before the surface treatment. These are the
same particles as shown in Figure 2.9 a, but after some purification steps to
remove the worst of the aggregates. After organic coating, the particles were
dispersed in cyclohexane and deposited upon a (polar) liquid-air interface [77]
before imaging the resulting assemblies in t e m (Figures 2.15 b and c).
The success of the coating is demonstrated by the formation of colloidal crystals from cyclohexane. Crystallisation requires the particles to be individually
stable in order to sample sufficient configurations and reach the thermodynamically favoured crystal. A new feature which is observed in the coated
particles is the appearance of Moiré patterns in regions of multiple layers. This
phenomenon is observed when two periodic patterns are overlayed with a rotational and/or translational offset. This indicates that the particles have formed
a stable film upon assembly and then two of these have fallen on top of each
other when scooping the film from the interface onto a t e m grid. The ability to form free standing films has previously been observed in nanoparticles
coated with hydrocarbon chains and is due to van der Waals attraction between
interdigitated chains on adjacent particles [77, 78].
Thus it has been shown that these particles may be readily transferred into
organic solvents which allows them to be used for studies of, for example,
supraparticle assembly as shown in Figure 2.16. These were made by allowing cyclohexane droplets containing the dispersed nanoparticles to shrink by
dissolution and evaporation in water.

2.4.9 Efficacy of the dye in different systems
Almost all of the particles in this chapter were labelled with a fluorescent
dye. Depending on the method of incorporation and the particle diameter, the
labelling is suitable for different purposes.
In the case of the smallest particles, only the 15 nm ‘arginine silica’ core
was dyed and white Stöber silica was grown around it (Section 2.4.4). It may
be seen in Figure 2.16 d that the dye inside the core of these 39 nm particles
was sufficient to image dense ensembles of the particles and discern the shapes
of such ensembles. Single particle imaging of such small particles in dense
suspension is not possible using optical microscopy. In more dilute suspension,
or equivalently in particles grown larger with white spacer silica, it turned out
that the signal from the tiny fluorescent core was insufficient to image the
particles individually. Even when further dye was (presumably) incorporated
during seeded arginine growth (Section 2.4.3), the signal was still insufficient
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a

b

c

d

Figure 2.15: Sterically stabilised silica nanoparticles. a) 15
5 39 nm particles before surface treatment. Inset: enlarged central region showing
stacking up to three layers. b) Monolayers of the C18 coated
particles assembled on ethylene glycol surface. The Moiré patterns (enlarged in inset) are characteristic of multiple stable layers
stacked with a small offset [79]. c) Monolayer assembled on a diethylene glycol surface. The few remaining aggregated particles
are clearly visible where they disrupt the lattice. The inset shows
a dumbbell and its effect on the surrounding lattice. d) Larger
(831 350 nm) particles coated in the same way and assembled by
dropcasting from cyclohexane. Here the inset shows a different
region with another Moiré pattern. The inset scalebars are 100 nm
(a-c) and 1 µm (d).
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a

b

c

d

Figure 2.16: Supraparticles assembled from sterically stabilised particles shown
in Figure 2.15 b,c. a) Polydisperse supraparticles resulting from
poorly defined emulsion created by hand shaking. b) Higher magnification image of same sample. c) Low polydispersity supraparticles resulting from microfluidic emulsification. The average
diameter is 1.1 µm and the polydispersity 9%. The inset shows a
the same particles in a colloidal crystal, but with poor image quality due to surfactant deposition (insufficient washing). d) Confocal image of supraparticles formed from a similar emulsion to
that in (c), but with much more rapid droplet shrinking causing
buckling into coffee bean like shapes. Scale bars are a) 500 nm, b)
200 nm c) 2 µm (both) and d) 10 µm.
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for imaging.
The mechanism of dye incorporation in the amino acid method is not yet
fully understood. It is known that addition of an isothiocyante dye during the
Stöber process does not yield fluorescent particles [27]. Only by adding a silane
coupling agent can the dye be incorporated. Therefore it is clear that the amino
acid has a role to play. It has been suggested that the isothiocyanate group
attached to the dye becomes covalently bonded to the amine group of the amino
acid [80, 81]. The amino acid is known to become non-covalently incorporated
into the silica matrix during the synthesis [68]. It seems likely that the dyebound amino acid molecules are able to do the same. With the addition of
capping silica shells, the physisorbed dye groups may be permanently trapped
inside the particles [29]. Further understanding of this mechanism is required
in order to optimise the dye loading using this method.
In this work, additional dye was added into the larger particles using the
established method of covalently bonding an isothiocyanate dye to the silica
matrix in a modified Stöber process. With this additional fluorescent shell and
a sufficiently large spacer shell grown around it, it was possible to image the
single particles in  d.

2.5 Conclusions
Synthetic routes to uniform spherical silica nanoparticles with diameter in the
range 30 − 360 nm with various properties suitable for different purposes were
demonstrated. These involved growth of Stöber silica on particles made by
the newer arginine catalysed method. In this way, smooth spherical particles
with the surface chemistry of Stöber silica could be made at sizes lower than
previously achieved. All of the particles were fluorescently dyed allowing them
to be used as model systems for study with optical microscopy.
At the low end of the size range, the dye incorporated in the amino acid
synthesis was shown to be suitable for imaging ensembles of particles. When
the particles were grown larger, the dye incorporated in this way was no longer
sufficient and so a method was optimised to bind further dye into the silica
with a silane coupling agent and a modified Stöber growth. This resulted in
a particle system with a diameter of 360 nm (and gravitational length ∼ 50×
greater) which could be imaged in  d as single particles.
In order to understand the behaviour of the polydispersity during amino acid
catalysed seeded growth, the changes in the size distribution were examined
for monomodal and bimodal distributions. In the former it was found that the
measurement error in the polydispersity was too high do draw conclusions. For
a bidisperse system, preliminary results suggest that the amino acid growth is
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surface reaction limited and the polydispersity may be expected to decrease in
inverse proportion to the mean diameter.
Finally, by modifying the surface of the particles, they could be dispersed
in non polar organic solvents. Thus the model system presented was shown
to be tunable in both size and surface interactions, as well as having particles
minimally affected by gravity and yet suitable for single particle imaging in
dense suspension.

2.6 Outlook
The next step in this research is to demonstrate the utility of the particles in
a more extensive study of colloidal phase behaviour. This might take the form
of a nucleation study or of answering fundamental questions about the glass
transition.
From a synthetic perspective, a particle system can always be improved. In
this case, further optimisation could reduce the formation of dumbbells to none
at the silane coupled dying step. This dying step could also be carried out on
smaller particles, to shrink the diameter of the fluorescent core and hence final
particle diameter in order to further increase the gravitational length.
To improve understanding of the growth mechanism and kinetics, further
studies of competitive seeded growth of bidisperse particles would be the most
effective route.
Further characterisation of the particles would also be beneficial. In particular, an in depth study of the dye loading of the different particle systems in
this chapter would facilitate improvement of the fluorescent signal from the
particles and hence more effective  d microscopy.
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3 The Nanopede: Parallelised
microfluidics for colloidal droplets
Abstract
Droplet microfluidics is well known to be capable of producing emulsion droplets
of very low polydispersity, albeit with low throughput. Parallelisation has been
successfully applied to scale up the production of monodisperse droplets but this
has not yet been achieved for the full range of droplet sizes which are accessible
in single droplet junctions. Crucially, the colloidal size range with droplet
diameters around 1 µm (or less) is still missing. In this work, a new device is
tested which is based on the downscaling of a recently presented parallel design
known as the ‘millipede’. This ‘nanopede’ was found to yield crystallising
droplets of close to 1 µm with polydispersity below 7%. Preliminary results are
also presented in which this device is used for the formation of new colloidal
particles by polymerising the droplets or dispersing nanoparticles within them
to yield supraparticles after removal of the dispersed liquid.
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3.1 Introduction
Microfluidic devices are the artisans of the emulsification business. While
droplets can be made by the billion per passing moment by other mechanical
techniques1 , none can match the size uniformity achieved by the individual
and sequential crafting of each droplet at the microfluidic junction. Droplet
microfluidics as a field may be traced back to the s with the invention
of the inkjet printer [85, 86]. In the decades since, progress has been driven
by the parallel development of lab-on-a-chip devices and carried by innovations in microfabrication from the semiconductor industry. However, despite
this long period of incubation and the continued predictions of revolutionary
changes brought in by microfluidic technology, the field has not yet reached
maturity [86, 87].
The reasons that microfluidic devices in general are still largely confined to
academic research laboratories are varied but there is a recurring theme: the
difficulties in scaling. Microfluidic devices often operate in a serial manner, with
the droplet maker being the archetype. The oft quoted solution is to simply
run many droplet making chips in parallel but this only shunts the scaling
problem a little further down the road. Namely to the scaling of production.
The fabrication techniques used in prototyping are frequently unsuitable for
mass production [86], meaning that commercially available microfluidic devices
are expensive (a few hundred euros for a device containing a single dropmaking
junction). Running a thousand such devices in parallel is simply not feasible,
neither economically nor practically.
Thus attention has increasingly turned to on-chip parallelisation, allowing
many drop makers to be supplied by a few interfaces with the world. From
the many proven droplet forming geometries, came many different attempts to
parallelise them [88]. These may be broadly categorised into those in which
droplet formation is controlled by external pressure, and those in which it is
governed by the Laplace pressure. Here the discussion will be limited to the
latter which have the advantage that pressure differences in the device (spatial
or temporal) should not cause significant changes to the produced droplet size.
Such devices belong to a broad class utilising step emulsification2 in which
droplet formation is driven by the Laplace pressure difference when the shallow
dispersed phase channel meets a deep emulsion channel in which the pressure
is much lower. This was pioneered in the s with arrays of straight microchannels leading to a wide but still of low height ‘terrace region’ followed
by a ‘step’ to a much deeper region [89, 91]. Many papers have been published
1 Examples

include membrane emulsification [82], Taylor-Couette shearing [83], high pressure
homogenisation [84] and splashing around while washing dishes.
2 Also known as terrace emulsification [89] and edge droplet generation (e d g e) [90].
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based on this design3 and by  a range of droplet sizes from 1.4 − 100+ µm
had been created in these highly parallelised devices [93, 94], although the
smallest of them with the relatively high polydispersity of 17% [93]. At the
lower end of the size range, droplets with diameter below ∼ 5 µm fall into the
colloidal size range, and can therefore act as a new colloidal model system if
they are sufficiently monodisperse.
As these small droplets are of particular interest to the field of colloid science,
it is worth comparing how this parallelised production compares to previously
available small droplet makers. Unsurprisingly, single droplet makers are still
able to produce smaller and more monodisperse droplets. By using a combination of capillary focussing and a step, highly monodisperse 2.5 µm diameter
droplets have been made and used to study colloidal crystals [95]. Shortly afterwards, the range of these devices was extented to cover much of the colloidal
size range: from 400 nm to 3.5 µm [96, 97]. Unfortunately, these impressive
devices rely on precise control of both the continuous and dispersed phase
streams at the nozzle and are therefore unsuited to parallelisation. Therefore
parallelisation efforts have focussed on step devices in which droplet formation
is not dependent on precise input flows.
In this vein, a design modification to the microchannel device was recently
proposed alongside claims that it increased the robustness of emulsification
due to reliance on a quasi static instability at droplet breakoff, rather than a
dynamic one [98]. The new design feature introduced was a gradual widening of
the microchannel until meeting the step, such that the droplet grows spherically
in the deep channel rather than pancaking in a shallow terraced region. The
other innovation was a marketing one, this device was given a memorable
name for the resemblance of the dropmaking channels to many tiny legs: the
millipede.
The millipede design has been shown capable of forming monodisperse emulsions in hundreds of nozzles simultaneously at diameters down to 20 µm [98, 99].
While impressive, this does not cover the full range of droplet sizes achievable
using previous devices, in particular the capability to produce droplets in the
colloidal size range.
That is therefore the aim of this work: to bring the robustness and low
polydispersity of the millipede design to the production of droplets of 1 µm
in diameter using a glass4 device. For utility in colloidal self assembly studies, a (semi-arbitrary) upper limit of 5% polydispersity is imposed as with
high polydispersity, behaviour deviates significantly from that of models of
3 For

a review, see Reference 92.
devices involve more effort to fabricate than those from the typical prototype material
p d m s. However they have the advantages of more well defined nano-dimensions and
much broader solvent resistance.

4 Glass
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D (nm)
500
1,000
3,000
10,000

V (L)
7 × 10−17
5 × 10−16
1 × 10−14
5 × 10−13

1 mL at 1 kHz
484 years
61 years
27 months
3 weeks

1 mL at 1 MHz
6 months
3 weeks
20 hours
32 minutes

Naming
Attolitre
Femtolitre

Table 3.1: Illustrative comparison of droplet diameters, volumes and production times. The third and fourth columns give the approximate time
it would take to produce 1 mL of dispersed droplets in a device operating at 1 thousand and 1 million droplets per second, respectively.
The former is in the range of a single dropmaking nozzle [88] and
the latter represents 1000 such nozzles in parallel. The final column
is included as an aid to the colloid scientist used to quoting particle
diameters who wishes to consult the microfluidics literature, which
is often concerned with droplet volumes [97].
monodisperse particles and will crystallise very slowly or not at all [17, 100].
Another important requirement is sufficient throughput for desired applications.
For fundamental studies, a few million dispersed droplets can be sufficient to
study, for example, colloidal crystals [95] or glasses [101] and these can readily be made using a single dropmaker. However, for assembly of materials,
throughput should approach the gram scale. Table 3.1 illustrates the need for
parallelisation if such scales are to be achieved.
The chapter is organised as follows: first a discussion of the relevant theory is
presented followed by an account of the device demonstration using a common
test system: hexadecane droplets in water. Thereafter, attempts to make
materials in the device using photocurable polymer and dispersed nanoparticles
are discussed. Finally, suggestions for future work are presented.

3.2 Theory
3.2.1 Droplet Formation
Pushing a fluid through a small nozzle into a chamber containing a second, immiscible, fluid is not enough to guarantee the formation of droplets. Why should
not a single drop of ever increasing size be formed as fluid is added? Under some
conditions this may be exactly what does happen [102]. There are two main
mechanisms of droplet formation at a microfluidic step junction in the absence
of continuous phase flow: the spontaneous dripping and the induced jetting.
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a

b
h

w

Dispersed Phase

Continuous Phase

Etched Glass

Closing Glass Plate

Figure 3.1: Schematic representation of a single nozzle at the moment of droplet
release (just before the shrinking neck of the dispersed phase has
reached breaking point). The dimensions are proportional to those
of the devices used in this work, with an opening angle of 11.3°,
h = 200 nm, w = 3 µm and a droplet diameter of 1 µm. The bottom
surface of the closing glass plate is shown slightly raised for clarity.
a) Isometric projection. b) Top view.

Jetting occurs when the dispersed phase emerges from the nozzle at high
velocity (relative to the continuous phase), forming a fluid column which disintegrates into droplets as a result of the Rayleigh-Plateau instability [103].
This yields many droplets of approximately the same size as governed by the
geometry of the collapsing liquid column, but in general does not match the
monodispersity of the droplets formed by dripping, which takes place at lower
flow rates.
In the dripping mode, the dispersed phase emerges more slowly, forming
a spherical bulb where it emerges into the deep channel (Figure 3.1). This
bulb has much lower curvature than that of the interface which is confined by
the shallow channel, so there is a drop in Laplace pressure at the step. This
drives the growth of the emerging bulb, further increasing the pressure drop
and increasing the flow rate over the step. When the flow rate out of the step
exceeds that coming in from behind, the tongue shrinks in from the walls and
a neck is formed. This neck is unstable and also breaks in a Rayleigh-Plateau
manner [104].
Whether dripping or jetting takes place is determined by the dimensionless
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capillary number,
Ca =

vη
Qη
=
,
γ
Aγ

(3.1)

which indicates the relative influence of viscous and surface forces. Equation 3.1
contains the conventional definition containing the characteristic velocity (v),
the viscosity (η) and surface tension of the interface (γ) as well as the adapted
form concerning the volumetric flow rate (Q) across an area, A. It was shown
in Reference 104 that there is a critical capillary number above which jetting
takes place:
Cacrit =

π
[2 cos(π − α) − 1] .
128

(3.2)

Here, α is the contact angle of the dispersed phase on the channel wall. This
puts a constraint on the conditions required for dripping: the contact angle
must be greater than 2π/3 (120◦ ). If this condition is not met, the only option
is jetting, whatever the capillary number. For practical purposes, this means
that the dispersed phase should wet the channel walls as poorly as possible
and conversely the continuous phase should have high affinity with the channel
walls.

3.2.2 Droplet Size
In the same work, it was shown that the droplet diameter varies as
d∼

h
,
cos(π − α)

(3.3)

with h the channel height in the nozzle [104]. The approximation is that the
pressure drop between neck and bulb is low and constant. This was found to
agree with experimental and simulation data after scaling with the viscosity
ratio.

3.3 Methods
3.3.1 The Nanopede
The design of the device to produce 1 µm droplets is depicted in Figures 3.1
and 3.2. The device was given the working title of ‘nanopede’ in homage to
the millipede design and the smallest channel dimension being 200 nm. The
nanopede was fabricated at the University of Twente. Briefly, the design was
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etched into glass using lithography/wet-etching and deep reactive ion etching.
This was bonded to an unpatterned glass wafer to close the channels.
The design contains 5000 nozzles divided equally across 5 rows. To yield
droplets of around 1 µm, the height of the channel was 200 nm, the opening
width was 3 µm and the opening angle was 11.3◦ [104, 105].

3.3.2 General emulsification procedure
All liquids were filtered before use in the nanopede using 0.1 µm p v d f and
0.2 µm p t f e (both Millipore) syringe filters for polar and non polar components respectively. The device was prepared by pushing isopropanol (i pa), 1 m
NaOH, and isopropanol sequentially backwards (starting at exit) through it,
each until the solvent front was visible emerging from both inlets. In this work,
the continuous phase (c p) was generally aqueous surfactant solution and the
dispersed phase (d p) a hydrophobic solution or dispersion. Liquids were dispensed from 1000 µL glass syringes (i l s) mounted on a syringe pump (Cetoni
Nemesys    n) through p t f e tubing (inner diameter 0.8 mm, Bola). The
tubing interfaced with the chip via a Micronit 15 × 30 mm sideconnect holder
using f k k m (perfluoroelastomer, Micronit) ferrules. In the exceptional case
of high n a imaging inside the chip, the custom holder shown in Figure 3.2 c
was used instead.
The d p was pumped to the top inlet and the c p to the bottom, as depicted
in Figure 3.2 a, with a flow rate ratio of c p/d p ≈ 50, e.g. 250/5 µL h−1 . The
outlet used the same connection system as the inlet and the emulsion was
collected in a vessel containing the c p.

3.3.3 Hexadecane Droplets
The c p was aqueous s d s solution (12 mm Sodium dodecyl sulfate, Sigma
Aldrich) and the d p was hexadecane (synthesis grade, Merck). For confocal
imaging, the d p contained 1.2 mm pyrromethene  dye (p m   , Exciton,
measured excitation and emission wavelength maxima in hexadecane: λex =
520 nm, λem = 543 nm). In a separate run under the same conditions, undyed
droplets were made for measurement with static light scattering.
The emulsion was collected with c p and d p flow rates of 40 and 5 µL h−1
respectively for 18 h in a 4 mL empty glass vial and left undisturbed for a few
days, during which time the droplets creamed. A portion of the resulting dense
emulsion layer was drawn into a 0.05×1 mm rectangular glass capillary and
both ends were sealed with u v–curing glue (n oa  , Norland). The capillary
was mounted on a standard microscopy slide placed vertically, resulting in
creaming of the droplets to one end of the capillary.
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a

a

b

Depth
h

0.2 µm
15 µm

Closing Glass Plate

Continuous Phase

b

Dispersed Phase

w

Etched Glass

50 µm

2 mm

c

Figure 3.2: The nanopede device. a) The overall design (top) shows the dispersed phase inlet at top left which forks into three channels to
distribute the dispersed phase to the 5000 nanochannels. The liquid
is pushed through these channels (shown in magenta) and emerges
as droplets in the low resistance emulsion channel (connected to
the continuous phase inlet shown on lower left). The emulsion
passes into the wide observation chamber before exiting the chip
on the right hand side. At the bottom, two increasingly zoomed in
views are shown. On the left, the arrangement of the nanochannels
is shown. Here, the upper orange arrow indicates the dispersed
phase (d p) inlet, the lower blue arrow indicates continuous phase
(c p) inlet and the ‘×’ indicates that the central d p channel leads
to a dead-end. On the right, a single nozzle is shown, to place
Figure 3.1 in the context of this schematic. b) A photograph of
the 15 × 30 mm nanopede device. c) Photograph of the custom
holder used for high n a microscopy inside the chip. Here a silicon
based chip is shown so the features are visible from above, but all
results in this chapter were obtained using fully glass chips.
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After several days, images of the droplets were obtained using a confocal
microscope (Leica s p 8 with 100×/1.4 s t e d oil immersion lens). Ensemble
images of diffraction from the crystal were captured using a Nikon z  consumer
digital camera mounted on a Leica d m i l l e d inverted microscope equipped
with a 5×/0.12 air lens.
Imaging Droplet Formation
To image the droplet formation process at maximal resolution, a high n a
objective lens was used (Leica 93x/1.30 s t e d glycerol immersion lens mounted
on a Leica d m i     b inverted microscope). This lens has a working distance
of 300 µm based on a 170 µm cover glass, making it unable to focus on the
droplet junction in the standard chip design (with a 500 µm glass lid). Therefore
a chip with a thinner glass lid of thickness 285 µm was made, in which imaging
was possible.
The brightfield transmission images in Figure 3.7 were captured using a
high speed camera (Phantom Miro ex , Vision Research) with framerates of
4000 f p s and 30, 000 f p s (exposures 240 µs and 30 µs respectively). The
latter framerate was the highest possible, as limited by the intensity of the
illumination light (Leica 100W lamp, condenser n a 0.55). The confocal image
in Figure 3.7 was captured at the same junction using the Leica s p  attached
to the same inverted microscope. The scanning speed was 4 kHz corresponding
to a line scan time of 250 µs and a framerate of 63 f p s (256 × 128 px).
Static Light Scattering (S L S) for droplet size distribution measurement
A dilute suspension (volume fraction, φ ∼ 10−4 ) of the droplets in deionised
water was prepared and characterised in a custom built s l s apparatus [106].
The scattering intensity of a HeNe laser (632 nm, 10 mW) in the emulsion was
measured at angles from 14◦ to 135◦ relative to the transmitted beam using a
photomultiplier tube.
To determine the droplet size distribution, an analytical calculation of the
scattering intensity was required. The scattering intensity as a function of
angle was calculated using miepython [107, 108], which provides a convenient
method for Mie scattering calculations on single spheres. The scattering of
a polydisperse size distribution was assembled by summing the scattering
intensities of several sphere sizes with a Gaussian weighting around the mean
diameter5 . A least squares optimisation was then carried out to fit this model
to the log of the measured intensity distribution, with the mean diameter and
5 This

method was tested and found to be in exact agreement with an alternative software:
Miescat (v4) by Arnout Imhof, which is based on the algorithm in Reference 109.
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polydispersity as fit parameters. It was known that larger droplets were present
in the distribution, which contribute most strongly to multiple scattering at
low angle (low K) and decrease the depth of the first minimum [110]. Therefore
the first minimum and maximum were excluded when fitting the scattering
data, in order to characterise only the main droplet distribution. The data and
fit are plotted against K = 4πncp sin(θ/2)/λ in Figure 3.4 d, with ncp = 1.333
the refractive index of water and λ the vacuum wavelength of the laser. The
refractive index of hexadecane used for the scattering calculations was n20
D =
1.4345 [111].

3.3.4 Polymer Particles
Under safe lighting (all light sources filtered: o d > 7 at 365 nm), an emulsion
was created using the nanopede. The d p was 10% e t p ta (trimethylolpropane
ethoxylate triacrylate, Sigma Aldrich) in octanol with 0.5 wt.% photoinitiator
Irgacure  and the c p was 1 wt.% Pluronic f    in deionized water
with respective flow rates of 5 µL h−1 and 100 µL h−1 . The output tubing
was directed into a vial containing f    solution inside a light sealed box
continuously illuminated with 365 nm light (Thorlabs m    l p , >1150 mW
l e d). After collecting for 1 hour, the emulsion was left for a further 30 minutes
to polymerise before being retrieved and the resulting particles washed into
pure deionised water (by 500 g centrifugation and supernatant replacement 3
times). 5 µL of this washed dispersion was dried on a silicon wafer at room
temperature and imaged in s e m (x l   s f e g scanning electron microscope,
f e i), shown in Figure 3.6.

3.3.5 Supraparticles
Volatile dispersed solvent: cyclohexane
The d p was 11 nm spherical cobalt iron oxide particles [112, 113] dispersed
in cyclohexane at a concentration of 4.5 mg mL−1 and cyclohexane saturated
38 mm aqueous s d s solution was the c p. The c p and d p were pumped
through the nanopede at flow rates of 75 and 15 µL h−1 respectively and the
resulting creaming emulsion was collected as described in Appendix 3.A for 1
hour. At this time, blockages had developed in the oil inlet channels, preventing
some of the nanochannels from producing droplets.
The collected emulsion was then transferred to a 1 mL glass vial containing
0.5 mL of the same s d s solution. The vial was capped with p t f e tape with a
0.8 mm hole in the centre and the cyclohexane allowed to evaporate overnight
with the vial on a shaker table at 250 r p m. The brown sedimenting dispersion
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was washed 3 times with deionised water by repeated centrifugation at 500 g and
redispersion. The resulting supraparticles were imaged in s e m (Figure 3.8 b)
and t e m (Tecnai  transmission electron microscope, f e i, Figure 3.8 c).
To characterise the cyclohexane droplet distribution, the procedure above
was repeated but with the nanoparticle dispersion replaced with cyclohexane
containing the fluorescent dye p m   . A 0.05 × 1 mm glass capillary was filled
directly from the collection syringe and after creaming, the confocal image in
Figure 3.8 a was obtained.

Non-volatile dispersed solvent: hexadecane
In this case the dispersed phase was a dispersion of the same cobalt iron oxide
nanoparticles as detailed above but in hexadecane at the same volume fraction.
The continuous phase was 12 mm aqueous s d s solution. The emulsion was
collected for 1 hour as described in Appendix 3.A with flow rates 250/5 µL h−1 .
This was then poured into a vial containing 10 mL of either ethanol or acetone.
The resulting particles were then washed and concentrated in deionised water
using centrifugation (3 × 500 g/1 h) and redispersion with a final volume of
approximately 300 µL. The particles were imaged with s e m (Figure 3.9).

3.3.6 Operational Notes
On flow rates quoted in this chapter
Two factors contributed to the (especially d p) flow rate at the droplet junctions
likely not matching that input to the syringe pump: leaking at inlets and
defective nozzles. The first of these was sometimes catastrophic, resulting in
no droplets, but often leakage was noted only after an emulsification run when
the holder was being dismantled. In the latter event, one or both of the flow
rates was lower than intended. In many cases, only a few defective nozzles
(either blocked or producing large droplets, see Figure 3.4 b) were observed
and would likely have negligible effect on the flow through the other nozzles.
However, in the thin chip used for confocal imaging, only one working nozzle
was found (Figure 3.7), with many blocked and some sections allowing the
d p to flow freely into the emulsion channel. Leakage may have been due
to a bonding problem and blockage due to glass shards introduced during
fabrication. Therefore, in the case of the prototype devices discussed here, the
flow rates are comparable only within a single emulsification run and cannot
be quantitatively related to actual flow rates through individual nozzles.
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Starting Emulsification
The main challenge at the beginning of a run was to fill the three d p arms
which supply the nanochannels. Simply pumping the dispersed phase at the
final flow rate (5 µL h−1 ) was not sufficient to fill these channels within a
reasonable length of time. No completely general procedure was found to begin
emulsification, presumably due to differences in the solvent properties and in
the size of the air bubble often introduced when switching the inlets from i pa
to the intended d p. By some combination of the following, with observation
of the effects of each via the microscope, it was usually possible to fill 2–3
arms of the d p supply channel. First, pushing the d p at up to 300 µL h−1
for a short time to build the required pressure was sometimes sufficient. Also
sometimes helpful was sucking on the outlet with an empty syringe to increase
the pressure drop across the whole device, and remove dense emulsion resulting
from high d p flow rates.
Chip Cleaning
While the nanochannels make clearing the chip of blockages difficult and tedious,
in several cases it could be returned to a working state after severe clogging
with nanoparticles. The general procedure is to flow various filtered solvents
backwards (so that no debris is forced through the nanochannels) through the
chip. The emulsion/c p passage was never blocked in this work and may be
easily flushed with large volumes of solvent due to its wide channels. With this
done, this path was blocked6 , forcing the solvent through the d p inlet. Often
high pressures were required which were provided by hand with syringes. This
sometimes led to leakages at the chip-tubing interfaces, requiring cleaning of
the holder and reconnection.
An alternative method was to use a syringe pump to flow a liquid capable of
dissolving the blocking material (e.g. HCl for nanoparticle clogs) through the
chip at low rate for a long time (e.g. 30 µL h−1 for 3 days) to slowly dislodge
blockages. Ultrasonication in acids, bases, alcohols and alkanes was also used
to loosen debris without noticeable damage to the chip.
With the return of a blocked chip to working order usually taking more than
a week, prevention was always preferable to cure. Therefore, in the case of
potentially clogging d ps, the emulsification was closely observed for signs of
blockage and stopped and cleaned at the first sign of clogging. This way, it
could usually be cleaned with a single flushing step.
6A

plug may be made by filling the hub of a blunt needle with glue which, after curing, is
inserted into the tubing which is to be blocked.
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3.4.1 Monodisperse 1 µm droplets
Hexadecane in water: an uncomplicated emulsion
The first evidence of the creation of monodisperse droplets is visible in Figure 3.3. With so many nozzles in close proximity rapidly producing droplets,
the density in the emulsion channel can become very high if there is not a
rapid flow removing the droplets as they are created. Colloidal spheres with
sufficiently uniform size form crystals at high density and this was evidenced
in this chip by the brightly coloured reflections resulting from diffraction at
the crystalline layers under transverse white light illumination (Figures 3.3
and 3.4).
The higher magnification image in Figure 3.4 c shows the crystal planes
directly, allowing an estimate of the droplet size to be made. The plane spacing
was found to be 1.15 µm, close to the design aim of 1 µm droplets. Also visible
when zoomed in is the undesirable presence of droplets far larger than the
crystalline ones (Figure 3.4 b). These are presumably formed by nozzles which
have taken on shapes different to the design at some point in the fabrication
process. Such defective nozzles were found to be present at the same locations
on a given chip, independent of flow rates or other operational changes.
While imaging the droplets during emulsification is clearly insightful, it
provides only instantaneous information. More important to applications of
the nanopede is the ensemble size distribution at the end of a run. Therefore
the emulsion was collected and characterised using s l s. The data are shown
alongside a calculated scattering curve for a Gaussian size distribution with
mean diameter 1.12 µm and polydispersity 7%. The fit to the data is good,
after excluding the multiple scattering region, and the indicated diameter being slightly lower than the observed crystal plane spacing is consistent. While
efforts were made to exclude multiple scattering from the large particles, their
single scattering would still contribute to the fitted data, increasing the apparent polydispersity. It is thus concluded that that the 7% value measured here
is an overestimate of that of the main distribution.
To take a closer look at the droplets, fluorescent dye was added allowing
them to be imaged using confocal microscopy. Thus was the image showing
individually resolved droplets in Figure 3.5 a obtained. It may be seen that the
emulsion was sufficiently monodisperse to form colloidal crystals. The outsized
particles are clearly visible due to the defects they cause in the lattice. Some
very small droplets also became visible, possibly due to satellite formation at
droplet breakoff in defective nozzles. The clear peaks in the f f t indicate the
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Figure 3.3: Formation of colloidal crystals in the chip when the droplets are not removed
rapidly enough from the channel. This was demonstrated by reducing the c p
flow rate (before (a)) and then increasing it again (between (d) and (e)). The
timestamps indicate the number of seconds since the last change in flow rate and
the flow rates are stated as c p/d p. a) 30 seconds after the c p flow rate was reduced from 250 to 50 µL h−1 . With the lowered flow rate, the stream of droplets
(bright in (a-d) and brownish in (e-h) becomes wider. b) Bragg reflections from
crystalline droplets started to become visible in the highest concentration channel (right). c) The crystalline regions reached a steady state for these flow rates
with progressively larger domains visible as the concentration increases. d) The
reflections became more vivid with changing angle of transverse illumination.
e–h) When the flow rate was increased back to 250 µL h−1 , the droplets at the
nozzles quickly departed as crystalline rafts and single particles. Production
then resumed as before the flow rate was lowered. Images a–d were illuminated
from the side, and e-h were illuminated from above, through the condenser lens.
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Figure 3.4: Hexadecane droplets. a) Micrograph with both transmission and
side illumination showing both the features of the chip and the
brightly coloured Bragg reflections. The red arrows indicate the
direction of c p/emulsion flow. b) Higher magnification image
with only condenser illumination reveals presence of a defective
nozzle producing larger droplets as well as evidence of another one
further upstream. c) Transverse illumination of a similar region
shows the crystalline domains in colour. Within these, the crystal
planes are faintly visible. The inset shows the f f t of the region
within the black box, showing peaks at periodicity 1.15 µm/cycle.
d) s l s data and calculated curve for a Gaussian distribution of
spheres with mean 1.12 µm and polydispersity 7%. The filled black
markers were used for the Mie fit and the empty blue ones were
excluded to minimise influence of multiple scattering on the result.
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crystallinity and also the approximate diameter of the droplets, in this case
0.91 µm. The reason for the dyed droplets being slightly smaller is not clear.
What may be ruled out with some confidence is that the droplets were formed
with a diameter of around 1.1 µm and then shrunk by 200 nm by evaporation
and/or dissolution while preparing the confocal sample. This shrinkage would
reduce the droplet volume by around 40%. Based on a mole fraction solubility
on the order of 10−10 [114], around 60 m3 of water would be required to dissolve
this quantity of hexadecane.
The reason for these smaller droplets being formed in the same device is
likely related to the contact angle of the oil within the nozzle. It has previously
been reported that a larger contact angle leads to smaller droplets [104]. A
larger contact angle may have occurred in the case of the dyed droplets due to
a surface effect of the dissolved dye or to changes in the surface as the device
is used and ages. Further investigation is required to determine the cause of
this difference.
Finally, the throughput of the device operating under these conditions is
noteworthy. Assuming no leakage, the d p flow rate of 5 µL h−1 would yield
1 mL of dispersed droplets in less than 9 days, corresponding to a production
rate of 2.7 MHz. In practice, leakage during this 18 h run was minimal, so the
production rate was likely close to this upper limit.
Towards polymer particles and an accurate size distribution
As the droplet diameter was close to 1 µm, obtaining an accurate shape of
the size distribution from optical images was not possible, with considerable
uncertainty in the measurements in Figure 3.5. Therefore an attempt was made
to solidify the droplets in order to then measure the size distribution accurately
with electron microscopy. Polymerisation of droplets is a well established field
with various routes available [115]. For this work, the u v curable monomer
e t p ta was chosen such that the droplets would remain liquid until departing
the chip and being exposed to u v light.
With this dispersed phase, the new issue of catastrophic polymerisation in
the chip was encountered. This was observed to occur when making droplets of
pure e t p ta with 1% initiator, rendering the chip irreversibly blocked. This
likely occurred due to the combined effects of a too high initiator concentration
and mild u v excitation by the lighting in the laboratory. To prevent this,
the monomer was diluted with octanol (additionally allowing the viscosity to
be tuned down), the initiator concentration lowered and the fluorescent tube
lighting replaced with safe-lighting (see methods in Section 3.3.4). With these
modifications, the blocking was prevented and droplets were formed as shown
in Figure 3.6 a.
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Figure 3.5: Colloidal crystals of hexadecane droplets in water. a) Confocal micrograph of a single layer showing monodisperse droplets in a hexagonally
ordered arrangement. b) f f t of a zoomed out image of the same
region. The first peaks correspond to a periodicity of 0.91 µm. The
scale bars indicate 10 µm and 1 µm−1 . c) Approximate histogram of
droplet diameters based on manual measurement in digital images. The
curve shows a Gaussian with mean of 950 nm and polydispersity 10%
(these calculated from the measured diameters, after disregarding values greater than 1300 nm). This approximate method does not give an
accurate polydispersity value but does give an indication of the shape
of the distribution and the sizes of the larger droplets.

Unfortunately, the polymer particles formed were broken and squashed when
observed in s e m (Figure 3.6 b). This is presumably due to the polymer
particles being deformed either by the washing or drying steps before s e m
imaging. Additionally, from the few spherical particles visible in Figure 3.6 b,
it may be seen that the diameter of the polymer particles is approximately half
that of the original droplets. This shrinkage is expected for polymer particles
in the vacuum of the microscope and would not prevent the shape of the size
distribution from being measured.
In future work, these problems should be solved by increasing the monomer
concentration to increase the strength of the particles. There is still significant
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a

b

Figure 3.6: a) Octanol/e t p ta droplets of approximately 1 µm in the nanopede. b) s e m image of polymerised particles. Most particles did
not survive the washing/drying/imaging process. Those that did,
have diameter around 500 nm, indicating significant shrinkage in
the vacuum of the microscope.

range to do this before the chip begins to block as this was done at the low
monomer concentration of 10%.

3.4.2 Imaging droplet formation
Droplet formation takes place at very small scale (nozzle height 200 nm) and
very quickly. Both of these aspects make the imaging of the process challenging,
particularly if  d information is desired. Figure 3.7 shows images in brightfield
transmission which indicate the timescales involved. A droplet was observed to
grow and break off in about 10 ms but the transition to break-off is complete
in only 100 µs.
By counting frames between 18 droplet releases, the average production
frequency for the nozzle was found to be 74 Hz (relative standard deviation
6%). Scaling this to a fully working chip with 5000 nozzles yields a production
frequency of 370 kHz. As only one nozzle was working in this chip, and much
of the applied d p pressure presumed to be leaking, this frequency is assumed
to be on the low side compared to a fully functional device. Therefore this
value was taken to set the lower end of the range of production rates, with the
upper end set as the theoretical maximum in Section 3.4.1.
As may be seen from the image at the top right of Figure 3.7, release happens
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too quickly to be probed by currently available confocal microscopes7 . Even
with the fastest scanning on this microscope (12 kHz bidirectional, 42 µs per
line), the transition still occurred between line scans.
Confocal microscopy is not known for its time resolution, but for capturing
 d data. Such information about the droplet formation process would be
valuable but this is also obstructed by the poor time resolution. It may be
possible to reconstruct one cycle in  d by registering frames in videos captured
at different heights to points in the cycle. However, at present framerates all
this would produce would be a  d video of the flattened droplet in the nozzle
which is suddenly replaced by the emulsion droplet. The only useful information
therein would be the vertical curvature of the front in the nozzle, and even
this would be extremely challenging in this device as the vertical height in the
nozzle is only 200 nm.
To achieve more informative imaging of the droplet formation process, it
will need to be slowed drastically. This may be achievable by increasing the
viscosities of both fluids. Also beneficial would be an improvement to the
optical situation by bonding the patterned device to a microscopy cover glass.
Finally, a device with larger nozzles would make imaging considerably easier,
with presumably little mechanistic change.

3.4.3 Supraparticles
Droplet Evaporation: volatile dispersed solvent
A facile route to the synthesis of supraparticles involves using volatile organic
compounds such as cyclohexane, with the nanoparticle loaded droplets shrinking due to evaporation of the dispersed solvent. However, the nanopede was
found to not function properly with cyclohexane as the dispersed phase. The
resulting droplets and supraparticles are shown in Figure 3.8. It was observed
that the droplets are both much larger and much more polydisperse than the
hexadecane ones.
The reason for this failure, and a solution to it, are explained in Reference 104
wherein it is shown that the similar solvent hexane forms too small a contact
angle on glass for stable droplet formation. It is also shown that by modifying
the glass surface to make it more hydrophilic, monodisperse hexane droplets
were made in a step device, although on a larger scale than that examined here.
This requirement for a high contact angle correlates with a requirement for
7 The

scanner used here is a fast one capable of achieving framerates of up to 110 fps. The
fastest available confocal microscopes can achive framerates 10× higher, still too slow to
image this process.
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Figure 3.7: Droplet formation in the nanopede viewed in brightfield (timestamped) and
confocal microscopy. In all cases, the emulsion/c p flow is from top to bottom.
The left column shows one full cycle while the right shows the moment of
release at 3×104 frames per second. Even at this high framerate, the necking
of the droplet is only visible in a single frame (at 100.5 µs). The confocal
image (reflection in grey, fluorescence in colour) shows the droplet release
event occurring between scans of subsequent lines. The confocal image was
constructed by horizontal raster scanning from top right to bottom left, with
each line taking 250 µs (vertical scan speed 267 µm s−1 ). From the high speed
brightfield images, it was observed that the breakoff event was completed
between the frames at 33.5 and 134 µs. This means that the confocal records
the droplet inside the nozzle for one line scan and the droplet completely
released from the nozzle in the next line, giving the apparent straight edges in
this image. Examination of the droplet moving downwards in the far left of
the left hand column indicates an emulsion flow rate of 263 µm s−1 . Thus the
released droplet moved down the channel at almost exactly the vertical scan
rate, making it appear very large and stretched in the flow direction. Both
scalebars have length 2 µm.
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Figure 3.8: Cyclohexane in water emulsions. a) Confocal micrograph of cyclohexane droplets made using the nanopede. b, c) Supraparticles
resulting from cyclohexane droplets in t e m (b) and s e m (c) after
a further washing step. The scalebars indicate 50 µm, 500 nm and
1 µm respectively and the corresponding diameter distributions are
shown below the images.
stronger intermolecular forces and therefore inversely with volatility8 . Thus
the most promising route to making supraparticles by evaporating the solvent
is to modify the channel walls to lessen the wetting of the dispersed phase,
rather than looking for a different volatile solvent.
Droplet Quenching
An alternative approach is to disperse the nanoparticles in hexadecane which is
known to form monodisperse droplets and remove it by adding a solvent to the
continuous phase which increases the d p solubility. Thus the dispersed liquid
is further dissolved not by easing the saturation of the c p by evaporation,
but by increasing the saturation concentration. This is not a new idea, and
was in fact the method used in work which founded the field of supraparticle
assembly [116].
8 High

contact angle also correlates with high viscosity, presumably leading to the initial
conclusion that the dispersed phase viscosity needed to be higher for stable emulsification
in Reference 98.
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a
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Figure 3.9: Supraparticles formed by dissolution of the dispersed liquid instead of evaporation. a) 1.2 µm droplets containing nanoparticles.
b) Supraparticles formed by dissolving the hexadecane in ethanol.
c) Supraparticles formed by dissolving the hexadecane in acetone.

Preliminary results obtained by dissolving a hexadecane dispersed liquid in
a large quantity of ethanol or acetone are shown in Figure 3.9. It may be
seen that the supraparticles formed are more polydisperse than the original
droplets and some have merged together and formed ill defined aggregates. It
is likely that the injection quenching used here was too violent for the droplets
to withstand, with the sudden total miscibility of the dispersed liquid and c p
causing coalescence. A more controlled approach in which the c p composition
is slowly altered may yield the low polydispersity supraparticles that would be
expected from this emulsion.

3.5 Conclusion
The nanopede has been shown to be capable of producing emulsions consisting of droplets with diameter around 1 µm and polydispersity below 7% at
rates of up to 5 µL h−1 with production frequency between 0.37 and 2.7 MHz.
This size is lower than that previously achieved in a millipede device and the
polydispersity is lower than that observed in microchannel devices forming
droplets almost as small as these. With further optimisation of parameters
and procedures, this device will become a valuable tool for the preparation of
new colloidal systems for use both in fundamental research and the applied
synthesis of new materials.
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3.6 Outlook
This work shows some very promising results in the synthesis of monodisperse
colloidal emulsions, but it is clear that there is more research needed for this
method to be fully characterised and reach its full potential. One area for
improvement is that of the interface of the chip with the tubing, where leaks
often occurred. A way to reduce leakage might be to make the device from
thicker glass, thus maximising the surface contact of the ferrules. With the
prevention of leaking, the droplet size as a function of capillary number may
be properly characterised. Furthermore, contact angle measurements under
emulsification conditions will allow greater control and understanding of the
process.
For  d imaging, the thin glass is of course required but in this case improvements may be made by scaling up and slowing down. Scaling the height
of the nozzle channels up to make droplets of 5–10 µm would lift the salient
features up away from the spatial limits of confocal imaging and increasing the
fluid viscosities would slow down the dynamics, and pull them away from the
temporal limits.
Extraction of an accurate size distribution from electron microscopy should
also be achievable by increasing the strength of the cured polymer as compared
to that in this work. By increasing the monomer concentration at emulsification,
the polymer strength may be readily increased.
Formation of monodisperse supraparticles will likely require surface modification of the device surface to increase the contact angle of volatile solvents
like cyclohexane. This will present its own challenges in these extremely small
channels but nonetheless seems to be the most promising route to this goal.
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3.A Method to collect a volatile creaming
emulsion produced in a microfluidic device
Figure 3.10 shows collection of creaming droplets of a volatile dispersed phase
(d p) while preventing shrinking by evaporation. The plunger is first removed
from a large syringe and the nozzle sealed with a rubber septum. It is then
mounted vertically and partially filled with the continuous phase (c p) which
has been pre saturated with the d p solvent. A shortened Pasteur pipette
is inserted with the opening aligned with the back of the syringe nozzle (the
sloping at the front of many syringes guides the pipette to the middle, over
the opening). An open test tube containing the volatile d p solvent is also
inserted to ensure that the air within the syringe is saturated with this solvent,
preventing evaporation from the saturated c p or droplets. A thin needle is
pushed through the side of the syringe to allow pressure release and the syringe
plunger is replaced. This effectively closed system is allowed to equilibrate for
several hours before use.
To collect an emulsion, it is guided into a needle from the tubing and this
needle is pushed through the rubber septum such that the end is inside the
Pasteur pipette. The droplets then cream inside the pipette forming a concentrated layer at the top which does not evaporate. At the end of collection, the
plunger is removed and the pipette retrieved by sealing the top with a finger
and lifting it out. The concentrated emulsion may then be pushed and rinsed
down into a vial for storage.
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Figure 3.10: Creaming droplet collection method.
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experimental PSFs and
deconvolution
Abstract
Imaging deep inside thick specimens is problematic in all forms of microscopy,
and stimulated emission depletion (s t e d) is no exception. A challenge unique
to this technique is engineering the depletion spot shape such that it remains
effective at focal planes away from the cover glass. A test sample was developed
to characterise the morphing depletion pattern as a function of depth inside the
sample and measure the resulting  d s t e d point spread functions (p s fs) at
focal depths up to 100 µm. The sample consisted of three types of silica particle:
gold-core (to reflect the incident laser spots), fluorescent-core (to measure p s fs)
and a scaffold of unfunctionalised particles to disperse and immobilise the probe
particles in  d. A method was developed to maintain the depletion spot shape
by adjusting the correction collar of the objective lens for each imaging height.
Thus a compact  d s t e d p s f was maintained while imaging deep inside
the sample. The measured p s fs were used for experimental depth dependent
deconvolution of image volumes of biological and colloidal test samples and the
results compared to restorations with theoretical p s fs. The combination of
calibration particles may be used for convenient quality control of microscopes
for deep s t e d and confocal imaging.
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4.1 Introduction
All imaging systems from the largest telescopes to the smallest ‘eyeball’ bacteria1 [117] share a common purpose: to obtain spatial information about the
world2 . Unfortunately for bacteria and astronomers alike, the images created
by these systems do not exactly represent the form of the world. In fact, they
show a version of the scene which is altered in ways which depend on the properties of the imaging system. For example, images projected onto the human
retina are upside down, in contrast to the real world objects they represent.
This is corrected in post-processing by the brain which uses knowledge of the
image formation process to bring the image closer to reality. While this is
effortlessly corrected, other aberrations such as blurring due to a cataract in
the lens are not.
Even when the imaging system is a high quality device designed and manufactured to be as close to perfect as possible, it is still unable to produce an
image without adding its own specific distortions. This is the case of diffraction limited imaging, where the finite size of the light manipulating system
necessarily results in diffraction, which ultimately limits the imaging resolution.
Such a system creates an image of a point light source as a series of concentric
rings in two dimensions: the familiar Airy disk [118].
This chapter is concerned with the optical microscope, one example of a
diffraction limited imaging system. The design requirements for a microscope
to reach the diffraction limit, as well as where this limit lies, were demonstrated
in the 19th century by the optical pioneer Ernst Abbe [119]. The first minimum
of the Airy disk in a diffraction limited image is located at a distance of
rmin = 0.61

λ
n sin α

(4.1)

from the central maximum (as measured in the object plane). λ is the
wavelength of light in vacuum, n is the refractive index (r i) of the lens working
medium and α is the half-angle of the cone of light acceptable by the objective
lens. The denominator in Equation 4.1 is the numerical aperture (n a). For a
modern oil immersion objective lens with n a = 1.4, rmin ≈ 220 nm.
The world which is to be imaged is of course a three dimensional place, and
the Airy disk is a slice through a  d diffraction pattern which is a series of
1 Reference

117 describes a spherical bacterium in which light incident on one side is focussed
onto the opposite side, forming an image. Thus the entire organism behaves like a tiny
eyeball.
2 This is a very broad definition, worded to include the electron microscopist and indeed
the stencil artist. The focus of this discussion is optical imaging, although many of the
concepts are more broadly applicable.
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cones with rotational symmetry about the optical axis. This response to a
point source is known as the point spread function (p s f) and it contains a
great deal of information about the imaging process. The first minimum in
intensity along the optic axis is located at a distance of
zmin = 2

λn
n a2

(4.2)

from the central maximum [120]. For the immersion lens mentioned above,
zmin ≈ 775 nm, indicating a much lower axial than lateral resolution with the
disparity decreasing linearly with increasing n a.
The problem with a p s f which extends as cones far above and below the
focal plane is that, when not imaging an isolated point object, blurred light
from out of focus objects appears in the focal plane, reducing the contrast of the
in-focus objects. The utility of such a microscope for imaging extended objects
is limited to thin specimens, in which this out of focus signal is minimal. An
ingenious solution to this problem was found in  by Marvin Minsky [121].
The innovation was the insertion of two axial pinholes of radius close to
rmin into the optical path at conjugate focal planes in front of the illumination
source and the detector. The first of these has the effect of illuminating only one
lateral point in the object plane and the second acts to reject light originating
from out of focus planes above and below. This means that extended objects
can be imaged as if they were series of isolated point sources, with the whole
object being imaged by laterally scanning through the illumination point. The
rejection of out of focus light additionally allows the confocal microscope to
record  d images. This is achieved by recording ‘stacks’ of images at different
focal depths in the sample. The p s f contains components of the diffraction
patterns of the illumination and detection spots, which in the confocal arrangement both have the form of the same Airy pattern. Therefore the confocal
p s f is approximately the square of the widefield one. This does not move the
positions of the minima but does have the effect of increasing the intensity of
primary features compared to secondary ones. With sharper central maxima,
two objects may be closer together before becoming unresolvable. This may be
further improved by decreasing the size of the exit pinhole so that it rejects a
greater portion
√ of the Airy pattern. This improvement in resolution approaches
a factor of 2 approaching an infinitely small pinhole. However, decreasing
the radius of the pinhole below rmin reduces the signal to noise ratio (s n r)
by rejecting potentially useful light.
The modern confocal laser scanning microscope (c l s m) operates using
much the same principles, except that the point illumination is a laser spot and
lateral scanning is done by this spot rather than the sample. The exit pinhole is
still present, and generally has an adjustable radius to accommodate different
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imaging requirements. While the above discussion was general to transmission
and epi-illumination systems, c l s m is mostly used in the latter mode and
usually as a fluorescence microscope. Fluorescence imaging is possible deep
in an optically homogeneous medium whereas imaging anything in brightfield
requires that the medium refractive index not be homogeneous, resulting in
distortions at greater depths. The use of laser illumination also lends itself to
fluorescence mode, because the coherence of the laser is not retained in the
emission signal, maximising resolution [122].
While confocal imaging has contributed to important advances in the fields of
cell biology and condensed matter physics [123], it has limits and various efforts
are ongoing to circumvent them. One of these is stimulated emission depletion
(s t e d) in which fluorophores peripheral to the focal spot are darkened using
a second laser beam having a focal pattern containing a central minimum [124–
126]. In the ideal case, the depletion spot is a diffraction pattern with zero
intensity at its centre, meaning that the resolution is not diffraction limited but
may be arbitrarily increased by increasing the depletion beam intensity [127].
However, as in the confocal case, the gain in resolution is paid for by a reduction
in s n r and unlike a pinhole, the high depletion laser intensity can significantly
damage the object being imaged.
One successful way to achieve such a depletion beam utilises a spatially
variant phase plate to cause destructive interference in some parts of the
depletion spot. For example, an annular half wave plate inducing a phase shift
in a central spot only can yield a spot with intense axial lobes and a weaker
lateral ring around a central minimum [128]. This pattern is the result of
destructive interference of the p s f from the outer phase ring and the larger
p s f from the inner spot, which only illuminates the central portion of the lens
back aperture [129, 130]. This configuration is encountered frequently in this
Chapter (see e.g. Figure 4.8) and is referred to as ‘ d s t e d’.
Alternative to this is a vortex phase plate, which results in a cylindrical
depletion spot with a dark hole through its centre, becoming the characteristic
s t e d ‘doughnut’ when viewed in cross section [130, 131]. This is referred
to as ‘ d s t e d’, and it is able to achieve lateral resolutions of a few tens
of nm [132–134]. Combinations of different proportions of the  d and  d
depletion shapes may be used to meet specific imaging requirements.
Despite all these developments, imaging deep inside an extended specimen
still presents significant challenges. Many of these stem from inhomogeneities
in the optical path in front of the objective lens. Refractive index variations
at the front and back of the cover glass introduce depth dependent spherical
aberrations which distort images captured deep in the sample [135]. In the case
of s t e d imaging, the effect is compounded as the depletion light is also subject
to aberrations. This can cause expansion of the central minimum, reducing
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resolution, or shifting of the pattern such that useful signal is depleted [136–
138]. Efforts have been made to reverse these aberrations by modifying the
optical path in two principal ways [139]. The first of these is to adjust the
correction collar (c c) of the objective lens at each imaging height [140] and
the second involves the use of adaptive optics such as spatial light modulators
and deformable mirrors [141]. The former approach is used in this work due
to its ease of implementation in already commercially available microscopes.
The goal of this work was twofold. First, it was desired to develop a test
sample allowing measurement of  d s t e d point spread functions far from
the cover glass, at heights of tens of µm. This would represent comprehensive
characterisation of the imaging ability of one of the first commercially available
systems capable of deep  d s t e d microscopy. The second aim was to push the
resolution limit of  d s t e d microscopy in thick specimens by deconvolution
with the measured depth variant p s fs.

4.2 Theory
4.2.1 Image formation
c l s m is an imaging technique which may often be approximated as linear and
shift invariant [142]. The former results from the incoherent emission, which
means that the image may be described as a superposition of p s fs resulting
from a corresponding series of point sources composing the object. The latter
means that the p s f is the same for all positions. These two properties allow
the image, i(r), to be described by a convolution of the ground truth object
(f (r), the distribution of fluorophores in space) with the p s f, h(r):
i(r) = f (r) ∗ h(r) + n(r),

(4.3)

where ∗ denotes convolution and n(r) is noise.
It is also beneficial to consider this process in reciprocal space. Taking the
Fourier transform of Equation 4.3 yields:
I(k) = F (k) × H(k) + N (k),

(4.4)

using the convolution theorem and linearity. The object F (k) is now considered
to be composed not of point light sources but of spatial frequency harmonics
(which in isolation are sinusoidal gratings). Low frequency harmonics are
associated with large features and smooth gradients while high ones correspond
to fine detail and sharp edges. It is clear from Equation 4.4 that the extent to
which each of these frequencies is reproduced in the image is determined by
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H(k). This is the Fourier transform of the p s f, known as the optical transfer
function (o t f). The o t f always drops to 0 at a certain spatial frequency,
defining the bandwidth of the instrument (black in Figure 4.1). Below this, its
specific shape determines how different features of the image are blurred [143].

4.2.2 Deconvolution
With an understanding of the imaging process (Equation 4.3), the natural
progression is to attempt to reverse it and recover the true object. The way
do do this would seem to be to divide through Equation 4.4 by the o t f,
H(k), obtainable from a measured or computed p s f. This simplest approach
is known as inverse filtering, and it generally does not yield useful results.
The problem lies in the fact that noise is present at all frequencies up to the
sampling one and when this is divided by the very low values in the o t f (see
Figure 4.2), high frequency noise dominates the result, obscuring all useful
information [145].
Wiener Filtering
This noise amplification may be partially brought under control, at the cost
of some spatial resolution, by replacing H(k) with H(k)/(H(k)2 + C), where
C is a small constant chosen to only be significant when the o t f has very
low values. This is known as Weiner filtering and it is able to recover useful
information from distorted images [146]. However, the value of C must be
chosen empirically3 , with the choice affecting the whole restored image in a
somewhat arbitrary way [143].
Nonlinear constrained iterative methods
Currently widely used deconvolution methods have largely departed from linear
ones in favour of nonlinear constrained iterative algorithms. These allow extra
information to be added to the restoration process, such as the constraint
that fluorescence intensity cannot be negative [143]. The goal is to iteratively
improve an estimate of the original object, f j , using the following general
procedure.
1. Choose an initial estimate f 0 . Often the measured image or a blurred
version of it are suitable choices.
3 In

fact, C is an approximation to a term in the full Wiener filter: H/(H 2 + F 2 /N 2 ), which
estimates an object with minimal mean square error compared to the ground truth. The
approximation is required because the autocorrelation of the ground truth object (F 2 )
is not known. See Reference 146.
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Figure 4.1: Theoretical p s fs and corresponding o t fs for various imaging
modes of an oil immersion objective with n a = 1.4, imaging in
immersion oil. The increase in bandwidth with decreasing p s f
size is visible. The scalebars have length 500 nm and 5 µm−1 and
the colourbar shows linearly increasing grey values with the same
lookup table (γ = 0.3). The widefield p s f was calculated using
the Born and Wolf model [144] and its square used to approximate
the confocal p s f. The s t e d p s fs were calculated using Huygens
software (see methods for details).
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Figure 4.2: Integrated theoretical optical transfer functions in the lateral (a)
and axial (b) directions. All are scaled by their maximum value to
allow comparison. In both cases, the theoretically achievable gains
in resolution with s t e d are clear.
2. Compute a new estimate, f j+1 , using f j , i and the p s f, h.
3. Apply the constraints to f j+1 . For example, by setting all the negative
pixel values to 0.
4. Check if some stopping criterion is met and if not, repeat from step 2.
A convenient stopping criterion could be when the relative difference
f
−f
between estimates ( j+1fj j falls below some value, e.g. 10−4 [143]).
This recipe hides the complexity and diversity of options in computing a
new estimate, while ensuring that it is better than the previous one. The
accuracy of the estimate can be checked by convolving it with the p s f and
comparing it to the measured image. This is the basis of the Jansson/van
Cittert method [147, 148] in which the next estimate is computed as follows:
fj+1 = fj + [i − (fj ∗ h)].

(4.5)

The estimate is altered by adding some fraction, , of the error signal i − iest ,
which should lead to successively better estimates. This algorithm has achieved
considerable success, despite having the drawback that it does not account for
noise and this makes the optimal restoration ambiguous [143].
A class of methods which includes a specific noise model is Maximum Likelihood Estimation. Here the problem is considered as a fitting one, with every
pixel in f a parameter. A good choice of parameters should have finite probability of measuring the data which were observed, given a specific noise model.
Therefore the goal is to find f which maximises the likelihood that the measured image would be produced. Leaving out the details of the derivation, in
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the case of Poisson noise, the estimate is now updated using Equation 4.6 [143]:
 


i
−1
∗
fj+1 = fj × F
F
×H .
(4.6)
fj ∗ h
F (−1) denotes the (inverse) Fourier transform. Multiplication by the complex
conjugate of the o t f, H ∗ , in the Fourier domain corresponds to cross correlation of the p s f with the relative difference (i/(fj ∗ h)). Intuitively, this may
be understood by considering a feature missing from the estimate. A peak will
appear in the difference map which will become a blurred peak when cross correlated with the p s f. The signal in that region of the estimate will be amplified
when multiplied by fj . This is the Richardson-Lucy algorithm [149, 150].
Regularisation
The final component to be discussed here is regularisation. This is a procedure
widely used in inverse problems such as deconvolution. The general aim is to
push the restoration result towards a reasonable result based on knowledge of
the problem, adding this knowledge to improve the conditioning4 of the problem. Often this takes the form of penalising high amplitude oscillations in the
deconvolved image, hence reducing noise amplification [143]. How much regularisation should be imposed depends on the particular image, with too little
allowing spurious features to appear from the noise and too much suppressing
real detail.
This discussion is limited to the currently available methods with suitably
user friendly implementations for general microscopists. Image deconvolution
is an active field of research and is likely to see many improvements in the
coming years with advancements in signal processing and through incorporation
of novel machine learning techniques [151].
Spatially variant deconvolution
A foundation of the preceding discussion was the assumption that the microscope is shift invariant. One case in which this assumption becomes invalid is
that of imaging volumes with large z dimension in an optically mismatched
medium. Here, the p s f far from the objective will be significantly deteriorated
compared to that at the opposite end of the volume, rendering the assignment
of a single transfer function to the whole volume meaningless. The simplest
way to deal with this is to divide the image volume into slabs along z and
deconvolve each of these with a different p s f [152, 153]. This allows use of the
4 ‘Conditioning’

here refers to the sensitivity of the numerical solution to small changes in
the data. The deconvolution problem is generally ill conditioned.
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well developed methods described above if one accepts the inherent coarsening
of the restoration. It is this route which is taken in this chapter, but it is
noted that research is ongoing into more rigorous methods of spatially variant
deconvolution [154] and the results of this chapter may be readily incorporated
into these and novel methods appearing in the future.
Obtaining a PSF
The restoration schemes discussed above require that the p s f of the microscope
is somehow known. The two main options for acquiring this are to compute it
based on optical theories or measure it using a sub-resolution object5 [155, 156].
Methods to measure the confocal p s f are well established [156] and measurements as a function of depth have been demonstrated using beads on a tilted
cover glass [157] and using a single bead translated with an optical tweezer [158].
In s t e d microscopy, direct acquisition of a p s f is more difficult due to the
limited signal from the ∼ 50 nm beads which are required. Despite commercial availability of fluorescent probes designed for this purpose [159], studies
focussed on measurement of s t e d p s fs have not been reported, let alone a
study of the depth dependent behaviour.

4.3 Methods
4.3.1 Sample Preparation
Particles
Three different types of silica particle were used, each with a specific role.
For measuring the p s f, the fluorescent probes (Figure 4.3 b) consisted of a
45 nm r i t c-labelled core coated with Stöber silica up to a diameter of 505 nm
(polydispersity (δ) expressed as ratio of the width of the distribution and its
mean < 2%). To image the depletion laser beam, particles with an 80 nm gold
core were grown to the same diameter as the fluorescent particles as described
in Reference 160 were used. Finally, the scaffold particles were made using a
standard method based on that described in Reference 25. Specifically, 6.6 mL
of tetraethyl orthosilicate (t e o s, 98%) was pipetted under the surface of a
mixture containing 120 mL absolute ethanol and 15 mL ammonium hydroxide
solution (‘ammonia’, 28 w% NH3 in H2 O) under vigorous stirring in a 250 mL
round bottomed flask at 30 °C. The stirring rate was reduced to 300 rpm
5 There

is a third option, which is to optimise an estimate of the p s f alongside the estimate
of the object. This is called blind deconvolution and has its own merits, but is adjacent
to the scope of this chapter.
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after 10 minutes and the mixture allowed to react for 24 h before washing the
particles three times by centrifugation (700 g/45 minutes) and redispersing in
ethanol. This yielded the particles shown in Figure 4.3 c with a mean diameter
of 307 nm (δ ∼ 11%).
Mixed dispersions of the particles in ethanol were made such that the number
ratio of unlabelled host : fluorescent : gold-core particles was 85000 : 99 : 1
(19500 : 99 : 1 by volume). This mixture was chosen
p for an average separation between fluorescent particles of approximately 3 85000/99 ≈ 10 scaffold
particles, or ∼ 3 µm.
Index Matching Liquid
For the fluorescent and reflective probes to be suspended in an optically homogeneous medium, the cell must be filled with a liquid with the same refractive
index as the scaffold particles. A mixture of glycerol (n20
D = 1.474 [63]) and
1-butanol (99.8%, Sigma Aldrich, n20
D = 1.400 [161]) was used to measure the
refractive index of the scaffold particles6 . To determine the index matching
solvent ratio, a series of mixtures with increasing butanol concentration were
made and scaffold particles dispersed in each to a volume fraction of 1.3%.
Transmission spectra were measured of these dispersions (h p    a spectrophotometer)and the mixture with maximal transmittance at 500 nm was
deemed to have the same refractive index as the particles at this wavelength
and temperature (21 °C). This was found to be at 61% butanol in glycerol
(Figure 4.3 e), corresponding to a refractive index of n21
D = 1.423 as measured
using an Atago  t Abbe refractometer (Figure 4.3 d).
Microscopy Cell
A schematic showing the cell design is shown in Figure 4.3 a. First, 5 µL of
the mixed particle dispersion (18 mg/mL) in ethanol was repeatedly (5 − 10×)
dropcast onto the same spot on a cover glass (Marienfield Superior #1.5H),
with the ethanol rapidly evaporated at 50 °C between each drop addition. The
resulting residue was uneven with regions more than 100 µm high after several
steps. This heap of dried particles was incorporated into a channel of height
∼ 200 µm suspended beneath a microscope slide, shown in Figure 4.3 a, using
u v glue and #1.5 cover glasses as spacers. The channel was filled with 63.0 w%
21
glycerol/water (n21
D = 1.4230, VD = 59.7), chosen to match the refractive index
of the scaffold particles, and subsequently closed with u v-curing glue (n oa  ,
6 In

the notation nx
D , the subscript refers to the wavelength at which the refractive index
is being quoted, in this case that of the sodium doublet line at 589 nm. The superscript
indicates the temperature in °C.
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Norland). 61% butanol was not used in the cell because it was found to be
incompatible with the glue (causing cell leakage).

Deconvolution Test Samples
A spheroid culture of Caco– cells was prepared [162] with actin filaments
stained using Alexa Fluor  Phalloidin. These were mounted in Prolong
Diamond (Thermo Fisher) with a curved #1.5 borosilicate cover glass. The
buffer which contained the cells prior to mounting was partially incorporated,
reducing the refractive index of the sample medium to a value between that
of water and Prolong Diamond (∼ 1.47). The exact sample refractive index
is a crucial parameter in deconvolution so this value was measured after cell
preparation by measuring the critical angle in a t i r microscope as described
in Reference 163. This indicated a sample refractive index: n25
561 nm = 1.395.
The actin filaments were imaged using the same lens and immersion as
described above with 568 nm excitation and detection around 600 nm with
gating from 2–7 ns. Image volumes of dimensions 16.7 × 16.7 × 5.1 µm (voxel
dimensions 80 × 80 × 33 nm) were captured at 20 µm height intervals.
A colloidal test sample was made in a similar fashion to the p s f measurement
sample but with different particles. The r i t c dyed silica particles described
in Section 2.3.6 (fluo = 77 nm (4%), total = 354 nm (2%)) were repeatedly
dried on on a cover glass to build a pile more than 100 µm high and incorporated
into a channel as described above. This was filled with glycerol/water mixture
(nD
21 = 1.4506) and sealed with u v curing glue. Image stacks were captured in
the manner described above for the actin filaments but with 534 nm excitation.

4.3.2 Microscopy
Measurements were performed on a Leica TCS SP8 s t e d 3X inverted confocal
microscope controlled with l a s x version 3.5. This was equipped with a
Leica h c p l a p o 93×/1.30 glyc motcorr s t e d white objective with a
21
correction collar and an 85 w% glycerol/water mixture (n21
D = 1.4506, VD =
47.1) as immersion. The axial focal shift due to the small r i mismatch of
this immersion with the sample medium should be only ∼ 2% [160], so the
stage displacements are quoted as the z heights in this chapter. For excitation,
a 543 nm laser line (80 MHz pulsed white light laser, n k t Photonics) was
used and a 660 nm continuous wave laser provided the depletion light in s t e d
measurements. Fluorescence emission was detected in the range 553–650 nm
by a hybrid detector. All microscopy was carried out at 23.5 °C.
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Figure 4.3: (a–c) Ternary particle system used for p s f measurements.
a) Schematic of the cell showing the fluorescent and gold-core
particles (red and black centres respectively) suspended in the scaffold of ‘undyed’ particles (no heterogeneous core). The cell is imaged through the bottom cover glass. b) t e m image of the mixture
of fluorescent and gold core particles. The increased contrast in the
inset allows the gold core to be seen. Shown above are the particles
next to their corresponding schematic form. c) t e m image of the
scaffold particles at the same scale and accompanying schematic.
(d-e) Determination of the refractive index of the scaffold particles.
d) Refractive index of glycerol/butanol mixtures and linear fit with
gradient 7 × 10−4 and intercept 1.467. e) Transmittance at 550 nm
of dispersed scaffold particles in glycerol/butanol mixtures and
Gaussian fit. The horizontal axis is shared and the arrows indicate
index matching (maximum transmittance) at n21
D = 1.423 and 61%
butanol.
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Reflection
PSF
Bio. Test
Silica Test

Sampling
x, y × z (nm)
20 × 80
20 × 98
33 × 80
31 × 80

Dimensions
x, y × z (µm)
2.6 × 4.1
10.4 × 4.1
16.7 × 5.1
8.0 × 5.1

PDT

(µs)
3.8
0.3
0.3
0.6

Averaging

Figures

SAv (10)
FAc (4), LAv (2)
LAv (16)
FAc (2), LAv (8)

4.7, 4.8, 4.13
4.4, 4.8, 4.12, 4.13
4.14, 4.15, 4.16
4.17, 4.18

Table 4.1: Imaging conditions in this chapter. Key: p d t = Pixel Dwell
Time, l/f/s ac = Line/Frame/Stack Accumulation, l/f/s av =
Line/Frame/Stack Averaging.

STED alignment and examining the deep depletion spot
Before imaging the fluorescent particles, the reflection signals (at 543 and
660 nm) from the gold core particles were used to find optimal parameters
for  d s t e d imaging. First, the depletion beam was adjusted to centre the
excitation and depletion reflection patterns (cyan and magenta respectively in
Figure 4.8) of a gold-core particle located on the cover glass. This alignment
was not adjusted again. Gold core particles were found at 20 µm z intervals
up to 100 µm deep in the sample and stack averaged  d images captured of
each of them (see Table 4.1). A gold core particle 80 µm above the cover glass
was repeatedly imaged in the same way with different settings of the correction
collar. These data are presented in Figure 4.7 a and b. Based on these results,
the following procedure was devised to optimise s t e d imaging.
A gold particle at each z position was located and a correction collar (c c)
position chosen to equalise the  d s t e d axial lobe intensities as viewed in the
xz plane through the centre of the particle. This was achieved by iteratively
adjusting the c c position, re-centring the particle in the field of view by moving
the sample stage and checking the intensities of the side lobes with a line profile
along z through the xy centre of the particle. With these equalised as much
as possible, the reflection images shown in the bottom row of Figure 4.8 were
captured, using the parameters in Table 4.1 and c c positions in Figure 4.7 d.
PSF Measurement
Image volumes of the fluorescent beads were captured from which to extract
the p s fs. At each height, test images using low laser power were captured
at different xy positions to discern whether or not any fluorescent beads were
located in the region of interest, away from the edges. If so, the position was
marked and eventually 7–15 xyz stacks of dimension 10.4 × 10.4 × 4.1 µm were
captured at the various chosen xy positions in a ‘Mark and Find’ acquisition.
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The checking was required to avoid wasted image volumes containing no usable
particles and it was done in this way to avoid bleaching the fluorescent cores
before the main measurement. The low pixel dwell time (0.3 µs) used was to
ensure that the beads did not bleach significantly during acquisition.

4.3.3 Analysis
Reflection Images
Profiles were extracted for each channel of the image volumes of gold particles
by summing the intensities in each slice to give a single value at each z height.
Single and double Gaussian functions were fitted to the excitation and depletion
profiles respectively. The mean positions and heights of these were used to
compare the positions and intensities of the excitation spots and depletion
lobes.
PSF Extraction
The beads in the image volumes at each height were located and summed
together to give an averaged image of the particles at that height (Figure 4.4).
Only signals well separated from each other and from the image volume boundaries were included. This average was then deconvolved with a sphere of diameter 45 nm (the known fluorescent core size), yielding the measured p s f [164].
Both of these steps were carried out using Huygens Professional deconvolution
software (version 18.10, s v i).
Deconvolution
All deconvolutions in this chapter were carried out using Huygens with its
Classic Maximum Likelihood (c m l e) algorithm. The regularisation parameter
(‘signal to noise ratio’) was set at 20 and 7 for confocal and s t e d images
respectively. This value was not necessarily optimal but was kept constant to
allow comparison of restorations using different p s fs. Theoretical p s fs were
calculated using the same software with measured solvent refractive indices
and the nominal numerical aperture as inputs.
Synthetic Images
A synthetic image volume was generated starting from a ground truth distribution representing microtubules from Reference 151. This was convolved
with a measured  d s t e d p s f (see Figure 4.8, 0 µm) and Poisson noise with
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Figure 4.4: Extracting a measured p s f. Particles sufficiently separated from
edges and each other are selected from the raw image volume (left)
and averaged to improve signal (middle). The p s f is then extracted from this averaged image volume by deconvolution with a
sphere the size of the fluorescent core. These images show the sum
of pixel values along the y axis, meaning that the lateral separation
of particles appears reduced. Nonetheless, the particles ‘touching’
the top of the image volume were not used. The images have the
same scale and the bar has length 500 nm.

signal to noise ratio (s n r) of 7 added, also using Huygens. This procedure is
summarised in Figure 4.5.

4.4 Results and Discussion
4.4.1 Behaviour of the depletion beam far from the objective
Part of the standard operating procedure in s t e d microscopy is inspection
and alignment of the excitation and depletion focal spots, conveniently achieved
using the bright reflections of gold nanoparticles on the coverslip [130]. However, for imaging deep in the sample, good alignment at the bottom does not
guarantee the same at deeper imaging planes. The sample described in Section 4.3.1 has gold core particles dispersed in x, y and z, allowing inspection
of the s t e d pattern at various heights. The changes to the focal spot with
increasing imaging depth are examined in this section, along with a method to
counteract them.
Axial lobe asymmetry
The effect of increasing imaging depth is immediately visible in Figure 4.6 b:
the axial s t e d lobes become increasingly lopsided until the lower one is barely
present. This is quantified by the line profiles on the left of Figure 4.6 a and

88

4.4 Results and Discussion

x

a

b

c

y

x
z

f(
x
,
y
,
z
)

f(
x
,
y
,
z
)∗h(
x
,
y
,
z
)

f(
x
,
y
,
z
)∗h(
x
,
y
,
z
)
+N(
x
,
y
,
z
)

Figure 4.5: Simulated image formation. a) Ground truth object from Reference 151. f (x, y, z) is the distribution of fluorophores in  d space.
b) Convolution of the object with the p s f (h). c) Poisson noise
is added to the convolution to simulate photon noise. All images
are maximum projections through the volume. The white spots on
the right indicate the extent of the p s f at half maximum.

the results of fitting these profiles shown in Figure 4.7 a. In the latter, the red
crosses show the difference in height of the two components of the normalised
double Gaussian function used to fit the s t e d line profile. The upper lobe
becomes increasingly dominant before plateauing high in the sample.
This is a consequence of the refractive index mismatch [136] and may be
intuitively understood by considering the way the s t e d focal spot is formed.
The  d s t e d beam is shaped using an annular phase plate, which has the
effect of subtracting a high n a focal spot from a lower n a focal spot [128, 129].
Both of these spots grow with depth in the sample due to spherical aberration,
increasing the axial width of the dark region between the s t e d lobes. This
effect was observed but omitted from Figure 4.7 for clarity.
Depth dependent spherical aberration is more severe with higher n a [135].
The observed pattern may therefore be explained by more rapid asymmetric
aberration of the smaller (subtracting) p s f, such that eventually the entire
bottom half of the larger spot is negated.
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Figure 4.6: The changing s t e d pattern deep in the sample. a) Line profiles
along z for the excitation (cyan) and depletion (magenta) focal
spots. The left column corresponds to the top row in (b), in
which the correction collar was at 50% throughout. In the right
column (bottom row in (b)), the correction collar was adjusted to
equalise the axial s t e d lobes. (b) xz slices of the excitation and
depletion spots with the same colouring as in (a). In the top row
the correction collar was fixed while in the bottom, it was adjusted
at each height. The scale bar has length 500 nm.

Depletion misalignment
Also visible in Figure 4.7 a is a related effect: the increasing axial misalignment of the excitation and depletion spots. The centre of the s t e d pattern
became linearly higher with respect to the excitation spot for deeper imaging.
Axial shifts of similar magnitude have previously been observed, although not
explained, at lower depth in a system of greater r i mismatch [138]. An explanation may be found using geometric optics of two rays of different wavelength
passing through the dispersive immersion media, which predicts a misalignment,
∆F 0 , as a function of the axial stage displacement, ∆z:
∆F 0 ≈ ∆z
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n3 (λs ) n3 (λe )
−
n1 (λs ) n1 (λe )


.

(4.7)

4.4 Results and Discussion
n1 and n3 denote the refractive indices in the lens and sample immersion
media at the depletion (s) and excitation (e) wavelengths. Equation 4.7 and
the measured dispersions (Table 4.2) were used to plot the theoretical line in
Figure 4.7 a. The details of this simplified model as well as the approximations
leading to Equation 4.7 may be found in Appendix 4.A.
Correction collar effects
Both the dimming of the lower lobe and the increasing misalignment are undesired for s t e d microscopy; the former will pass signal which is unwanted
and the latter will reject that which is useful. Figure 4.7 b shows an attempt
to counteract these effects by adjusting the correction collar of the objective
lens. Imaging at 80 µm, the correction affected the same properties as changing the imaging depth, namely the balance of the s t e d lobes and the axial
misalignment of the two focal spots.
The axial misalignment was fitted with two straight lines, one rising and one
falling. The linear relationship is not possible to explain without knowledge of
the internal lens design so it was concluded that the correction element was
designed to effect a linear shift in focal position which was made unequal by the
same dispersive media discussed above. Similarly, it is assumed that the correction element is designed to shift the point at which the lens is fully achromatic,
allowing adjustment of the s t e d lobe balance. Limited understanding of the
action of the correction element does not hinder its utility in counteracting the
problems introduced by deep imaging.
Ideally, the c c would be able to reduce both the s t e d lobe disparity and
axial misalignment to 0. A minimum in axial lobe disparity was found with
the c c at around 20%. At the same setting, a turning point in the axial
misalignment was observed, although not a minimum in magnitude. This
agreement in stationary point location is promising in that one c c setting
should be able to reverse both of the problems introduced by the deep imaging
plane. Neither the lobe disparity nor the axial misalignment reached zero at
this setting, suggesting a systematic misalignment which should have been
corrected for by adjustment of the depletion beam path behind the objective.
This last conclusion is speculative based on this plot, but is supported by the
discussion of Figure 4.7 c below.
Using the correction collar for deep STED imaging
The c c was adjusted at each height to equalise the s t e d lobes as much as
possible (Figure 4.7 c). With the s t e d alignment properly adjusted behind the
objective, it was possible to keep both the misalignment and lobe disparity close
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Figure 4.7: Effects of depth and the correction collar, as observed in reflection.
In a–c, the left axis shows the relative maximal intensity (Gaussian
fit height) of the excitation spot as well as the intensity difference
between normalised s t e d maxima (between Gaussian fit heights).
On the right is the height of the excitation spot measured relative to the centre of the axial depletion lobes. The long dashes
indicate fits and the short dashed lines are guides for the eye. For
‘ideal’ conditions, both the axial misalignment and the s t e d lobe
disparity would be 0, and the excitation intensity maximal. The
legend in (a) applies to panels a–c and that in (b) applies to all
panels. a) c c fixed at 50%. The theoretical line is based on the
relative dispersion of the immersion media, calculation detailed
in Appendix 4.A. b) Height fixed at 80 µm. The axial misalignment was fitted with two straight lines, sharing the points at 20%.
c) c c adjusted at each height to equalise the s t e d lobe intensities. d) The correction collar was adjusted to equalise the axial
lobes in three runs on different days in the same test sample. Here,
the colours and symbols serve only to distinguish the three runs.
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to 0. Examples of the observed depletion patterns with the c c progressively
optimised are shown in the bottom rows in Figures 4.6 b and 4.8. The c c values
which were required in three different experiment runs are shown in Figure 4.7 d.
The gradients of the linear fits have an order of magnitude consistent with that
predicted by combining the counteracting axial shifts in Figures 4.7 a and b
but are imprecise. This despite all three runs being done with the same test
sample on the same microscope. More disconcerting still is the run in which
the c c was not able to correct for heights beyond 60 µm. The changes in
gradient in this plot are not due to changes in the measurement temperature
as this was constant at 23.5 °C, leaving the reasons for these changes unknown.
It is possible that temperature and usage cycles in the weeks between these
measurements had residual effects on the correction element or other parts of
the optical train. Just as the required c c position is rarely known in advance
in conventional imaging, the line of c c values for deep s t e d must also be
determined immediately prior to measurement. That it is a line though, should
allow the practising microscopist to simply check the optimal c c positions
at the minimal and maximal required image heights and interpolate between
them.
In an attempt to find a more convenient method to optimise the c c position
at each height, the intensity of the excitation spot was examined, and its
value plotted in Figures 4.7 a–c. The manufacturer-recommended procedure for
choosing a c c position in conventional microscopy is to maximise the reflection
of the excitation beam in some object, often the cover glass interface [165].
However, the excitation maximum occurred at a different c c position than
the optimal s t e d pattern. This may also be attributed to the dispersion
properties of the immersion media discussed in Appendix 4.A. There it is
shown that the s t e d beam experiences a slightly larger r i mismatch, meaning
that its position of minimal spherical aberration was different to that of the
excitation beam. It was decided to use the optimal depletion condition in the
following measurements based on the idea that a brighter excitation could only
counteract the loss of signal due to axial misalignment, not recover the loss of
resolution due to one-sided depletion. Verification of this reasoning remains
for future work.
Thus was the procedure for the following measurements determined: first
optimise the s t e d pattern in reflection and then use the chosen c c positions
for imaging at different depths.

4.4.2 The measured PSF
The experimentally measured p s fs for confocal and 100%  d s t e d imaging
are shown in Figure 4.8, along with reflections of the corresponding focal spots.
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Figure 4.8: Measured p s fs in Confocal (top) and  d s t e d (middle) imaging modes at the 6 indicated heights above the cover glass. The
first column is comparable to the theoretical p s fs in Figure 4.1.
The colourbar on the right shows linearly increasing grey values
displayed with the same lookup table (γ = 0.5) as the p s fs. The
bottom row shows the reflection of the excitation (cyan) and depletion (magenta) beams at the same heights (γ = 1, see Figure 4.13 d
for a mixing colourbar). All images have the same scale and the bar
has length 500 nm. The relative positions of the separate images
is not physical and was chosen to align the signal centres as much
as possible without cropping any significant intensity.

94

4.4 Results and Discussion
On the measurement itself
The p s fs were measured with details besides the on axis maxima visible in
confocal and s t e d up to at least 60 µm. The secondary lobes are present
below the centre in agreement with the theory in Figure 4.1. Higher order
maxima were lost below the sensitivity of the measurement (the images shown
were cropped from a larger imaged area due to the lack of signal beyond the
displayed extent). Lobes above the centre were also not present, a known effect
of immersion–medium r i mismatch [135]. Higher in the sample, the central
maximum is clearly visible but the outer lobes are lost in the high background.
While sufficient for microscope quality control, the lack of detail in the higher
p s fs will negatively affect deconvolution. The deterioration is attributed to
the decrease in signal high in the sample due to the r i mismatch (∆n = 0.027).
This does not imply that imaging is not possible at these heights, merely that
obtaining an accurate p s f in  d is challenging. The latter requires much
more signal from much dimmer objects than the former.
Thus it is concluded that the measurement broadly reproduces the p s f
shape predicted by theory (Figure 4.1) but to check the precision, separate
measurement runs were compared. The results are presented in Figure 4.10. It
can be seen that the s t e d results are fairly consistent for the two runs with
the axial p s f width generally maintained at around 550 nm throughout the
measured depth. The confocal p s f widths are less consistent, with several
exhibiting unacceptable widths of greater than 1 µm. This variation could be
due to the setting of the correction collar based on the depletion focal spot. It
was found in the previous section that this does not optimise the excitation
and it is feasible based on Figure 4.7 d that the relative effect of the c c on the
two lasers could be different on different days, causing these large fluctuations.
A fairer comparison would perhaps be with the c c optimised for the excitation
spot for confocal p s f measurements, but this was beyond the scope of this
s t e d-focused work.
On the results
Considering the measured p s f as a quality control measure of the microscope,
the shape and size of the p s f are what matter. The p s fs measured show good
axial symmetry, indicating a well aligned microscope, with only a slight tilting
visible at 100 µm. The s t e d beam is performing its duty in compressing the
p s f in the expected manner: the  d s t e d p s f is smaller both axially and
laterally than the confocal one (Figures 4.8, 4.10, 4.11), the  d s t e d one is
smallest laterally (Figures 4.9, 4.13), and the 60%  d one is between these
two.
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Figure 4.9: Axial (top) and lateral (bottom) full width at half maximum
(f w h m) of the measured p s fs on a single day. The horizontal
axis is shared and the vertical axes have different scaling.

The expected trend of deteriorating s t e d p s f with deeper imaging into the
mismatched medium is only weakly visible, if at all. As the mismatch is small,
this should be a weak effect, and it seems that it is weaker than the fluctuations
induced by imprecise c c optimisation, at least lower in the sample.
The p s fs calculated for the same conditions (Figure 4.12) are consistently
smaller than the measured ones. This disparity likely results from the p s f
calculation assuming an optically homogeneous sample medium, which the
measurement sample is not. While the scaffold particles were index matched
21
with the solvent (n21
D = 1.4230), the probe particles were not (n550 = 1.4303).
The presence of these mismatched particles, albeit at low concentration, must
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Figure 4.10: Axial f w h m of p s fs from different measurement runs (different
days). The dotted lines group the measurements from one run
and the solid lines are average values.

have deteriorated the p s f as compared to a completely matched medium.
Distinct from the optical effects on the p s f are possible sources of measurement error which could also have increased the spread of the p s f. These
include the vibrations in the microscope and fitting errors when averaging the
bead images together.

4.4.3 Depth Variant Deconvolution
Two test samples, one biological and one representative of colloidal model
systems, were used to test the utility of the measured p s fs for deconvolution.
Biological Test Sample: Caco–2 Cells
Actin filaments inside the microvilli of Caco– cells were imaged under the
same microscope conditions and at the same heights as the p s fs were recorded. These were then deconvolved with both a calculated p s f and the
experimentally measured one and the results are shown in Figures 4.14–4.16.
Representative images of these two p s f types are shown in the top and bottom
rows in Figure 4.12. It may be seen that in most cases the results of the two
deconvolutions were similar, with some notable exceptions discussed later in
this section.
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Examination of Figure 4.12 (top and bottom rows) reveals that the p s fs
used for the two deconvolutions were similar in size and form, although the
theoretical ones are slightly smaller. It is unsurprising then that they yielded
similar restoration results. The differences between the two theoretical predictions (bottom rows in Figure 4.12) indicate that the two p s fs used for
deconvolution may have arrived at this similar form for different reasons.
In Section 4.4.2, it was concluded that the spreading of the p s f was due
to the optical inhomogeneity introduced by the probe particles. Here, the
large p s fs are predicted by the calculation due to the larger refractive index
mismatch between the immersion and sample media. It therefore appears that
the two p s fs, and hence the deconvolution results, are so similar due to the
coincidence that the different factors disturbing them resulted in spreading of
a similar magnitude.
Determination of which restoration is closer to the truth is complicated by
the chaotic nature of this biological specimen, for which the ground truth is
unknown. A case where the true object form is known (simulated imaging) is
discussed in Section 4.4.4. Nonetheless, it is possible to gain some insight by
comparison of the restoration results and the knowledge that the microvilli are
fibrous with cores separated by about 100 nm [166]. For example in Figure 4.15
at 20 µm, the use of the measured p s f resulted in a loss of detail which is clearly
visible in the raw image. The theoretical p s f also seems to recover additional
fine detail as compared to the measured one, most visible in Figure 4.16. In fact,
most of these details are likely spurious ones resulting from noise misidentified
as features during deconvolution. This can result from overestimation of the
microscope bandwidth during restoration (using a p s f which is too small), a
problem discussed further in Section 4.4.4.
It is worth discussing the relative merits of the experimental and theoretical
p s fs in relation to this test sample. The theoretical one has the obvious
advantage of requiring much less effort to implement, but beyond that it also
has the advantage of being able to account for different refractive indices in the
optical path. In this case, the index of the mounting medium was 1.395, rather
lower than that of the immersion liquid (1.45). The depth dependence of the
p s f shape depends on this difference and so was taken into account during
calculation of the p s f. On the other hand, the experimentally measured p s f
was restricted to the refractive index of the p s f measurement sample (1.423).
It might be possible to scale the measured p s f, but this was not attempted
here. Where this scaling approach could be more beneficial is in the case of a
distorted p s f due to misalignment in the microscope, where knowledge of the
manner of distortion would likely benefit deconvolution, even for very different
immersion media.
In fact, when the p s f is distorted is when the measured p s f is likely to
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be most beneficial, allowing the quirks of the microscope to be corrected for.
In these measurements, it was found that the p s f was highly symmetric and
therefore similar enough in form to the theoretically predicted one to yield
similar restorations. Therefore the benefit of measuring the p s f here may be
found in: 1) knowing that the microscope is performing in such a way that
theoretical deconvolution is reasonable, i.e. quality control and 2) knowing the
limit of the microscope to avoid the appearance of spurious features in the final
image. This rather than reaching the ambitious goal of pushing the achievable
resolution limit downwards. With improved p s f measurements (e.g. with
higher signal probes), it may be possible to measure tertiary features of the
p s f and hence improve upon the restoration results presented here.
Colloidal test sample: silica spheres
Figure 4.17 shows images of a partially ordered deposit of fluorescent silica
particles alongside attempts at restoration. When touching, these particles
have fluorescent cores separated by 290 nm, a distance between the lateral and
axial resolution limits of conventional confocal microscopy. This is a better
defined test sample than the biological one described above, and also has a
refractive index closer to the immersion than either the biological or p s f
measurement samples.
The restoration results in Figure 4.17 indicate that the theoretical p s f
yielded superior results, with the experimental one more often losing even
detail that was visible in the raw images. This is particularly clear in the
confocal images at 0 µm (top row). This is a trend that continues throughout
the image series, although in the noisier s t e d images, more artefacts are
visible in the theoretical restorations. For example: in the xz view of the
 d s t e d images at 0 µm, the theoretical deconvolution resulted in features
smaller than the particles in the upper region, presumably formed by noise
amplification.
As in the biological case, these results may be explained by considering the
p s fs used for the deconvolutions and their relation to the actual system which
was imaged. Here, the refractive index match of the test sample was better
than that of the p s f measurement sample, meaning that the measured p s f
was likely too large: underestimating the resolving power of the microscope
in the test sample. This is borne out by the deconvolutions which are overly
blurry, because actual detail was assumed to be outside the bandwidth of the
instrument. In the theoretical case, this better matching was accounted for,
predicting a smaller p s f and being able to restore some real detail. Again
it probably overestimated the resolving power by ignoring the inhomogeneity
introduced by the particles, leading to some amplification of noise.
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Figure 4.14: Deconvolution of confocal image volumes of Caco– cells with
experimental and measured p s fs at different depths. These confocal images were recorded after the  d-s t e d ones in Figure 4.15,
meaning that the s n r may be decreased due to bleaching during
the previous imaging.
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Figure 4.15: Deconvolution of  d-s t e d data with the different p s fs. The imaged volumes are the same as those shown in Figure 4.14, allowing
direct comparison.
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indirect comparison of the fibre appearance in each image.
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4.4.4 Deconvolution of synthetic images
Figure 4.19 shows two deconvolutions of the synthetic microtubule image shown
in Figure 4.5. Here a measured p s f was used to simulate the imaging and the
same one used for the experimental deconvolution, i.e. the experimental p s f
deconvolution used the ‘perfect’ p s f. Comparison of restorations of simulated
images is much easier because the ground truth image is known.
Examination of the two restored images shows similar differences to those
that were observed in the real image deconvolutions above. Again, the theoretical p s f case has added detail such as fine structure in the fibres which is
not present in the true object. The magenta circle highlights a cross section of
a tubule which appears as a lonely circle. This feature, which is incidentally
unrecognisable without some form of deconvolution, appears to be in a crowded
environment in the theoretical deconvolution due to amplification of noise in
the neighbourhood. In the case where the bandwidth was not overestimated
(Figure 4.19 c), this feature is correctly found to be in open space.

4.5 Conclusions
The challenges of s t e d microscopy deep inside thick specimens were studied
using a new test sample capable of characterising both the depletion spot shape
and the resulting fluorescent p s f at an effectively continuous range of imaging
heights. The height dependence of the depletion spot distortion was measured
and a method developed to counteract it using the objective correction collar.
Using this method, it was shown that the depletion spot may be maintained
in an optimal shape far from the cover glass.
With the correction collar adjusted to keep the  d s t e d spot shape constant, p s fs were measured at heights up to 100 µm and it was found that the
compact p s f was also maintained until deep in the sample. p s f measurements for other imaging modes (conventional confocal,  d s t e d and 60%  d
s t e d) were also demonstrated.
The measured p s fs were used for deconvolution of biological and colloidal
image volumes but this was not found to show significant resolution improvement compared to deconvolution using a theoretical p s f. It was concluded that
the small differences in conditions of the calibration sample and test samples
were enough to negate the advantages of the measured p s f over the theoretical
one. Specifically, the media had refractive indices differing by 0.028 and the
scattering induced by the probe particles and cellular features was presumably
not identical. By comparison to synthetic images, it was demonstrated that
the theoretical p s f is more susceptible to noise amplification as it tends to
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Figure 4.19: Deconvolution of a synthetic image volume using different p s fs.
a) The ground truth object: representation of microtubules from
Reference 151. An overview of this object is shown in Figure 4.5.
b) The image simulated using the experimentally measured p s f
in Figure 4.8 ( d s t e d, 0 µm) and Poisson noise with s n r = 7.
c) Deconvolution result using the experimental (in this case, true)
p s f. d) Deconvolution result using a theoretically calculated
p s f under the same conditions (Figure 4.12). Comparable slices
are bordered in the same colour and the magenta circles highlight
a feature in the xy slices to assist comparison.
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overestimate the bandwidth of the microscope. The measured p s f did did
not result in spurious features this way, because the bandwidth was known to
be narrower.
In conclusion, the new test sample allows a convenient method of quality
control for long working distance s t e d microscopes. This allows the microscopist to avoid over fitting during deconvolution of deep image volumes but
significant gains in resolution by deconvolution with measured s t e d p s fs in
a well adjusted microscope remain for future work.

4.6 Outlook
The limitations of the test sample and method presented in this chapter lie
principally in the fixed refractive index and the low signal of the fluorescent
beads. The first means that the depletion beam optimisation settings and
measured p s fs will only be valid for specimens with the same refractive index.
It was demonstrated that even small differences in refractive index can negate
any advantage of the measured p s f over a theoretical one in deconvolution. A
theoretical route to extrapolate the measured p s fs to different sample media
would greatly extend the applicability of the method.
The low signal which could be obtained from the small fluorescent beads
before photobleaching limited the fidelity of the measured p s fs. With brighter
fluorescent beads, or beads immune to bleaching such as quantum dots, sufficient signal could be obtained to capture tertiary and quaternary features of
the p s f. Such p s fs would likely be able to provide significant gains through
deconvolution.
One application with potential for significant gains is microscopy under more
challenging conditions where a measured depth dependent confocal p s f might
be the only way to achieve a meaningful deconvolution. For example, for
imaging through a layer of p d m s in a microfluidic chip, a test sample like this
one could be made which incorporates this layer for p s f measurement.
There are also parts of this method which could be readily automated. For
example automated c c optimisation might yield more accurate results than
those achieved ‘manually’ here. Sparse gold nanoparticles in an optically
matched medium reflect much more brightly than the background, allowing
easy identification. The automated analysis presented in Figure 4.7 b could be
run at each height and a feedback directed to the motorised c c to optimise
one or more of the parameters. Furthermore, with non bleaching beads, large
image volumes could be captured and p s f extraction carried out without
manual intervention.
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4.A Linear focal shift between excitation and
depletion spots
Here the objective lens is assumed to be a perfectly adjusted apochromat which
is able to focus both λe and λs to the same point, located at a distance of
z00 in front of the cover glass as shown in Figure 4.20. When the objective is
moved forwards by ∆z, the focal points of λe and λs move forwards by ∆ze0
and ∆zs0 respectively. The difference between these is denoted by ∆F 0 . This
is the mismatch which was measured in Section 4.4.1 and which is calculated
here.
Examining the corresponding angles, all of the marked angles remain constant
for the same two rays emerging from the objective. Therefore the factor which
determines ∆F 0 is the height at which each ray emerges from the cover glass,
x0 . From basic trigonometry:
∆ze = z 0 − z00 =

x00,e
x0e
−
,
tan φ3
tan φ3

and
x0e − x00,e = xe − x0,e = ∆x = ∆z tan φ1 .
∆x is the height of the new ray as projected back onto the original lens position
above the original point of emergence. Applying Snell’s law at the cover glass
entrance and exit:
n1 (λe ) sin φ1 = n3 (λe ) sin φ3 .
Combining the above expressions yields an expression for the focal shift of one
wavelength:
q
n3 (λ)2
2
∆z tan φ1
n3 (λe ) cos φ3
n3 (λe ) 1 − n1 (λ)2 sin φ1
0
∆ze =
= ∆z
= ∆z
.
tan φ3
n1 (λe ) cos φ1
n1 (λe )
cos φ1
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∆z
Objective

Immersion Medium

ϕ3

Cover Glass

0
Sample Medium
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Figure 4.20: Focussing two rays of different wavelength. The solid rays in red
(s t e d, λs ) and green (excitation, λe ) emerge from the objective
such that they are focussed to the same point inside the sample.
When the objective is moved forwards by distance ∆z, the focal
point of λe moves forwards by ∆ze0 and that of λs moves by ∆zs0 .
The difference between these is the mismatch which was measured
in Section 4.4.1, ∆F 0 .
Here Snell’s law was used twice: first to remove the tangents and second to
reduce the dependence to a single angle. The last term on the right remains
very close to unity at moderate angles and so this term is approximated to
1. This may be verified by plotting or observing that the second derivative of
n2
this term evaluated at φ1 = 0 is 1 − n32 , which is small when n1 and n3 are
1
reasonably well matched. Using this simplification:


n3 (λs ) n3 (λe )
0
0
0
∆F = ∆zs − ∆ze ≈ ∆z
−
.
(4.8)
n1 (λs ) n1 (λe )
Thus the shift in focal point of the two beams depends on the dispersion in
the immersion and sample media. This would seem to be a sufficiently small
effect to be in line with the observed shift of around 1 nm/ µm.
To test the prediction of this simplified model, the refractive indices of the
two media were measured and the indices at the excitation and depletion
wavelengths estimated using the two term Cauchy equation [168]:
n(λ) = b +

c
.
λ2

(4.9)

The measured values and the refractive indices estimated using them are shown
in Table 4.2. Substituting the calculated n(λ) values into Equation 4.8, the
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Medium
1 (immersion)
3 (sample)

n21
D
1.4506
1.4230

nF − nC
9.57 × 10−3
7.08 × 10−3

b
1.4362
1.4123

c (nm2 )
5009
3707

n(λe )
1.4532
1.4249

n(λs )
1.4477
1.4208

Table 4.2: Refractive index and dispersion values. The refractive index (n21
D)
and dispersion (nF − nC ) values were measured with an Atago 3T
Abbe refractometer. These were used to determine the Cauchy
coefficients, b and c [167]. The Cauchy equation (Equation 4.9) was
then used to calculate the refractive indices at the excitation and
depletion wavelengths, shown in the last two columns.
0

−4
displacement of the two focal spots is predicted to be ∆F
≈
∆z ≈ −9.1 × 10
1 nm µm−1 . This is comparable to the experimental value (gradient of the fit
line in Figure 4.7 a) which was −1.9 × 10−3 , a factor of two greater.
Thus this simplified model is able to reproduce the correct form and approximate magnitude of the beam misalignment with changing depth. The
disparity in values likely results from the high concentration of silica in the
sample, which was not present during refractive index measurement. It is concluded that the misalignment results from the different dispersive properties
of the lens and sample immersion media as described by Equation 4.8. This
effect could be reduced by using the same liquids for both immersions where
possible.
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Abstract
Direct measurement of diffusiophoretic velocities of colloidal silica particles
in electrolyte gradients is demonstrated. The gradients were generated using
a microfluidic ψ-shaped channel and the motion of the fluorescent particles
imaged with confocal microscopy. Analysis of single particle trajectories confirmed the action of diffusiophoretic transport and observations were compared
to theoretical predictions using salt gradients as predicted for diffusion between
laminar streams. The measured diffusiophoretic mobilities were consistently
higher than those predicted by theory and this is attributed to a complication
of the solute profile after investigation using a fluorescent salt. Despite this, the
measured velocity profiles have shapes in close agreement with theory and it is
proposed that small changes to the experimental design will reconcile the observations with predictions. With that achieved, this method would be ready
to take its place in the library of standard laboratory techniques alongside
microelectrophoresis.
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5.1 Introduction
Some colloidal phenomena are easier to relate to the human experience than
others. Sedimentation, for example, might be explained to the layperson by
comparison to marbles sinking in a glass of water. Despite the loss of fascinating
detail in such a description, the general idea may be conveyed and the results
more or less predicted. Becoming more abstract, the motion of charged colloids
in an electric field could be related to somebody aware of the flow of electrons
from one end of a battery to the other. The explanation reached via this route
would be largely incorrect but would again bestow reasonable predictive power
(in that negatively charged colloids migrate towards the positively charged
electrode). An example more abstract still is the subject of this chapter. The
situation considered here is one in which a particle migrates neither because
of nearby planets nor nearby electrodes, but because of differences in the
concentration of dissolved species in the environment of the particle.
Familiarity with the way in which a drop of dissolved pigment added to water
spreads out until the colour becomes uniform might suggest that the particle
would also tend to move away from the region of high solute concentration.
In fact, the opposite direction is more often the one which would be observed.
This phenomenon is called diffusiophoresis and it involves the interplay of
various microscopic effects occurring close to the particle surface. Thus it
defies explanation using only macroscopic concepts and which is perhaps why
this commonly occurring effect is often overlooked in favour of its more famous
sibling: electrophoresis.
Diffusiophoresis was discovered with its origin immediately understood by
Derjaguin et al. in  for neutral solutes [169] and later for electrolytes [170].
Much of the early research into this effect was driven by its application in the
manufacture of items such as rubber gloves [169–173] in a process known as
coagulant latex dipping1 . Alongside this application, growing recognition of
the fundamental importance of diffusiophoresis led to fruitful efforts to advance
the theory describing it [9, 174–180]. Recently, interest in diffusiophoresis has
been reinvigorated due to its relevance to the rapidly emerging field of active
colloidal matter [181].
Dukhin and Derjaguin formed the vanguard both in understanding and
recognition of diffusiophoresis in the th century. They wrote in  [174,
p. 325]:
Of great interest would be measurements of the diffusiophoretic mobility of separate particles by a procedure similar to microelectrophoresis.
A few years later, the same authors attempted just such a procedure [182].
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This involved inserting a porous cellophane membrane into a capillary to separate an initially high electrolyte concentration region from a latex dispersion.
Unfortunately, quantitative analysis was hampered by “the impossibility of
establishing a spatially uniform, time-invariant gradient of concentration,” as
well as by gravitational convection. It must be assumed that the novelty of the
current work would be minimal had modern microfabrication technology and
microfluidic ideas been available in the u s s r in the s.
Still before the popularisation of microfluidics as it is known today, microchannels in the form of pores in fritted glass were utilised to suppress
convection effects [183]. The pores were of a size that allowed passage of both
the latex particles and the salt and by measuring changes in particle concentration on either side of the membrane in time, the rate of diffusiophoretic
transport could be determined. Using this method, the diffusiophoretic velocities of latex particles were found to be in quantitative agreement with the
theory of Reference 179 [184]. The applicability of this method was limited to
particles of very thin double layer (< 6% of the particle radius, salt concentration >∼ 10 mm) by the requirement that the double layers of the particles and
pore walls not interact, slowing particle flux.
In another s work of proto-microfluidics, diffusiophoresis was quantitatively measured in both electrolytes [186] and non-electrolytes [187]. The
procedure in this case was to measure the banding in colloidal concentration
induced by gradients in a stop-flow cell.
The broad potential of microfluidics was realised around the turn of the
century and its use was accelerated by the fast prototyping technique of soft
lithography [188]. This facilitated the seminal work of Abécassis et al. in
which a ψ-shaped channel was used as an elegant way to study diffusiophoresis
of colloids in many concentration gradients in a single experiment [189, 190].
By introducing coflowing laminar streams with differing solute concentrations,
diffusion between the streams provided a different transverse concentration
profile at each downstream position. In this system, the displacement from
the junction in the flow direction corresponds to the diffusion time, so the
concentration profiles are described by well-defined diffusion equations. This
system was used to demonstrate diffusiophoretic spreading and focussing of
silica particles. The resulting particle concentration profiles were used to
determine the diffusiophoretic mobility of the particles in various electrolytes.
The aforementioned method is a powerful one but has the drawback that
1 This

important industrial process is variously known as coagulant dipping, coacervate
dipping or ionic deposition. It involves dipping a mould coated in a coagulant (usually
a salt) into a latex dispersion. The coagulant dissolves to create a salt gradient which
draws the latex particles to the surface of the mould by diffusiophoresis. The particles
aggregate at the surface of the mould, forming the polymer film in the desired shape [185].
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the particle concentration which is measured is an average across the full
height of the channel and thus requires complicated manipulation to account
for the Poiseuille flow velocity profile. Furthermore, the use of the width of
the colloidal band to measure the diffusiophoretic transport limits the method
to measuring a single diffusiophoretic velocity across the channel.
Perhaps the closest approach to the Dukhin/Derjaguin dream of microdiffusiophoresis reported to date is the innovative use of microfluidics reported in
References 191 and 192. Therein, membranes porous to ions but not particles
were incorporated into the side walls of a stop-flow channel. This allowed
establishment of well defined electrolyte gradients across the channel in which
polystyrene particles were dispersed. Particle motion was measured using micro particle image velocimetry (µ p i v), a technique which measures the velocity
field in a micron-sized area from the cross correlation of successive microscopic
video frames [193]. Thus the resolution of diffusiophoretic measurement was
increased from that of ensemble concentration profiles to that of small groups
of particles [194].
In this chapter, the resolution will be further increased to that of single
colloidal silica particles by building upon our recent work [195]. The ψ channel
geometry of Reference 190 was chosen over the membrane cell both for its ease
of fabrication and elegance of creating a broad range of concentration gradients
in a single experimental run. Previous work in such channels [189, 190, 196]
is extended by measuring the diffusiophoretic velocities not from averaged
concentration profiles, but from the trajectories of single particles. This allows
a direct observation of the diffusiophoretic effect, and a way to readily quantify
it. Furthermore, with knowledge of where every particles is in the concentration
gradient, the diffusiophoretic mobility may be measured as a function of the
electrolyte concentration.
After a discussion of the relevant theory and methods in the following sections, independent characterisation of the zeta potential is presented. This
measurement facilitates a quantitative comparison with the theory of diffusiophoresis. The results of the main diffusiophoresis experiments are then
presented along with comparisons to the established theoretical predictions.
While high resolution velocity profiles were measured, it was not possible to
quantitatively reconcile the experiments with the theory. Therefore, an investigation into the most likely source of inconsistency, the solute concentration
profile, may be found in Section 5.4.4. Finally, the chapter is concluded and
suggestions made for future work.
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5.2 Theory
5.2.1 Diffusiophoresis
Consider a charged spherical particle suspended in a homogeneous aqueous
solution of electrolyte. Adjacent to the particle surface is the electrical double
layer, which contains an excess of counter ions with opposite sign to that of the
surface charge. Due to the excess of entities attracted to the particle surface,
the osmotic pressure inside the double layer is higher than that in the bulk
solution [197]. This pressure decays exponentially with radial distance from
the particle, in a way that depends on the screening of the particle charge.
At higher salt concentration, the surface charge is screened more effectively,
resulting in a higher osmotic pressure double layer of smaller extent, and vice
versa.
Now consider that the electrolyte concentration is no longer homogeneous.
In this case, the double layer rearranges so as to maintain equilibrium with
the electrolyte adjacent to the outer extent of the double layer [174]. With the
double layer thus polarised, the osmotic pressure within is higher at the high
salt side of the particle. The osmotic pressure gradient along the surface of the
particle induces a slip velocity tangential to the particle surface, towards the
lower salt side of the particle. The liquid in the interfacial region is in contact
with both the particle and the bulk solution. Since the latter is at rest in the
laboratory frame, the particle is observed to move up the salt gradient. This
effect is known as chemiphoresis. Here, the discussion has been focussed on
electrolyte solutions2 because of an additional effect occurring in concentration
gradients of salts: electrophoresis.
While the diffusion coefficients of the two ions in a monovalent electrolyte
solution may have similar magnitude (as for KCl), this is not in general the
case. For example, in aqueous NaCl solution, the chloride anion diffuses more
rapidly than the cation and in HCl solution, the opposite is true. The result is
that, in a gradient, a macroscopic electric field (the diffusion potential) arises
which acts to slow the faster ion and speed up the slower one. This electric field
also acts upon colloidal particles in the gradient, inducing electrophoresis in the
same way as if the electric field had been applied externally. The field direction
depends on the relative diffusivities of the electrolyte ions, characterised (for
2A

similar discussion may also be applied to gradients of neutral solutes, but with soluteparticle attractions (or repulsions) causing the osmotic pressure differences in the interfacial layer. In the repulsive case, chemiphoresis drives the particle down a neutral solute
gradient [177].
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z : z electrolytes) by
β=

D+ − D−
.
D+ + D−

(5.1)

Thus the two effects may act in harmony to move the particle, or may
compete to drive it in opposite directions. Prediction of the resulting diffusiophoretic velocity requires accounting for both effects and various efforts to
do so have been made in the surface science community. In this chapter, the
 theory of Prieve et al. [178] is used. While more recent developments
by the same authors [179] and others [198] are more exact, the method in
Reference 178 is conveniently implemented and will be shown to agree with
more accurate predictions in the region of parameter space in which the work
of this chapter is situated.
The approach taken was to approximate the in-gradient behaviour of the
thin but finite double layer as a perturbation to its equilibrium structure. The
thickness of the double layer in relation to the particle may be characterised
by λ = (κa)−1 with a the particle radius and κ the inverse Debye length in
nm−1 [199]:
√
κ = 3.288 I,
(5.2)
P
in water at 25 °C with ionic strength I = 1/2 ci zi2 (ci is the molar concentration of each ionic species with charge zi ). In the λ → 0 limit, the double layer
is so thin compared to the particle curvature that the slip velocity is that of a
flat wall, for which an exact solution is known [170, 174, 178].
The total diffusiophoretic velocity vdp results from the combination of chemiphoretic and electrophoretic effects. In the case of a weak3 electrolyte gradient [178]:
vdp = vc + ve .

(5.3)

vc is the chemiphoretic velocity in the presence of a concentration gradient of
a symmetric electrolyte with β = 1. ve is the electrophoretic velocity, which
would be observed if the diffusion potential were replaced by an equivalent
external electric field. By treating the case of a thin double layer as a perturbation to the λ = 0 case (for which analytical solutions are available), it was
found that [178, 179]:




vdp ≈ vc0 1 + Gc0 λ + O(λ2 ) + ve0 1 + Ge0 λ + O(λ2 ) ,
3 The

(5.4)

requirement is that the diffusiophoretic velocity must be much slower than the diffusion
of the electrolyte. If this is not the case, Equation 5.3 becomes nonlinear [178].
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with vc0 and ve0 being the exact solutions for λ = 0 [170, 174, 176]:

kT 
− ln (1 − γ 2 ) ∇ln c,
2πηlB
kT
=
β ζ̄∇ln c.
4πηlB

vc0 =

(5.5)

ve0

(5.6)

The Bjerrum length, lB = e2 /4π0 r kT ≈ 0.7 nm in water at room temperature
and η is the solvent viscosity. The non-dimensional zeta potential is denoted
by ζ̄ = zeζ/kT and γ = tanh(ζ̄/4). e is the elementary charge, ζ is the
dimensional zeta potential, k is Boltzmann’s constant and T is the absolute
temperature. Equation 5.5 is analogous to diffusiophoresis in a neutral solute
gradient [170, 177] and approaches this case in the limit λ → 0 and ζ̄ << 1 [178].
Equation 5.6 reduces to Smulochowski’s equation for electrophoresis in the
diffusion potential in the small λ limit [200]. The modifying G factors are
defined:
F0 + P e (F2 + βF3 )
,
4 ln (1 − γ 2 )
F1 + P e (βF4 + F5 )
Ge =
,
2ζ̄
Gc = −

with
Pe =

kT
,
8πηDs lB

(5.7)
(5.8)

(5.9)

a Péclet number. Diffusion of the electrolyte is characterised by the coupled
diffusion coefficient given by the Nernst-Hartley equation: Ds = 2D+ D− /(D+ +
D− ) with D± the diffusion coefficients of the separate ions [201]. The Fn (ζ̄)
functions characterise the perturbation of the thin double layer away from its
equilibrium structure and are tabulated in Appendix B of Reference 178. In
order to reasonably neglect the O(λ2 ) terms in Equation 5.4, |Gλ| should be
small, limiting the applicability of this relation to very small ζ̄. In Reference 178,
a Padé approximant was used to extend the range of validity to larger ζ:
vdp ≈

vc0
ve0
+
.
1 − Gc λ 1 − Ge λ

(5.10)

Equation 5.10 provides a convenient way to approximately predict the diffusiophoretic velocity for a system and it is used for the theoretical predictions
in this chapter. Figure 5.1 shows the predicted diffusiophoretic mobility for
particles with a range of ζ̄ at various values of λ in a NaCl gradient in order to
compare with the more exact predictions from Reference 179. Colloidal silica
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Figure 5.1: Theoretical prediction of the diffusiophoretic velocity in a NaCl
gradient. a) Comparison of the predictions from Equation 5.10
(solid lines) with the more exact results from Figure 9a in Reference 179 (dotted lines). The legend indicates the κa = λ−1 value
of each curve. b) The ζ̄ region relevant to this work at larger scale.
The dotted lines are less reliable here because they were traced
∗
from a graph at scale similar to (a). vdp
= kT |∇ ln cs |/6πηlB ∼
2 −1
343 µm s .
generally has ζ̄ in the range ∼ [−1, −3] and the agreement between the two
approximations in this region is seen to be excellent. The largest deviations
occur at ζ̄ > 1 which is not encountered in the experiments in this chapter.
The analytical solution at κa = ∞ (differentially thin double layer) is also
shown.
Noting the gradient in chemical potential as a common factor in Equations 5.4, 5.5 and 5.6, it seems convenient to define a diffusiophoretic mobility,
Ddp such that
1
(5.11)
vdp = Ddp ∇ ln cs = Ddp ∇cs ,
cs
in analogy to the electrophoretic mobility, µE . However, this step should be
taken with some care lest a crucial difference between these phoretic effects be
lost in the beguiling simplicity of Equation 5.11. While both are affected by
the extent of the double layer (λ in Equation 5.10 and κa in Equation 5.13),
only in diffusiophoresis is the value of κa liable to change due to the transport.
As the particle moves to a region of higher or lower electrolyte concentration,
the double layer will compress or expand. Thus Ddp depends not only on

122

5.2 Theory
the properties of the particle and salt, but also the instantaneous position
of the particle within the electrolyte gradient. The κa dependence of Ddp is
frequently overlooked without justification in the more recent experimental
literature, with the diffusiophoretic mobility being assumed to be given by the
sum of Equations 5.5 and 5.6 and therefore independent of particle size and
ionic strength [189–191, 197].

5.2.2 Zeta potential measurement with electrophoresis
A charged colloidal particle in an electric field is induced to move with velocity,
v, proportional to the field strength, E:
v = µE E.

(5.12)

The constant of proportionality, µE , is the electrophoretic mobility. A good
approximation of this mobility is given by the Henry formula [200]:
µE =

2r 0 ζf1 (κa)
,
3η

(5.13)

where η and r are the viscosity and relative permittivity of the solvent, 0
the permittivity of free space and ζ the zeta potential. Thus by measuring
the velocity of particles in an imposed electric field, the zeta potential may
be obtained. f1 (κa) is a monotonically increasing function which incorporates
the dependence of the mobility on the double layer thickness and particle
size. It connects the two limiting cases of infinitely thin double layer (the
Smoluchowski limit, κa = ∞, f1 (κa) = 3/2) and infinitely thick double layer
(the Hückel limit, κa = 0, f1 (κa) = 1). In this work, the Ohshima form of
f1 (κa) is used [200, 202]:
f1 (κa) = 1 +
with
δ=

1
,
2(1 + δ/κa)3

2.5
.
1 + 2 exp(−κa)

(5.14)

(5.15)

This approximates well the behaviour of µE (ζ) for low ζ and extreme values
of κa. For the moderate ζ and κa values encountered in this chapter, Equation 5.13 slightly overestimates µE and thus the derived zeta potentials are
slightly low. While more exact values of µE may be obtained by numerically
solving the governing differential equations in the electrolyte [203], the precision of the electrophoretic mobility measurement in this chapter did not justify
this step.
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5.2.3 Salt gradient evolution along the channel

h
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Figure 5.2: Solute diffusion in a microfluidic ψ channel calculated using Equation 5.18. On the left is depicted a cross section of the device with
a magenta solute in the central channel and pure solvent in the coflowing outer channels. The origin of the coordinate system is at the centre
of the inlet in the plane of confluence and the z axis points into the
page. The graph on the right shows the concentration profile along x
at various y positions, turned on its side to share the x axis. The solid
coloured lines show the solute concentrations within the channel while
the broken lines show the first (of infinite) reflection images used to satisfy the boundary conditions. The colourbar relates the concentration
axis to the colour in the diagram. The parameters in the calculation
are as follows: Ds = 430 µm2 s−1 , v̄ = 174 µm s−1 (flow rate 15 µL h−1 ),
h = 400 µm, w = h4 , c0 = 0 and ∆c = 1. The markers at the channel
sides indicate y = 100 and 500 µm, two of the sample points in the
concentration graph.

The steady state concentration of a solute, cs (x, y, z), introduced into a
channel as depicted in Figure 5.2 obeys a convection-diffusion equation [190]:
vy
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∂
cs (x, y, z) = Ds ∇2 cs (x, y, z).
∂y

(5.16)

5.2 Theory
Here, vy is the fluid flow velocity which
h is assumedi to be well described by
2
3
Hele-Shaw flow such that vy (z) = 2 v̄ 1 − (2z/z0 ) , with v̄ the mean flow
velocity and z0 the channel depth in the z direction [204]. ∇2 is the Laplacian
operator and Ds is the solute diffusion coefficient.
Since the depth of the channel, z0 , is small relative to its width, h, rapid
diffusion in the z direction may be assumed such that the z dependence of cs

z0 2
1 v̄
may be neglected. This has been shown to be valid for y & 10
[205].
Ds
2
Furthermore, since the advective transport is much faster than diffusive transport, diffusion along y may also be neglected. Thus Equation 5.16 may be
simplified to [190]:
v̄

∂
∂2
cs (x, y) = Ds 2 cs (x, y).
∂y
∂x

(5.17)

This may be solved by imposing no-flux boundary conditions at the channel
∂
walls ∂x
cs (x = ±h/2, y) = 0 and a central stationary point due to symmetry
∂
c
(x
=
0, y) = 0. The ‘initial’ concentration profile at y = 0 may be
∂x s
constructed from superimposed step functions [206]:
h
w i
w
cs (x, y = 0) = c0 + ∆c H(x + ) − H(x − ) ,
2
2
where H is the Heaviside step function, w is the middle channel width (as
in Figure 5.2), c0 is the solute concentration in the outer channel and ∆c is
the concentration difference between the inner and outer channels. ∆c > 0
corresponds to outward solute spreading and ∆c < 0 corresponds to inward
spreading.
A solution to the diffusion equation for an initial superposition
R xof step functions is a superposition of error functions of the form erf(x) = √2π 0 exp(−u2 )du.
Finally, to satisfy the no-flux boundary condition at the walls, mirror images of
the concentration profile reflected in the walls are placed as shown in Figure 5.2.
It may be seen that the symmetry of this arrangement forces the concentration
profile to be stationary at the walls [207]. To keep the images in reflection of
reality, they also require further images, meaning that the solution takes the
form of two infinite sums of error functions:





∞
∞
X
x + w2 + kh
x − w2 + kh
∆c  X
−
 .
q
q
cs (x, y) = c0 +
erf 
erf 
2
2 Ds y
2 Ds y
k=−∞

v̄

k=−∞

v̄

(5.18)
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In the context of this work, the gradient in the solute concentration is also
important:
2
2 


∞
∞
w
w
X
X
x + 2 + kh
x − 2 + kh 

 −
 
q
q
exp − 
exp − 

Ds y
Ds y
2
2
k=−∞
k=−∞
v̄
v̄

∆c
∂cs
= q
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5.3 Methods
5.3.1 Particle synthesis and characterisation

460 nm (polydispersity ∼ 10%) spherical silica particles with a 400 nm rhodaminedyed core inside an undyed shell were made using a well established modified
Stöber method [26, 27, 40]. Particle diameters were measured from electron
micrographs (Phenom Prox s e m, f e i). The particles were washed into ethanol by centrifugation after synthesis and transferred into deionised water
(Milli-q) shortly before use in experiments. The particles have gravitational
length approximately 14 µm, corresponding to a sedimentation velocity around
80 nm s−1 .
The electrophoretic mobilities of the particles in aqueous LiCl solutions was
measured using laser Doppler velocimetry in a folded capillary cell (Zetasizer
Nano, Malvern). Dispersions were prepared with identical particle concentrations (volume fraction φ ∼ 3 × 10−4 ) and LiCl concentrations between 0
and 10 mm. The conductivities of the dispersions measured during the same
measurement are also reported.
5.3.2 Microfluidic Experiments
The geometry of the device is depicted in Figure 5.2, with two inlets (outer two
channels connected to the same one) and one outlet to waste. 3 channels of
width w = 100 µm merge into a channel of width h = 400 µm. An inverse master
mould with height 60 µm was fabricated in s u  on silicon using standard soft
lithography techniques [188]. From this, a p d m s device was made and entry
holes bored using a 1.5 mm biopsy punch (Miltex). The device was then bonded
to a #1.5 borosilicate cover glass using air plasma. Liquids were introduced
into the device via 1.6 mm (outer diameter) p t f e tubing connected to glass
syringes (i l s) mounted on a Cetoni Nemesys    n syringe pump.
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For diffusiophoresis experiments, dispersions of the particles in deionised
water were prepared either without added electrolyte or with salt (LiCl or
NaCl) added to a concentration of 10 mm.
To examine the ensemble averaged behaviour (Figure 5.4a-d), the particle
concentration was φ ∼ 4 × 10−4 and dispersions were input only to the inner
or outer channels. In the other channel(s), either deionised water or a 10 mm
solution of LiCl flowed. In Figures 5.4a and b, the flow rate in the large channel
was 15 µL h−1 , while in c,d it was increased to 60 µL h−1 .
In single-particle experiments, particles were in both inlets. Dispersions
(φ ∼ 3 × 10−5 ) differing only in salt concentration were pumped into the
device, either with the salty dispersion in the inner channel or in both of the
outer channels. The syringe feeding the two outer channels pushed liquid at
10 µL h−1 , while the one feeding the single central channel pushed at 5 µL h−1 .
A third syringe partially filled with deionised water was connected to the end
of the main channel and set to pull liquid at 15 µL h−1 to stabilise flow in the
device.

5.3.3 Microscopy and image analysis
All images were captured using a Leica t c s s p  inverted confocal microscope.
For excitation, a 488 nm or 543 nm laser line was used. Fluorescence emission
was detected by a hybrid detector.
Ensemble measurements
450 × 450 µm images were captured using a 20x/0.70 dry (h c p l a p o, Leica)
objective lens. The imaging time was 82 s (200 Hz scanning of 512 × 512 pixel
raster accumulating each line 4 times and averaging the image 8 times). The
calculated optical section was ∼ 2.5 µm.
Each frame contained the full width of the channel and by taking 5 frames
separated along y by 400 µm, the first 2 mm of the channel was imaged.
Single particle measurements
To resolve single particles, a 63×/1.30 glyc (h c p l a p o c s , Leica) objective
lens was used with 85 wt.% glycerol/water mixture as immersion. 2000 video
frames with xy extent 50×50 µm were captured at 50 frames per second (12 kHz
bidirectional scanning of 128 × 128 pixel raster, averaging each line 3 times).
With axes as depicted in Figure 5.2, the scan direction was aligned with the y
axis and all videos were captured at the z centre of the channel. The calculated
optical section was 0.72 µm.
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At each of the sampled y positions along the channel, 8 such videos were
captured at 50 µm intervals along x to span the 400 µm width of the channel.
The particle locations in these videos were fitted and linked into trajectories
using Trackpy [64, 65]. To avoid spurious links, the average particle velocity
from a first short tracking run was used as a predictor for the main linking
routine. Tracking results were verified by overlaying trajectories on the images
and checking for false links.
The trajectories were shifted to place the channel centre at the origin and
then rotated to counteract the small misalignment between the channel and
the y axis. The 8 sets of trajectories were then translated by their relative xy
stage positions and combined to a full set of trajectories spanning the channel.
The vx values were divided into 18 equal length bins along x and the mean
taken to be the diffusiophoretic velocity at the bin position.

5.3.4 Fluorescent dye diffusion
To investigate the solute diffusion behaviour in the channel, aqueous sodium
fluorescein (Sigma Aldrich, f    ) solution (1.7 mm) was pumped to one input
and deionised water to the other (Figure 5.8). This dye contains two dissociable
sodium ions but only one is dissociated at the slightly acidic pH of deionised
water [208]. The total flow rate in the channel was 15 µL h−1 . By measuring
the fluorescence intensity (confocal imaging, parameters similar to those in
‘Ensemble measurements’ in the previous section), the solute concentration
was approximated.
Unfortunately, the concentration of the dye solution was mistakenly made
to be much higher than that at which self-quenching becomes significant [208].
This means that the proportional dependence of fluorescence intensity on dye
concentration was limited to the diffuse edges of the dye front.

5.4 Results and Discussion
5.4.1 Zeta Potential
From the discussion in Section 5.2.1, it is clear that the zeta potential is a
crucial parameter in the theoretical prediction of diffusiophoretic velocities.
The electrophoretic mobility (in homogeneous electrolyte solution) can readily
be measured and the zeta potential inferred using Equation 5.13. The results
of doing so for the silica particles used in this chapter are plotted in Figure 5.3.
To ensure that the particles behave as intended at all points along the
salt gradient, µE was measured at various concentrations of LiCl across the
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Figure 5.3: Conductivity and zeta potential measurements. a) Conductivity
of suspensions as a function of LiCl salt concentration. The dotted
line is a linear fit to the four nonzero-salt points with gradient
0.10 mS cm−1 mm−1 and intercept 8.8 × 10−3 mS cm−1 . The conductivity of the dispersion without added LiCl is marked with the
‘+’ symbol. b) The electrophoretic mobility, µE , measured as a
function of the salt concentration with a Zetasizer. c) The dimensionless zeta potential, ζ̄, computed from the mobilities in (b) using
Equation 5.13. The right axis shows the dimensional zeta potential,
ζ. The abscissa was converted to κa using Equation 5.2. The ionic
strength in the no-added-salt case was estimated by computing
the LiCl concentration corresponding to the measured conductivity using the fit in (a). The error bars in (b) and (c) indicate one
standard deviation in the mobility measurement.

concentration range used in the gradient experiments. Figure 5.3a shows that
the conductivity of the dispersion increased linearly with salt concentration
as expected. The value of the conductivity without added salt (14 µS cm−1 )
was used to estimate an equivalent salt concentration due to trace ions and
dissociated silanol groups as 25 µm.
Figure 5.3 c shows that the zeta potential was measured to be approximately
constant at a ζ̄ value around −2.9 (75 mV) across the electrolyte concentration
range.

5.4.2 Diffusiophoresis of the ensemble
While the aim of this work is to observe single particle diffusionphoresis, magnifying directly to that level would risk being unable to see the forest for the
trees. There, every drift or fluctuation might be misidentified as the soughtafter phoretic transport. Therefore in this section, the average behaviour of
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many particles across the whole channel is examined. In this way, any conclusions from looking at individual trees in the following sections gain credibility
by being consistent with the behaviour of the forest.
To do this, an experiment of the type used in Reference 190 was qualitatively
carried out. This involved observing the evolution of the particle concentration
in the channel after particles were introduced in either the inner or outer
inlets only. From previous experimental studies [186, 190], as well as a small
extension of the theory discussed in Section 5.2.1 to many particles, the profiles
characteristic of diffusiophoresis are known and may be used to confirm its
action.
Figure 5.4a–d shows the results of these experiments, specifically with silica
particles in LiCl gradients. Panels a and b show the results when the particles
and added salt enter the main channel through different inlets. With the
particles expected to move up the salt gradient, the spreading of the colloidal
intensity profile might be attributed to diffusion. However, two features are
visible evidence for superdiffusive transport. First is the non-monotonous
behaviour of the concentration profile transverse to the flow. In Figure 5.4a,
three bands of higher intensity are visible at the centre and sides of the profile.
This occurs because the particles are driven outwards by diffusiophoresis, except
at x = 0 in the centre, where the electrolyte gradient passes through 0. If the
colloids were simply diffusing, the cross sectional profile would be expected to
be high in the middle and decrease monotonously to low at the edges, as in the
solute diffusion depicted in Figure 5.2. The same effect is visible in Figure 5.4 b,
where the region adjacent to the colloid free zone has high intensity.
The second indicator of diffusiophoresis is the timescale of transport. For
the flow rate in Figures 5.4a and b, the time to flow from nozzle to the end of
the image was 12.3 s, after which time the root-mean-square displacement of
the freely diffusing particles would be around 5 µm. The migration distance of
the particle front is seen to be considerably greater4 .
In Figures 5.4 c and d, the diffusiophoretic contribution is more obvious.
Now that the regions of high salt and colloid concentrations are initially the
same, diffusiophoresis drives the particles in the opposite direction to diffusion,
so the particles are observed to focus into more compact streams than the
initial one.
Finally, the observation of both spreading and focussing of the inner channel,
nonspecific hydrodynamic effects from the nozzle shape or flow rates may be
ruled out as dominating factors. Thus it is concluded that diffusiophoresis is
taking place and it should be possible to measure it by following the motion
4 For

scale: the linewidth of the text indicating the scale bar length in Figure 5.4 d corresponds to 5 µm in the vertical direction
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e

200

100 µm

10
5
0

Figure 5.4: Confocal micrographs showing diffusiophoresis of silica particles in LiCl gradients. a–d) Phoretic banding of concentrated colloid streams originating in only
the inner or the outer channels. a) Particles inside, salt outside. b) Particles
outside, salt inside. c) Both particles and salt inside. d) Both particles and
salt outside. e) Maximum intensity projections of 500 frames (10 s) captured at
low concentration and high magnification to facilitate single particle tracking.
A thin y region located 250 µm downstream from the nozzle is shown, with
the projection making the trajectories discernible. Particle motion is observed
to be biased towards the direction of positive salt gradient (converging in left
panel, diverging in right panel). In the central panel, the particles move horizontally as there is no gradient in salt concentration. All images (a-e) have
been stretched vertically by a factor of two to facilitate visualisation. The scale
is identified in (a–d) by the ‘L’-shaped scale bar and in (e), each image has
dimensions 50 × 400 µm.
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of single particles comprising the averaged profiles shown here.

5.4.3 Diffusiophoresis of single particles
An impression of the data which were taken in order to measure the diffusiophoretic velocity of single particles may be found in Figure 5.4 e. In each
video frame, fewer than ten particles were visible but by stitching the videos
taken across the channel and projecting hundreds of frames together, the prevailing particle trajectories become visible. Now that particles are input via all
three channels, the diffusiophoretic behaviour is observable across the whole
range of the solute gradient.
The directions of the trajectories show clear focussing when the high salt
region is in the middle and spreading when it is at the sides. The effect is most
clearly visible at approximately ±100 µm, where the salt gradient is steepest.
In the case of no salt gradient, the prevalent particle trajectory is aligned with
the macroscopic flow.
By tracking around 25,000 individual particles, the diffusiophoretic velocity
along x was directly measured. Figure 5.5a shows the average velocity in a series
of bins along the x direction, at three different sample points along y. Without
a gradient in electrolyte concentration (in grey), the Brownian fluctuations in
the +x and −x directions should average to 0 with equal likelihood to move
in both directions. Indeed, at all three sample points along the channel, the
average velocity remains close to 0 at all x positions. The low amplitude noise
is presumably due to the finite number of particles per bin.
With a gradient in dissolved LiCl, a clear velocity profile emerges. The
highest diffusiophoretic velocity of around 30 µm s−1 is observed at the ‘earliest’
sample point (250 µm downstream) when the high salt concentration is in the
channel centre. This is as expected, since the magnitude of the electrolyte
gradient decreases further from the nozzle. The asymmetry in the focussing
and spreading profiles is also consistent because the amount of salt introduced
to the channel is not equal. In the spreading case, twice as much salt is in the
channel so the gradient diminishes to a homogeneous profile more rapidly.
The experimental velocity profiles bear a striking resemblance to those predicted by Equation 5.10, shown in Figure 5.5 b, with one caveat. The measured
diffusiophoretic velocities are higher than the theoretically predicted ones by a
factor up to two. This discrepancy also propagates to the attempt to measure
the value of the diffusiophoretic mobility across the channel (Figure 5.5 c), by
inverting Equation 5.11 with ∇ ln cs computed from Equations 5.18 and 5.19.
The same analysis of the experiments in which a NaCl gradient was applied
is presented in Figure 5.6. The profiles are noisier but the characteristic shape
of diffusiophoretic profiles is visible. The measured velocities are again higher
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Figure 5.5: Diffusiophoresis of silica particles in LiCl gradient from tracking single
particles (left) and theory (right). a) Average velocity transverse to the
flow direction as a function of position across the channel. Straight lines
connect the data to guide the eye. b) Predictions from Equation 5.10
for the same positions as in (a), using salt concentrations computed with
Equations 5.18 and 5.19. c) The diffusiophoretic mobility calculated
from the experimental velocities by inverting Equation 5.11 and using
the same salt gradient as in (b). The points close to the centre and walls
of the channel are omitted because the division by the near-zero salt
gradient in these regions causes catastrophic noise amplification. d) The
calculated diffusiophoretic mobility variation across the channel, which
were used to compute the velocities in (b). The 2D legend in (d) applies
to all four panels. The distance refers to the y displacement from the
nozzle and ‘Salt In’ indicates that the added LiCl was in the central
channel, etc. Note that the ordinate scale is twice as large in the right
panels compared to the left panels.
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Figure 5.6: Diffusiophoresis of silica particles in NaCl gradient from tracking
single particles (left) and theory (right). The four panels are explained in the caption of Figure 5.5. In this case, the vertical scales
are the same.

than the predicted ones. With NaCl being a salt with less asymmetric diffusivity
(lower |β|) than LiCl, slower diffusiophoresis is expected in a NaCl gradient.
This does appear to be the case when comparing the observed velocities in
Figures 5.5 and 5.6 but comparing these directly is not in general valid.
The subtlety which is obscured by the apparent consistency in the aforementioned figures (and in the experimental procedure) is that of the salt concentra-
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tion profile at a given y position. The different diffusivities of the salts mean
that the solute profile has a different shape at (for example) y = 250 µm for
LiCl and NaCl. The diffusiophoretic driving force, ∇ ln cs , has already been
scaled out of Figures 5.5 c and 5.6 c but the ‘retarding force’ represented by the
finite double layer and κa (see Figure 5.1) has not. By converting the (x, y)
positions in the channel to κa values using the calculated solute concentration
profile, the diffusiophoretic mobilities for a given electrolyte should collapse
onto the same curve. This is shown in Figure 5.7 a. With the mobilities now
comparable, the higher values in the lithium salt gradient are confirmed.
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Figure 5.7: Comparison of the diffusiophoretic mobilities of the same particles
in two different salt gradients. a) By computing κa(x, y) for the
points in Figures 5.5 c and 5.6 c, the Ddp values between the different salts may be compared. The solid lines show the same data
after averaging inside bins of width ∆κa ∼ 10 which highlights
trends and allows a ratio to be calculated for each bin. b) The
ratio of the diffusiophoretic mobilities in LiCl gradients to those
in NaCl gradients. The experimental ratios are approximately constant and have average 1.40. The theoretical curve is almost flat
at 1.24 in this κa range.
The ratio of the mobilities of the same particles in the different salts is shown
in Figure 5.7 b. While the absolute values of all the measured mobilities are
higher than predicted by theory, the experimental ratio (average 1.40) is close
to the theoretical value (almost constant at 1.24 in the relevant κa range).
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Finally, diffusiophoresis was also observed in a system of t p m particles5
(Figure 5.10 in Appendix 5.A) in a LiCl gradient. Again, the measured velocities were much higher than those theoretically predicted. With the same
discrepancy observed in a different system of particles, it would appear to be a
systematic effect, rather than an anomalous one. With this in mind, the most
likely factor in the analysis to be inaccurate is the detailed form of the salt
gradient itself. This is investigated in the following section.

5.4.4 The salt gradient
To investigate the electrolyte concentration profile, the diffusion of a fluorescent
salt was imaged in the same channel. The results are shown in Figure 5.8.
At a glance, the behaviour of the diffusing solute in Figure 5.8 a appears to
match the theoretical description in Figure 5.2. However, upon inspection of the
indicated transverse profiles, disparities emerge. As was noted in Section 5.3.4,
the dye concentration was (mistakenly) above the self-quenching limit at the
inlet and this accounts for some of the differences in the profiles. Specifically,
the flattening of the fluorescence profile at its maximal values is likely due to
quenching. This limits the applicability of this check on the diffusion profile
to the low intensity regions, where the fluorescence intensity may still be
considered proportional to the solute concentration.
In both the outward (Figure 5.8 b) and inward (Figure 5.8 f) cases, the dye
appears to spread more rapidly than the prediction of Equation 5.18 with6
Ds = 639 µm2 s−1 . This is also visible in Figures 5.8 c and 5.8 g which show
the gradient of the experimental and theoretical concentration profiles. Again,
the experimental profiles are likely artificially pulled towards 0 by quenching
but the outer region in c and the inner region in g should be valid. In both of
these, the concentration gradient is seen to have higher magnitude than the
theoretical prediction.
The way in which this disparity would be expected to affect the predicted
diffusiophoretic velocity is shown in Figures 5.8 d and 5.8 h. Here, the ratio of
the value of ∇ ln c from the dye experiment to the theoretical value is plotted.
While this value diverges in the regions where the experimental dye gradient
is close to 0 due to quenching, the low concentration regions may hold some
insight. In the outer regions in the outward spreading experiment (Figure 5.8 d),
the value of this ratio fluctuates in the range 1.5–2. This indicates is that the
5

400 nm 3-(trimethoxysilyl)propyl methacrylate spheres with ζ̄ ∼ −1 synthesised according to Reference 209.
using the Nernst-Hartley Equation and diffusion coefficients of fluorescein and
Na+ in References 210 and 211 respectively.

6 Calculated
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diffusiopheoretic velocity due to the measured solute gradient would be a factor
of 1.5–2 greater than that due to the theoretical gradient.
The same might be occurring in Figure 5.8 h, but the evidence is less convincing. Here, cs and ∇cs are close to 0 in the same place, meaning that the
most relevant values (at low cs ) are lost in the noise amplification (at low ∇cs ).
The values in this region are omitted from the plot.
While these experiments should clearly be repeated at lower dye concentration, the incorrect prediction of the concentration profile already seems a
credible source of the disparity in the diffusiophoretic velocities.
The natural question then is why does Equation 5.18 not accurately describe
the solute concentration in this well defined geometry? The place to look for
an answer is at the nozzle, where theory and experiment seem most likely to
disagree. There, the theory considers a perfect discontinuity at the meeting
of the channels, while the real nozzle consists of micrometer sized features,
without infinitely sharp points.
Figure 5.9 shows enlarged views of the nozzle during the dyed salt experiments. In Figure 5.9 a, a low concentration of dye is visible behind the x = 0
position, which is indicative of an initial condition of the solute concentration
deviating significantly from a top hat with width that of the inner channel.
This different initial condition is consistent with the observed dye profile being wider than the predicted one in Figure 5.8 b. Resolving the disparity is
unfortunately not a case of replacing w in Equation 5.18 with a larger effective
width, because the edges of the observed profile at x = 0 are too diffuse to be
approximated by a wider top hat function. Numerical solution of Equation 5.16
with a more complex initial condition might reconcile the theoretical profile
with the experiments, although this seems a rather unsatisfying hack. Besides,
a procedure to convert the initial dye profile to that of a salt of different diffusivity etc. is not obvious without a clear understanding of the effect causing
this broadening.
The lack of a corresponding dark region behind the nozzle in Figure 5.9 b
rules out a purely hydrodynamic effect resulting from the nozzle geometry and
flow rates. The most likely mechanism, therefore, would seem to be the very
one being investigated, except in a different frame of reference.
Diffusiophoresis occurs as a result of gradient induced flow along the surface
of a colloidal particle as discussed in Section 5.2.1. The particle sees itself as
stationary with the liquid flowing by at the slip velocity. In the laboratory
frame of reference, the particle is observed to move towards higher solute
concentration. If the surface in question were fixed in the laboratory frame
(for example: the wall of a microfluidic device), then a flow would be observed
in the direction of decreasing solute concentration. This phenomenon is called
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Figure 5.8: Examining salt profiles with a fluorescent dye (and no particles). a–d)
Dye enters via the inner channels and diffuses outwards. e–h) Dye enters
via the outer channels and diffuses inwards. a,e) Stitched confocal images
showing ∼ 2 mm of the channel length. b, f) Line profiles at distances
250, 500 and 700 µm from the nozzle as indicated by the dashed lines
across the images. Solid lines show experimental profiles and dotted
lines are concentrations calculated using Equation 5.18. c̄s denotes the
concentration (fluorescence intensity) normalised by the total intensity
in the line. c, g) The gradient in salt concentration from line profiles
(solid) or calculated with Equation 5.19 (dotted). d, h) The ratio of
∇ ln cs observed for the dye to the theoretical value.
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Figure 5.9: Enlarged views at the nozzle in dye diffusion experiments. a) Sodium fluorescein dye enters via central channel. b) Dye enters via
outer channels. c) Fluorescence image of a preliminary experiment
with rhodamine B instead of sodium fluorescein, in which the dye
penetrates the p d m s walls [214]. A different lookup table was
is used to distinguish this from the main fluorescein experiments.
The insets show enlarged views of the lower confluence point and
all have side length 40 µm.

diffusio-osmosis7 [212] and it is to diffusiophoresis what electroosmosis is to
electrophoresis [174, 178].
Given that the radius of curvature of the p d m s wall shown in the insets
of Figure 5.9 is orders of magnitude greater than κ−1 , the slip velocity at this
wall should be well described by the sum of Equations 5.5 and 5.6. The zeta
potential of p d m s is similar to that of the colloidal silica [213] and the almost
discontinuous solute gradient at the very point of confluence might drive a very
large slip velocity indeed. Thus it is concluded that the solute gradient was
disrupted by a ‘slinging’ flow around the corner of the nozzle, induced by the
solute gradient. Such are the perils of surface science in a system which is
necessarily bounded by surfaces.
The reasons for the disparity between the experimental and theoretical solute
profiles are certainly interesting but the most important conclusion from this
section is that there is a disparity. Thus the electrolyte gradient in the diffusiophoresis was not exactly known, ruling out the possibility of reconciling the
magnitude of the diffusiophoretic velocity in experiment and theory.

7 Or

‘capillary osmosis’ [169].
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5.5 Conclusions
It has been demonstrated that a combination of a microfluidic ψ channel and
single particle tracking may be used to directly measure diffusiophoretic velocities. The results were compared with theory and the fidelity of the measurements
was such that subtle details of the predicted velocity profiles were identifiable
in the experimental ones. The magnitudes of the experimental diffusiophoretic
velocities were found to be consistently higher than those predicted by theory. This was ascribed to differences between the theoretical and experimental
solute gradients leading to an underestimation of the diffusiophoretic driving
force. With minor modifications to bring the solute gradient under control, it is
likely that this method will prove powerful in measuring the detailed responses
of colloidal particles to solute gradients.

5.6 Outlook
The use of a glass device such as that used in Reference 196 with sharper
features in the nozzle would likely allow for a much better approximation of a
step in solute concentration at the nozzle. A convenient internal control might
be to combine the two main experiments of this chapter. Namely, by using
a fluorescent electrolyte gradient to drive diffusiophoresis, both the particle
motion and the solute gradient might be measured simultaneously. This would
require a dye of higher diffusivity and higher self-quenching concentration than
the one used in this chapter.
Once the issue of the solute gradient has been ironed out, it is envisioned
that the method described in this chapter might become a standard laboratory
technique to measure diffusiophoretic mobilities, in analogy to capillary electrophoresis. What has not yet been fully demonstrated here is the considerable
versatility of the method. For example, diffusiophoretic mobilities could be
measured from a very small quantity of non-fluorescent particles, utilising the
reflection signal from single particles in very dilute dispersion.
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Summary for a broad audience
Water and oil do not mix. Therefore if we pour cooking oil into a glass of
water, it will form a separate oil region, floating atop the water. It is possible
though to spread the oil through the water, and without breaking our intuitive
understanding that they do not mix. The trick is to make and maintain very
small portions of the substance to be dispersed. The combination is then
known as a colloidal dispersion. One example is milk, which contains tiny
oil droplets in a sea of water. Thus the oil and water are still in separate
regions, but now there are billions of small oil regions spread throughout one
big water one. Such a dispersion is different from a true solution. Ethanol, for
example, cannot form a colloidal system in water because the two substances
mix completely, making a single region of ethanol-water solution.
The two components need not be liquids to form a colloidal dispersion. Toothpaste contains solid particles which participate in microscopic sandblasting of
your teeth. More tasty are the solids swirling around in a cup of coffee and
the lethargic fragments of fruit in tomato ketchup. A gas may also be involved
such as in fog, which is water droplets dispersed in air. The solid particles or
liquid droplets in all of these are too small to be seen with the naked eye. In
fact, with sizes around  micrometre (µm), they are about  times smaller
than the breadth of a hair but still , times larger than atoms. Particles
of this size are able to stay dispersed in the continuous liquid for a long time: a
glass of milk left on the counter will remain opaque while a mixture of sand and
water quickly separates. Another important property of colloidal systems is
the very large surface area of contact between the two substances: surface area
increases whenever an object is broken down into smaller pieces. In addition
to their occurrence in nature and everyday life, the special properties of colloidal particles are often put to work in industrial processes and fundamental
research.
The modern world has high demands for machinery and some of these are met
by colloidal matter in the form of paints and lubricants. Colloid science also
has a role to play in the processing of minerals and manufacture of ceramics.
In research laboratories, colloids may be studied for industrial applications
but they have further utility as models for much smaller entities like atoms or
molecules. A model should share at least some properties with the real system,
but should also be easier to observe. For example, oranges can be used to
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model atoms and test theories about the most efficient packing of balls into
boxes. Because oranges have only a few properties in common with atoms
(most importantly being more or less spherical), the atomic theories which can
be tested are quite limited. Colloidal particles have more properties in common
with atoms and molecules and therefore can be used as a better model. Objects
which cannot be seen would seem to be unfit to serve as a model, when one
might just as well use the invisible atoms themselves. The difference is that
colloids can be observed with any high school microscope, which is convenient
enough to make the model useful.
The abilities to create, observe and manipulate colloidal particles are central
to colloid science. The work of this thesis was to make a contribution to each
of these three pillars of the discipline, to sharpen the tools which give us these
abilities and to understand what is happening at the cutting edge.
Presented first is the ‘creation’ (synthesis) part of the thesis. In Chapter ,
we improved methods of making spherical silica (glass) particles. These can
be used as a model for atomic behaviour. The particle sizes can be controlled
by adding layers (like growing a snowball) until a desired size is reached. The
challenges lie in ensuring that all the particles are the same size and that they
stay separate during growth. Otherwise the result will not be uniform spheres
but a hodgepodge of snowman shaped particles. These problems are most
prevalent for smaller particles (e.g. <. µm). These smaller particles are less
affected by gravity and so behave more like atoms (and less like oranges). With
recent improvements in microscopy, smaller particles can be imaged. In this
chapter, we overcame the synthetic challenges associated with making uniform
small particles, in order to take advantage of our new ability to observe this
better model system.
Chapter  is also concerned with creation of colloidal particles, but in this
case liquid droplets. These are also difficult to make uniform in diameter,
especially in the colloidal size range. One solution is to make each droplet
one at a time using something like a µm sized dripping tap. Fluid handling
at this small scale is called ‘microfluidics’. This one at a time method is
very slow compared to other methods of droplet production, so in Chapter 
we investigated a method involving  such ‘taps’ dripping in parallel. In
this way we were able to speed up the production of uniformly sized colloidal
droplets.
In the ‘observation’ part of the thesis, Chapter  is concerned with testing
imaging capability of a modern optical microscope. For this measurement, one
should use an object with a size close to the smallest thing that can be resolved.
Such measurements allow improved restoration of images in post processing.
As an example, imagine a camera which takes photos which are always blurred
vertically (maybe the sensor/film is loose and moves when the shutter button
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is pressed). If you take a photo of a small/far away source of light (e.g. a star
or a pinhole), it will appear as a vertical line, when we know it should look like
a dot. Based on how stretched dot has become, we know how much blurring is
taking place. If we take another photo of a face, the blur will render it almost
unrecognisable. However, if we imagine the portrait to be made up of many of
the dots that we measured, we can apply a reverse process and undo some of
the blurring. This allows more detail to be seen in the restored photo, although
some information is irrecoverably lost.
The microscope in question is one which is able to make  d volume images
by taking a picture of one slice at a time, similar to how a medical c t scanner
looks inside a patient. Microscopes are usually calibrated with a flat test target
but this can only measure two out of three dimensions in a  d microscope.
Therefore in this chapter, we developed a thick test sample with the required
small objects (fluorescent silica spheres) distributed in  d.
Finally, in Chapter , we investigated a way of manipulating colloidal
particles. Particles respond to differences in salt concentration by moving
towards or away from areas of high concentration. Thus by controlling salt
concentrations in their environment, we can change their speed and direction
of movement. The experimental procedure involved particles flowing along a
microfluidic channel with different salt concentration in the centre and at the
sides.
To illustrate this, consider a street with a crowd exiting a stadium at one end.
People will not respond much to salt on the ground so instead we can study
their response to chewing gum stuck to the street. We put a lot of chewing
gum close to the outer edges and none in the middle. Since nobody likes to
walk on sticky gum, the people who began at the sides of the streaming crowd
will start moving towards the middle of the street. The particles do something
similar, although they usually move toward the region of high salt.
This phenomenon has previously been studied by examining the averaged
behaviour of many particles. For our analogy, this is akin to studying the
people using only the overlapping footprints left when the crowd is gone. From
these, the tendency to move into the middle of the street is clear, and the
approximate speed at which people do so may be inferred from how far from
the stadium doors the footprints become focussed in the middle. Such a study
would struggle to test a detailed theory predicting that the people move to the
middle at different speeds, depending on how much chewing gum is currently
under their feet. In this work, we zoomed in and analysed videos of individual
particles and were able to confirm the fine details of a comparable theoretical
prediction.
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Water en olie mengen niet. Daarom krijgen we twee aparte delen als we
olie in een glas water schenken: een gedeelte met alleen water en een ander
deel met alleen olie. Echter is het mogelijk om de olie door het water te
verspreiden én ons begrip te houden dat ze niet mengen. De truc is om hele
kleine druppeltjes te maken. De combinatie heet dan een colloı̈daal mengsel.
Melk is een voorbeeld hiervan. Het bevat kleine oliedruppeltjes in een zee van
water. De olie en het water bevinden zich dus nog steeds in aparte gebieden,
maar nu zijn er miljarden oliegebiedjes verspreid door een groot watergebied.
Dit soort mengsels zijn anders dan een oplossing. Ethanol bijvoorbeeld vormt
nooit een colloı̈daal mengsel in water want de twee stoffen mengen helemaal
door elkaar. De resultaat is dan één gebied dat een ethanol-water oplossing
bevat.
De twee stoffen hoeven niet vloeibaar te zijn om een colloı̈daal mengsel te
vormen. Tandpasta bevat wel water maar ook vaste deeltjes die door een
soort miniatuur zandstralen je tanden schoon houden. Lekkerdere deeltjes die
je regelmatig tegenkomt zijn de vaste stoffen die rondwervelen in een kopje
koffie en de fruitdeeltjes die in tomatenketchup zitten. Een gas kan ook mee
doen, zoals in de nevel, die waterdruppeltjes verspreid door lucht is. De vaste
deeltjes of vloeibare druppeltjes zijn te klein om met het blote oog te zien.
Met groottes van ongeveer  micrometer (µm) zijn ze . keer groter dan
atomen en  keer kleiner dan de breedte van een haar. Deeltjes van deze
maat kunnen voor een lange tijd verspreid blijven door een andere stof: een glas
melk op tafel blijft ondoorzichtig terwijl een mengsel van zand en water zich
snel scheidt. Een andere belangrijke eigenschap van colloı̈dale systemen is het
grote raakvlak tussen de twee stoffen. Dit komt doordat het oppervlak vergroot
als een voorwerp tot kleinere stukjes afgebroken wordt. Naast hun voorkomen
in de natuur en in het alledaagse leven, worden de bijzondere eigenschappen
van colloı̈daal materie vaak aan het werk gezet zowel in industriële processen
als fundamenteel onderzoek.
De moderne wereld heeft veel hoge eisen voor machines en aan sommige
hiervan wordt voldaan dankzij colloı̈daal materie, bijvoorbeeld in de vorm van
verven en smeermiddelen. De colloı̈dchemie heeft ook een rol in het verwerken
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van mineralen en in de productie van keramiek.
In onderzoekslaboratoria worden colloı̈den bestudeerd voor deze industriële
toepassingen, maar ze worden ook vaak gebruikt als modellen voor veel kleinere
entiteiten, zoals atomen of moleculen. Een model moet tenminste wat eigenschappen gemeen met het echte systeem en moet ook makkelijker te observeren zijn. Bijvoorbeeld, sinaasappels kunnen gebruikt worden om atomen
na te bootsen, en theorieën van efficiënte bolstapeling te testen. Omdat sinaasappels maar een paar eigenschappen gemeen met atomen hebben (zoals bolvormig zijn), zijn de atomistische theorieën die getest kunnen worden beperkt.
Colloı̈dale deeltjes hebben meer eigenschappen gemeen met atomen en moleculen en vormen daardoor een beter modelsysteem. Onzichtbare dingen klinken
misschien als onhandige model. Echter zijn colloı̈den makkelijk om te zien met
de meest simpele microscoop en dit gemak maakt het model nuttig.
Het creëren, observeren en manipuleren van deeltjes staat centraal in de
colloı̈dchemie. Het werk van dit proefschrift is een bijdrage aan elk van deze
drie pijlers van het vakgebied door de gereedschappen die ermee geassocieerd
worden te verfijnen en de beperkingen ervan te begrijpen.
Het proefschrift start met het ‘creëren’ (synthese) gedeelte. In Hoofdstuk 
verbeterden we methoden voor het maken van bolvormige glasdeeltjes. Deze
deeltjes kunnen gebruikt worden in een model dat het gedrag van atomen
nabootst. Controle over de grootte van deze deeltjes is mogelijk door het
toevoegen van lagen tot een gewenste diameter. Dit is net als de groei van
een sneeuwbal. De uitdaging is om deeltjes te maken die allemaal dezelfde
maat hebben en die apart blijven tijdens de groei. Anders is het resultaat
niet uniform, maar een mengsel van sneeuwpop-vormige deeltjes. Deze problemen zijn het ergst bij het maken van kleinere deeltjes (<. µm). Tegelijkertijd
hebben deze als voordeel dat ze minder beı̈nvloed worden door de zwaartekracht
(en zich dus meer als atomen gedragen). Met recente verbeteringen van microscopen wordt het mogelijk om kleinere deeltjes te zien. Doordat we deze
deeltjes nu kunnen zien, is het de moeite waard geworden om de creatie ervan
te verbeteren. In dit hoofdstuk overwonnen we problemen rond het maken
van uniforme en kleine deeltjes. Nu zijn ze klaar voor gebruik als verbeterd
atoommodel.
Hoofdstuk  houdt zich ook bezig met het maken van colloı̈dale deeltjes,
maar hier in de vorm van vloeibare druppeltjes. Het is moeilijk om deze druppeltjes te maken met een uniforme diameter, vooral in de colloı̈dale maat. Een
oplossing is om elke druppeltje apart te maken met zoiets als een micrometer
druppelende kraan. Vloeistofbehandeling op deze kleine schaal heet microfluı̈dica. Deze methode, waarbij elke druppel apart wordt gemaakt, is langzaam in vergelijking met andere manieren om druppeltjes te maken. Om dit te
versnellen onderzochten we in Hoofdstuk  een methode met  ‘kraantjes’ in
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parallel. Hierdoor konden we de productie van uniforme druppeltjes versnellen.
In het ‘observatie’ deel van het proefschrift, Hoofdstuk , gaat het over de
kalibratie van een moderne lichtmicroscoop. Net als in alle wetenschappelijke
beeldapparatuur, is het belangrijk om te controleren dat de microscoop de
werkelijke dingen weergeeft. Voor deze meting gebruikt men een voorwerp dat
even groot is als het kleinste ding dat gezien kan worden door de microscoop.
Naast kalibratie, vergemakkelijkt deze meting ook het beeldherstel in nabewerking. Ter illustratie, stel je een camera voor die foto’s maakt die allemaal
verticaal vervaagd zijn (misschien is de sensor/film los en beweegt hij als de
ontspanknop ingedrukt wordt). Als test maak je eerst een foto van een kleine
of verre lichtbron (zoals een ster). Het zal in de weergave verschijnen als een
verticale lijn, terwijl we weten dat het een puntje moet zijn. Gebaseerd op hoe
uitgerekt het puntje is, weten we hoeveel vervaging plaatsvindt en hoeveel we
moeten corrigeren. Als we dan vervolgens een foto van een gezicht maken, zal
hij bijna onherkenbaar zijn door de vervaging. Maar het portret is gewoon een
collectie van vele vervaagde puntjes, die we begrijpen dankzij de meting van
de ster. Met deze kennis kunnen we de vervaging (gedeeltelijk) omkeren. Hierdoor kunnen meer details gezien worden in de herstelde foto, maar sommige
informatie is onherstelbaar verloren.
De microscoop uit dit hoofdstuk kan  d volume afbeeldingen maken door
foto’s te maken van een plak per keer zoals in een medische CT scanner. Meestal
wordt een plat  d kalibratiebeeld gebruikt om microscopen te kalibreren, maar
dit is niet voldoende voor een  d microscoop. Daarom ontwikkelden we in dit
hoofdstuk een dik testvoorwerp met de gewenste kleine puntjes (fluorescent
silicadeeltjes) gedistribueerd in  d. De bijdrage van dit hoofdstuk was het
maken en demonstreren van een voorwerp gemaakt van fluorescent colloı̈dale
deeltjes dat geschikt is voor deze kalibratietesten.
Tot slot onderzochten we in Hoofdstuk  de manipulatie van colloı̈den.
Deeltjes reageren op verschillen in zoutconcentratie door te bewegen van of naar
regio’s van hoge concentratie. Door de zoutconcentratie in hun omgevingen te
beheersen, is het mogelijk om de snelheid en de richting van hun beweging te
veranderen. De experimenten waren met deeltjes die door een microfluı̈dische
kanaal stroomden, waarbij de zoutconcentratie in het midden anders was dan
die van de zijkanten.
Om dit te illustreren, kan je denken aan een menigte die allemaal het treinstation verlaten op weg naar de stad. Mensen reageren nauwelijks op zout
op straat, dus in plaats daarvan onderzoeken we hun reactie tot kauwgum
op de grond. We zetten veel kauwgum op de stoep van de straat en niks in
het midden. Doordat niemand vindt het leuk om op plakkerige gum te lopen,
zullen de mensen onderweg naar de stad steeds meer in het midden van de
straat gaan lopen. De deeltjes in dit hoofdstuk doen iets soortgelijks, hoewel
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ze meestal bewegen naar de regio met een hoge zoutconcentratie.
Dit fenomeen werd al onderzocht door te kijken naar het gemiddelde gedrag
van veel deeltjes. In ons voorbeeld, is dit verwant aan onderzoek naar de
mensen met het gebruik van alleen de overlappende voetafdrukken die zijn
achtergelaten als de straat weer leeg is. Hiervan is de richting van beweging
naar het midden duidelijk en een snelheid kan berekend worden van hoe ver
van de stationsdeur iedereen gefocust in het midden van de straat wordt. Dit
soort onderzoek zou het moeilijk vinden om een gedetailleerde theorie te testen.
Bijvoorbeeld een theorie die voorspelt dat mensen bewegen met verschillende
snelheden, op basis van de hoeveel kauwgum die op dat moment onder hun
voeten is. In dit hoofdstuk zoomden wij in en analyseerden we de individuele
deeltjes in het microfluı̈dische kanaal om zo de fijne details van een vergelijkbare
theorie te bevestigen.
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