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ABSTRACT.

Titanium dioxide is the main white pigment used in the paint industry. It is the most efficient
broad-band light scattering material due to the high refractive index and its ability to scatter
light across the entire visible range of the electromagnetic spectrum. However, the high
production costs and the high carbon footprint associated with this compound constitute a
motivation for investigating alternative materials. Polymeric particles have the potential to
become a competitive alternative considering both their physical properties and the
comparatively low production costs. The objective of this work was the identification of a
simple and cost effective system for the production of bio-mimetic multi-voided polymeric
particles, to be introduced in paint formulation as a partial replacement for the industrial
white material titanium dioxide.

Nature does not rely on titanium dioxide to produce striking examples of white and is
particularly ingenious in designing structures that are capable of maximising the amount of
scattering in very little material, producing a remarkable white in very thin tissues. Some of
the most relevant structures displaying exceptional white are the scales of the Cyphochilus
and Lepidiota stigma beetles, consisting of isotropic networks of rod-like filaments of chitin
and air-filled voids, and the foam-like structures found in the feathers of the Garrulus
glandarius (Eurasian jay) bird, consisting in spherical air-filled voids within a keratin matrix.
Those were identified as the target structures for the synthetic work. An effective way of
producing porous structures in polymer materials is based on the possibility of inducing
phase separation in an initially homogeneous polymer solution. The phase separation
process can be initiated by the introduction of a non-solvent (NIPS) into the system and can
proceed by a mechanism of nucleation and growth, producing closed pores within a
polymer matrix resembling the foam-like structures of the Garrulus glandarius, or by
spinodal decomposition, producing interconnected polymer-pore domains, similar to the
networks found in the Cyphochilus and Lepidiota stigma beetles’ scales.

Polystyrene was the polymer selected for the synthetic work, due to a good compromise
between costs, refractive index and a large selection of good solvents. The first attempt at
fabricating polystyrene multi-voided particles by NIPS involved a simple ternary system with
tetrahydrofuran as the solvent and deionised water as the non-solvent. The process was

successful in achieving porosity, but particles size and shape were difficult to control. The



fabrication process was upgraded by employing an Ink-Jet apparatus, capable of reducing
and standardising the size of the polystyrene solution droplets. The Ink-Jet provided a way
to control particles’ shape and size, but presented a fatal flaw in the fact that the production
was limited to a very small amount of material and the process was not industrially scalable.
In order to overcome these limitations, a modification of the fabrication process was
necessary, whereby the ability to control shape and size of the polymer solution droplets
would not rely on the mechanical capabilities of the equipment employed, but rather on the
intrinsic properties of the chemical system. An emulsion system was considered, where the
polystyrene in toluene solution was finely dispersed into a continuous phase of deionised
water. The spherical shape of the droplets was achieved by the action of the surface tension
and the droplets’ size could be controlled by the level of shear applied to the emulsion
mixing. The emulsion method allowed the production of particles with the desired
specifications and was a scalable process. The scale up was performed in the AkzoNobel®
laboratories. The polystyrene multi-voided particles, along with titanium dioxide and the
extender Ropaque, were implemented in paint formulations. The paints were spread on
substrates to produce paint films of a desired thickness. The reflectance of the paint films
was measured using a spectrophotometer and their density calculated. The reflectance and
density data allowed the calculation of the scattering coefficient of the paints. A factorial
design analysis of the scattering results was performed in order to compare the scattering
power of the polystyrene multi-voided particles with those of titanium dioxide and
Ropaque, and to highlight any synergistic effects between these materials. The analysis
concluded that polystyrene multi-voided particles have a scattering power of 57-60% that of

the Ropaque extender and of 6-8% that of titanium dioxide.
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OBJECTIVE.

The objective of this project is the creation of a simple and cost effective system for the fabrication
of bio-mimetic multi-voided polymeric particles for light scattering. The inspiration for the internal
structure of the particles is derived from natural structures capable of exploiting purely physical
mechanisms of light — matter interactions in order to produce long lasting structural colour.” A
particular focus is given to broad-band reflectors and scatterers,’ able to achieve white due to the
efficient scattering of light across the entire visible spectrum. Several species of beetles* and birds’
have evolved the ability to produce structures able to maximise light scattering in thin and light
organic tissues.® This work is an attempt to mimic such structures in polystyrene particles that would
act as small broad-band scatterers, producing white.

The ultimate goal of the project was the implementation of the multi-voided particles in paint
formulations provided by the industrial partner AkzoNobel®. The particles act as light scattering
centres within the paint, contributing to opacity and white in paint films.’

The function of white materials and opacifiers in industrial paints is currently performed by titanium
dioxide,® which is a very efficient scatterer with a high refractive index.! Titanium dioxide is assisted
in the role of opacifier by other agents known as extenders,” generally consisting of inorganic
materials such as calcium carbonate, aluminium silicate, magnesium carbonate, which are not as
effective as TiO, due to a lower refractive index.” Organic extenders, consisting of core-shell (or
voided) polymer latex particles, are also employed.’ In general, the core-shell polymer particles
exploit the difference in refractive index between the polymer shell and the air contained in the
single cavity (core) to scatter light in the visible range of the electromagnetic spectrum. Extenders
are used in paints in order to reduce the amounts of titanium dioxide, which is an expensive material
with a high carbon footprint.'> The introduction of cheap bio-mimetic polymeric broad-band
scatterers in paint films, acting as organic extenders characterised by multiple air-filled voids, may
contribute to a further reduction of TiO, levels and lead to more eco-friendly paints. It is obvious
that the high refractive index of TiO, (n = 2.61 at the wavelength of light A = 589 nm) and its ability
to scatter light across the entire visible range of the electromagnetic spectrum make this compound
the most preferable broad-band light scattering material. However, other scattering agents, in
particular polymeric particles, could be a competitive alternative considering both their physical
properties and production costs. In this respect, it would be useful to obtain quantitative
information about to what extent these materials can be used as opacifiers in a comparison with
TiO,. So far there was no systematic study providing insights into potential applications of multi-

voided polymeric opacifiers.



CHAPTER 1: OPTICS.

Light can be defined as a transverse electromagnetic wave, where the direction of the energy
propagation is perpendicular to the motion.'* The refractive index n is a key parameter in the
description of the light phenomena that occur when the electromagnetic (EM) radiation interacts

with matter. The refractive index is defined as:*

Equation 1

3
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where ¢ and v are the velocity of the electromagnetic radiation in vacuum and in a medium
respectively. The refractive index determines the extent at which the EM radiation is refracted at the
interface of two different media." It has to be noted that the refractive index depends on the

wavelength of the EM radiation.

The electromagnetic radiation spectrum is broad, encompassing gamma-rays to one end with waves
of high frequencies v (in the order of exa-Hertz) and short wavelengths A (pico-meters) to radio-
waves with low frequencies (Hertz) and long wavelengths (km) to the other end.”® The range of EM
radiation that can be directly perceived by the human eye is referred to as visible light and it is
delimited by the violet light with frequency of 750 tera-Hz and wavelength of 400 nm and by the red
light with frequency of 430 tera-Hz and wavelength of 700 nm.**

Colour is a human perception derived from the stimulation of the cone cells in the eye, triggered by
EM radiation. Three different types of cone cells respond to different bands of light wavelengths:
564-580 nm (red), 534-545 nm (green), 420-440 nm (blue).* The combination of stimuli due to the
three types of cone cells, defined as trichromacy, covers the entire visible range in humans.'* Other
animal species have cone cells sensitive to other bands (eg. ultraviolet) or a different number of
cone cells (eg. five in the Papilio butterfly, pentachromacy) providing a different vision experience."
Sight is one of the most effective ways in which living organisms gain information on the external
environment. Colour plays a key role in the evolution where organisms developed coloured tissues
for different purposes, from species recognition to sexual selection and camouflage.'® *’

Colour can be produced by reflected or transmitted light as the result of wavelength selective
absorption. This is generally defined as a chemically produced colour and it occurs in materials such
as pigments and dyes.’ The energy carried by the photons induces the promotion of electrons to

higher molecular energy levels in conjugated systems of double bonds present in the chromophore
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molecules. Part of the visible light is thus absorbed by the pigment while only certain wavelengths
are transmitted or reflected giving rise to the observed colour.’

However, colour can also be the result of purely physical mechanisms occurring when the light
interacts with certain types of structures in a material. Thin-film interference, multi-layer
interference, diffraction and scattering are such mechanisms.”® The colour generated by those is
defined as structural colour and it is the focus of this work. One of the main advantages of structural
colour over pigmentation is that, while pigments undergo chemical degradation and gradually lose
the ability to perform wavelength selective absorption, the organic design responsible for structural

colour remains virtually unchanged over time.”

When describing optical phenomena, light is usually represented in the form of a ray, which can be
defined as an imaginary line that symbolises the direction in which the radiant energy flows. A group
of parallel light rays is usually defined as a light beam."” These concepts are systematically used in

this work to illustrate the behaviour of light interacting with objects.

When light travels from a medium with refractive index n; to a second medium with refractive index
n,, reflection and refraction of the incident wave takes place. This scenario is effectively described by

the Fresnel’s Law.’

Incident Reflected
91 el’
n, N\
Interface
n, _
[4+]
g/
2 6
Refracted

Figure 1: Light behaviour at the interface between two isotropic media with refractive indices n; and n,. The incident light

beam is reflected with an angle 6,= ©; and refracted with an angle 8, at the interface between the two media.

A plane wave incident with an angle ©; on an interface between two isotropic media with refractive
index of n; and n, respectively, is reflected 6, and refracted 6, at the interface: the directions of the

incident, reflected and refracted waves lie on the pIane.5 The reflectance r and transmittance t at the
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interface are dependent on the polarization of light. Considering the two extremes, s-polarised light
with the electric field direction perpendicular to the plane and p-polarised light when parallel to the

plane, r and t are given by the equations:’

n, cos 8y — n, cos6 )
T, = L 1 2 2 Equation 2
nq, cos 04 + n, cos 6,

2n,cosf
t. = 1 1 Equation 3
S

nq, cos 6, + n,coso,

for s-polarised light and:

n, cosf,; — n,cos b,

r. = Equation 4
P nycosf, + n,cosb,
t.. = 214 €05 6, Equation 5
P nycos@; + n;cosf,
for p-polarised light.
From the Fresnel’s Law, the Law of Reflection (Figure 1):*°
0, = 0, Equation 6
and the Snell’s Law (Refraction) (Figure 1) are derived:*
sin 61 = ﬁ — /11 = e Equation 7

sin, v, A, ny

where v is the velocity of light in the respective media and A is the wavelength.”
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THIN-FILM INTERFERENCE.

One of the simple structures that give rise to structural colour when interacting with light is a thin,

transparent film and this interaction is defined as thin-film interference.”®

] Interference
Air e, e,

Interface

Film d

Interface v

Figure 2: The phenomenon of thin-film interference. The incident light beam is reflected with an angle 6, = 6, (eq. 6) and
refracted with an angle 6, (eq. 7) at the first interface between the two isotropic media (air and a film of thickness d) with
refractive indices n; and n, respectively. The refracted light is reflected again at the second interface and then refracted a
second time. Constructive interference between the light initially reflected and the light travelling through the film occurs

when the extra-path length travelled by the light across the film is a multiple minus half of the wavelength A, eq. 8.

When a plane wave is incident with an angle 6; on a thin film of thickness d and refractive index n; it
produces a reflected wave with an angle of reflection 6, and a refracted wave with an angle of
refraction 6,. At the second interface, the reflection takes place a second time, and the light
reflected by the two interfaces interferes. Constructive interference for a certain wavelength is

produced when (Figure 2):°

1 .
2nydcosf, = (m - E) A Equation 8

where m is an integer number. Constructive interference therefore occurs when the extra-path
length travelled by the beam across the film is a multiple minus half of the wavelength A. Structural
colour produced by thin-layer interference depends on the angle of incidence, the thickness of the

film and the refractive index of the materials.’
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MULTI-LAYER INTERFERENCE.

When thin layers of two different materials are assembled into a periodic structure, the optical
phenomenon of multi-layer interference is observed.> Considering a structure made of layers of
thin-film 1 with refractive index n; and thickness d; and thin-film 2 with a refractive index n, and
thickness d, periodically stacked on each other as in Figure 3, reflection and refraction of light take

place at each interface.

o, |

: i %terferen(/ %terferenc/ /
n, |

0,

n,
] / /
n,

Layer 1 d
N L | / / 1

Layer 2 d,
n,

Figure 3: The phenomenon of multi-layer interference. Layers of thin-film 1 with refractive index n; and thickness d; and
thin-film 2 with a refractive index n, and thickness d, are periodically stacked on each other. Light is reflected and refracted
at every interface. Constructive interference is produced when the extra-path length travelled by the beam across the films

is a multiple m of the wavelength A, eq. 9.

Constructive interference is produced when:’

2 (n;dycosfy + nydycosf,) =ma Equation 9

where m is an integer number. Constructive interference therefore occurs when the extra-path
length travelled by the beam across the films is a multiple m of the wavelength A.

Due to the multiple reflections, the colour produced by multi-layer interference is more intense than
the colour produced by thin-film interference, and it depends on the thickness of the two layers, the
refractive index of the materials and the viewing angle of the observer, giving rise to the

phenomenon of iridescence.’

14



Iridescence occurs when the colour observed changes according to the viewing angle and the
spacing d between planes or interfaces.” This is due to the different angles of reflection and
refraction for different wavelengths of light. When white light interacts with a thin layer, light at the
violet-end of the visible spectrum is reflected with larger angles than light at the red-end of
spectrum.

Since the distance that the light travels when reflecting at the two interfaces of a thin layer depends
on the angle of incidence and the layer thickness d, the conditions for constructive interference

change accordingly.’
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DIFFUSE OR INCOHERENT REFLECTION.

When light interacts with a smooth surface, as in the cases described above, light is coherently
reflected along a specular direction, with an angle of reflection equal to the angle of incidence.

However, when light interacts with surfaces of increasing roughness, a fraction of the incident light
is reflected in directions other than the specular one. This fraction is defined as diffuse or

incoherent reflection.?”

When the magnitude of the diffused reflection is so significant that the specular component can be

neglected, then the surface is considered to be a rough or matt surface.

W/
B

AO B
= Ab#0
Smooth Surface Rough Surface

Figure 4: A smooth surface (left) producing coherent reflection. The phase difference A between two parallel light waves
reflected at random points A and B would be equal to zero, producing coherent reflection, since the height difference
between the two points | A - B | is equal to zero (eq. 10). A rough surface (right) producing incoherent reflection. The phase
difference Ad between two parallel light waves reflected at random points A and B would be different from zero (eq. 10),
since the height difference between the two points | A - B [ is # zero. For a small degree of roughness A << mt the reflected
waves in the specular direction will be almost in phase and will produce constructive interference. For a significant

roughness Ad = it the waves will be out of phase, determining destructive interference.

When parallel beams of light interact with a rough surface, each beam behaves accordingly to the
law of reflection, with the angle of reflection being equal to the angle of incidence: but since
contiguous sections of the surface have different orientations, the reflected beams are all oriented
in different directions, producing incoherent reflection.”*

A description of diffuse reflection may be given considering a system constituted by a rough surface.
Any two points may be chosen on the surface and labelled A and B. When two parallel beams
interact with the surface at these points, different scenarios may take place: the reflected light
waves on the specular direction may be in or out of phase.*

The phase difference A¢ between the two waves is given by the equation:*

Ap=2|k||A—B|cosby Equation 10

16



where |k| is equal to 2w / A and is defined as the modulus of the wave vector of the incident light
of wavelength A, while 8, is the angle of incidence measured from the normal line.”

If the surface is smooth, the height difference between the two points | A — B | is equal to zero,
therefore the phase difference Ag of the waves in the specular direction is also equal to zero and it
is independent of the angle of incidence.”

If the surface is rough,?® then A¢ # 0. For a small degree of roughness A¢p < 1 the reflected waves
in the specular direction will be almost in phase and will produce constructive interference.”

For a significant roughness A¢p =~ m the waves will be out of phase, determining destructive
interference.”

A¢p = m/2 is known as the Rayleigh criterion and is generally considered as the threshold for
roughness. When A¢ < m/2 the surface is smooth; when /2 < A¢ < m or A¢ > m the surface is

rough.”
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DIFFRACTION.

When a beam of light interacts with an obstruction with dimensions comparable to the wavelength
of the propagating light, a scattering phenomenon takes place, defined as diffraction.”

This phenomenon is easily observed when a beam of light interacts with a diffraction grating, an
object in the form of a sheet of transparent material such as glass or a polymer, with a large number
of parallel grooves on it. The behaviour of light is similar to what observed for the double-slit
experiment.’ The scenario in Figure 5 illustrates the diffraction produced by a grating with slits of

width s and placed at a distance d:*

Figure 5: A diagram of a diffraction grating with slits of width s separated by a distance d. The diffraction angle is
represented by 6.

When the beam of light is normally incident on the grating, the diffraction produces maxima at an
angle 6, according to the relation:*

dsind=mA Equation 11

where d is the distance between the slits, A is the wavelength and m an integer number.
If the incident beam has an angle of incidence a, then the equation describing diffraction is modified
as:*°

d(sinf +sina)=mA4 Equation 12

18



In the case of multiple slits on the diffraction grating, the intensity distribution /g of the diffracted

beams is given by:*

sin? (N % d sin 9)
sin? (% d sin 9)2

Equation 13

where /,is the intensity of the incident beam, N is the number of slits, d the distance between slits.
The total intensity distribution for the diffraction phenomenon is given by the contributions of both
diffracted beams and interference. Therefore the above equation is modified to include

interference, as:*

sin? (% ssin 9) sin® (N % d sin 9)

(% ssin 9)2 sin? (% d sin 9)2

Ig =1, Equation 14

The intensity is proportional to sin? (N % d sin 9) which means that the intensities of the principal

maxima are proportional to the square of the number of slits N. Increasing the number of slits
produces narrower maxima with higher intensity, with blue light nearer to the direction of the

incident beam and red light further away.”
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PHOTONIC CRYSTALS.

When EM radiation is incident on a crystal with crystallographic planes in the lattice separated by a
distance d, a phenomenon of constructive interference takes place. Materials exhibiting this effect
are referred to as photonic crystals.”2 2 In a scenario where two waves, labelled 1 and 2, in phase
with each other, are incident on a photonic crystal with crystallographic planes at a distance d and

are scattered by scatters A and B on two parallel crystallographic planes, as described in Figure 6,

Crystallographic plane 2 B

Figure 6: Constructive interference generated by the interaction of light with a photonic crystal. Waves 1 and 2 are
scattered by scatters A and B respectively, located in two parallel crystallographic planes at a distance d. The conditions for
constructive interference are described by the Bragg’s Law (eq. 15): the light interacting with the second plane travels a

longer path length, equivalent to twice the distance d between the planes multiplied by sin ©.

the conditions for constructive interference are described by the Bragg’s Law:*

2dsin0 = mA Equation 15

where m is an integer number.
The light interacting with the second crystal plane travels a longer path length, equivalent to twice

the distance d between the planes multiplied by sin 6.
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LIGHT SCATTERING.

Light scattering can be defined as the change of direction and intensity of a light beam due to its
interaction with an object. Scattering is the result of the combined effects of the phenomena of light
reflection, refraction and diffraction previously described (Figure 7).”> A comprehensive theory
describing light scattering as the result of the interaction of a light beam with spherical particles was
formulated by Gustav Mie and it is generally referred to as Mie scattering. This theory accurately
predicts the angle and the intensity of the scattered light beam, due to the light — particle

interaction.*

Reflected ray

Refracted ray
>

Transmittedray — G wmy o -
after internal reflection

Spherical particle

Figure 7: The interaction of a light beam with a spherical particle. Scattering is defined as the change of direction and
intensity of a light beam and can be interpreted as the result of the combined effects of light reflection, refraction and
diffraction. A fraction of the light is also transmitted after internal reflection. Adapted from “A Primer on Particle Sizing by

Static Laser Light Scattering” by P. Webb.™

In order to simplify the description of light scattering, a series of constrains and conditions are
applied. Mie theory only considers the scattering from spherical, isotropic particles and the incident
light is considered to be monochromatic and composed of only plane waves. Only the scattering
derived from the primary light source (defined as single scattering) is taken into account, leaving out
the effects of multiple scattering, which include the light scattered from neighbouring particles."
Only static elastic scattering is considered, therefore the effects of particles motion are ignored,
along with Raman (inelastic scattering) and Doppler contributions.™

The phenomenon of light absorption is important in determining the intensity of the scattered light.
Light absorption occurs when the atomic excitation promoted by the energy of the photons is
dissipated by random atomic motion or in the form of thermal energy, rather than by photon re-
emission.’® The reduction in energy of the incident beam is defined as light extinction, which is the

degree of attenuation of the incident light energy. Light extinction is given by the sum of the
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contributions of both scattering and absorption phenomena.” Mie theory demonstrates that the
intensity of the scattered light is a function of the light wavelength, the scattering angle, the particle
size and the difference in refractive index between the particles and the surrounding medium.™ The
theory clearly highlights an angular dependence of the intensity of the scattered light for various
particles’ size (Figure 8).° In particular, with increasing particles’ size, the scattering becomes

anisotropic: a preferential direction is clearly observed, with the forward scattering being dominant.
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Figure 8: The diagram shows the angular dependence of the intensity of the scattered light for various particles size, as
demonstrated by the Mie scattering theory. With the increasing radius of the spherical particles, the scattering
progressively becomes more anisotropic. A forward preferential direction can be clearly observed. The scattering is nearly
isotropic for spherical particles of 100 nm radius. It becomes anisotropic for particles with 200, 500 and 1000 nm radii. The

simulation considers a sphere with refractive index of 1.5, a medium with refractive index of 1.33 and light with wavelength

”

of 500 nm. The arrow shows the direction of the incoming wave. Reprinted from “Structural Colour In The Realm Of Nature

by S. Kinoshita, World Scientific, 2008.°

Mie theory also shows a wavelength dependence of the intensity of the scattered light for various
particles’ size.” In a plot of scattering intensity vs wavelength (Figure 9) it can be clearly observed
that, as the particles size progressively increases, a peak occurs in the visible region of the spectrum.
This means that Mie scattering directly contributes to colour and that the colour is dependent on the
size of the particles.” Particles with a small radius would scatter violet - blue light, while with

increasing radius the peak broadens and shifts towards longer wavelengths. If a scattering material is
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composed of particles with a broad size distribution, then the scattered light would encompass the

entire visible spectrum producing white colour.

SCATTERING INTENSITY

0.2 04 06 08 1
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Figure 9: The diagram shows the wavelength dependence of the intensity of the scattered light for spherical particles of
various size. As the particles radius increases, a peaks emerges in the visible spectrum, meaning that the scattering directly
contributes to the colour. The simulation shows the scattering intensity for spherical particles of 0.1, 0.2, 0.5 and 1.0 um,
assuming that the particles have a refractive index of 1.5, are in a medium with refractive index of 1.33 and the incident
light has a wavelength of 500 nm. Reprinted from “Structural Colour In The Realm Of Nature” by S. Kinoshita, World
Scientific, 2008.°

Mie scattering is considered to be the cause of the structural colouration observed in a large variety
of biological tissues. In particular it is associated to non-iridescent structural colour, due to the
intrinsic irregularity of the structures involved. It is important to note that often the Mie scattering
observed in biological samples is not due to spherical particles, but rather to spherical voids present
within the tissues (Figure 10). The behaviour of the light interacting with a spherical void embedded
in a biological medium is analogous to the light — particle interaction previously described, therefore

Mie scattering can be perfectly applied to this type of systems.”
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Figure 10: A sketch representing the interaction of a light beam with a spherical void within a material. The light behaviour
is analogous to that shown for light — particle interaction (Figure 7). This type of system is more representative of biological

tissues that exhibit evidence of structural colour due to Mie scattering.

A special case of the Mie scattering theory is known as Rayleigh scattering and it occurs when the
EM radiation interacts with particles that are significantly smaller than light wavelength (in the order
of one tenth of 1).2° Rayleigh scattering is a type of elastic scattering, where the kinetic energy of the
wave is conserved. When the oscillating electric field of the light wave interacts with the electric
field of a particle, it induces the electric charges within the particle to oscillate at the same
frequency of the wave. As a result, the particle becomes a radiating dipole, and the radiation
emitted is observed as scattered light.”

The intensity of the scattered light is related to the size of the scattering particles and it is described

by the Rayleigh equation:*

I 1+ cos?6 (2 7'[)4 n?—1 Z(d)6 Equation 16
~ 0 2R2 p) n?+2) \2

where I, is the intensity of the incident light, A is the wavelength, © is the scattering angle, n is the
refractive index of the particles, d is the diameter of the particle and R is the distance from the
particle to the detector. The equation exhibits a strong wavelength dependence of the scattering in
the order of 1 implying that light of shorter wavelength would be scattered more strongly than light
of longer wavelength.”

The Rayleigh equation can be adjusted to account for the scattering from molecules, by expressing

the refractive index n in terms of molecular polarizability a. The equation 16 is thus modified into:*
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(1 + COSZ 9) Equation 17

Thus, due to a wavelength dependence of the scattered intensity, atmospheric dust scatters shorter
wavelength of the sun light spectrum stronger, producing the blue colour of the sky.

Both Mie and Rayleigh scattering, due to the intrinsic irregularity of the scattering medium, such as
disordered arrays of particles, are optical phenomena that produce non-iridescent structural colour,
in contrast to the other mechanisms described such as multi-layer interference, diffraction, photonic

crystals, where the regularity of the structures gives rise to iridescence.”
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CHAPTER 2: STRUCTURAL COLOUR IN NATURE.

Colour is an essential feature of living organisms. Animals and plants often display vivid and bright
colours in their plumage, membranes or exoskeletons, sometimes with complex characteristic
patterns associated with particular species or families.’

It is believed that colour plays a key evolutionary role in the animal kingdom, driving sexual
selection, facilitating species recognition or favouring camouflage dynamics.”’

In some cases, these bright colours are due to the presence of pigments in the organic tissues.
Pigments produce colour by wavelength selective absorption: the incident light is absorbed by the
molecule allowing the excitation of electrons to higher energy molecular levels. The photons whose
energies are insufficient to fill the orbitals energy gaps are reflected or transmitted.”

In other cases, the colour observed is the result of the purely physical phenomena described in the
optics section. Sometimes a combination of both is possible, like in the case of the green feathers of
some species of parrots, where the colour is the results of yellow pigments and blue structural
colour produced by scattering.” It is important to highlight that structural colour is observed
everywhere in the natural kingdom: it is present in plants, contributing to the colouration of flowers
and fruits; it is present in both terrestrial and aquatic animal life.'” In this chapter three major classes
of animals (butterflies, beetles and birds), which exhibit striking structural colouration, have been
selected, and the structures that generate either iridescent or non-iridescent colour effects are

investigated.
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BUTTERFLIES.

Lepidoptera, colloquially referred to as butterflies, are a group of insects that include hundreds of
thousands of species classified into 46 super-families.> Due to the bright colours displayed on the
large wings and often result of structural colouration, Lepidoptera have been extensively studied
from an optical point of view.* %

All the Lepidoptera species present large wings compared to the body; the wings are covered by
scales with average dimensions of 0.2 mm in length, 0.1 mm in width and 0.003 mm in thickness.’
The scales overlap slightly. If observed in detail under an electronic microscope, the Lepidoptera
scales may be classified into two main types: the cover scales, with different shapes and sizes, which
are specialised to perform several mechanical tasks, and the ground scales, with a more consistent

rectangular shape.”® %

ground scale  cover scale

Figure 11: SEM images of ground and cover scales in the Morpho didius butterfly. Reprinted from “Structural colours in

nature: the role of regularity and irregularity in the structure. Kinoshita and Yoshioka, 2005”. 7

The microscopic structure of the scales is constituted by a series of parallel ridges that are supported
by a number of small pillars, defined as micro-ribs. The ridges are connected together by arch-like
structures named cross-ribs, which run perpendicular to the ridges.

The whole framework of ridges, micro-ribs and cross-ribs is finally held firm together by larger

connecting structures named trabeculae.?®

27



Figure 12: Overview of the microscopic structure of a Lepidoptera scale. The connecting underlying structure defined as
trabeculae is highlighted (T). The ridges (R) are supported by the trabeculae and by the micro-ribs (mr). The arch-like
structures, cross-ribs (r), connecting the parallel ridges are also represented. Reprinted from “Light and colour on the wing:

structural colours in butterflies and moths. Ghirardella, 1991.%°

The interaction of light with this regular periodic ladder-like structure present in the scale
architecture is responsible for the structural colourations.
One of the most scenic and studied class of butterflies is the Morpho, native of South America. These

butterflies exhibit, for the male exemplars, a bright metallic blue colour with iridescent effects.”®

The distance between the ridges in the Morpho butterflies varies according to the species. For
example, it is 1.0 um for Morpho sulkowskyi and 0.7 um for Morpho rhetenor. The blue structural
colour is produced by the cover scales, while the ground scales beneath are pigmented and present
a dark brown colour.”

In order to understand the mechanism of the blue colour, it is necessary to look in detail at the cross
section of the ridges. If a scale is sliced, it is possible to observe that a ridge has a height of
approximately 2.0 um and it is 0.3 um in width. The key feature of the structure is the conformation
similar to a book-shelf library: each ridge presents about 6 or 7 shelves with a thickness of 0.05 to

0.07 um. The distance between the shelves is of approximately 0.2 um.*
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Figure 13: A Morpho rhetenor butterfly displaying a bright blue colour in the large wings (left). On the right, a SEM image of
a cross-section of a ridge in the scale of Morpho butterfly. The book-shelf structure, responsible for multi-layer interference,

is clearly visible. Reprinted from “Structural Colour In The Realm Of Nature” by S. Kinoshita, World Scientific, 2008.°

This configuration of the ridges operates like a multi-layer interference structure described in the
optics chapter (Figure 3): the spacing between the shelves (= 200 nm) and the shelves’ thickness (50
- 70 nm), along with an average refractive index for the shelves of n = 1.2 and the air with n = 1.0,
accounts for a constructive interference of reflected light for wavelengths around 460 nm, in the
blue zone of the visible spectrum.26 This small difference in refractive index (An = 0.2) is sufficient to
produce the prominent colour observed.

The presence of pigments in the ground scales that lie beneath the cover scales is also important,
since these pigments provide to the absorption of light of other wavelengths reflected at different
angles, enhancing the richness of the blue colour.?®

Measurements on the Morpho butterflies scales, to determine the angular dependence of the
reflected light according to the viewing angle, were performed on Morpho adonis and Morpho
sulkowskyi species. A spectrometer operating with an incident angle of -45° and a detection angle of
+30° was employed, and the butterfly scales were tilted from an angle of -90° to +90°. The
experiment showed that the reflected light ranged from wavelengths of 380 nm to 580 nm, with a

maxima of 460 nm for the Morpho sulkowskyi and 482 nm for the Morpho adonis.’
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Figure 14: Reflectance measurements of the wing of a Morpho butterfly. The diagrams show the angular dependence of the

reflected light intensity under monochromatic light illumination between 380 and 580 nm. Diagrams (a) and (c) represent

measurements within a plane parallel to the ridge; diagrams (b) and (d) represent measurements within a plane

perpendicular to the ridge. The maxima at 460 — 480 nm are evidence for the constructive interference of the blue light.

Reprinted from “Wavelength—selective and anisotropic light—diffusing scale on the wing of the Morpho butterfly. Yoshioka

and Kinoshita, 2004”. 30

A theoretical model built from the Morpho butterflies scales, consisting of shelves of refractive index

1.60 separated by a distance d of 200 nm, produced diffused reflection in the wavelength range of

400 nm to 550 nm with a maxima at 480 nm. Increasing the number of shelves from 3 to 6 and then

to 9 had the effect of producing narrower peaks, sharpening the blue colour.”
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Figure 15: Diagrams showing the reflectance from a theoretical model based on the Morpho scale, with shelf-structures of
refractive index of 1.60 separated by a distance d of 200 nm. The model produced diffused reflection in the wavelength
range of 400 nm to 550 nm with a maxima at 480 nm, similar to the real-life structure measured in Figure 14. Increasing the
number of shelves from 3 to 6 and then to 9 had the effect of producing narrower peaks, sharpening the blue colour.

Reprinted from “Structural Colour In The Realm Of Nature” by S. Kinoshita, World Scientific, 2008.°

Simpler experiments performed on the wings of the Morpho butterflies also confirmed the structural
colouration as the effect of multi-layer interference. For instance, changing the refractive index of
one of the medium (the air between the shelves of the scales) by immersing the wings into different
liquids, resulted in a rapid change in the colour observed. Ethyl alcohol with a refractive index of
1.36 produced green (Figure 16), while using toluene with a refractive index of 1.50 changed the

colour into a dark brown.®
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Figure 16: Colour change of a Morpho didius wing from blue when in air (left) to green when in ethyl alcohol (right).
Reprinted from “Structural Colour In The Realm Of Nature” by S. Kinoshita, World Scientific, 2008.°
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BEETLES.

Coleoptera, usually referred to as beetles, are a class of insects that present large variations in the
coloration of their exoskeletons, often exhibiting vivid and bright colours. The most common mean
of achieving colour in beetles is by multi-layer interference: periodic structures consisting of
alternate layers of different organic materials are found in the beetles elytra, producing iridescent
structural colour.”

One of the most striking examples of structural colour by multi-layer interference is provided by the
Chrysochroa fulguidissima, also known as the Jewel beetle. The Jewell beetle is a native species from

Asia and its elytra have been used in Asian cultures for centuries in craft works and decorations.’

Figure 17: On the left an image of the Chrysochroa fulguidissima beetle, highlighting the iridescence in the dorsal and
ventral regions as the viewing angle changes. On the right, a cross-section of Chrysochroa fulguidissima layered epicuticle,
showing the alternate layered structure giving rise to the iridescence. Scale bar = 1 um. Reprinted from “Polarized

iridescence of the multi-layered elytra of the Japanese jewel beetle, Chrysochroa fulguidissima” by Stavenga et al. 3

The dorsal side of the Jewel beetle exhibits a metallic green colour, only interrupted by two reddish-
brown stripes. When changing the viewing angle, the colour gradually changes from green to blue.
Iridescence is also present in the ventral area, where at different angles the colour shifts from brown
to green.’ Electron microscopy on the elytra were performed on a section of 1.3 pm in thickness: a
series of alternate layers with different electron densities were observed.* In the green section of
the elytra, 16 layers were identified with thicknesses d; of 82 nm and d, of 78 nm and refractive
index n; of 1.59 and n, of 1.67. The small difference in refractive index (An = 0.08) is enough to
produce the impressive colour effect with a maxima at A = 520 nm. In the red stripes a lower number

of 12 layers was observed, with slightly larger thickness d; of 105 nm and d, of 100 nm and refractive
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index n; of 1.60 and n, of 1.68. The difference in refractive index is unchanged, but the increase in

the layers thickness favours the constructive interference of red light with a maxima at A = 670 nm.**
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Figure 18: Diagrams showing the reflectance spectrum for (a) green (maxima at = 520 nm) and (b) red/purple (maxima at =
670 nm) regions of the Chrysochroa fulguidissima beetle’s elytra. Reprinted from “Polarized iridescence of the multi-layered

elytra of the Japanese jewel beetle, Chrysochroa fulguidissima” by Stavenga et al. 3

Similar structural configurations producing iridescence are observed in other species of beetles. The
Plateumaris sericea or Leaf beetle also displays beautiful metallic-like colourations.” The three most
common specimens have a blue, bronze or red exoskeleton. The colours are produced by three
layers of two organic materials with refractive index of 1.73 and 1.40. The difference in the colour
produced is due to the different thickness of the layers: 60 to 100 nm for the blue, 70 to 160 nm for

the bronze and 100 to 140 nm for the red beetle.’

Multi-layer interference is the most common strategy to achieve structural colour for beetles.
However other structures have been observed that are able to obtain a completely different effect,
producing non-iridescent structural colour, and in particular broad-band reflectors capable of
scattering light in the entire visible range, appearing white.*

In order to achieve a bright white appearance all the wavelengths in the visible range must be
scattered with the same efficiency. Structures able to do so are defined as broad-bands reflectors.*
This goal cannot be obtained with optical coherent structures, as they would reinforce specific
wavelengths and produce iridescence.

Whiteness requires significantly disordered structures that multiply the scatter of light. This is
normally achieved by very thick systems where the light is progressively scattered as it travels deep
into the structure and interacts with a large number of interfaces. The scattering medium must be

randomly organised with randomly positioned scattering centres.® **
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The importance of the beetle structures is due to the fact that they are capable of achieving
remarkable white with very thin systems. This means that the beetle tissues evolved to maximise
the amount of scattering in remarkably thin material.> It can be assumed that evolution engineered
these organic tissues to provide the best possible scattering in the lightest possible structure, with
very low mass per unit area, since low mass is absolutely crucial for flying insects.**

One of the best examples of white is found in the Cyphochilus beetle. The body of the insect is
covered in tiny white scales with average dimensions of 250 um in length, 100 um in width and an
average of only 7 or 8 um in thickness. The scales are made of chitin, a protein with a refractive
index of 1.56. The difference in refractive index for the scales is therefore An = 0.56 and is sufficient
to achieve the enhanced scattering observed. Another beetle species that presents thin white scales
is the Lepidiota stigma, with an average thickness of 15 pm.**

SEM performed on cross-sections of Cyphochilus and Lepidiota stigma (Figure 19) beetles highlighted

the presence of an intricate, randomised and isotropic network of rod-like filaments of chitin.®

Figure 19: Images of Lepidiota stigma (a) and Cyphochilus (c) beetles. SEM of the cross-section of the scales of the Lepidiota
stigma (b) and Cyphochilus (d) respectively. Intricate, randomised and isotropic network of rod-like filaments of chitin are

clearly visible. Reprinted from “Bright-White Beetle Scales Optimise Multiple Scattering of Light” by Burresi et al.®

35



The filling fraction of chitin has been estimated in 50-60%, with the rest of the volume filled by air.

In the Cyphochilus scales the chitin filaments present an average thickness of 244 £ 51 nm and are
separated by voids with an average diameter of 580 £ 120 nm. In the Lepidiota stigma scales the
average thickness of the chitin filaments is 348 £ 77 nm and the average diameter of the voids is 700
+180 nm.°

Spectroscopic measurements on scales belonging to these two species showed that they are able to

reflect light across the entire visible spectrum with an efficiency of = 70 — 80 %.° *
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Figure 20: Reflection spectra of the white scales of Cyphochilus (a) and Lepidiota stigma (b). The experimental data (thick
black line) showed that a single scale is able to reflect light across the entire visible spectrum with an efficiency of = 70 —
80%, producing the whiteness observed. The dashed lined are predictions from mathematical models comprising only
spheres; spheres and rods randomly oriented in a tri-dimensional space; spheres and rods with a random orientation in a

plane. Reprinted from “Bright-White Beetle Scales Optimise Multiple Scattering of Light” by Burresi et al

From the analysis of the beetle scales, the researchers®> came to the conclusion that in order to
design an efficient broad-band optical scatter, an optimum compromise between the number of
scattering centres and their relative distance is necessary. If there are too many scattering centres
per unit volume, this optical crowding would produce a reduction in scattering efficiency; the same
occurs if the scattering centres are placed too far apart. The scales and their modelling suggests that
an optimum structure would consist of randomly oriented scattering centres with a diameter of 200

to 300 nm and with an average relative distance of 500 nm.*
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BIRDS.

Another class of animals that is renowned for the beautiful display of flaring colours is that of birds.
Across the numerous species, bird feathers present important examples of structural colour. As in
the case of the beetles, it is possible to find structures that exploit different optical mechanisms to
produce both iridescent and non-iridescent structural colour. The generic structure of bird feathers
consists of a shaft that grows from the animal body and that branches into small filaments called
barbs. The barbs in turn branch into even smaller filaments called barbules (Figure 21). The

structures responsible for the optical properties are found in the barbules.’
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Figure 21: A sketch of the general structure of a bird feather. A shaft growing from the animal body braches into small
filaments called barbs. The barbs further branch into even smaller filaments called barbules. The structures responsible for

the colour observed are present in the barbules.

Since the early systematic studies on bird feathers employing SEM imaging, the presence of melanin
granules with rod-like shapes in the barbule tissues was recorded. It was later understood that
iridescent structural colour in a large number of bird species was due to the way these melanin rods
were assembled.’

A classic example of iridescent structural colour in birds is provided by the Pavo cristatus (peacock).
The barbules in a Pavo cristatus feather are made of layers of keratin with a thickness of 0.4 — 0.5
pum, surrounding a fibrous core of 2.0 um. Within the keratin layers, melanin rods of about 1.0 um in
length are oriented parallel to the surface and regularly arranged in order to form a lattice with up

to 11 layers of rods, as shown in the cross-section in Figure 22.%°
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Figure 22: On the left an overview of a Pavo cristatus feather. On the right a TEM image of a cross-section of a Pavo
cristatus feather. It is possible to observe the melanin rods (black dots) and the air holes (clear dots). Scale bar = 1 um.
Reprinted from “Light manipulation principles in biological photonic systems” by Starkey and Vukusic, Nanophotonics,

2013.%

The melanin rods are kept in place by keratin bands. The rods are separated by air holes. The colour
produced is controlled by the number of melanin rods layers in the lattice and by their separation
distance due to the air holes.’

The dark blue colour in Pavo cristatus feathers is produced by 9 to 11 layers of melanin rods
separated by air holes of 160 nm in diameter. Turkish green is given by 9 or 10 layers of rods with
170 nm of diameter for air holes. Red-brown requires fewer layers, 5 to 7, with a larger separation of

210 nm due to the air holes.’
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Another example of iridescent structural colour in birds is provided by the hummingbirds. Similarly

to what observed in the peacock feathers, melanin platelets arranged into regular arrays are found

537

in the barbules of hummingbirds.

Figure 23: On the left an overview of a hummingbird. On the right a TEM image of a cross-section of a hummingbird
feather. It is possible to observe the melanin platelets (in black). Reprinted from “Iridescent Colours of Hummingbird

Feathers” by Greenewalt et al. 1960.”

The melanin platelets are elliptical in shape and arranged into layers parallel to the surface of the
barbule. The number of layers may vary according to the species from 7 to 15, with their thickness
ranging from 100 to 220 nm. The platelets are separated by small pockets of air.

The thickness of the melanin platelets and of the air pockets determines the colour observed. For
example, the blue in the tail of the Amazilia cyanura hummingbird is produced by platelets of 32 nm

in thickness spaced by air pockets of 123 nm.’

Non-iridescence structural colour is produced in birds by Rayleigh or Mie scattering, described in the
optics section. SEM images of bird feathers exhibiting non-iridescent structural colour show
structures consisting of air pockets in keratin networks, similar to foams. Some of the most
representative examples are provided by the Tangara mexicana and the Kingfisher, which display
bright blue non-iridescent colours, given by foam-like structures where spherical voids are

embedded into the keratin matrix of the barbules.’
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Figure 24: A cross-section of a barb of a Common kingfisher. The foam structure with pores of = 200 nm in diameter is
clearly visible. Reprinted from “Structural colours in nature: the role of regularity and irregularity in the structure. Kinoshita

and Yoshioka, 2005”*"

Light is scattered at the keratin — air interfaces and the colour produced is related to the void size.
Analysis on blue feathers in the Jay, Cotinga and Ara species showed that the average hole size in
the foam structures is about 200 nm in diameter.”

Studies on the feathers of the Agapornis roseicollis by Dyck also highlighted a foam-like structure in
the inner part of the barbs of this bird, presenting a tri-dimensional network where keratin rods of
about 100 nm in thickness were spaced out by empty holes of 100 nm in diameter.” Dyke
investigated the internal structure of several other species and found that the thickness of the
keratin rods and the diameter of the air pockets was quite consistent among the birds, while the
random orientations of the rods was the reason for the lack of iridescence observed.’
Measurements of the reflected light from these structures showed that they act as broad-band
scatters, able to scatter light from the ultraviolet to the blue. The feathers appear blue since that is
the only portion of the reflected light detectable by the human eyes.’

The analysis of the foam structures allowed Dyke to produce a theoretical model, knows as the
“hollow cylinder model”, for an ideal structure capable of producing non-iridescent structural colour.
Hollow cylinders with diameters ranging from 200 to 400 nm randomly oriented within a keratin
matrix would reproduce the same colour effects observed in those birds.’

Another interesting example of non-iridescent structural colour is provided by the Garrulus
glandarius (Eurasian jay). The peculiarity of this bird is in the colouration of the feathers present on

the wings, where a periodic shift from dark blue to light blue and to white is observed.*
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Figure 25: (a) An image of Jay feather, with a periodic colour pattern from white to dark blue. (b) Photograph of the
Garrulus glandarius. Reprinted from “Spatially modulated structural colour in bird feathers” by Parnell et al. 38 Photograph
of the Jay Garrulus glandarius: (Credit: Luc Viatour/www.Lucnix.be) this image is licensed under the Attribution-

ShareAlike3.0 Unported license.

Research on the wing feathers clearly showed that the structure responsible for the range of colours
is a thin layer of 10 um covering the barbs. The research correlated the structural information
obtained by SEM and SAXS with the periodic colours exhibited along the barbs.*®

Microscopy showed evidence of a foam-like structure with lack of a long range order, giving rise to
the non-iridescent colour. The shift from blue to white along the barb is due to a change in size of
the voids within the keratin network. A more regular foam-structure with air holes of about 130 —
170 nm in diameter was associated with the blue part of the Jay barb, while structures with higher
degree of disorder and larger holes of about 200 — 210 nm in diameter corresponded to the white

sections on the barb.*®
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Figure 26: TEM images of cross-sections of Jay feathers. (a) a section of a blue region. (b) a section of a white region, with
more irregular pores and larger voids distribution. The black dots are melanin granules. Reprinted from “Spatially

modulated structural colour in bird feathers” by Parnell et al*®

The research proposed the hypothesis that the foam structures observed in the Jay are achieved by
a mechanism of spinodal decomposition, where the keratin medium undergoes phase separation
over time.*® This process, due to random fluctuations in the medium, produces domains with
different keratin densities. As the phase separation proceeds, the amplitude of the fluctuation waves
increases, resulting in domains which progressively grow in size. When the phase separation stops,
the regions with high keratin density form the keratin matrix, while the regions with low keratin
density produce the voids, which are then occupied by the air.* Since the domains of the structure
change in size along the barb as the feather grows, it is speculated that the Jay must have a
mechanism in place capable of arresting the process of phase separation at a desired time, in order

to achieve the desired colour effect at the exact point along the barb.*

The analysis of the structures explored in this section provides the necessary background to
understand the elegant design behind the efficient structural configurations that give rise to
structural colour in nature.

Since the objective of the project is the fabrication of synthetic broad-band scatterers in the form of
polymeric micro-spheres, producing non-iridescent structural white, the target structures to
consider are those observed in the white scales of the beetles and the white sections of the Jay
feathers. The beetles exhibit intricate, randomised and isotropic networks of rod-like filaments of
chitin separated by air voids. The Cyphochilus present chitin filaments with thickness of = 240 nm

and voids with a diameter of = 580 nm.** Models based on this type of network suggests that an
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optimum structure would consist of randomly oriented filaments of chitin with diameters of = 250
nm separated by voids of = 500 nm.*?> The non-iridescent feathers in birds showed foam-like internal
structures with randomly oriented voids in a keratin matrix.’ *® Even though these structures tend to
produce blue structural colour due to the small and consistent size of the voids between 100 and
200 nm,” the white sections of the Jay barbs demonstrate that structural white is possible when the

voids increase in size over 200 nm and present a greater size distribution.®®
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CHAPTER 3: REPRODUCTION OF BIOLOGICAL STRUCTURES BY A
PROCESS OF NON-SOLVENT INDUCED PHASE SEPARATION OF A
HOMOGENEOUS POLYMER SOLUTION.

THERMODYNAMICS OF PHASE SEPARATION OF A POLYMER SOLUTION.

The core part of this project revolved around the identification of a chemical system that could
reproduce either a network of the type observed in the Cyphochilus and Lepidiota stigma scales® or
a foam structure of the type found in the Garrulus glandarius’ feathers,* within spherical polymeric
micro-particles.

An effective way of producing porous structures is based on the possibility of inducing phase
separation in an initially homogeneous polymer solution.*

The properties of dilute polymer solutions are determined by the interaction between the polymer
and the solvent.” When a polymer is dissolved in a poor solvent, the intra-molecular interactions
between the polymer chain sub-units dominate over the inter-molecular forces between the
polymer and the solvent molecules. As a result of this phenomenon, the polymer chains tend to
contract.** In the opposite scenario, when a polymer is dissolved in a good solvent, the inter-
molecular forces between the polymer and the solvent molecules are stronger than the intra-
molecular interactions within the polymer chains. The polymer chains are able to expand and the
swollen polymer occupies a larger volume.**

In an ideal polymer solution, where the intra-molecular forces between the polymer sub-units are
perfectly balanced by the inter-molecular forces between polymer and solvent, the polymer chains
behave like ideal random coils. Such a solvent is defined as a theta-solvent. The interaction forces
between polymer and solvent are quantified by a parameter y, known as the Flory-Huggis
interaction parameter, which is a measure of the energy required to inter-disperse polymer and

solvent molecules.** %°

The thermodynamic behaviour of a polymer solution in theta conditions is related to the
temperature of the system, the number of moles of polymer present in the system, the number of
moles of the solvent, the volume fraction of the polymer, the volume fraction of the solvent and the
interaction parameter between the polymer and the solvent.*

The phase separation of a homogeneous polymer solution can be induced by a change in
temperature (thermally induced phase separation, TIPS) or by the introduction of a non-solvent

(non-solvent induced phase separation, NIPS).*> **
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Non-solvent induced phase separation is the process investigated in this work.

Every ternary system with polymer, solvent and non-solvent components has a unique characteristic
phase separation behaviour that is related to the Flory-Huggins interaction parameter, the polymer
molecular weight and the polymer concentration, the solvent to non-solvent ratio and their relative

miscibility.

The behaviour of a ternary system can be generalised by a comprehensive isothermal phase diagram
(Figure 27).** The binodal line marks the boundary between the one-phase region, where the system
is a homogenous solution, and the two-phase region, where the system undergoes a liquid-liquid de-
mixing and, as progressively more non-solvent is added, a solid-liquid de-mixing where the polymer
precipitates.* The upper limit of the binodal is referred to as the critical point. The spinodal line is
the boundary between metastable and unstable zones in the two-phase region. The critical point is

also the point of interception between the binodal and the spinodal lines.**
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Figure 27: A general isothermal ternary phase diagram for a polymer-solvent-non solvent system. The binodal line marks
the border between the one-phase region, where the system is a homogenous solution, and the two-phase region, where
the phase separation produces a de-mixing of the solution into a liquid-liquid mixture and, with continuing quenching with
the non-solvent, into a solid-liquid mixture with polymer precipitate. The spinodal line marks the boundary between the
metastable regions, where phase separation occurs by a mechanism of nucleation and growth, and the unstable region
where the phase separation takes place by spinodal decomposition. The binodal and spinodal boundaries meet at the
critical point C. The Berghman’s poinl“45 is at the interception of the binodal and the vitrification line, and marks the point
where the polymer reverts to a glass. Adapted from “Evolution of polymeric hollow fibers as sustainable technologies: Past,

present, and future” by Na Peng et al.*®®

The two-phase region is divided by the spinodal line into three areas: the two areas between the
binodal and the spinodal lines are defined as metastable areas, where the polymer solution is stable
with respect to small fluctuations in the composition.*® When those fluctuations in the composition
become large, the mechanism of phase separation by nucleation and growth is triggered.*
According to the polymer concentration and whether the phase separation takes place above or
below the critical point, two different scenarios of nucleation and growth may take place.* *’

If the phase separation takes place above the critical point, the de-mixing of the solution proceeds

by the nucleation and growth of the polymer poor phase: solvent rich regions are formed and grow,

resulting in the formation of liquid-filled pores in a continuous polymer matrix (Figure 28).*” *® When
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the phase separation arrests and the solvent is removed, this mechanism produces polymeric
particles or membranes with internal voids, which are not interconnected.®

If the phase separation takes place below the critical point, the de-mixing of the solution proceeds
by the nucleation and growth of the polymer rich phase: polymer nuclei are formed and grow
producing a granular morphology.”” When the phase separation stops and the solvents are removed,
this mechanism produces polymeric particles with no internal porosity.*®

The area below the spinodal line is thermodynamically unstable. Phase separation occurring in this
region is defined as spinodal decomposition.”’” It takes place when the system enters the spinodal
region either directly, by crossing the critical point, or indirectly after passing the metastable region
due to further quenching with the non-solvent.” The spinodal decomposition process is due to
fluctuations in the concentration of the polymer solution: this triggers a fluctuation wave of
increasing amplitude through the solution. As a result of the fluctuation wave, the phase separation
gives rise to the formation of bi-continuous structures, where the polymer rich-phase and the
polymer poor-phase are completely interconnected.*® With the removal of the solvent after the
process stops, the final product is a polymer network with mutually interconnected polymer

domains and voids.*
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Figure 28: A generic isothermal ternary phase diagram for a polymer-solvent-non solvent system, highlighting the
mechanisms of phase separation in the metastable and unstable regions. Phase separation taking place in the metastable
region below the critical point C proceeds by a mechanism of nucleation and growth of the polymer-rich phase: polymer
nuclei with no internal porosity are produced. Phase separation taking place in the metastable region above the critical
point C proceeds by a mechanism of nucleation and growth of the polymer-poor phase: solvent rich regions are formed and
grow, resulting in the formation of liquid-filled pores in a continuous polymer matrix. Phase separation occurring in the
unstable region proceeds by a mechanism of spinodal decomposition: a polymer network with mutually interconnected
polymer domains and solvent domains is produced. With solvent removal, the voids are filled by air. Adapted from
“Composition and phase changes observed by magnetic resonance imaging during non-solvent induced coagulation of

cellulose” by Laity et al.*®

The phase separation of a polymer solution, independently from the mechanisms by which may
occur, arrests at the Berghman’s point,*® which is the point of interception between the binodal line
and the glass transition line.**

The Berghman’s point marks the limit where the glass transition temperature of the polymer is
lower than the temperature of the system:* at this point the polymer chains motion slows down
and the polymer reverts to a glass.** The morphology achieved at this stage is thus fixed and

observed experimentally.

The process of non-solvent induced phase separation (NIPS) of a homogeneous polymer solution has
been exploited in many ways due to the numerous industrial applications of porous materials.*® *

Many studies have investigated the effect of several factors, such as polymer molecular weights and
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concentrations, different affinities between solvent and non-solvent, on the morphology achieved.
Porosity may be obtained within different structures, from large monoliths,* to membranes® and

micro-particles.>®

Research on polycarbonate NIPS to manufacture porous monoliths highlighted the impact of
different molecular weights and polymer concentrations on the final morphology achieved.>
Polycarbonate with different molecular weights were dissolved in chloroform, with cyclohexane
acting as the non-solvent to induce phase separation.™

The study showed separate correlations between increasing polymer molecular weight and pore
size; and concentration and pore size. The authors assigned this dependence to the viscosity of the

systems, as they suggested that viscosity would affect phase separation and void size.”*

The importance of the solvent for achieving a specific pore morphology has also been examined.
Two NIPS systems based on poly-methyl methacrylate, with either N,N-dimethylformamide (DMF) or
acetone as the solvent, with water as non-solvent, were studied.”*

The DMF system corresponded to a rapid de-mixing of the polymer solution, due to the water having
high affinity for DMF. In the acetone system a delayed de-mixing occurred, due to water having a
lower affinity for acetone compared to DMF.

As a result of different affinities between solvent and non-solvent, and therefore different exchange
rates between them, different pore morphologies were observed: elongated pores were achieved
for membranes produced with DMF, while spherical pores were observed in membranes with

acetone.54

A study aimed at producing micro-granules from polystyrene involved a combination of both TIPS
and NIPS.”® Polystyrene was dissolved in cyclohexane heated to a temperature in the range of 50-60
°C. An emulsion of this was formed by dispersing the solution in water, stabilised by a surfactant.
This was then mixed with ethanol non-solvent at 0 °C. The concentration of the polystyrene in
solution, affecting the viscosity of the system and the solvent-non-solvent exchange rate, was found
to have a major impact on the morphology of the polystyrene structures.

Low concentration of polystyrene favoured the formation of polymer nuclei with low porosity. An
intermediate polystyrene concentration favoured a continuous network morphology within the
particles, while high polystyrene concentration produced spherical micro-granules with large

internal cavities.>
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The non-solvent induced phase separation (NIPS) of a homogeneous polymer solution showed
potential as a chemical process able to reproduce the type of porosity found in biological structures.

In the next sections the selection of appropriate polymer, solvent, non-solvent systems and the

characterisation methods of the resulting products is discussed.
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CHAPTER 4: MATERIALS AND CHARACTERISATION TECHNIQUES.

In this chapter, the materials and the characterisation techniques used in the research are outlined
and described. In some instances, examples of experimental data are included to show how the
techniques were applied. However, the full experimental data are reported in the following chapters

4,5 and 6, in the appropriate sub-sections.

MATERIALS.

The main objective of the experimental work was the fabrication of polymeric micro-particles with a
porous internal structure. Light would be scattered at every polymer-air interface due to the
difference in refractive index n between the two media. The larger An, the more effective would be
the scattering. In order to maximise An between the polymer and the air (n = 1.00) filling the internal
voids, a series of polymers with high refractive index were initially surveyed.

These included poly-pentabromophenyl methacrylate (n = 1.71), poly-9-vinylcarbazole (n = 1.68),
poly-1-vinylnaphthalene (n = 1.68) and poly-vinyl phenyl sulphide (n = 1.66).

Since the secondary objective of this work was the identification of a cost-effective system, the other
important factor to consider in the choice of the polymer was the cost of the materials. Sigma-
Aldrich, which is one of the main suppliers of laboratory raw materials in UK for scientific research,
listed the cost of these high refractive index polymers as follows: poly-pentabromophenyl
methacrylate (£ 322.50 g), poly-9-vinylcarbazole (£ 22.70 g*), poly-1-vinylnaphthalene (£ 124.00 g
') and poly-vinyl phenyl sulphide (£ 257.00 g%).

Other possible candidates were the more common a-cellulose (n = 1.50) and polystyrene (n = 1.59)
with a slightly lower refractive index. The cost of these raw materials was estimated by Sigma-
Aldrich as: a-cellulose (£ 0.026 g) and polystyrene (£ 0.028 g*). Since it was known from the
research on biological tissues that prominent structural colour effects could be achieved with a An as
small as = 0.1° and that the refractive index of the chitin and the keratin found in beetles and birds
are = 1.56>" and = 1.54° respectively, economic reasons favoured the choice of either a-cellulose or
polystyrene. Polystyrene was finally chosen as it offered a greater selection of good solvents, its
hydrophobic nature and due to the extensive information about its properties available from

scientific literature.

The research for an optimum system proceeded through several stages. The initial step was a proof

of concept that porosity in the matrix of polystyrene particles could actually be achieved. In order to
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do so, a simple ternary system with polystyrene as the polymer, tetrahydrofuran (THF) as the solvent
and deionised water as the non-solvent, was chosen. Tetrahydrofuran is a good solvent for
polystyrene while deionised water was the ideal non-solvent as it is miscible with THF, cheap and
readily available in the laboratory.

The polystyrene used for this part of the project was already available at the Department of
Chemistry, previously synthesised by a post-graduate researcher: two samples had molecular
weights (M,,) of = 30 kg mol™ and 100 kg mol™. A third sample with higher M,, of = 317 kg mol™ was
purchased from Sigma Aldrich (Gillingham, England) (Lot. Number MKBP1175V) and a fourth sample
of lower M,, of = 23 kg mol™ from Polymer Source (Montreal, Canada) (Lot. Number P9397-S).

The solvent tetrahydrofuran (THF) was purchased from Fisher Chemical (Loughborough, England)
(Lot. Number 1352646) while deionised water was supplied by a Milli-Q Millipore water system. All
the products were used as received.

The fabrication process required the preparation of a polymer solution of polystyrene in THF,
delivered drop-wise to a bath of non-solvent deionised water.

The products obtained were characterised by scanning electron microscopy (SEM) in order to detect

porosity within the particles.

Once the formation of porous internal structures within polystyrene micro-particles was established,
the next step of the project revolved around the improvement of the fabrication process in order to
gain a greater control of particles’ shape and size, and the full characterisation of the systems in
order to understand the effect of several variables, such as polystyrene molecular weight and
concentration, on the morphology of the particles’ internal structure. The control of particle shape
was achieved through the preparation of an emulsion, where the initial polystyrene solution was
dispersed as a discontinuous phase in the form of small spherical droplets, within a continuous
phase of a second liquid. The emulsion was stabilised by a surfactant and delivered to a bath of non-
solvent.

The continuous phase selected was deionised water, supplied by a Milli-Q Millipore water system.
This required a different choice for the solvent, as in order to form an emulsion the discontinuous
phase must not be miscible with water, like in the case of tetrahydrofuran. Toluene, which is a good
solvent for polystyrene and not miscible with water, was selected. The non-ionic surfactant
sorbitane mono-oleate (span 80) was used to stabilise the emulsion, while ethanol was identified as
an ideal non-solvent, since it is miscible with both water and toluene. This is important because the
non-solvent must be able to diffuse into the toluene droplets dispersed in the continuous phase of

water and precipitate the polystyrene in the form of spherical micro-particles.
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The polystyrene samples used for the emulsion systems had three different molecular weights: a
lower M,, of 23 kg mol™, an intermediate M,, of 207 kg mol™, and a higher M,, of 317 kg mol™. The 23
kg mol™ (Lot. Number P9397-S) was purchased from Polymer Source (Montreal, Canada), while the
207 (Lot. number 02726DE) and 317 kg mol™ (Lot. number MKBP1175V) samples were purchased
from Sigma Aldrich (Gillingham, England). An additional bi-modal polystyrene blend with M,, of 53
and 107 kg mol™ (Lot. Number MKBS6957V) was also purchased from Sigma Aldrich. The molecular
weight of the polystyrene samples was assessed by gel permeation chromatography (GPC) analysis.>®
Toluene (Lot. Number SZBFO580V) and span 80 non-ionic surfactant (Lot. Number MKBF2220V) were
purchased from Sigma Aldrich. Ethanol (Lot. Number 16B050509) was purchased from VWR
Chemicals (Lutterworth, England). All the products were used as received.

The full characterisation of the systems required the measurement of the viscosity of the initial
polystyrene in toluene solutions using a rheometer, the measurement of the droplets size of
polystyrene solutions in the emulsions using dynamic light scattering, the construction of a ternary
phase diagram defining the cloud points by using turbidimetric titration. The critical chain overlap
concentration C* for the polystyrene solutions was calculated based on literature values.

The structural morphology of the polystyrene multi-voided particles was characterised by scanning
electron microscopy (SEM) and small angle X-ray scattering (SAXS). The study highlighted a
correlation between the polystyrene concentration in the initial polymer solutions and the average
diameter of the pores in the internal structure of the particles, for systems with polystyrene
concentration smaller than C*. Since polystyrene concentration and viscosity of the polymer solution
are related, a correlation between the viscosity of the initial solutions and the average pore size was
also observed. These correlations allowed the control of pore size in the final morphology of the
particles by selecting the appropriate conditions (polystyrene concentration) for the initial polymers

solutions.

The final part of the project consisted in the scale up of the emulsion system, in order to produce
enough product to be incorporated into paint formulations provided by the industrial partner
AkzoNobel® and to be tested. Due to health and safety requirements in the AkzoNobel®
laboratories, the toluene solvent and the ethanol non-solvent were replaced by the less harmful
xylene and isopropanol respectively. Initial testing in Sheffield employing polystyrene 23 kg mol™
(Polymer Source, Lot. Number P9397-S), xylene (Sigma Aldrich, Lot. Number SZBC1510V) and
isopropanol (VWR Chemicals, Lot. Number 15L180503) demonstrated that the particles’ morphology

obtained was equivalent to that achieved with the previous systems based on toluene and ethanol.
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The scale up process took place in the AkzoNobel® laboratories in Slough, UK. Polystyrene of M,, 25
kg mol™ (confirmed by GPC analysis) was synthesised from the monomer styrene at the AkzoNobel®
pilot plant in Slough. It was delivered to the R&D laboratories in Slough in the form of polystyrene
solutions in xylene with a concentration of 40% by weight. Xylene solvent and isopropanol non-
solvent were also provided by the plant in Slough. Span 80 non-ionic surfactant was purchased from
Sigma Aldrich, while deionised water was obtained from a Millipore water purifier. The polystyrene
particles were characterised by SEM to verify the presence of a porous internal morphology.

The particles were dispersed into water-based paint formulations containing Acrysol X935-60
(thickener), titanium dioxide slurry (opacifier), Ropaque Ultra E (extender), Mirecide ON37
(antibacteria), Dispelair CF246 (anti-foam), Disponil A1580 (non-ionic surfactant), Bermocoll EBM
solution (non-ionic surfactant), Dispex N40 (dispersing agent).

The paint was spread on Melinex transparent polyester substrates using a film applicator, in order to
achieve films of a desired thickness. The reflectance of the paint films over black and white
substrates was measured using a Datacolor spectrophotometer. The density of the films was
calculated. The reflectance and density data allowed the estimation of the scattering coefficient of
the paint due to the polystyrene multi-voided particles, and therefore the quantification of the

scattering power of the particles.
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CHARACTERISATION TECHNIQUES.

In this section, a brief outline of the analytical techniques used to characterise the polymers, the
polymer solutions, the emulsions, the phase separation process and the particles’” morphology, is

given. For the full experimental data refer to the respective sub-sections in the chapters 4, 5 and 6.

GEL PERMEATION CHROMATOGRAPHY (GPC).

Gel permeation chromatography is a separation technique used to gain information on the
molecular weight distribution of a polymer sample.”® The process includes a stationary phase (a
column tightly packed with a porous cross-linked gel in the form of beads, which act as a filter) and a
mobile phase (a continuously flowing stream of solvent, called eluent).”®

The GPC apparatus consists of a pump, which delivers the mobile phase at a selected flow-rate; an
injector, where the sample, in the form of a polymer solution, can be introduced into the solvent
stream; a column, which separates the sample according to molecular size; and a detector, capable

of quantifying the sample components.®’

v s le: Software
17y Pall*np € for data
olymer :
[ﬁl solution analysis
&)
1
- Eluent
Mobile delivery » Injector #( Column ] Detector
phase system

Figure 29: The basic components of a gel permeation chromatography apparatus. The solvent, constituting the mobile
phase, is delivered by a pump at a selected flow-rate. An injector facilitates the introduction of the polymer sample, in the
form of a polymer solution, into the solvent stream. The column separates the sample according to the molecular size of its

components. The detector continuously monitors the flow, detecting and quantifying the passing polymer sample.

The sample preparation requires the dissolution of the polymer in a good solvent. The polymer
solution is then injected into the mobile phase stream, and the polymer is separated by the
column.”” The separation is related to the radius of gyration of the polymer chains in the solvent,

which determines the volume of the chains in solution. When crossing the column, the smaller

55



polymer chains transit for a longer period of time through the porous gel, since the smaller
dimensions favour their trapping into the small pores (they have a longer flow-path). Longer
polymer chains, with greater radii of gyration and larger volumes, only interact with large pores and
can therefore easily pass through the column (they have a shorter flow-path). As a result, polymer
chains of different lengths elute at different retention times.>” A detector is used to determine the
concentration of the different chain populations in the sample, providing information on the
molecular weight distribution of the polymer analysed. A calibration curve, obtained by using
polymer standards of known molecular weight, enables an accurate estimation of the sample

molecular weight.>’

Solvent flow ————)

_ GPCColumn

Injection: mixed sized polymer

Solvent flow —

Intermedlate

Figure 30: A schematic representation of the separation mechanism within a GPC column. The column is filled with tightly
packed beads of cross-linked porous gel. When the sample is injected and reaches the column due to the action of the
solvent flow, chain molecules of different lengths move across the column at different rates. Large polymer molecules have
a shorter flow-path, as they only interact with large pores within the gel. They have a shorter retention time and are the
first components of the sample to be detected. Smaller polymer molecules have a longer flow-path, as they interact with a

large number of small pores within the gel. They have a longer retention time.

The GPC device may use different techniques in order to characterise the sample. The most common

detectors for GPC are concentration sensitive (which exploit UV absorption or refractive index to
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differentiate between the mobile phase and the polymer) or molecular weight sensitive (using light
scattering to determine polymer chain size).”’

The data collected by the detector are processed by software and displayed in the form of a
chromatogram. A chromatogram is a 2D diagram, generally in the form of retention time (minutes)

on the x-axis and response (mV) on the y-axis.>’

VISCOSITY OF THE POLYMER SOLUTIONS AND C*.

The shear viscosity of the polymer solutions used to produce the multi-voided particles was
measured using a rotational stress-controlled rheometer, equipped with a cone and plate geometry,
using a continuous shear mode.

Rheology can be defined as the study of flow and deformation of matter, and in particular it
investigates the relationship between stress and deformation in a material.*®

If a tangential force F is applied to a material, as in Figure 31, a deformation occurs. The concepts of

shear stress, shear strain and shear rate can be introduced in order to describe the system.>® >

Displacement=u

—
Tangential force = F
Gap=S
Side=b
Side = a AreaA=a*b

Figure 31: A cuboid section of a material undergoing deformation into a parallelepiped, due to the effect of the tangential

force F applied. The size of the dimensions a, b and S are highlighted. The displacement u can be observed.

57



The shear strain y is given by the relationship between the displacement u of the sample due to the
action of the tangential force F and the height of the sample S, which is equivalent to the gap
between the two plates of the rheometer, where the sample to be analysed is placed (Figure 32).

The shear strain is a dimensionless number.>

Equation 18

ni e

The shear rate y is given by the shear strain per interval of time, and it is expressed in reciprocal

seconds (s7):*°

Equation 19

~+ |

The shear stress 7 is given by the tangential force F divided by the area A of the sample where the

force is applied, and it is expressed in Pascal (Pa) or Nm™.>®

= E Equation 20
A

The shear viscosity 7 of a sample, defined as the resistance of the material against the flow induced
by the tangential force F, is calculated by dividing the shear stress t by the shear rate y, and it has

the units of Pa x s:*°

Equation 21

=1

The rheometer is the instrument used for measuring the viscosity of a material. The basic structure
consists of a motor, able to promote a controlled rotation of the measuring plate (also called
geometry), generating torque. The geometry is directly connected to the motor and can have
different configurations (eg. flat and conical are the most common). The static plate acts as a sample
holder and it is normally integrated with a temperature controller, in order to maintain a selected
temperature for the measurements. The sample is placed in the gap between the static and the

measuring plates.™
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Figure 32: A sketch of the basic structure of a rheometer. The motor produces torque and promotes the rotation of the
measuring plate (called geometry). The static plate has the function of a sample holder. It is usually integrated with a
temperature controller to keep a constant temperature during the measurements. The sample is placed between the

geometry and the static plate.

The rheometer is capable of applying or measuring torque, angular displacement and angular
velocity. These parameters can be used to calculate shear stress 7, shear strain y and shear rate y,

ultimately obtaining the value of the shear viscosity 7 of the sample analysed.
The shear stress 7 is calculated from the torque M, using the relationship:*

T=M X K; Equation 22
where K is the stress constant and it is dependent on the type of geometry used (eg.: K is equal to
2/nr for a flat (parallel plate) geometry or to 3/2mr’ for a conical (cone and plate) geometry, where r
is the radius of the geometry).>
The shear strain y is calculated from the angular displacement 6 (expressed in radians) using the

relationship:>°

y = 6 % Ky Equation 23
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where K, is the strain constant and it is also dependent on the type of geometry used (K, is r/S for
parallel plate geometry with r the radius of the geometry and S the gap between the plates. K, is

1/B for cone and plate geometry, where B is the angle of the cone).*

Finally, the shear rate y can be obtained from the angular speed Q (in rad s™) which is directly

controlled by the motor, according to the relationship:>

y = X Ky Equation 24

The shear viscosity 77 of the material is therefore obtained as:>

MK,

QK,

Equation 25

=l =

The rheological data for shear viscosity n are usually displayed in two-dimensional diagrams with
shear rate ¥ on the x-axis and shear stress T on the y-axis. Alternatively, they can be displayed with
shear rate y on the x-axis and shear viscosity 1 on the y-axis: in this form, zero shear viscosity i, can

be extrapolated for shear rate y approaching zero.

The viscosity of the polymer solutions was measured using a rotational continuous shear mode. The
measurements showed that the viscosity n was independent of shear rate, demonstrating that the
polymer solutions behaved like Newtonian fluids within the measured shear rate interval (y < 100 s’
Y). Zero shear viscosity 1, was then extrapolated for shear rate y approaching zero. An alternative
method for obtaining the viscosity of the polymer solutions relies on the use of an oscillatory mode,
which is designed to measure the storage modulus G’ (a measure of the material’s ability to store
elastic energy) and the loss modulus G’ (a measure of the material’s ability to dissipate energy).*® G’

and G” can be used to calculate the complex viscosity |n*|:*°

ITI*I — /(n/)z + (77”)2 Equation 26

where:

n
— G_ Equation 27
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" Equation 28
n q

with w being the angular frequency.

For a Newtonian fluid G’ is equal to zero. Since it would be difficult for a rheometer to measure a
zero value for G’ due to the uncertainty caused by the limits of equipment sensitivity, it would be
better to rely only on G”” to measure the dynamic viscosity n’, defined as the resistance of a liquid to
shearing flow. The dynamic viscosity can therefore be also extracted from oscillatory measurements.
However, in industry a rotational continuous flow is usually preferred and this is the reason why a

rotational stress-controlled rheometer using a continuous shear mode was employed.

The viscosity of the polymer solutions is strictly linked to the concentration of polymer. It was found
that this concentration affects the phase separation and it plays an important role in determining
the morphological features of the final products.

When a polymer is dissolved in a good solvent, the polymer chains achieve geometrical
configurations which can be mathematically described as a random-walk. The radius of gyration is a
parameter used to estimate the volume of space occupied by the polymer chains in a solvent and it
is defined as the root mean square distance of the chain from its centre of mass.”

In dilute solutions, the polymer chains are separated from each other by large regions of solvent.
However, as the polymer solutions become progressively more concentrated, the polymer chains
are found closer to each other until, at a certain concentration defined as the critical chain overlap
concentration C*, the polymer chains are in direct contact and the phenomenon of chain interaction
occurs.”® The kinetic of phase separation of a polymer solution and the morphology of the
precipitated polymer are affected by whether the polymer solution concentration, C, is higher or
lower than C*. The ratio C/C* defines the degree of polymer chain overlapping.®*

The radius of gyration of a polymer in solution can be experimentally determined by light, neutron
or X-ray scattering experiments.62

It can also be theoretically calculated from the relationship between the Kuhn length and the
contour length of a polymer chain.®®

The Kuhn length can be defined as the distance along the polymer that corresponds to a stiff
(unbent) segment in a freely jointed chain model. The Kuhn length is not necessarily equal to the
monomer length and it is usually longer. The contour length is the end-to-end distance of a polymer

chain completely stretched out.®®
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The radius of gyration is given by:

1 .
2 _ Equation 29
Rg —ngb quation

where R} is the mean squared radius of gyration of the polymer, b is the Kuhn length and L is the

contour length.® The contour length L can be calculated from:

L=2 X1l X cos (g) X N Equation 30

where [ is the carbon-carbon bond length of the polymer skeleton, 6 is the tetrahedron angle and N
is the number of repeat units in the polymer chain, calculated as molecular weight M,, of the

polymer divided by the molecular weight M, of the monomer.**

The value of the radius of gyration, obtained either from scattering experiments or by theoretical

models, can be used to calculate the critical chain overlap concentration C*:°*

3M,

=z (R2)3/2N,,

Equation 31

where M,, is the molecular weight of the polymer, R is the mean squared radius of gyration and N,

is the Avogadro’s number.*!
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CLOUD POINT DETERMINATION.

The phase separation behaviour of polymer-solvent-non solvent ternary systems can be mapped by
turbidimetric titration.*® The technique allows the identification of the binodal boundary, separating
the one-phase region (where the system is a homogeneous mixture) from the two-phase region
(where the system undergoes a de-mixing into a solid-liquid mixture, with polymer precipitation) on
a ternary phase diagram.** The binodal marks the starting point of the phase separation, which then

proceeds by nucleation and growth or by spinodal decomposition according to whether the system
44 46

transits into a metastable or an unstable region.

Po!ergner
0.9 - 0.1
0.8 - 0.2
0.7 ; 0.3
0.6 - 0.4
0.5 - 0.5
0.4 - A - 0.6
"'Binodal
03 - b _ , . 0.7
i 4 .08
0.1 . One-phase ,i Two-phase 0.9
‘reglt?n i‘_. | ‘ reglon | ‘ | p
09 08 07 06 05 04 03 02 01 ONon solvent

0 <
Solvent 1

Figure 33: A ternary phase diagram for a polymer-solvent-non solvent ternary system. The example of binodal reported was

obtained by turbidimetric titration performed on polystyrene (bi-modal sample with M,, of 53 and 107 kg mol'l) solutions in

toluene at PS concentrations from 0.05 to 50% by weight. The filled circles represent the cloud points measured. The dotted

line connecting the cloud points represent the binodal boundary.

Turbidimetric titration, also called cloud points measurement, is carried out by delivering non-
solvent to stirring polymer solutions, having different concentrations.®” The delivery of non-solvent is

terminated when the polymer solution suddenly transitions from clear to cloudy, due to the

precipitation of the polymer.®> The volume of non-solvent delivered is recorded. The amounts of

polymer, solvent and non-solvent for each measurement can then be converted into percentages
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and can be used to build a ternary phase diagram as in Figure 33. The cloud points can be connected
to highlight the binodal boundary.

Turbidimetric titration was performed by delivering ethanol non-solvent drop-wise from a burette to
stirring solutions of polystyrene in toluene. Nine measurements were performed, with polystyrene
solutions at the concentrations of 0.05, 0.5, 2.0, 7.0, 10.0, 15.0, 25.0, 40.0% by weight. Above 40.0 %
w/w the solutions were too viscous for the measurements to be performed correctly (the only
exception is represented by the bi-modal sample where a tenth measurement was performed with a
PS solution of 50% wt concentration). The amounts of polystyrene, toluene and ethanol were
converted into weight percentages and used to build a ternary phase diagram for the system, to
map the exact locations and conditions at the beginning of the phase separation. The relative
amounts of solvent and non-solvent at the start of the phase separation were used to explain the

morphological differences observed in the polystyrene multi-voided particles.
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DYNAMIC LIGHT SCATTERING (DLS).

Dynamic light scattering was used to estimate the average droplet size of the polystyrene-toluene
solutions, dispersed, as the discontinuous phase, in the emulsions used to fabricate the multi-voided
particles.

The DLS set up consists of a monochromatic light source (a laser), a sample chamber (a cuvette
holder) and a photomultiplier detector at a set angle.® The laser light is scattered by the particles in
solution (or the droplets in the case of an emulsion), giving rise to a speckle pattern, and collected by

the photomultiplier detector.®®

Laser beam

Laser source

Scattered light

Speckle
pattern

Figure 34: A sketch of a DLS set up. A monochromatic light source directs a beam to the sample: the scattered light is

collected in the form of a speckle pattern by a photomultiplier detector positioned at a specific angle.

When the particles in solution are hit by the laser light, they scatter light in all directions. The
scattered light from different particles interacts, giving rise to constructive or destructive
interference. Constructive interference would produce a white spot on the detector’s screen, while
destructive interference would produce a dark spot: this image of white and dark spots is defined as
a speckle pattern.®’

Since the particles in the sample are constantly moving due to the Brownian motion, also the speckle
pattern is continuously changing. Thus, the intensity of the scattered signal recorded by the
photomultiplier at a set angle will be fluctuating with time. The rate of change of the intensity is
related to the size of the particles: the greater the size, the slower their motion, the slower is the
rate of change of the pattern.” The analysis of the evolution of the intensity (or a speckle 2D
pattern) with time, performed by an auto-correlator and described by a correlation function, allows

the estimation of the decay rate I of the autocorrelation function as a function of delay time:®’
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I = q2 D, Equation 32

TNy

where D; is the translational diffusion coefficient and g = (4 )sin 6 with ny being the refractive

index of the sample, A is the irradiating laser wavelength, and 26 is the angle at which the detector
(a photomultiplier) is located with respect to the sample.®’
The translational diffusion coefficient D; can then be used to obtain the diameter d of the particles,

according to the Stokes-Einstein equation:®’

kT

d= —— Equation 33
3nn D,

where k is the Boltzmann’s constant, T is the temperature, and 7 is the viscosity of the sample.®’
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SCANNING ELECTRON MICROSCOPY (SEM) AND IMAGE-J ANALYSIS OF SEM.

Structural information regarding the morphology of the polystyrene multi-voided particles was
obtained by imaging the cross-sections of fractured particles using scanning electron microscopy
(SEM). The SEM images of multi-voided polymeric particles were processed using the Image J%
software in order to estimate the pore size distribution within the samples.

The first step of the image processing required a software calibration: the scale bar on the SEM
images was used as a guide to set the correct pixel/distance ratio. The function “bandpass filter” was

used to sharpen the edges of the porous regions and the function “threshold” was used to select, by

chromatic contrast, only the areas of interest (the pores).

Figure 35: The original SEM image of a porous region within a polystyrene multi-voided particle. The scale bar (10 um) was

used for calibration, in order to set the correct pixel/distance ratio.
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Figure 36: The processed image of the original in Figure 35, after applying the “bandpass” and the “threshold” functions.

Only the regions of interest (the pores) are selected.

The high contrast image (Figure 37) obtained for the porous structure using the “analyse” function
was used to identify the boundaries of the pores. The software calculated the value of the area
within every circle-like object on the basis of the initial pixel/distance calibration. The area was
expressed in nm” A list of pores with their corresponding areas was produced by the software,
enabling the calculation of pore diameters. The histogram analysis tool in Microsoft Excel was used
to display this information in a graphical form, presenting the pore diameter in nm on the x-axis and

the number of pores (frequency) on the y-axis.
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Figure 37: The “analyse” function highlighted the outline of the porous regions, providing a value of the area for each circle-

like object. The areas can be used to calculate the diameters, making the assumption that the pores are perfect circles.

68



250

200
150
100
50
0

o o o

S o o

¥p]

el ~

Frequency

o
o
0

Pore diameter/ nm

300 N
400 N

1000 N

100 |
200 B
1100 H
1200 |

Figure 38: A histogram of the number of pores versus their diameter, showing the pore size distribution obtained from the

SEM image after the Image J processing.

This process enabled the quantification of the graphical information obtained by SEM imaging and

made possible the estimation of the pore size distributions within the polymer samples.
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SMALL ANGLE X-RAY SCATTERING (SAXS).

SAXS was used in order to determine the average pore size of the polystyrene multi-voided particles.
This technique is complementary to the SEM: both provide structural information on the samples.
However, while SEM is limited in the fact that only a few particles can be imaged and analysed, SAXS
collects information from a relatively large sample volume (about 1 mm?®) and is able to provide
information on millions of micron-sized particles. It is therefore more representative and accurate.”
The basic components of a SAXS instrument consist of a X-ray source of monochromatic radiation
(this can be a sealed X-ray tube for lab-devices coupled with a monochromator, or a synchrotron), a
collimation system to control divergence and size of the X-ray beam, a sample holder, a beam-stop
to exclude the intense direct beam from scattering patterns, and a X-ray detector (usually a 2D

detector) to record the scattered radiation.”® *

Scattered
Collimation radiation Detector
system
\ Scattering angle
* p Ray Y .
Beam-stop
X-Ray source Sample

Figure 39: A basic set up for a SAXS instrument. A X-ray source produces an incident X-ray beam focused by a collimation
system in order to interact with a sample. The scattering takes place due to the interaction of the X-ray with the sample and
it is recorded in the form of a bi-dimensional pattern by the detector. The beam-stop is used to exclude the primary X-ray

beam from scattering pattern and also to prevent the intense primary beam from hitting and damaging the detector.

A SAXS instrument is generally capable of resolving structural features in the size-range of 1 to 100
nm. However, if needed, this range can be extended below 1 nm down to a fraction of angstrom
(wide-angle X-ray scattering, WAXS) or above 100 nm up to 10 um (ultra small-angle X-ray
scattering, USAXS).”” When the X-ray beam interacts with the particles in the sample, the electrons
oscillate with the same frequency of the incident radiation. As a result of this oscillation, the
electrons start radiating at the same frequency (elastic scattering). The radiation emissions from
neighbouring atoms comprising an object in the sample give rise to interference, producing coherent
scattering: the interference patterns formed, which carry information on the structural features of

the object and the sample in general, are recorded by the detector.”® ”*
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The interference pattern is characteristic of the internal structure of the sample and it is registered
in the form of a two-dimensional pattern on the detector plane. The intensity of the scattering varies
with the scattering angle. The scattering patterns are presented as functions of ¢, defined as the

length of the scattering vector, and given by the difference between the incident radiation vector

fo) and the scattered radiation vector I?, as shown in Figure 40.*

Incident —_
radiation 0 i > 4 sin 0

Scattered
radiation K

Figure 40: The length of the scattering vector ¢, given by the difference between the incident radiation vector 70) and the
scattered vector K, due to the interaction with the atom i. The modulus of the vector ||, indicated as q, is equivalent to

47sin® /A anditis expressed in A or nm™.

d represents a distance on the bi-dimensional (2D) pattern on the detector plane. The modulus of

the vector | G |, indicated as g, is given by:"*

4 sin@

q= Equation 34
A

where 6 is half of the scattering angle and A is the wavelength of the applied radiation. g is
expressed in A' or nm™: for this reason a scattering pattern is also defined as a structure

represented in reciprocal space.70

The polystyrene multi-voided particles were characterized using the following approach. Scattered

intensity of nanoscale structural objects at large q should follow a power law dependence:’

1(q) x q—P Equation 35
where P is the power-law exponent. In the particular case, when P =4, Equation 35 corresponds to
Porod's law, describing scattering from a two-phase system with sharp interfaces. It is expected that

the studied polystyrene multi-voided particles in air correspond to a typical two-phase polymer-air
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system having sharp distinct interfaces. Indeed, it was found that SAXS patterns of these particles

obey Porod's law at large g. A complete expression for Porod’s law is:"*™*

I(q9) 2m(ASLD)?®S, B
o _

7 q4 — V q—4 — By q—4 Equation 36

Iv(CI) =

where [ is the relative scattered intensity, I, is the absolute scattered intensity per unit sample
volume, V is the sample volume irradiated by X-rays, ASLD is the contrast corresponding to a
difference between scattering length densities of the two phases, S, is the total surface area per
unit sample volume and B,, is Porod’s constant per unit volume of the material. Another parameter
to be considered in SAXS analysis of the system is the scattering invariant. When expressed on an
absolute scale the invariant is defined as the total scattering power of the sample per unit volume,

calculated by integrating the absolute scattered intensity over the entire reciprocal space:”* ”*

0 == [ @ L@dg=27 O5LD) pp(1—py)  Eavations”
with @p being the volume fraction occupied by the air in the polystyrene-air two-phase system.
A relative Porod's constant B (Equation 36) and the relative invariant Q (Equation 37) can be used to

calculate S,,:"* 72

_ B gp (1—9p)
Sy = 0

Equation 38

It should be noted that absolute intensity calibration of scattering patterns is not required for this
calculation as only the ratio B/Q, excluding irradiated sample volume and the scattering length

density contrast of the material, is used in Equation 38.

The air volume fraction (dominated by the pore volume fraction of the voided polystyrene particles)
can be estimated knowing the density of polystyrene p;, the density of air p, and the packing
density of the particles in the sample volume pg,,,,, measured as mass of the sample divided by the

. 2
volume occupied:’

Pp = M Equation 39

Ps — Pp

The volume fraction occupied by polystyrene is the remaining volume:’
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Qs = 1-— Qp Equation 40

Using the values for the surface area S,, and the pore and structural volume fractions @p and ¢ of
the samples, it is possible to determine the pore chord [, defined as the average length of the void
domains:”

_Yop
p Sv Equation 41

l

The B/Q ratio required for S,, and chord length calculations were obtained from SAXS patterns using
a one-level model of the unified approach” implemented in Irena SAXS macros for Igor Pro
software.”

The unified approach is based on merging Guinier and Porod approximations together as one
function for fitting a basic scattering pattern combined of Guinier and Porod regions without any
particular features corresponding to a particle shape, size and particle internal morphology. The
Guinier region (associated with small g values) provides information about the radius of gyration of
scattering objects (particles) and the Porod region (associated with big g values) contains
information about the surface area of interfaces between two phases comprising the analysed
system (for example, homogeneous particles dispersed in a homogenous solution). If the scattering
objects are large and have a broad distribution of sizes the Guinier region might not be resolved in
SAXS patterns and as a result only Porod region could be approached by SAXS measurements. Thus,
the scattering pattern observed in this case would correspond to a Porod approximation
represented by a power law (Equation 36) and the unified fit approach would provide the Porod’s
constant proportional to the interface surface area (Equation 38).

In Figure 41 a representative example of scattering pattern (polystyrene particles in air synthesised
from bi-modal polystyrene, with 2% w/w polymer concentration in the initial solution) is shown,
along with a model fit obtained from the unified approach.” This was used to calculate the B/Q
value required for the measurements of the polystyrene-air interface surface area and,

subsequently, the estimation of the average pore size.
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Figure 41: A representative SAXS pattern of polystyrene particles powder in air (bi-modal polystyrene, with 2% w/w polymer
concentration in the initial solution) displayed in a double logarithmic format. The pattern was fitted (dotted line) using a
one-level model of the unified approach implemented in Irena SAXS macros for Igor Pro software. It was assumed for the

model that, at high q, I(q) o(q’4. The slope -4 is given for guidance.

The values of the average pore size obtained by SAXS were implemented in the pore size distribution
diagrams produced by Image J,% analysing the SEM images of the polystyrene multi-voided particles.
The agreement between the SEM and SAXS results demonstrates the complementarity of the two

characterisation techniques.
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Figure 42: A representative diagram showing the pore size distribution for a bi-modal polystyrene multi-voided particle
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produced with 2% w/w polymer concentration in the initial solution, obtained from the SEM image after the Image J
processing. The diagram was implemented with the average pore size obtained by SAXS analysis, represented as a vertical
arrow within the distribution. This shows the agreement between the SEM and SAXS results and the complementarity of the

two characterisation techniques.
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CHAPTER 5: MULTI-VIDED POLYSTYRENE PARTICLES BY A PROCESS OF
NON-SOLVENT INDUCED PHASE SEPARATION OF A POLYSTYRENE
SOLUTION.

NIPS BY SOLUTION - FABRICATION PROCESS

The aim of the synthetic work was the fabrication of polymeric porous particles with:

1. A spherical shape in order for the particles to pack effectively within a paint film;

2. An ideal particles’ size range of = 10 - 50 um so that the particles would fit in multiple layers
within a paint film (with thickness up to 300 um);

3. A closed external surface to prevent water from the water-based paint to fill the voids in the
particles, and thus reducing the scattering power of the material in wet conditions;

4. An internal porous structure, with poly-disperse pore size in the range of 200 to 700 nm,
mimicking the foam structure of bird feathers, able to effectively scatter light in the visible

range, producing white.

The first approach to the fabrication of porous particles by the non-solvent induced phase
separation method was attempted by exploring the simplest version of a ternary system, comprising
only the three essential ingredients: a polymer, a solvent and a non-solvent. The first system
investigated included polystyrene with M,, of 30 kg mol™, tetrahydrofuran (THF) as the solvent and

deionised water as the non-solvent.

Polystyrene was dissolved in THF at room temperature in a glass beaker by magnetic stirring, to
produce a polymer solution with 10% wt of polystyrene. The polymer solution was delivered drop-
wise via a 10 ml syringe (with a needle gauge of = 0.7 mm inner diameter), connected to a syringe
pump, to four stirring coagulation baths with non-solvent to solvent ratios by volume of 1 : 1
water/THF, 1 : 0.3 water/THF, 1 : 0.1 water/THF and water only. The pump flow rate was set to 20 ml

hr'™. The ratio of polystyrene solution to coagulation bath was kept at 1 : 10 by volume.
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Figure 43: The process of NIPS by polystyrene solution. Polystyrene in the form of pellets was dissolved in THF solvent in
order to form a polystyrene solution. The solution was delivered by means of a syringe (with a needle gauge of = 0.7 mm
inner diameter) connected to a syringe pump at a steady rate to a stirring coagulation bath. The particles were isolated

from the mixture by vacuum filtration and left to dry to remove the residual liquids.

The products obtained were isolated by vacuum filtration and left to dry in a fume cupboard in order
to remove the liquids. The systems with coagulation baths of 1 : 0.3 water/THF, 1 : 0.1 water/THF
and only water were successful in producing white particles.

The system with coagulation bath of 1 : 1 water/THF produced an amorphous and colourless
agglomerate, due to the high levels of THF solvent present in the coagulation bath that re-dissolved
the polymer.

This trial was a proof of principle which confirmed that using a simple ternary system of polymer,
solvent and non-solvent, and keeping the coagulation bath ratio of non-solvent to solvent high,

white polymeric particles could indeed be achieved.

In order to investigate the effects of polystyrene molecular weight on the macroscopic morphology
of the particles, the same experiment was performed with polystyrene of higher molecular weight
(M,, 100 kg mol™ and 317 kg mol™) and keeping the polymer concentration at 10% wt. However, the
products obtained by using high molecular weight polystyrene were in the form of long fibres, rather

than the powder-like particles previously produced. This was due to the phenomenon of polymer
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chains entanglement described in the characterisation section, taking place when the polymer
solution concentration is higher than the critical chain overlap concentration, indicated as C*, and
defined as the critical concentration at which polymer coils begin to overlap.®* It was demonstrated
that, employing this simple process, it was impossible to produce particles with high molecular
weight polymer, at this level of polymer concentration.

Thus, a first evident limitation of employing the process of NIPS by solution regards the use of either

low molecular weight polymer or very dilute polymer solutions in order to achieve particles.

CHARCTERISATION OF MULTI-VOIDED POLYSTYRENE PARTICLES BY SEM.

The particles successfully produced with low molecular weight polystyrene of M,, 30 kg mol™ were
characterised by scanning electron microscopy (SEM). The images showed different morphologies
for particles achieved with different coagulation bath compositions. For the 1 : 0.3 water/THF bath,
the particles presented rounded irregular shapes. Reducing the level of solvent in the coagulation
bath to 1 : 0.1 water/THF or eliminating THF altogether from the bath, produced particles with
progressively flatter shapes. This trend can clearly be observed by comparing the Figure 44, 45 and

46.

Figure 44: A representative SEM image of the polystyrene particles produced with a polystyrene in THF solution with PS M,,
of 30 kg mol Yand a coagulation bath composed of 1 : 0.3 water/THF. The particles present rounded irregular shapes and

broad size range.
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Figure 45: A representative SEM image of the polystyrene particles produced with a polystyrene in THF solution with PS M,,
of 30 kg mol™ and a coagulation bath composed of 1 : 0.1 water/THF. The particles present irregular shapes with some

flakes. Size range is still very broad.

Figure 46: A representative SEM image of the polystyrene particles produced with a polystyrene in THF solution with PS M,,
of 30 kg mol™ and a coagulation bath composed of only water. The particles are flat and could be defined as flakes. Size

range is very broad with some particles above 300 um.

The particles size for all the bath compositions was broad, ranging from = 10 to 300 um. Internal
porosity was observed in all the systems, with pore density increasing for systems with progressively
less THF solvent in the coagulation bath. Details of the internal structures can be observed in the

Figure 47, 48 and 49.
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Figure 47: SEM of a cross section of a polystyrene particle produced with a polystyrene in THF solution with PS M,, of 30 kg
mol™ and a coagulation bath composed of 1 : 0.3 water/THF. Porosity is present within the internal structure, with spherical
disconnected pores suggesting a phase separation by nucleation and growth. Pores are variable in size with a few in the

desired range of 200 — 700 nm.

izl e |

Figure 48: SEM of a cross section of a polystyrene particle produced with a polystyrene in THF solution with PS M,, of 30 kg
mol™ and a coagulation bath composed of 1 : 0.1 water/THF. A greater level of porosity is observed within the internal

structure. A larger number of pores are within the desired range of 200 — 700 nm.
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Figure 49: SEM of a cross section of a polystyrene particle produced with a polystyrene in THF solution with PS M,, of 30 kg
mol™* and a coagulation bath composed of only water. Extensive porosity is present within the internal structure. Pores are

variable in size with a large number in the desired range of 200 — 700 nm.

This initial proof of concept demonstrated that porous polystyrene particles were achievable by
using low molecular weight polystyrene and a coagulation bath with a high ratio of non-solvent to
solvent. The particles demonstrated an internal porosity, produced by a mechanism of phase
separation comprised of a nucleation and a growth, with spherical not interconnected pores, similar
to the Garrulus glandarius’s foam structures. However, the control of the particles’ shape and size

was an issue to address.
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FABRICATION PROCESS BY INK-JET.

In order to improve the control over the polystyrene particles’ shape and size, an upgrade of the
fabrication set up was required, and achieved by employing an Ink-Jet apparatus.

The Ink-Jet was able to provide a greater control over the droplets’ size of the polystyrene solution
delivered to the coagulation bath. In particular, the Ink-Jet was capable of producing a steady stream
of small droplets, consistent in size. The apparatus, comprising a pressure controller connected
simultaneously to a compressed air source, to a vacuum pump and to a reservoir chamber
containing the polystyrene solution, allowed the creation of a slightly negative pressure in the
reservoir (Figure 50). One end of the reservoir was linked to an Ink-Jet nozzle of 60 um in diameter,
containing a piezo-electric diaphragm along the wall of the nozzle, and connected to an electronic
pulse controller. The electric current generated by the controller induced the contraction and the
relaxation of the piezo-electric diaphragm, producing a series of pulses (waves) able to push the
polystyrene solution out through the nozzle.” This way a steady stream of similarly sized droplets of
about 60 um in diameter was generated and delivered to a bath of water non-solvent, held in a glass

vial, placed at a distance of = 6 or 7 cm from the nozzle (Figure 53).
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PC Camera Reservoir with Printer Head Vacuum Pump

Electronics Box LED Light source Pressure Controller

Figure 50: Ink Jet set up: on the right, a vacuum pump and a compressed air source (not visible) were connected to the
pressure controller box and to the reservoir, allowing to generate a slightly negative pressure in the reservoir chamber
containing the polystyrene solution. The electric box on the left was connected to the printer head attached to the bottom
of the reservoir, allowing the control of the pulses produced by the piezo-electric diaphragm in the printer head and thus
the generation of a steady stream of polystyrene solution droplets. The camera and the strobe LED light source were

aligned with the printer head nozzle to visualise the stream of droplets in the PC monitor on the left.

The set up required the alignment of a camera with the printer head and the strobe LED light source,
in order to visualise the droplets stream on a monitor (Figure 51). The pressure generated by the
compressed air and the vacuum pump in the reservoir chamber was balanced using the pressure

controller, in order to produce a slightly negative pressure of = -14 mbar.
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Printer Head + LED

Figure 51: Alignment of camera — LED — Printer head: in order to visualise the droplets stream of polystyrene solution, a

camera was aligned with the printer head and a strobe LED light source capable of producing short flashes of light. The

strobe delay was set at = 1000 us. The image of the droplets stream was monitored on a PC with UC 480 Viewer software.

The wave-form parameters that controlled the oscillation of the piezo-electric diaphragm in the
printer head,” generating the droplets stream, were optimised by a trial and error process, until a
steady stream was achieved. The wave-form consisted of two trapezoidal pulses (Figure 52): the first
pulse (or resonating pulse) is controlled by the rise time 1, the dwell time and the fall time
parameters, and it is responsible for the droplet jet.”® The resonance of the piezo also generates a
residual oscillation, which can be cancelled by inducing a negative trapezoidal pulse (called the

quenching pulse).”’

Pulse 1
Voltage ) Resonating pulse » Quenching pulse

Dwell
Voltage

Idle
Voltage

Time

Echo

Echo time 1 time

Voltage -

e

Figure 52: A schematic diagram of a bipolar pulse wave-form. The resonating pulse (producing the droplet jet) and the

quenching pulse are highlighted. The Ink-Jet operating parameters controlling the pulses are indicated.
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This cyclic sequence of a resonating pulse followed by a quenching pulse produces the steady
droplets stream. The optimised configuration was obtained with the following values of the Ink-Jet

operating parameters:”

Resonating pulse / ps Quenching pulse / ps Voltage settings / V
Risetime 1 Dwelltime Falltime | Echo time Rise time 2 Idle Dwell Echo
4 15 15 25 25 0 30 -10

Collecting vial with water

Figure 53: Visualisation of the droplets stream: on the left side, the image recorded by the camera and visualised on the PC
using the UC 480 Viewer software, highlights the steady stream of droplets of the polystyrene solution. The printer head’s
nozzle and some droplets are visible. On the right, the stream of droplets delivered to the coagulation bath of water can be

observed.

The Ink-Jet method was employed with a solution of polystyrene of M,, of 23 kg mol™ in THF at room
temperature, with a concentration of 10% by weight of the polymer (below C*). The particles
produced were isolated from the coagulation bath, containing only water, by vacuum filtration and
characterised by SEM once fully dried. The same solution was also used to produce particles by the
standard lab method by syringe (with a needle gauge of = 0.7 mm inner diameter) and syringe pump.
The comparison of SEM images of the particles obtained from the same polymer solution employing

the Ink-Jet (Figure 54) and the standard lab method (Figure 55) showed that the Ink-Jet was
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successful in providing a greater control of particles’ shape and size. The particles obtained by Ink-Jet
were spherical, consistent in size, in the desired size-range, exhibiting internal porosity, with a

greater pore density.

Figure 54: A representative SEM image of the polystyrene multi-voided particles produced with polystyrene of M,, 23 kg
mol™ in THE by the Ink-Jet process. The particles are rounded, smaller (up to = 60 um in diameter) and consistent in size.

This image shows that the Ink-Jet process was successful in achieving a greater control of particles’ shape and size.

Figure 55: A representative SEM image of the polystyrene multi-voided particles produced with polystyrene of M,, 23 kg
mol™ in THF by the standard lab process employing a syringe (with a needle gauge of = 0.7 mm of inner diameter)

connected to a syringe pump. The particles have irregular shapes, are larger in size, up to = 200 um in diameter.
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Figure 56: SEM of a cross section of a polystyrene particle produced with polystyrene of M,, 23 kg mol™* in THF by the Ink-Jet
process. The particle is spherical and = 40 um in diameter. The pores are variable in size, with a large number within the

desired range for visible light scattering, 200-700 nm.

Figure 57: SEM of a cross section of a polystyrene particle produced with polystyrene of M,, 23 kg mol Lin THF by the
standard lab process. The particle is very large with an irreqgular shape. Pores present a greater variability in size, but with a

large number still within the desired range for visible light scattering, 200-700 nm.

The Ink-Jet method solved the fabrication issues, giving the means to produce particles with the
desired features in terms of shape, size and porosity. The greatest limitation of this method was the
difficulty of scaling up the process in order to produce sufficient particles for testing. The Ink-Jet

works with small volumes, it is relatively slow and the product that could be obtained in a daily
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session was in the order of a tenth of a gram of particles. This did not offer the opportunity for a full
characterisation (it was only sufficient for SEM imaging) and certainly not for testing the product
within paint formulations, where about 50 g of material were required. Nonetheless, the Ink-Jet
method proved that polystyrene multi-voided particles with the desired shape and morphological

features were indeed achievable.
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CHAPTER 6: MULTI-VOIDED POLYSTYRENE PARTICLES BY A PROCESS
OF NON-SOLVENT INDUCED PHASE SEPARATION OF A POLYSTYRENE
EMULSION.

NIPS BY EMULSION - FABRICATION PROCESS.

The Ink-Jet method was successful in achieving the target particles, with the right shape and size.
The particles presented a foam-like internal structure, made of spherical closed pores generated by
a process of phase separation by nucleation and growth. However, the limited amount of product
that could be obtained by employing the Ink-Jet was insufficient for a full characterisation of the

system and for the implementation of the multi-voided particles in paint formulations.

A different method for increasing the productivity of polystyrene porous particles was therefore
necessary, and a possible option was the modification of the fabrication process from a NIPS by
solution, where the polymer solution is directly delivered to the coagulation bath, to a NIPS by
emulsion, where the polymer solution is first dispersed in the form of small droplets within a

continuous phase of a second liquid, and then it is delivered to the coagulation bath.

The dispersion of the polystyrene solution in the form of small droplets within a continuous phase
allows a greater degree of control over the particles’ shape. Surface tension is responsible for the
spherical shape of the polymer solution droplets. When the emulsion is delivered to the coagulation
bath, the diffusion of the non-solvent induces the precipitation of the polystyrene within the
spherical droplets. The precipitated polystyrene retains the shape of the original droplets, therefore
producing spherical particles.

The particles’ size is directly related to the polymer solution droplets size, which can be easily
controlled by varying the shear rate during the emulsion mixing. Increasing the shear has the effect
of breaking down the discontinuous phase into smaller droplets. The coagulation of the droplets can
be prevented by increasing the levels of surfactant, thus reducing the surface tension within the
system.

The NIPS by emulsion process had the potential of producing particles with controllable shape and
size in bulk, and therefore in larger quantities compared to the previous process. Particles’ shape
and size could now be controlled due to the nature of the emulsion, rather than relying on the Ink-

Jet, a sophisticated and slow apparatus, producing streams of small and consistent droplets.
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In the non-solvent induced phase separation method by emulsion, the first step of the process is
analogous to the method by solution previously discussed, and polystyrene in the form of pellets is
dissolved in the toluene solvent at room temperature to produce polymer solutions of desired
concentration by weight (Figure 58). In order to form and stabilise the emulsion, an amount of 2% by
weight of non-ionic surfactant span 80 was added to the polymer solution and dispersed by
magnetic stirring.

Deionised water was added to the polystyrene solution and span 80 mixture, in a 2 : 1 ratio by
weight, and the whole mixture was stirred at = 1000 rpm (rate per minute) for = 20 minutes, in order
to form a stable emulsion.

The high shear produced by the stirring had the effect of inter-dispersing the polystyrene solution
and the deionised water: the non-ionic surfactant span 80, migrating at the interface between the
two liquids, favoured the formation of polystyrene solution droplets dispersed into a continuous
phase of water.

Continuous stirring at = 1000 rpm broke down the polystyrene solution droplets until they reached
average diameters in the range of = 20 - 70 um, in order to achieve particles with dimensions
comparable to those previously produced with the Ink-Jet method. The average droplets size of the
emulsions was measured by dynamic light scattering (DLS) before proceeding with the final steps.
The emulsion was then transferred to a 60 ml syringe (with a needle gauge of = 0.7 mm inner
diameter) connected to a syringe pump. The flow rate was set to 100 ml hr™ in order to deliver the
emulsion to a stirring bath of ethanol non-solvent. The emulsion to non-solvent ratio was kept close
to 1 : 10 by weight for all the samples. The precipitated polystyrene micro-spheres were isolated

from the mixture by vacuum filtration and left to dry in a fume cupboard to remove all the liquids.
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Figure 58: Non-solvent induced phase separation by emulsion process. Polystyrene is dissolved in toluene solvent (step 1) to
produce a polymer solution of desired concentration by weight (step 2). Span 80 non-ionic surfactant and deionised water
are added to the polymer solution (step 3). An emulsion, with polystyrene solution droplets dispersed in a continuous phase
of deionised water, is produced by stirring the mixture (step 4). The emulsion is delivered drop-wise by a syringe (with a
needle gauge of = 0.7 mm inner diameter) connected to a syringe pump, to a coagulation bath of ethanol non-solvent (step
5). Polystyrene precipitates within the spherical droplets retaining the spherical shape. The particles are isolated from the
mixture by vacuum filtration and left to dry (step 6) to remove the liquids. For each step of the process, the characterisation
techniques used are highlighted in red: GPC was performed before step 1 to determine the polystyrene molecular weight.
Rheology and C* calculations were performed on the polystyrene solutions, in step 2. DLS was employed to determine the

droplets size in the emulsions in step 4. SEM and SAXS were performed on polystyrene dried particles, after step 6.

In order to fully characterise the emulsion systems and to evaluate the effects of variables such as
polystyrene molecular weight and polystyrene concentration in the polymer solution on the

particles” morphology, three different uni-modal samples of polystyrene with molecular weights of
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23, 207 and 317 kg mol™ were employed, along with a bi-modal sample with two populations of
polymer chains of M,, of 53 and 107 kg mol™.

Five different polystyrene concentrations in toluene were investigated: 2, 5, 7, 10 and 15% by weight
of polystyrene in solution.

The samples prepared with the emulsion process were listed in terms of the polystyrene molecular
weights and polystyrene concentrations. For example, the products prepared with polystyrene M,,
23 kg mol™ at 2% w/w, M,, 207 kg mol™ at 5% w/w and bi-modal M,, 53 and 107 kg mol™ at 10% w/w

concentration, would be referred to as “23-2”, “207-5” and “bi-modal 10” respectively.

CHARACTERISATION OF POLYSTYRENE BY GPC.

The molecular weight of the polystyrene samples used for the NIPS by emulsion process was
measured by gel permeation chromatography (GPC).

The uni-modal lower M, sample (Polymer Source Lot. Number P9397-S), was analysed at the
University of Sheffield with a GPC set-up comprised of two 5 um “Mixed-C” columns, a WellChrom K-
2301 refractive index detector operating at 950 nm, THF eluent containing 2% v/v triethylamine and
0.05% w/v butylhydroxytoluene (BHT) with a flow rate of 1.0 mL min™, calibrated with polystyrene
standards from Polymer Laboratories (Church Stretton Salop, England). The analysis provided a
molecular weight M,, of 23092 g mol™ (approximated to 23 kg mol™) with a polydispersity index of

1.24.
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Figure 59: The GPC chromatogram for the polystyrene M,, 23 kg mol™ recorded at the University of Sheffield. The single
peak at = 15 min confirms that this is a uni-modal sample, with a single chain population present. The calibration curve on

the second vertical axis was used to assign the correct value of molecular weight to the sample.
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GPC analysis for all the other samples was performed at the Durham University, using triple
detection with light scattering, giving absolute data.

Polystyrene samples were dissolved in a tetrahydrofuran (THF) solvent; the flow rate was set to 1.0
ml min™, the injection volume was 100 pl, detector and column temperature was set at 35 °C.

The analysis provided a molecular weight M,, of 207,179 g mol™ (approximated to 207 kg mol™) with
a polydispersity index of 2.10, for the uni-modal intermediate M, sample (Sigma Aldrich, Lot.
number 02726DE) and a M,, of 316,573 g mol™ (approximated to 317 kg mol™) with a polydispersity
index of 2.95 for the uni-modal higher M,, sample (Sigma Aldrich, Lot. number MKBP1175V). The bi-
modal sample (Sigma Aldrich, Lot. number MKBS6957V) showed two populations of polymer chains
with molecular weights M,, of 53,309 and 106,970 g mol™ (approximated to 53 and 107 kg mol™).
From the analysis of the area beneath the two peaks in the chromatogram (Figure 60 c), it was
possible to estimate that the composition of the bi-modal blend was of 44.6 % for the polymer chain

population of 53 kg mol™ and of 55.4 % for the polymer chain population of 107 kg mol™.
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Figure 60: GPC chromatograms for the polystyrene M,, 207 kg mol ! (a), M,, 317 kg mol ! (b) and bi-modal M,, 53, 107 kg

mofl™ (c) recorded at the Durham University by Prof Hutchings’ group. A triple detection by refractive index (red line), light

scattering (black line) and viscosity (blue line) was used to measure the molecular weight of the samples. Polystyrene with

M,, 207 kg mol™ (a) and M, 317 kg mol™ (b) exhibit a single peak at 12.45 and 11.93 ml respectively, indicating uni-modal

samples. Polystyrene bi-modal (c) shows two peaks at 13.10 and 17.50 ml, demonstrating that two chain populations are

present.
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PHASE SEPARATION OF POLYSTYRENE — TOLUENE — ETHANOL SYSTEMS.

In order to determine the topography of the phase separation process on an isothermal ternary
phase diagram for the polystyrene, toluene and ethanol system, cloud point measurements for
polystyrene solutions were obtained. The cloud points were determined by turbidimetric titration at
the temperature of 25 °C.

The volume of ethanol non-solvent, required to achieve cloudiness in solutions of different
concentrations of polystyrene, were converted into weights. Each point on the ternary diagram in
(Figure 61) is expressed in weight percentage of polystyrene, toluene and ethanol.

Linking the cloud points provides information on the position of the binodals, the boundary lines
that separates the one-phase region, where the mixture is homogeneous, from the two-phase

region, where the mixture separates into polymer-rich and polymer-poor regions.

The initial condition of the system, for polystyrene toluene solutions at the concentrations of 2, 5, 7,
10 and 15% w/w, lie on the polystyrene-toluene axis of the diagram (Figure 61, triangles). Upon the
addition of the non-solvent, the system transits, crossing the binodal boundary, into the two-phase
region, initiating phase separation. The diagram shows the final configuration of the system (Figure
61, filled squares) where ethanol is the dominant component and polystyrene is precipitated in the
form of solid porous micro-spheres. The binodal boundary is progressively shifted towards the
polystyrene-toluene axis as the polystyrene molecular weight increases. The obtained phase
diagram (Figure 61) is consistent with a generic ternary diagram expected for such a system (Figure

27).
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Figure 61: An isothermal ternary phase diagram, showing the evolution of a polystyrene-toluene-ethanol system at 25°C.
From the initial conditions of polystyrene toluene solutions at PS concentrations of 2, 5, 7, 10 and 15% w/w (triangles) the
system transitions to the final state (squares) upon the addition of ethanol non-solvent. Experimentally determined binodal
lines, obtained from cloud points, are shown for polystyrene molecular weights of 23 (open diamonds), 207 (open circles),
317 (full diamonds) and bi-modal of 53 and 107 (full circles) kg mol™, marking the boundary between one-phase and two-
phase regions. The cloud points were measured up to 40% w/w initial PS concentration for PS M,, 23, 207, 317 kg mol™ and
50% w/w for PS bi-modal blend. Beyond these concentrations, the solutions are too viscous to perform the analysis. Phase
separation occurs when the binodal line is crossed, initially producing a liquid-liquid mixture with polymer-rich and polymer-
poor regions and, upon further addition of ethanol, a solid-liquid mixture occurs where polystyrene precipitates. In the
table, the numerical data generating the phase diagram, expressed in polystyrene, toluene and ethanol weight

percentages, are reported.
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CHARACTERISATION OF POLYSTYRENE SOLUTIONS: CRITICAL CHAIN OVERLAP
CONCENTRATION.

The chain overlap concentration C* of a homogeneous polymer solution is defined as the critical
concentration at which polymer coils begin to overlap.®

It is expected that above the critical chain overlap concentration, the mobility of polystyrene
systems is drastically reduced due to the increased viscosity.

C* can be calculated from the radius of gyration of a polymer in a solvent, using the Equation 31

previously described in the characterisation techniques section.

The values for the radius of gyration R, of polystyrene in toluene were obtained using two
approaches (Table 1 and Table 2). The first approach was based on the values reported in the
literature® (Table 1). The values of R, chosen for the calculations were those that were the closest to
the molecular weights of the studied polystyrene. It was found that for the 23 kg mol™ series, the
15% w/w concentration sample is the only system above C*. For the 207 kg mol™ series, the 2% w/w
concentration is the only system below C* and the 317 kg mol™ series is entirely above C*. The bi-
modal system is below C* at 2, 5 and 7% and above C* at 15%, while at 10% the short and long

chains are below and above C* respectively (Table 1).

Table 1: Calculations of C* using eq. 31 and experimental values of R, from literature. %2 The systems with the concentrations
above C*, where the phase separation process is kinetically controlled, are highlighted in orange. B = Below C*, A = Above

c*

PS M,, kg mol™ Rg/ nm C*/gem™® | 2% | 5% | 7% | 10% | 15%
23 4.58 0.096 B B B B A
bi-modal 53 & 107 | 5.36 &8.20 |0.136 & 0.077 | B B B | B/A| A
207 13.40 0.034 B A A A A
317 23.30 0.010 A A A A A

The second approach used for the C* calculation is based on the R, values obtained from the Kuhn
length of polystyrene in a theta-solvent.
In this case R, is calculated from the relation between the contour length and the Kuhn length

(Equation 29). The Kuhn length of polystyrene used is 1.67 nm, as reported in literature®.

The contour length of polystyrene was calculated from Equation 30 using the values of 0.154 nm for

carbon-carbon bond length of the polystyrene skeleton, 70.53° for the tetrahedron angle, and the
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number of repeat units in the polymer chain, N, was obtained by dividing the molecular weight M,,

of polystyrene by the molecular weight M, of the monomer styrene unit (104.15 g mol™).

Thus, Ry calculated from Equation 29 was used for the C* calculations (Equation 31). The results

show (Table 1 and Table 2) that both approaches predict a similar behaviour for the studied systems.

There is a slight difference observed for the high molecular weight solutions (Table 2, compositions

highlighted by patterned boxes). The results of the first approach (Table 1) based on literature values

of R, were used in the further analysis.

Table 2: C* estimation using the values of R, calculated from the Kuhn length and the contour length of polystyrene.  In the

orange boxes the systems with concentrations above the critical chain overlap concentration, where the phase separation

process is kinetically controlled. The composition exhibiting slight deviations of C* from the previous method are highlighted

by the patterned boxes. B = Below C*, A = Above C*.

PS M,, kg mol™ Rg/ nm c*/gem® | 2% | 5% | 7% | 10% | 15%
23 3.93 0.150 B B B B A
bi-modal 53 & 107 | 5.97 & 8.48 [0.099 & 0.070 | B B B | BIA| A
207 11.79 0.050 A A A
317 14.57 0.041 A A A
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CHARACTERISATION OF POLYSTYRENE SOLUTIONS: VISCOSITY.

The viscoelastic properties of polystyrene, toluene and ethanol systems were measured using a
rotational stress-controlled rheometer (Anton Paar, MCR 502) equipped with a cone-and-plate
geometry (diameter 50 mm and cone angle 2°) at 25 °C, using the continuous shear mode. The
dependence of the viscosity (77) on the shear rate () was measured within y intervals from 1 to 100
rad s™. This range was selected in order to obtain reliable values of zero shear rate viscosity for
solutions at low polystyrene concentration. The viscosity n in this range was independent of shear
rate (Figure 62). The zero shear viscosity no was extrapolated to y = 0. Time sweeps performed
before each run have shown that the effect of solvent evaporation was negligible for the

measurements time used.
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Figure 62: A representative measurement of shear viscosity of the polystyrene solutions with PS M,,, = 317 kg mol’ T and PS
g P Y polysty g

concentration of 2 to 15 % wt. The diagram shows that the viscosity n is independent of shear rate.

Solutions of polystyrene in toluene at the initial concentrations of 2, 5, 7, 10 and 15% w/w were
prepared for each of the polystyrene molecular weights. The Zero shear viscosity n, data were then

obtained (Figure 63).
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Figure 63: Zero shear viscosity n, versus polystyrene concentration measured for polymer solutions with M,, = 23 kg mol™
(a), 207 kg mol ! (b), 317 kg mol ! (c) and bi-modal 53 and 107 kg mol ! (d). Filled symbols represent concentration above C*
where polymer chains entanglement occurs and the phase separation is kinetically controlled. Open symbols represent
concentrations below C*. The hatched symbol for “bi-modal 10” indicates that only the long chains of the bi-modal sample
are above C*. The dotted line was obtained using an empirical relationship between zero shear viscosity, polystyrene
molecular weight and polystyrene concentration for polystyrene-toluene systems from literature™ (Equation 42). The
relationship predicts the zero shear viscosity of polymer-solvent solutions. Inserts show representative SEM cross-section

images of polystyrene particles obtained from these solutions.
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A dotted-line overlapping the experimental data was generated by using an empirical equation from
literature that relates the zero shear viscosity ny of polystyrene-toluene systems to polystyrene

molecular weight M,, and polystyrene concentration C:’®

N, =481x 1072 xC x M,7%° +1.658 x 107° x €% x M,,"*"? + 5.579 4
Equation 42

x 10713 x C*%° x M,,*3° 4 0.558
The predicted viscosity is in good agreement with the experimental data for the low molecular

weight polymer and for the high molecular weight polymer at low concentrations. Slight deviations

were observed for the high molecular weights at higher concentrations.
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CHARACTERISATION OF EMULSION DROPLETS SIZE.

The droplet size of the emulsions of polystyrene solutions dispersed in water was measured by
dynamic light scattering (DLS), using a Malvern Zetasizer Nano-S series instrument with 1 ml
cuvettes. The instrument was operated under the following conditions: temperature of 25 °C,
detector angle at 90°, incident laser wavelength of 633 nm. DLS has shown that droplet diameters in

the emulsions for all the prepared samples were in the size range = 20 - 70 um.

Table 3: The values of average droplets diameters (Z-average) and polydispersity index (pdi), obtained by DLS

measurements.
PS 23 kg mol™ PS 207 kg mol™
Sample Z-Average / um pdi Sample Z-Average / um pdi
23-2 19 0.60 207-2 52 0.38
23-5 67 0.72 207-5 31 0.47
23-7 44 0.43 207-7 30 0.77
23-10 50 0.22 207-10 17 0.68
23-15 18 0.13 207-15 22 0.59
PS 317 kg mol™ PS bi-modal 53 & 107 kg mol™
Sample Z-Average / um pdi Sample Z-Average / um pdi
317-2 45 0.19 bi-modal 2 29 0.38
317-5 62 0.48 bi-modal 5 47 0.39
317-7 72 0.24 bi-modal 7 35 0.43
317-10 37 0.38 bi-modal 10 59 0.67
- - - bi-modal 15 54 0.28

The reason why the droplets show such a broad size range is due to the way the emulsions mixing
was achieved. The shear that was provided by the stirrer was not homogeneous throughout the
sample. The high shear obtained in the close proximity of the stirrer could not be reproduced in the
more peripheral regions of the emulsion. This led to droplets of different size across the sample.
However, this was not considered to be an issue due to the fact that a scale up of the process would
require the mixing of large volumes of emulsion. The large vessels used in industry, together with
the use of overhead mixers, would produce an analogous situation whereby the shear across the
sample would not be homogeneous and the same broad size range would be observed. Therefore,
the laboratory mixing is representative of the industrial process, making the method industrially
robust. The aim of the DLS analysis was simply to make sure that the particles produced were
comparable in size to those achieved with the Ink-Jet equipment and close to the ideal range of = 10

- 50 um previously indicated.
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CHARACTERISATION OF MULTI-VOIDED POLYSTYRENE PARTICLES BY SAXS.

SAXS measurements were either performed at a synchrotron source (ESRF, beamline D02,
Grenoble, France) or using a laboratory SAXS instrument at the University of Sheffield (Xeuss 2.0,
Xenocs, France) equipped with liquid gallium Metal-Jet X-ray source (Excillum, Sweden). A
monochromatic X-ray radiation (wavelength A = 0.0995 nm or 0.134 nm, respectively) and 2D
detector (Rayonix MX-170HS CCD or Dectris Pilatus 1M pixel detector, respectively) were used for
these experiments. The SAXS camera length was set to cover the g range from 0.01 nm™ to 1.0 nm™,
where g = 4msin©/A is the modulus of the scattering vector and © is half of the scattering angle.
Glass capillaries (approximate diameter of 2 mm) were used as a sample holder for the dried
polystyrene particles. X-ray scattering data were reduced (integration and normalization) using
standard routines from the beamline or the software package Foxtrot for the laboratory SAXS
instrument. Irena SAS macros’ for Igor Pro software were utilized for background subtraction and

the scattering patterns were analysed using the Unified fit”> method.
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Figure 64: Representative SAXS patterns of polystyrene multi-voided particles, displayed in a double logarithmic format,

acquired at the IDO2 beamline (ERSF, Grenoble, France). The patterns were fitted using a one-level model of the unified
approolch73 implemented in Irena SAXS macros”* for Igor Pro software. It was assumed for the model that, at high q, I(q) «q

*. The solid black line shows a representative fit using the unified approach. The slope -4 line is given for guidance.
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The polystyrene multi-voided particles are a typical two-phase polymer-air system having sharp
distinct interfaces. The SAXS patterns produced by these particles obey the Porod's law at large g.
The approach illustrated in the characterisation section (Equation 36 - 41) was used to characterise
the multi-voided particles, in order to estimate the surface area S, and the average pore diameters /,
of the particles, along with the air volume fraction and the packing density of the samples.

Multiple scattering patterns for each sample were collected and independently analysed to estimate
pores’ surface areas and diameters, and the respective margins of error. The results of the SAXS
analysis are displayed in Table 4.

The surface area of the polystyrene particles ranges from 5.40 + 0.09 m” cm for the sample “23-2”
with lowest molecular weight (23 kg mol™) and lowest polystyrene concentration in toluene (2%
w/w), to 1.02 + 0.06 m” cm” for the sample “317-10” with the highest molecular weight (317 kg mol’
') and the highest polystyrene concentration in toluene (10% w/w). The results of SAXS analysis have
shown that the pore size /, ranges from 476 + 8 nm for “23-2" to 3286 + 181 nm for “317-10” and the

voids volume fraction ranges from 55 to 84%.

Table 4: Results of the SAXS data analysis: sample packing density (ps.m), air volume faction (@,), interface surface area per

unit volume (S,) and pore chord length (1,). The samples above C* are indicated in bold.

Packing density Air volume Surface area S, | Pore chord
Sample 3 .
Psam (g x cm™) | fraction ¢,/ % (m?>x cm?) Ip (nm)
23-2 0.382 64 5.40 £0.09 476 £ 8
23-5 0.483 55 4.40+£0.13 498 + 15
23-7 0.383 64 489 £0.10 525+ 10
23-10 0.388 64 477 £0.13 534 +14
23-15 0.416 61 4.52 £0.08 540+9
207-2 0.323 70 2.53+0.03 1105 + 15
207-5 0.205 81 1.92 +£0.15 1689 + 130
207-7 0.299 72 242 +0.16 1192 +78
207-10 0.373 65 3.02+0.26 867 +73
207-15 0.384 64 2.39+0.15 1075 + 68
317-2 0.440 59 4.20+0.24 561 + 33
317-5 0.301 72 2.65+0.15 1085 +58
317-7 0.334 69 2.56 £0.20 1079 £ 82
317-10 0.173 84 1.02 £0.06 3286 £ 181
bi-modal 2 0.278 74 4.31£0.05 686 +8
bi-modal 5 0.263 75 3.88£0.25 780 £ 51
bi-modal 7 0.384 64 2.71+£0.03 947 £ 11
bi-modal 10 0.367 66 2.03+£0.18 1302 +121
bi-modal 15 0.424 60 2.50+£0.27 974 £ 110
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For low molecular weight systems (23 kg mol™ and bi-modal 53, 107 kg mol™) below the chain
overlap concentration C*, a correlation between the polymer concentration in the solvent and pore
chord can be identified: an increase in concentration corresponds to an increase in the average
diameters of the void domains and a reduction of the surface area.

In the systems with higher molecular weight (207 and 317 kg mol™) this trend is not observed, which
is likely to the fact that the chain entanglement in these samples determines different dynamics in

the phase separation processes.
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CHARACTERISATION OF MULTI-VOIDED POLYSTYRENE PARTICLES BY SEM.

The structural morphology of the polystyrene multi-voided particles was also characterised by SEM,
using either a Philips XL-20 instrument operating at a voltage of 15 kV or a Jeol JSM-6010LA
instrument also operating at a voltage of 15 kV. The samples were fractured between microscope
glass slides in order to image their cross-sections, representing the internal structural morphology.
The samples were then coated with gold using an Edwards S150B sputter coater. In order to
estimate the pore size distribution, the SEM images were analysed using the Image J% software

(version 1.50d).

The particles display a spherical shape, as they were formed from spherical droplets of polystyrene
solution, dispersed within the emulsion (Figure 65). The particles’ size was comparable to the
droplets’ size measured by DLS.

The particles presented a smooth external skin with closed internal pores, the result of nucleation
and growth processes during the phase separation. The internal morphology resembles the foam
structure of the type existent in bird feathers. This morphology enables the particles to act as broad-
band scatterers, producing white.

A distribution of pore size within the particles was observed, with smaller pores located in proximity
of the external regions and a large cavity towards the centre (Figure 66). This pore distribution is a
consequence of the phase separation mechanism that starts from the external regions of the
droplets forming the particles’ smooth skin. Since the surface is quickly frozen by the loss of solvent
and less mobile than the central region, during the solvent loss polystyrene migrates from the centre
to conserve density. This results in a large central cavity, as shown in the cross section of the sample
“bi-modal 7” (Figure 66 c).

It should be noted that the two populations of pores observed by SEM were not considered in the
SAXS analysis. However, we expect that the effect of these large cavities on the surface area derived
from modelling the SAXS should be small. Assuming that the diameter of cavities is about 20 times
larger than the diameter of small pores and that the volume fraction of both the cavities and the
small pores is equal, the cavities would contribute only = 5% of the total surface area corresponding

to these two populations.

The particles produced by systems with significantly higher molecular weight (317 kg mol™) and
concentration above C*, exhibited a different morphology, characterised by a considerably larger
central cavity contained within a relatively thin porous shell. This type of structure is clearly

observable in the “317-10” sample (Figure 66 h), where the cross section of the sphere reveals a
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large empty volume, encompassed within a thin layer of polystyrene. The porosity observed within
the thin shell of this particle, presenting a morphology that resembles an open porous network, is
possibly produced by spinodal decomposition. A representative selection of the particles produced

employing the NIPS emulsion process is shown in Figure 66.

Figure 65: A representative SEM image of the polystyrene particles produced with the NIPS emulsion process, with PS M, of
23 kg mol T and polystyrene concentration of 2% w/w in the initial polymer solution. The particles present a spherical shape,
as they retain the shape of the emulsion droplets from which they were formed. There is a distribution of particles size, with
the larger particles having diameters = 30 um. The particles’ size is comparable to the droplets’ size of the emulsion

measured by DLS, Table 3.
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Figure 66: Representative SEM images of the particles produced by the NIPS emulsion process. The cross-sections of
fractured particles was imaged. (a) PS M,, of 23 kg mol’  and PS concentration of 7% w/w; (b) PS M,, of 23 kg mol" T and PS
concentration of 10% w/w; (c) PS bi-modal and PS concentration of 7% w/w; (d) PS bi-modal and PS concentration of 10%
w/w; (e) PS M,, of 207 kg mol™ and PS concentration of 10% w/w; (f) PS M,, of 207 kg mol™ and PS concentration of 15%
w/w; (g) PS M,, of 317 kg mol * and PS concentration of 2% w/w; (h) PS M, of 317 kg mol * and PS concentration of 10%
w/w. In image (c) the large central cavities are clearly observable. In image (h) a large empty volume, encompassed within
a thin layer of polystyrene, is present: the thin shell exhibits an internal structure that recalls an open porous network,
perhaps result of spinodal decomposition. All the other samples present non interconnected closed pores, produced by a

nucleation and growth mechanism of the phase separation.
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In order to estimate the pore size distribution within the samples and to compare the information
obtained by SEM with the values for the average void size measured by SAXS, Table 4, the images
were processed using Image J% software. The images selected were close-ups of the external regions
of the particles, where most of the porosity was observed.

This analysis presented several limitations. Firstly, only small areas of the particles were considered:
therefore, the images may not be representative of the entire sample. The image processing relied
on the ability of the software to discriminate between pores (dark areas) and polymeric structure
(light areas) by chromatic contrast. However, when this contrast is not particularly sharp, errors in
determining pore size may be introduced. The assumption that pores were perfectly spherical was
made and pore diameters were calculated from the area of the two-dimensional circular cross-
sections. When a particle is fractured, spherical pores may be randomly cut at any section of the
pore. Since the probability to be sliced in two perfect hemispheres is low, it is very likely that the
almost entirety of the observed pores in the SEM images presented a diameter smaller than the true

diameter of the void.

Despite the number of assumptions listed above, the pore size distributions of most of the samples
estimated by this method was in a reasonably good agreement with the averaged void size obtained
by SAXS analysis. The SAXS values fall within the pore-size distributions estimated by SEM,
supporting the accuracy and complementary of the two different structural characterisation

techniques.
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Figure 67: A selection of histograms of the number of air voids versus their diameter, showing pore size distributions
obtained from 2D SEM images of cross-section regions of the fractured samples “23-2” (a), “bi-modal 2” (b) and “bi-modal
10” (c). In the top corner of each diagram a representative SEM image that generated the distribution is shown. The vertical

red arrows indicate the average size of the voids calculated by SAXS.
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CORRELATIONS BETWEEN POLYMER CONCENTRATION OF POLYSTYRENE-TOLUENE
SOLUTIONS AND STRUCTURAL MORPHOLOGY OF THE PARTICLES.

Analysis of the structural information on particles’ pore size obtained by SAXS measurements and
supported by SEM imaging, together with the polymer concentration of the polystyrene-toluene
systems, has shown a strong correlation between these parameters (Figure 68). It was found that
there is a linear dependence between 1/pore diameter and polystyrene concentration for the

systems below C*.

The linear trend is clearly observed for the 23 kg mol™ and for the bi-modal polystyrene systems
where most of the polymer solutions have concentrations below C*.

The samples that deviate from the linear trend are the samples prepared from 15% w/w polystyrene
solutions. These are above C*, where polymer chain entanglement takes place. For the systems with
concentrations above C*, the proportionality relationship is no longer observed. The data points are

scattered across the plot without an obvious trend.
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Figure 68: 1/pore diameter vs polystyrene concentration in polymer solutions plot for the 23 kg mol™ (circles), bi-modal 53,
107 kg mol ! (triangles), 207 kg mol* (squares) and 317 kg mol™ (diamonds) polystyrene systems. The open symbols
correspond to samples obtained from polystyrene-toluene solutions with polymer concentrations below C* where the phase
separation is thermodynamically controlled. Solid symbols represent polystyrene-toluene solutions with concentration
above C* where the phase separation is kinetically controlled. The pattern-filled symbol for “bi-modal 10” shows that only
the long chains of the bi-modal sample are above C*. The diagram clearly highlights a linear correlation between 1/pore
diameter and polystyrene concentration when C < C* in the 23 kg mol™ and in the bi-modal systems. The correlation is no

longer observable for 207 kg mol™* and 317 kg mol ! where C > C*. The error bars show the margins of error for pores

diameters.

Since the viscosity of the polymer solutions used to fabricate the particles is proportional to the
concentration of polystyrene in solution, an analogous linear trend is also observable between the

zero-shear viscosity n, of the polystyrene solutions and 1/pore diameter when C < C* (Figure 69).
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Figure 69: 1/pore diameter vs zero-shear viscosity n, plot for the 23 kg mol™ (circles), bi-modal 53, 107 kg mol ! (triangles),
207 kg mol™ (squares) and 317 kg mol™ (diamonds) polystyrene systems. The open symbols correspond to samples obtained
from polystyrene-toluene solutions with polymer concentrations below C*, solid symbols represent polystyrene-toluene
solutions with concentration above C*, where the phase separation is kinetically controlled. The pattern-filled symbol for
“bi-modal 10” shows that only the long chains of the bi-modal sample are above C*. The diagram clearly highlights a linear
correlation between 1/pore diameter and zero-shear viscosity n, when C < C* in the 23 kg mol™ and in the bi-modal
systems. The correlation is no longer observable for 207 kg mol™ and 317 kg mol™* where C > C*. The error bars show the

margins of error for pores’ diameters.

The observed reciprocal relationship between the polymer concentration and 1/pore diameter, for
polystyrene-toluene-ethanol systems when the concentration of the system is lower than the critical
chain overlap concentration C*, may have a practical application and could be used to produce
porous polystyrene micro-spheres with “tunable” voids size.

Moreover, the reciprocal correlation between pore diameter and zero shear viscosity demonstrated
in this study could be used as a relatively simple tool to control the properties of the polystyrene-

toluene-ethanol systems.

It could be predicted that when the glass transition temperature of the polymer intersects the
temperature of the system upon the addition of the non-solvent, the phase separation arrests** and
the morphology achieved at this stage is fixed. Since the glass transition temperature of a polymer in
solution increases with increasing polymer concentration,”® a polymer solution at high concentration

of polystyrene is expected to intersect the temperature of the system in a shorter interval of time
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than a solution at low concentration of polystyrene. As a consequence, in a high concentration
solution, phase separation would arrest earlier and produce pores of smaller size than in a low
concentration solution. For systems with a fixed pore nucleation density, it would be expected to
observe smaller pores (and consequently smaller surface area) in particles generated with high
concentration solutions, and progressively larger pores (and larger surface area) in particles
generated with low concentration solutions.

This trend of “high concentration - small pores” is observed in polycarbonate in chloroform® where
increasing the polymer concentration produced monoliths with smaller pores.

However, the results obtained in the current study demonstrate the opposite trend, where
polystyrene solutions with increasingly higher concentrations produced porous particles with
increasingly larger pores (Figure 68). The glass transition behaviour alone is insufficient to justify the
trend, but a deeper analysis of the phase diagram provides further insights about the processes

taking place in these ternary systems, which could be helpful for the interpretation of the results.

A section of the ternary phase diagram (Figure 61) can be enlarged to highlight the region of interest
(Figure 70). As a representative example, the behaviour of only two polymer systems corresponding
to M,, 23 kg mol™ and the bi-modal polystyrene at the initial polymer concentrations of 2% and 7%
w/w are considered. In this case, the starting conditions of the samples (polystyrene in toluene
solutions plotted on the polystyrene-toluene axis, represented as triangles), the final non-solvent
conditions reached upon ethanol addition (squares) and the transition from the one-phase to the
two-phase region (arrows) are clearly represented, along with the binodal boundaries.

The phase separation starts on crossing the binodal line: for the bi-modal systems, this occurs in
point A for the bi-modal-7 and in point C for the bi-modal-2. Similarly it takes place in point B for the

23-7 sample and in point D for the 23-2.
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Figure 70: A section of the ternary phase diagram of Figure 61. The initial conditions are represented by the red triangles on
the toluene-polystyrene axis (left side of the diagram). The final conditions are represented by the green squares. The
binodal boundaries for the bi-modal and the 23 Kg mol™ polystyrene are shown by dotted lines. The arrows represent the
transition of the systems with initial polystyrene concentrations of 2% and 7% w/w from the one-phase to the two-phase
region. The points A and C mark the starting points of phase separation of the bi-modal samples. The points B and D mark

the starting points of phase separation for the 23k samples.

The composition of the systems at these points is reported in Table 5 in the form of weight
percentage of polystyrene, toluene and ethanol. The ratio of non-solvent to solvent (ethanol to
toluene, ¢./¢,) is higher for low concentration polymer solutions [¢./®, (C) > ¢./®, (A) and ¢/
¢, (D) > ¢,/¢, (B)]. At the same initial concentration, the solutions with lower molecular weight

show a higher ethanol to toluene ratio [¢, /¢, (B) > ¢, /¢, (A)and ¢, /P, (D) > b, /¢, (C)].

Table 5: Composition of the systems at the points A, B, C and D (Figure 70) expressed in polystyrene, toluene and ethanol
weight percentage. Ethanol to Toluene ratio (¢3/¢4), surface area of the particles generated by using these polymer

solutions and the average pore diameters are also shown.

. Surface Area | Pore size
Sample Point PSwt% | Tol wt% |EtOH wt% | &s/d, ) 3
(m*xecm®) | (nm)
bi-modal 7 A 0.051 0.672 0.277 0.41 2.71+0.03(947 +11
23-7 B 0.047 0.621 0.332 0.53 4.89 +0.10 (525 +10
bi-modal 2 C 0.014 0.688 0.298 0.43 431+0.05|686+8
23-2 D 0.012 0.616 0.372 0.60 540+0.09(476+8

It could be concluded that a greater amount of non-solvent present in the system at the beginning of
the phase separation process, induces phase separation in a larger number of sites within the
emulsion droplets: this results in a larger number of smaller pores, in the particles generated by
systems with higher ethanol to toluene ratio (Figure 71). This hypothesis is supported by SAXS

results obtained for the particles surface area S,: larger ¢,/¢, corresponds to larger S, suggesting
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that a larger number of voids is present within these particles. Samples with larger surface area have
voids with smaller average diameters. The ternary diagram (Figure 70) suggests that the relative
concentration of ethanol non-solvent at the point of phase separation reduces either with the
increase of polystyrene concentration or with the increase of polymer molecular weight. Thus, it
should be expected that the pore surface area has to be increased (and, consequently, the pore size
has to be reduced) either by reducing the molecular weight at a constant concentration of polymer
(Table 5, compare samples bi-modal 2 and 23-2 or bi-modal 7 and 23-7) or by decreasing the
polymer concentration for the same molecular weight (Table 5, compare samples 23-2 and 23-7 or
bi-modal 2 and bi-modal 7). It has to be noted that this conclusion is only valid for the porous

particles obtained from solutions with polymer concentrations below C*.
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Figure 71: The relative amount of ethanol non-solvent at the start of the phase separation determines the pore density
within the particles, affecting pore size and pore surface area. High ethanol to toluene ratio induces more nucleation sites in
the polymer solution droplets, resulting in a larger number of pores with smaller diameters (d, < d;) in the particles. This
conclusion is supported by SAXS results, showing larger surface area and smaller average pore size for particles generated
from systems with high ethanol to toluene ratio. The pore size can be reduced and, consequently, the pore surface area can
be increased, either by reducing polymer concentration in the initial solution, or by decreasing polymer molecular weight in

the sample composition.
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CHAPTER 7: NIPS BY EMULSION SCALE UP.

The NIPS by emulsion process proved to be a successful method to produce polystyrene multi-
voided particles with the desired structural features. It was finally possible to obtain particles with a
spherical shape in the desired size range of = 10 - 50 um (Figure 65). It was possible to achieve
particles with a closed external surface and an internal porous structure, mimicking the foam
structure of Garrulus glandarius’s feathers (Figure 66). The reciprocal relationship between the
polymer concentration and the pore diameter could be exploited in order to select the right initial
conditions, in terms of polymer molecular weight and polymer concentration, to obtain particles
with the desired pore size. And, most important, the NIPS by emulsion is a scalable process, which
finally provided the opportunity to produce enough particles to be implemented in the paint
formulations supplied by the industrial partner AkzoNobel®. It was now possible to assess the
scattering power of the polystyrene multi-voided particles and to compare their performance with
that of titanium dioxide (the main white pigment used in the paint industry) and one of the main
extenders, Ropaque® (an organic extender, produced by the Dow Chemical Company, Michigan,
United States. Ropaque is a polystyrene particle with a single air-filled cavity, which also exploits the

difference in refractive index An between polymer and air to achieve light scattering).

Studies of the biological structures, analysed in the structural colour chapter, highlighted that the
Cyphochilus beetle achieves structural white with pores having average diameters of 580 + 120 nm
and an air-volume fraction of 40 - 50%.>> Models based on the beetles’ structures suggested that an
ideal system should have pores with average diameters of 500 nm.*? The white sections of the Jay
feathers showed that structural white is achieved in those systems when the air-filled voids have size
larger than 200 nm and present a broad size distribution.*®

The SAXS analysis of polystyrene multi-voided particles (Table 4) showed that systems capable of
producing porous structures with features comparable to the biological target structures were those
with low M,, polystyrene (23 kg mol™), with an average pore size in the range of = 476 — 540 nm and
an air volume fraction range of = 55 — 65 %. The conditions that produced an average pore size (498
+ 15 nm) closest to the pore size of an ideal system (500 nm) were achieved with PS M,, 23 kg mol™
and PS concentration in the initial polymer solution of 5% w/w (Table 4). Therefore these were the

conditions selected for the scale up of the NIPS process by emulsion.

The experimental work took place in the AkzoNobel® Research & Development site (Slough, UK). The

R&D facilities provided the necessary equipment and support to work with larger volumes of solvent
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and, most importantly, the materials and the technical expertise to produce prototypes of paint
formulations and to measure the scattering power of the paint films.

Due to the strict health and safety requirements in the AkzoNobel® laboratories, toluene solvent and
ethanol non-solvent had to be replaced with the less harmful equivalents, xylene and isopropanol

(IPA) respectively (Figure 72).

Solvents Non solvents

Toluene Xylene Ethanol Isopropanol

OH

~ |

Figure 72: Replacement materials for the scale up of the NIPS by emulsion process in the AkzoNobel® laboratories. Toluene

and ethanol were replaced with the less harmful equivalents xylene and isopropanol, respectively.

In order to establish that this slight modification of the ternary system did not alter the structural
morphology of the polystyrene particles, a trial experiment was performed in Sheffield and the

products were screened by SEM (Figure 73).
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Figure 73 a-d: SEM images of the polystyrene multi-voided particles produced in research laboratory conditions with the
modified ternary system, including polystyrene M,, 23 kg mol T and PS concentration of 5% w/w, xylene and isopropanol. (a)
An overview of the particles: shape and size are equivalent to those of the particles achieved with the toluene-ethanol
system. (b) (c) and (d) cross-sections of the fractured particles, displaying closed pores produced by a mechanism of phase

separation by nucleation and growth. The porosity is equivalent to that achieved by the toluene-ethanol system.

The SEM assessment showed that the particles’ shape and size, and the morphology of the porous
regions, were equivalent to those of the particles produced with the toluene-ethanol system.

Image J processing of the SEM images showed that the porosity observed was in the expected size
range (Figure 74) with the majority of pores having diameters of = 450 — 500 nm and a broad-size

distribution, ideal for achieving white.
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Figure 74: Image J analysis of a cross-section of a particle produced with the modified ternary system, PS M,, 23 kg mol Tat
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5% w/w, xylene and isopropanol. The histogram shows the pore size distribution with a peak at = 450 — 500 nm and a broad

size distribution ideal for structural white. In the top corner the SEM image that generated the distribution.

The polystyrene used for the scale up of the NIPS process was synthesised by the AkzoNobel®
industrial plant. The GPC report, provided by the Material Characterisation Section in Slough,
showed that the polystyrene samples delivered to the AkzoNobel® R&D laboratories had a M,, of
25055 g mol™ (approximated to 25 kg mol™) with a polydispersity index of 1.72 and a M,, of 25097 g
mol™ with a polydispersity index of 1.77. These were very close to the polystyrene used in Sheffield,
with M,, of 23092 g mol™ (approximated to 23 kg mol™) with a polydispersity index of 1.24,
purchased from Polymer Source (Lot. Number P9397-S).

The polystyrene samples were delivered in the form of polystyrene solutions in xylene, with a
concentration of 40% by weight. Xylene solvent and isopropanol non-solvent were also provided by
the plant in Slough. Span 80 non-ionic surfactant was purchased from Sigma Aldrich, while deionised

water was obtained from a Millipore water purifier.

The aim of the scale up of the NIPS process was the fabrication of = 60 g of polystyrene multi-voided
particles. This required the use of 150 g of the polystyrene solutions provided (with a PS
concentration of 40% by weight) diluted with an extra 1050 g of xylene solvent, in order to reduce
the polystyrene concentration to the 5% by weight required. The amounts of 24 g of span 80 non-
ionic surfactant and of 3000 g of deionised water were added, in order to produce = 4200 g of

emulsion. The emulsion was then delivered to 42 kg of isopropanol non-solvent (1 to 10 ratio). The
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polystyrene multi-voided particles were isolated by filtration and left to dry to remove any residual

solvent.

The high volume of solvents required for the process demanded the set-up of a specific apparatus,
capable of transferring large amounts of emulsion to the coagulation bath of isopropanol, and then
to transfer large volumes of the emulsion—isopropanol mixture to a filtration system, for the
isolation of the polystyrene particles.

The 4.2 kg emulsion was prepared in a large beaker and mixed using an overhead stirrer. The beaker
with the emulsion was then placed on a scale and connected to the delivery system illustrated in

Figure 75.
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Figure 75: A sketch of the delivery system used to transfer the emulsion to the coagulation bath (isopropanol) in the vessel,
and to transfer the coagulation mixture from the vessel to a filtration system for the isolation of the polystyrene particles.
The emulsion was prepared in a large beaker and placed on a scale. The emulsion reservoir was connected to the inlets of
five Watson-Marlow peristaltic pumps by a series of silicon tubes (red lines). The outlets of the five peristaltic pumps were
connected to a second series of tubes (green lines), with the other end fixed to the inlets of a sealed vessel containing the
coagulation bath of isopropanol. The sealed vessel was simultaneously connected to an overhead mixer to stir the
isopropanol bath, to a nitrogen line (yellow) in order to keep a nitrogen atmosphere inside the vessel and reduce the risk of
solvent ignition, and to a larger peristaltic pump (blue line). This final pump delivered the coagulation mixture to a vacuum

filtration system, in order to isolate the polystyrene multi-voided particles.

The delivery apparatus consisted of five peristaltic pumps, connected to the emulsion reservoir by a

system of silicon tubes. The outlet of each peristaltic pump was connected to a second series of
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silicon tubes, with the other end fixed to the inlets of a sealed vessel containing the coagulation bath
of isopropanol. The bath was continuously stirred using an overhead mixer. The activation of the
peristaltic pumps allowed the transfer of the emulsion, through the five lines of tubes, from the
reservoir beaker to the coagulation bath vessel (Figure 75). The vessel had a capacity of = 6 litres,
therefore the delivery of the emulsion could not be completed in a single cycle. The amount of 4.0
kg of isopropanol was placed in the vessel, the overhead stirrer was activated and a nitrogen line
connected to the sealed vessel was opened. The beaker with the emulsion was placed on the scale
and the pumps activated: since the ratio of emulsion to non-solvent is 1 to 10 by weight, when the
scale indicated that 400 g of emulsion were delivered, the pumps were paused and the emulsion
flow interrupted.

At this stage the polystyrene multi-voided particles produced were precipitated in the coagulation
bath: a larger peristaltic pump connected to the vessel delivered the mixture to a vacuum filtration
apparatus in order to isolate the particles. The empty vessel was then refilled with another 4.0 kg of
isopropanol and a second cycle was started. The full delivery of the 4.2 kg of emulsion to the 42 kg of
isopropanol required a total of eleven cycles. The final yield of polystyrene multi-voided particles
was 51.4 g, out of the theoretical 60 g, with a yield percentage of 85.6%. This amount was sufficient

for the incorporation into paint formulations and for SEM screening.

The particles produced with the scaled up NIPS process were characterised by SEM and SAXS, in
order to establish that the upgrade of the fabrication process still preserved the porous internal
structure. A selection of SEM images of the cross-sections of the fractured particles showed that the
internal structure was consistent with the expectations. Spherical particles in the desired size range,
with a closed external surface and closed spherical pores, produced by nucleation and growth of the

solvent-rich phase, were achieved (Figure 76).
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Figure 76: SEM images of the polystyrene multi-voided particles produced with the scaled up NIPS process using AkzoNobel®

facilities. The ternary system included polystyrene M,, 25 kg mol Tat 5% w/w concentration, xylene and isopropanol. (a) An
overview of the particles, displaying spherical shapes and size in the 10 — 50 um range. (b) (c) and (d) Cross-sections of the
fractured particles, displaying closed pores produced by a mechanism of phase separation by nucleation and growth of the

solvent-rich phase.

Image J processing showed that the porosity observed was in line with the expectations, with a peak
around 450 nm and a broad-size distribution (Figure 77), consistent with the light scattering needed
for structural white. SAXS analysis, performed at the ESRF at the beamline ID02, estimated an

average pore size of 524 nm.
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Figure 77: Image J analysis of a cross-section of a particle produced with the scaled up NIPS process. The histogram shows
the pore size distribution with a peak around 450 nm and a broad size distribution needed for structural white. In the top
corner the SEM image that generated the distribution. The vertical red arrow indicates the average size of the voids

calculated by SAXS.

The next step required the incorporation of the polystyrene multi-voided particles into the paint
formulation prototypes, prepared in the AkzoNobel® laboratories.

All the formulations sheared the following ingredients: water, Acrysol X935-60 (binder-thickener),
Mirecide ON37 (antibacteria), Dispelair CF246 (anti-foam), Disponil A1580 (non-ionic surfactant),
Bermocoll EBM solution (non-ionic surfactant) and Dispex N40 (dispersing agent). The opacifying
materials titanium dioxide (in the form of a slurry), Ropaque Ultra E and the polystyrene NIPS multi-
voided particles newly produced, were added in specific amounts, as illustrated in Table 6.

The formulations have been divided in three main groups according to the levels of TiO, and labelled
a-group (0 % TiO,), B-group (2 % TiO,) and y-group (4 % TiO,). The values of PVC (pigment volume
concentration %), Volume % of solids and DNV (density of non-volatiles) are reported. It is important
to note that PVC is related only to the volume % of the opacifying materials, while the Volume % of
solids parameter is inclusive of all the solid components in the paint.

For instance, if the paint formulation a-01 is considered as a representative example, having Volume
% solids of 28%, PVC total of 24% and DNV of 1.03 g cm?, this means that the initial volume for the
wet paint is constituted by solvent for 72% and by solid materials for 28%. Once the paint is dry due
to the evaporation of all the solvent, the initial 28% of solid materials is all that is left and this

constitutes 100% of the dry paint film. This solid material has a density of 1.03 g cm>. Out of the solid
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materials making up the dry film, 24% is the volume of scattering materials (in this case polystyrene
multi-voided particles), while the remaining 76% is non scattering materials (binders and other film-

forming, film-protecting agents).

Table 6: A list of the 18 paint formulations prepared in order to measure the scattering power of the paint films containing
the polystyrene multi-voided particles. The values of PVC % (pigment volume concentration %), Volume % of all the solids
and the paint DNV (density of non-volatiles) are reported. The levels of opacifiers (TiO, Ropaque and Polystyrene NIPS) vary
from formulation to formulation; however the total amount of solids is kept constant at 28%. The data in the table are

better visualised in the diagram in Figure 78.

Formulation TiO, -PVC% |Ropaque E -PVC%| PS NIPS - PVC % PVC Total % Volume % solids DNV/g cm?
a-00 0 0 0 0 28 1.17
o-01 0 0 24 24 28 1.03
o-10 0 24 0 24 28 1.03
o-11 0 24 24 48 28 0.89
o-M 0 12 12 24 28 1.13
o-N 0 18 6 24 28 1.13
B-00 2 0 0 2 28 1.23
B-01 2 0 24 26 28 1.09
B-10 2 24 0 26 28 1.09
B-11 2 24 24 50 28 0.95
B-M 2 12 12 26 28 1.13

B-N 2 18 6 26 28 1.13
y-00 4 0 0 4 28 1.29
y-01 4 0 24 28 28 1.15
y-10 4 24 0 28 28 1.15
y-11 4 24 24 52 28 1.01
y-M 4 12 12 28 28 1.13
y-N 4 18 6 28 28 1.13

The data in Table 6 may be better visualised in Figure 78, in a tri-dimensional parameter space. The
bottom layer of the cube represents the a-plane with TiO, PVC of 0%, the middle layer is the B-plane
with TiO, PVC of 2% and the top layer is the y-plane with TiO, PVC of 4%. Each of the three layers of
the cube has four vertex (corresponding to minima and maxima levels of Ropaque and polystyrene),
a middle point M and an extra point N. This data configuration is suitable for a two-level factorial

design analysis of the scattering results.
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Figure 78: The diagram is a tri-dimensional representation of the data displayed in Table 6. The bottom layer of the cube
represents the a-plane with TiO, PVC of 0%, the middle layer is the 8-plane with TiO, PVC of 2% and the top layer is the y-
plane with TiO, PVC of 4%. Each of the three layers of the cube has four vertex (corresponding to minima and maxima levels
of Ropaque E and Polystyrene), a middle point M and an extra point N. The three axis, indicating Ropaque E, polystyrene

NIPS particles and titanium dioxide, are highlighted.

The paint formulations were stirred using a laboratory speed-mixer, in order to homogeneously
disperse all the solid particles. It has to be noted that the dispersion of the polystyrene particles was
not perfect: the paint formulations supplied by AkzoNobel® were not optimised to incorporate this
new ingredient and small aggregates of polystyrene particles were still observable after applying
high shear for the mixing. However, due to the small size of the aggregates and their even
distribution within the paint film, this was not considered a major issue.

The following task required the application of the paints on a transparent substrate, to produce films
of a desired thickness. The 18 formulations were spread on Melinex polyester substrates, using a
film applicator with a gap of 300 um. The films were then left to dry overnight in a fume cupboard.

Once fully dry, the film thickness reduced to = 150 um.
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PERFORMANCE OF MULTI-VOIDED PARTICLES IN PAINT FORMULATIONS.

The scattering coefficient S characterising a dried paint film can be calculated using the Kubelka-
Munk theory (equations 43-45).28" S is expressed in reciprocal microns (um™) and it is a measure of
the scattering power of a film with a thickness of 1 um. The scattering coefficient is therefore a
useful parameter to evaluate the scattering abilities of paint films, incorporating different individual
opacifiers or combinations of these.

In the Kubelka-Munk theory a paint film is considered to be the sum of a large number of very thin
homogenous layers.®? Even though a paint film is actually made of several discrete components,
some contributing to the opacity (pigments, extenders), some contributing to the structural
functions of the film (binders, surfactants, etc.), the theory treats the paint layers as a homogeneous
medium.® Therefore a paint film of thickness X can be conceived as the sum of n identical layers of
thickness dx, with n being a large number (Figure 79).%

If the paint film is irradiated with a monochromatic radiation flux I, light is both scattered and

absorbed by the thin layers dx.®

Light source

Paint film

Substrate of reflectance Ry

Figure 79: A sketch of the interaction between a collimated light beam and a paint film. The film of total thickness X is
considered to be comprised of a number n of thin layers dx. The paint film is applied to a substrate with reflectance Ry. The
light is scattered across the entire film: scattering from the surface, the internal regions and the substrate are represented.
Absorption and scattering phenomena can increase or reduce the radiation flux | (green) directed towards the substrate and

the radiation flux J (red) directed towards the surface.

The diffused radiation flux in the two opposite directions of the paint film can be designated as I (for

the light travelling towards the substrate) and J (for the light travelling towards the surface).®!
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If, in passing through the dx layer, the downward flux I is decreased by an amount Widx by
absorption, and increased by an amount SIdx by scattering, and a similar reasoning is made for the

upward flux J, then the following differential equations can be derived:®

__dl - _ (W + 5) I+ S] Equation 43
dx
—dJ ‘
d_ - (W + S)] + SI Equation 44
X

where W and S are the absorption and the scattering coefficients of the paint film, respectively. The

most general solution of these equations, known as the Kubelka-Munk equation, is:** #

_ 1— Ry (a— fcothfSX)

Rp = Equation 45
a— Ry + fcoth fSX

where Rp is the reflectance of the paint film over a background of reflectance Ry, coth fSX is the

hyperbolic cotangent of fSX, X is the film thickness, and the parameters a and f are respectively:®!

w

a= 1+ — Equation 46
f=(a?- 1)% Equation 47
SX can be calculated as:®
SX = % coth™! (#) Equation 48
Y

Measuring the reflectance Ry of the paint film and the reflectance Ry of the substrate, and knowing
the density of non-volatiles (DNV) of the paint, along with the film’s weight and area, the scattering

coefficient S can be calculated.

The reflectance measurements of the paint films were performed using a Datacolor 500 Family
spectrophotometer with an aperture of 30 mm, calibrated with a black and a white tile. For each film
sample, the reflectance Ry was measured in 6 different areas, using the black and the white tiles as

substrates. Therefore, each film required a total of 12 measurements. In this way, any
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inhomogeneity in terms of film thickness or particles dispersion (especially for polystyrene) could be
averaged.

A few drops of Exxsol D40 (a low mass aromatic hydrocarbon solvent) were placed between the
paint film and the tile prior to every measurement, in order to remove the layer of air between the
sample and the substrate. The reflectance contributions of the transparent Melinex polyester
substrate and of the Exxsol D40 oil are negligible compared to the reflectance of the paint and of the
tile substrates.

Once all the reflectance measurements were performed, the same 6 areas of the paint films were
cut into circles of 11.52 cm?, using a punch press. The weight of the paint films circles was obtained
by difference, by subtracting the weight of the Melinex polyester substrate from the weight of the
Melinex substrate plus the paint. The separation of the paint layer from the Melinex layer was
achieved by immersing the circles into a bath of acetone. The density of non-volatiles (DNV) of the
paints was known from the formulation parameters provided by AkzoNobel® and reported in Table

6.

To calculate the scattering coefficient S of the paints, the Kubelka-Munk equations needed to be
modified, in order to take into account the peculiarities of this specific system, including reflectance
values over both black and white substrates, and the instrument calibration using black and white
tiles. The standard method employed by AkzoNobel® for the measurement of the scattering
coefficient of paint films required the calibration of the spectrophotometer for black, using a black
ceramic tile capable of absorbing light with great efficiency, and also a calibration for white. This is
necessary since there are no perfect white materials that reflect 100% of light at all the wavelengths
of the spectral range of the instrument.®* Usually a ceramic material is used, with a reflectance of
about 90%. Such working standards are calibrated by the instrument manufacturer against a
theoretical 100% reflecting white reference standard material certified by an international standard
laboratory. From the calibration values, the manufacturer calculates how to adjust the measured
values so that they are as if measured against the theoretical 100% white standard.®* The calibration
for both black and white therefore guarantees a greater accuracy. In order to account for this type of
calibration and for the measurement over black and white substrates, the Equation 45 was

rearranged and modified to give the parameter a:*

1+ Rys X Ryr + [(1+ Rpr X Rps) X (Ryr — Rys)]

a= = }(?Rbs - RbT) - 5 Equation 49
_ Rpr + Rps Rpr + Rps
Rus % (1 Rys — R,,T) + Ry x (14 Rys — R,,T)
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where Ry is the reflectance of the black tile alone, used for the instrument calibration, Rps is the
reflectance of the sample paint over the black tile used as substrate; R, is the reflectance of the
white tile alone, used for the instrument calibration, and R, s is the reflectance of the sample paint
over the white tile used as substrate.

The parameter f was defined by Equation 47, while Equation 48 to calculate SX was modified into:

1-— RbTXa+ RbSX(RbT—a)

f X (Rps — Rpr)
1— Rpyr Xa+ Rys X (Ryr —a) _ Equation 50

F X (Rps — Ror) 1
2f

+1

In

SX =

The scattering coefficient S can finally be calculated as:

film area

X — X DNV Equation 51
film weight

S=S8X

S is a measure of the scattering power of 1 pm of paint film and it is expressed in um™.

It has to be noted that the film thickness X could easily be measured (it is known from the draw
down that it should be = 150 um for the dry film) and the scattering S could simply be calculated
dividing SX by X. However it is very unlikely that the thickness of a paint film is consistent across the
entire sample. A more accurate way of calculating the thickness of a paint film is by knowing the
area of the film, its weight and its density as in Equation 51. This ensures that any difference in

thickness present across a paint film could be averaged.
The values for the scattering coefficient of the 18 paint formulations are reported in Table 7 and in

Figure 80, in the tri-dimensional diagram. For paint a-00 the scattering coefficient was assumed to

be zero by default, since no scattering material was present in the formulation.
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Table 7: The values of the scattering coefficient S for the 18 paints tested. The S value for the a-00 sample was assumed to
be zero by default, since no scattering material was present in the formulation. The pigment volume concentration (PVC) for

the opacifiers TiO, Ropaque and polystyrene NIPS is also reported.

Formulation | Scattering Coefficient S (um™) TiO, - PVC Ropaque E- PVC| PS NIPS - PVC
a-00 0 0 0 0
a-01 0.0207 0 0 24
a-10 0.0366 0 24 0
a-11 0.0433 0 24 24
o-M 0.0258 0 12 12
o-N 0.0326 0 18 6
B-00 0.0094 2 0 0
B-01 0.0493 2 0 24
B-10 0.0894 2 24 0
B-11 0.0787 2 24 24
B-M 0.0552 2 12 12
B-N 0.0730 2 18 6
y-00 0.0574 4 0 0
y-01 0.0753 4 0 24
y-10 0.1392 4 24 0
y-11 0.1040 4 24 24
v-M 0.0901 4 12 12
y-N 0.1080 4 18 6

0.0753 0.1040
/); 0901 /
0.0574 . 01080 0.1392
0.0493 oo b 0.0787
i TiO,
_.-=770,0552 /
0.0094 —0.0730 0.0894
0.0207 | (R 0.0433
=" 0.0258 /
0 = 0.0326 0,036/
. PS NIPS
Ropaque E

Figure 80: The diagram is a tri-dimensional representation of the data presented in Table 7. The scattering values

corresponding to the respective paint formulations are indicated.
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It has to be noted that a direct comparison of the scattering power of the polystyrene multi-voided
particles with those of titanium dioxide and Ropaque could already be done at this point. If only the
formulations with a single component are considered (a-01 for polystyrene, a-10 for Ropaque and y-
00 for titanium dioxide), a comparison of the respective scattering coefficients would show that the
scattering power of polystyrene multi-voided particles is 57% that of Ropaque and 6% that of
titanium dioxide. (Note that for a direct comparison the scattering of TiO, at 24% PVC should be

used, Equation 53).

S polystyrene ) ‘
—— %X 100 =———— X100 =579 Equation 52
S Ropaque 0.0366 o
S polystyrene 100 00207 o0 00207 o e
X = —m—m = = .
S titanium dioxide (0 0574 x ﬁ) 0.3444 0 Equation 53
' 4

However this simple comparison may not tell the whole story: it does not account for possible
synergistic effects between the three opacifying materials. A synergistic effect may be defined as an
interaction between two or more agents, which produces an effect greater than the sum of their
individual effects. In this simple comparison it is impossible to determine whether the scattering
resulting from a combination of two out of the three materials investigated, or the scattering
resulting from the combination of all three the materials, would be greater, smaller or equal to the

sum of the individual contributions.

Therefore, in order to investigate both the scattering abilities of the polystyrene multi-voided
particles, titanium dioxide and Ropaque, and the effects of their interactions, a two-level factorial
design analysis® was performed.

Factorial designs are used in experiments involving several factors, where it is important to
investigate the joint effects of the factors on a response variable.* In the basic case, each of the k
factors considered has two levels: a minimum (-) and a maximum (+). Factorial design analysis is
indicated with the notation 2", where the base is the number of levels and the exponent k is the

number of factors considered.?’
In this particular case, since three factors are involved (TiO,, Ropaque and polystyrene particles), a 2

factorial design analysis is performed. The general version of a 23 factorial design considers the eight

possible combinations between the three factors (Table 8), geometrically arranged into a cubic
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parameter space (Figure 81): these combinations are indicated with lower case letters, as indicated

in the diagram (Figure 81).%

Table 8: The design matrix with all the possible combinations between the three factors A, B and C. By default the
combination with all low levels is labelled as (1). Lower case letters are used to indicate the combination of the three factors
(each combination is assigned only letters corresponding to factors with positive sign). A tri-dimensional representation of

the design matrix is given in Figure 81 in a cubic parameter space.

Factors
Combination

A B C

(1) - - -

a + - -

b - + -

ab + + -

c - - +

ac + - +

bc = + +

abc + + +

bc abc
High ;
+1 4 c ! ac
%) ;
5 ;
5] !
& :
b L ab High
Lo ] +1
-1 s*
' (1) a Low ®
Low -1 @d&o‘
Low < » High
-1 +1

Factor A

Figure 81: A representation of the design matrix for a 2 factorial design in a cubic parameter space. The low and high levels
for each factor A, B and C are coded as (-1) and (+1) respectively. The factor A is on the X-axis, the factor B on the Y-axis and
the factor C on the Z-axis. The combinations of the factors are indicated in lower case letters. Adapted from “Response

Surface Methodology: Process and Product Optimization Using Designed Experiments”, Myers and Montgomery, 2009.%
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The design matrix can be expanded (Table 9) in order to account also for the effects of the
interactions between the factors A, B, and C. There are three possible two-factor interactions AB, AC

and BC, and a three-factor interaction ABC. The parameter / is given by all the high levels (+).%°

Table 9: A comprehensive design matrix including the two-factor and three-factor interactions, along with the parameter |.

The interactions signs are obtained by multiplying the signs of the main factors (A, B, and C) involved in the effect. | includes

all the high effects.
Factorial effect
Combination
| A B (o AB AC BC ABC
(1) + - - - + + + -
a + + - - - - + +
b + - + - - + - +
ab + + + - + - - -
c + - - + + - - +
ac + + - + - + - -
bc + - + + - - + -
abc + + + + + + + +

The idea behind the use of a factorial design analysis is to quantify the impact of the three factors
and their interactions on the response variable.® In this specific case the aim is to quantify the
contributions of the three factors (TiO,, Ropaque and polystyrene particles) and that of their

interactions to the scattering power S of the paint films.

The effects of the three factors and their interactions can be geometrically represented as illustrated
in Figure 82. The main effects A, B and C are obtained as a difference between the faces of the cube,
while the effects of the two-factor interactions AB, AC and BC are obtained as a difference between
the edges of the cube. Finally, the three-factor interaction ABC is given by the difference between

the vertices of the cube.®®
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Figure 82: A geometric representation of the main effects and interactions in a 2 factorial design. The main effects are
given by the difference between the faces of the cube. The two-factor interactions are given by the difference between the
edges of the cube. The three-factor interaction is given by the difference between the vertices of the cube. Adapted from
“Response Surface Methodology: Process and Product Optimization Using Designed Experiments”, Myers and Montgomery,

2009.%°

The effects in a 2 factorial design can therefore be calculated as follows:®®

a+ab+ac+abc (1)+b+c+bc
4n 4n

Equation 54

where n is the number of replicate measurements and the combinations values are the sum of the n

measurement values. For convenience the Equation 54 can be re-arranged as:®®
1 Equation 55
A=4—[a+ab+ac+abc—(1)—b—c—bc] quation
n
Similarly the other effects can be calculated as:*®

1 .
B=E[b+ab+bc+abc—(1)—a—c—ac] Equation 56
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1 .
C=E[c+ac+bc+abc—(1)—a—b—ab] Equation 57

1 :

AB = — l[abc —bc+ab—b—ac+c—a+ (1)] Equation 58
1 :

AC = — [1)—a+b—ab—c+ac—bc+ abc] Equation 59

BC =~ [((1)+a—b—ab—c—ac+bc+ abc] Equation 60
1 .

ABC = y [abc —bc—ac+c—ab+b+a—(1)] Equation 61
1 .

I=E[(1)+a+b+ab+c+ac+bc+abc] Equation 62

The sums of squares SS for the effects have statistical relevance to determine the impact of the

factors and their interactions on the response variable. They can be calculated as:*®

(contrast)?
= 2
8n

Equation 63

The contrast is defined as the difference between faces, edges, or vertices, according to the type of

interaction considered. For instance, the sum of squares of the effect A is given by:*

[a + ab + ac + abc — (1) — b — ¢ — bc]?
8n

Equation 64

SSA =

Once all the effects have been calculated, a regression model can be fitted to the 23 factorial

design:®

Y= Bo+ Pix1+ Baxz+ P3xz+ ProX1Xp + P13X1X3 + Pa3XpX3 + Pra3XiXpxg  Equation 65

where the values for coefficients f3,, are reported in Table 10:*
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Table 10: the coefficients for the regression model are given by one-half of the effects

Bo=1/2 B1=A/2 B,=B/2 B3=C/2

B12=AB/2 Bi3=AC/2 By3=BC/2 B123=ABC/2

and x;, x, and x3 represent the design factors A, B and C respectively.*
The regression model equation can be used to generate response surface diagrams and to compare
the impact of the factors and their interactions on the response variable by comparing the

respective  coefficients.®

In order to illustrate the application of a 2 factorial design, a simplified version of the parameter
space in Figure 80 can be considered, where only the eight vertices of the cube are included: four
from the a-plane corresponding to the combinations (1), a, b and ab and four from the y-plane
corresponding to the combinations ¢, ac, bc and abc. A design matrix (Table 11) with the levels of the
three factors coded as (-1) for minimum and (+1) for maximum is used to generate the model. The
geometrical representation of the parameter space is displayed in Figure 83. The factorial design

analysis was performed using both JMP® and Design-Expert® statistical software.

Table 11: A design matrix with the three factors A = Ropaque, B = Polystyrene and C = TiO, is used to generate the model.
The factor levels are coded as (-1) for minimum and (+1) for maximum. The response variable is the scattering coefficient S.

The eight combinations are reported in the left column.

Factors Response

Combination A S c Scattering
-1

Ropaque | Polystyrene TiO, S {m’)

(1) -1 -1 -1 0

a +1 -1 -1 0.0366
b -1 +1 -1 0.0207
ab +1 +1 -1 0.0433
c -1 -1 +1 0.0574
ac +1 -1 +1 0.1392
bc -1 +1 +1 0.0753
abc +1 +1 +1 0.1040
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Figure 83: A geometrical representation of the simplified parameter space, including the eight vertices corresponding to the

combinations for the basic model. The factor levels are coded as (-1) and (+1). The scattering values S corresponding to the

combinations are displayed.

The effects are given by:

1
A= 7 [0.0366 + 0.0433 + 0.1392 + 0.1040 — 0 — 0.0207 — 0.0574 — 0.0753]

= 0.042425

B = 7 [0.0207 4+ 0.0433 + 0.0753 + 0.1040 — 0 — 0.0366 — 0.0574 — 0.1392]
= 0.002525
C = —[0.0574 4+ 0.1392 + 0.0753 4+ 0.1040 — 0 — 0.0366 — 0.0207 — 0.0433]

4
= 0.068825

1
AB = 1 [0.1040 — 0.0753 4+ 0.0433 — 0.0207 — 0.1392 + 0.0574 — 0.0366 — 0]

= —0.016775

Equation 66

Equation 67

Equation 68

Equation 69
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1
AC = 2 [0 —0.0366 + 0.0207 — 0.0433 — 0.0574 + 0.1392 — 0.0753 + 0.1040]

Equation 70
= 0.012825
1
BC = — [0+ 0.0366 — 0.0207 — 0.0433 — 0.0574 — 0.1392 + 0.0753 + 0.1040] _
4 Equation 71
=—-0.011175
1
ABC = —[0.1040 — 0.0753 — 0.1392 + 0.0574 — 0.0433 + 0.0207 + 0.0366 — 0] _
4 Equation 72
= —0.009775
1
I =-1[0+4+0.0366 + 0.0207 + 0.0433 + 0.0574 + 0.1392 + 0.0753 + 0.1040] )
4 Equation 73
= 0.119125
The sums of squares for the effects are:
[0.0366 + 0.0433 + 0.1392 + 0.1040 — 0 — 0.0207 — 0.0574 — 0.0753]?
SSA = .
8 Equation 74
= 0.00359976
_ [0.0207 + 0.0433 + 0.0753 + 0.1040 — 0 — 0.0366 — 0.0574 — 0.1392]?
B — 8 Equation 75
= 0.00001275
[0.0574 4+ 0.1392 + 0.0753 + 0.1040 — 0 — 0.0366 — 0.0207 — 0.0433]?
SSC = .
8 Equation 76
= 0.00947376
_ [0.1040 — 0.0753 + 0.0433 — 0.0207 — 0.1392 + 0.0574 — 0.0366 — 0]?
SSap = 8 Equation 77

= 0.00056280
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[0 — 0.0366 + 0.0207 — 0.0433 — 0.0574 + 0.1392 — 0.0753 + 0.1040]?

SSac = 8 Equation 78
= 0.00032896
_ [0 4+ 0.0366 — 0.0207 — 0.0433 — 0.0574 — 0.1392 + 0.0753 + 0.1040]?
$Spe = 8 Equation 79
= 0.00024976
_ [0.1040 — 0.0753 — 0.1392 + 0.0574 — 0.0433 + 0.0207 + 0.0366 — 0]2
SSapc = 8 Equation 80
= 0.00019110
The total sum of squares is obtained as:*
SST = SSA + SSB + SSC + SSAB + SSAC + SSBC + SSABC = 0.01441890 Equation 81

The coefficient of determination R?, which is a statistical measure of how well the regression model

approximates the real data points, can be calculated as:*

SSmodel
%Te 100 Equation 82

R* =
If only the main effects A, B and C are considered for the SS,04e1 (SSmoder = SSa + SSg + SS¢)
then R? is equal to 90.8%. The inclusion of the two-factor interactions AB, AC and BC increases R? to
98.7%, meaning that the regression model is a very good fit to the data points. If all the interactions
are considered, including the three-factor interaction ABC, then R?is 100% and the regression
model is a perfect fit for the data points. The regression model, including all the interactions, is given

by the equation:

y = 0.059563 + 0.0212125 A + 0.0012625 B + 0.0344125 C — 0.0083875 AB
+ 0.0064125 AC — 0.0055875 BC — 0.0048875 ABC

Equation 83

where A is Ropaque, B is polystyrene and Cis titanium dioxide.
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A modification of the design matrix (Table 11) in order to replace the coded levels (-1) and (+1) with

the actual PVC (pigment volume concentration) levels for titanium dioxide (0, 4), Ropaque (0, 24)

and polystyrene (0, 24) as in (Table 12) and (Figure 84),

Table 12: The modified design matrix with the non-coded factor levels, expressed in PVC (pigment volume concentration

percentage): TiO, (0, 4); Ropaque (0, 24) and polystyrene (0, 24). The response variable is the scattering coefficient S. The

eight combinations are reported in the left column.

Factors Response
Combination Scattering
A B .C s (um-l)
Ropaque | Polystyrene Tio,
(1) 0 0 0 0
a 24 0 0 0.0366
b 0 24 0 0.0207
ab 24 24 0 0.0433
c 0 4 0.0574
ac 24 4 0.1392
bc 0 24 4 0.0753
abc 24 24 4 0.1040
bc abc
0.0753 0.1040
4 0.0574 I 0.1392
C ! ac
'
;
| '
S 8 -
- Q '
L :
0.0207 (e veceicaabenaaaaas 0.0433 High
o b /ab 24
0 v 0 0= 0.0366 Low .
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e
. $\QS
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Figure 84: A geometrical representation of the parameter space, with non-coded factor levels, expressed in PVC (pigment

volume concentration percentage): TiO, (0, 4); Ropaque (0, 24) and polystyrene (0, 24). The scattering values S

corresponding to the combinations are displayed.
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modifies the coefficients of the regression model (Equation 83) into:

y =6.9x 10718 + 0.0015250 A + 0.0008625 B + 0.0143500 C — 0.0000243 AB
+ 0.0004708 AC — 0.0000292 BC — 0.0000170 ABC

Equation 84

It is possible to prove that the regression model (Equation 84) is correct by replacing the factors A, B

and C with the respective maximum levels of PVC. The correct responses S are obtained:

(1)=69x%x10"8 =0 Equation 85

a = 0.0015250 x 24 = 0.0366 Equation 86

b = 0.0008625 x 24 = 0.0207 Equation 87

ab = (—0.0000243 x 24 x24)+a+b = 0.0433 Equation 88
¢ = 0.0143500 x 4 = 0.0574 Equation 89

ac = (0.0004708 x 24 x4)+a+c=0.1392 Equation 90
bc = (—0.0000292 x 24 x4)+ b+ c =0.0753 Equation 91

abc = (—0.0000170 x 24 x24x4)+a+b+c+(—0.0000243 x 24 X 24)
+ (0.0004708 x 24 x 4)+ (—0.0000292 X 24 X 4) = 0.1040

Equation 92

Comparing the coefficients  of the main factors A, B and C in the regression model (Equation 84) it
is possible to estimate that the scattering power S of the polystyrene multi-voided particles is = 57%

that of Ropaque and = 6% that of titanium dioxide:

Bpolystyrene v _ 0.0008625 100 = 57 % quation 93
Bropaque 0.0015250
Ppotystyrene x 100 = 0.000862> x 100 =6% Equation 94
Btitanium dioxide 0.0143500
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This result is analogous to that obtained by a direct comparison of the scattering coefficients S of the
single component formulations a-01 (polystyrene), a-10 (Ropaque) and y-00 (titanium dioxide)
shown in Equation 52 and Equation 53. However the factorial design analysis also provides a level of
information that was not immediately available and obvious: from the regression model (Equation
84) it is possible to establish that there is a synergistic effect between the factors A (Ropaque) and C
(titanium dioxide) given by the positive coefficient for AC (+ 0.0004708), while the interaction of B
(polystyrene) with any of the other factors results into a slight antagonistic effect, as shown by the
negative coefficients for AB (- 0.0000243), BC (- 0.0000292) and ABC (- 0.0000170). The synergistic
effect between Ropaque and titanium dioxide is one order of magnitude larger than the antagonistic
effects induced by the introduction of the polystyrene multi-voided particles in the paint

formulations.

The full parameter space (Table 13), including the B-plane, the middle-points and the extra points on
each plane, plus some replicates to increase statistical reliability, was used to generate the complete
model (Figure 85). The regression model generated by the full parameter space has a R? of 99%,

meaning that it is a very good fit to the data points, and it is given by:

y = —0.0059554 + 0.0018822 A + 0.0011345 B + 0.0139356 C — 0.0000364 AB
+ 0.0004539 AC — 0.0000222 BC — 0.0000166 ABC

Equation 95

Using the full model (Equation 95) to compare the coefficients 8 of the main factors A, B and C, it is
possible to conclude that the scattering power S of the polystyrene multi-voided particles is = 60%
that of Ropaque and = 8% that of titanium dioxide. These values are very close to what obtained

with the simplified model (Equation 84).

ﬁpolystyrene % 100 = 0.0011345 100 = 60 % Fquation 96
.BRopaque 0.0018822
Bpolystyrene % 100 = 0.0011345 % 100 = 8 % Equation 97
.Btitanium dioxide 0.0139356

Again, a synergistic effect between Ropaque and titanium dioxide is present and it is one order of
magnitude larger than the antagonistic effects due to the introduction of polystyrene multi-voided

particles in the system.

144



Table 13: The full parameter space, including the 8-plane, the middle-points and the extra points on each plane, plus three

replicates (highlighted in red) to increase the statistical reliability of the model.

Formulation Scattering Coefficient S (um™) TiO, - PVC Ropaque E - PVC| PS NIPS - PVC
a-00 0 0 0 0
a-01 0.0207 0 0 24
a-10 0.0366 0 24 0

a-10 replicate 0.0388 0 24 0
a-11 0.0433 0 24 24
a-M 0.0258 0 12 12
a-N 0.0326 0 18 6
B-00 0.0094 2 0 0
B-01 0.0493 2 0 24
B-10 0.0894 2 24 0

B-10 replicate 0.0918 2 24 0
B-11 0.0787 2 24 24
B-Mm 0.0552 2 12 12
B-N 0.0730 2 18 6
y-00 0.0574 4 0 0
y-01 0.0753 4 0 24
y-10 0.1392 4 24 0

v-10 replicate 0.1385 4 24 0
y-11 0.1040 4 24 24
y-M 0.0901 4 12 12
y-N 0.1080 4 18 6

bc abc
0.1040
High 0;0901 @
4 0.0574 : 0.1080 0.1392
C ' ac| 0.1385
0.0493 ¢ 0.0787
o " 00552 /
o 3 0.0094 0.0730 0.0894
8 , 0.0918
0.0207 ' t.) .................. 0.0433
.-*" 00258 /ab /24
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Figure 85: The geometrical representation of the full parameter space, including the replicates highlighted in red.




The factorial design analysis provided the conclusion that the multi-voided polystyrene particles,
when introduced into industrial paint formulations, act as an opacifying agent with a scattering
power S of = 57 - 60% that of the Ropaque extender and of = 6 — 8% that of titanium dioxide, the

main white pigment used in the paint industry.

The surface profiles generated by the regression model (Equation 95) highlight the synergistic effect
between titanium dioxide and Ropaque, displayed as a tilt in the response surface with increasing
levels of TiO, (Figure 86). No synergistic effect is observed between the polystyrene multi-voided
particles and the other two opacifying agents, titanium dioxide and Ropaque. A small antagonistic
effect is present instead, whereby the scattering power S of a paint film containing polystyrene
multi-voided particles is slightly less than the sum of the individual contributions of the single
factors. A possible speculation on why this antagonistic effect is observed may be due to the concept
of optical crowding,®® already mentioned in the structural colour chapter: in order to design an
efficient broad-band optical scatter, an optimum compromise between the number of scattering
centres and their relative distance is necessary. If there are too many scattering centres per unit
volume, this optical crowding would produce a reduction in scattering efficiency.*” In producing
paint films with polystyrene multi-voided particles, it was observed that the distribution of the
particles within the films was not perfectly homogeneous: the paint formulations supplied by
AkzoNobel® were not optimised to accommodate the polystyrene multi-voided particles, which
exhibited a tendency to form small aggregates. These aggregates would constitute optical crowding,
and could be the physical cause of the antagonistic effects on the scattering detected by the factorial
design analysis. Future work on the paint systems should be focused on improving the dispersion of
the polystyrene multi-voided particles, by screening a number of surfactants in order to identify the

most effective dispersing agent.
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Figure 86: The surface profiles generated by the regression model (Equation 95) using the IPM® statistical software.
Polystyrene is represented on the x-axis, Ropaque on the y-axis and the scattering S on the z-axis. The diagram (a)
corresponds to the response surface for titanium dioxide PVC level of 0%, (b) to TiO, at 1%, (c) to TiO,at 2% and (d) to TiO,
at 4%. The synergistic effect between titanium dioxide and Ropaque can be observed as a tilt in the response surface with

increasing levels of TiO..

The results obtained by the introduction of the polystyrene multi-voided particles into the
AkzoNobel® paint formulations suggest that the particles produced with the NIPS method could not
constitute a substantial replacement for titanium dioxide. It is apparent that the scattering power of
titanium dioxide significantly overshadows that of any other opacifying agent. A meaningful
comparison can only be done between extenders, where the scattering performance of the
polystyrene multi-voided particles is not too distant from their closest industrial relative, Ropaque.

This means that if future research on the multi-voided particles would be able to bridge the

scattering gap with Ropaque, and if the manufacturing costs associated with the production of the
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multi-voided particles at industrial scale should prove financially viable, it could not be excluded that

the multi-voided particles could ultimately become an asset for the paint industry.
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK.

The objective of this work was the identification of a simple and cost effective system for the
production of bio-mimetic multi-voided polymeric particles, to be introduced in paint formulation as
a partial replacement for the industrial white pigment titanium dioxide.

TiO, is the most efficient broad-band light scattering material due to the high refractive index and its
chromatic dispersity. However, the high production costs and the high carbon footprint associated
with this compound constitute a motivation for investigating alternative materials. Polymeric
particles were identified as a competitive alternative considering both their physical properties and

comparatively low production costs.

Nature does not rely on titanium dioxide to produce striking examples of white. Achieving white in a
material would simply require a significantly disordered structure that multiplies the scatter of light.
The easiest way of doing this is by relying on very thick systems where the light is progressively
scattered as it travels deep into the structure and interacts with a large number of interfaces.®
However, nature is particularly ingenious in designing structures that are capable of maximising the
amount of scattering in very little material, producing a remarkable white in very thin tissues. Some
of the most relevant structures displaying exceptional white are the scales of the Cyphochilus and
Lepidiota stigma beetles.** The scales are only 7 to 15 pm in thickness and their internal structure is
constituted by randomised, isotropic networks of rod-like filaments of chitin and air-filled voids.**
Another relevant example of white was identified in the foam-like structures present in the 10 um
thick layers covering the barbs of the Garrulus glandarius.®® Garrulus glandarius’ feathers are
characterised by a periodic colour-shift from blue to white along the barbs, due to a change in size of
the air-filled voids within a keratin matrix. The white regions correspond to foam-like structures with
a broader void size range and a higher degree of disorder.? The intricate networks of the beetle
scales and the foam-like structures of the bird feathers were therefore identified as the target

structures for the synthetic work.

An effective way of producing porous structures in polymer materials is based on the possibility of
inducing phase separation in an initially homogeneous polymer solution.*® The process can be

initiated by the introduction of a non-solvent into the system.** *

Phase separation can occur by a
mechanism of nucleation and growth,** producing closed pores within a polymer matrix, resembling
the foam-like structures of birds, or by spinodal decomposition,” producing interconnected

polymer-pore domains, similar to the networks found in the beetle scales.
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Polystyrene was the polymer selected for the synthetic work, due to a good compromise between
costs, refractive index (similar to chitin and keratin), a large selection of good solvents, its
hydrophobic nature and extensive information about its properties available from the scientific
literature. The first attempt at fabricating polystyrene multi-voided particles by non-solvent induced
phase separation involved a simple ternary system with tetrahydrofuran as the solvent and
deionised water as the non-solvent. The fabrication process required the preparation of a polymer
solution of polystyrene in tetrahydrofuran, delivered drop-wise via a syringe and a pump to a bath of
non-solvent deionised water. The process was successful in producing particles with closed pores
resembling the birds’ foam-like structures. However, the particle size and shape was difficult to
control. The particles were significantly larger than the desired 10 - 50 um target range and their
shape was far from the spherical shape needed for an efficient packing within a paint film.

The particles fabrication process was upgraded by employing an Ink Jet apparatus, capable of
reducing and standardising the size of the polystyrene solution droplets delivered to the non-
solvent. The Ink-Jet provided a way to control particles shape and size, which were now within the
desired specifications, but presented a fatal flaw in the fact that the production was limited to a very

small amount of material and the process was not industrially scalable.

In order to overcome these limitations, a modification of the fabrication process was necessary,
whereby the ability to control shape and size of the polymer solution droplets (and therefore of the
resulting particles) would not rely on the mechanical capabilities of the equipment employed, but
rather on the intrinsic properties of the chemical system. An emulsion system was considered,
where the polystyrene in toluene solution was finely dispersed into a continuous phase of deionised
water. The emulsion was stabilised by the non-ionic surfactant span 80. The spherical shape of the
droplets was achieved by the action of the surface tension and the droplets size could be controlled
by the level of shear applied to the emulsion mixing. The emulsion was delivered to an ethanol non-
solvent bath to induce phase separation in the spherical droplets of polymer solution and to
precipitate the polystyrene in the form of spherical particles with a porous internal structure.

The emulsion system allowed the production of particles with the desired specifications and, most
importantly, was a scalable process. The full characterisation of the emulsion system highlighted a
reciprocal correlation between pore size and polystyrene concentration in the polymer solution,
which enabled the correct selection of the initial conditions for the system in order to produce

particles with morphological features comparable with the biological target structures.
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The scale up of the emulsion process was performed in the AkzoNobel® laboratories. It required the
replacement of the solvent and the non-solvent with less harmful equivalents due to the strict
health and safety regulations in the company. It also required the assembling of a delivery system
that could cope with the large volume of solvents needed to produce a significant amount of
product (50 — 60 g) to be incorporated in the paint formulations. The formulations, containing three
scattering agents, titanium dioxide, Ropaque and the newly fabricated polystyrene multi-voided
particles, were mixed using the large speed-mixer machines in the AkzoNobel® laboratories, capable
of producing very high shear in order to uniformly disperse all the solid materials. The paints were
spread on Melinex transparent polyester substrates using a film applicator, in order to achieve films
of a desired thickness. However, the dispersion of the polystyrene particles was not entirely
successful, since small agglomerates were still detectable in the films. The reflectance of the paint
films over black and white substrates was measured using a spectrophotometer. The density of the
films was calculated. The reflectance and density data allowed the calculation of the scattering
coefficient S of the paints. A factorial design analysis of the scattering results was performed in order
to compare the scattering power of the polystyrene multi-voided particles with those of titanium
dioxide and Ropaque, and to highlight any synergistic effect between these materials.

The analysis concluded that polystyrene multi-voided particles have a scattering power of = 57 - 60%
that of the Ropaque extender and of = 6 — 8% that of titanium dioxide. It also showed a synergistic
effect between titanium dioxide and Ropaque, and antagonistic effects due to the introduction of
the polystyrene particles in the formulations. A possible speculation on why antagonistic effects are
observed may be due to optical crowding: if there are too many scattering centres per unit volume
in a material, this would result in a reduction of its scattering efficiency. In producing paint films with
polystyrene multi-voided particles, it was observed that the distribution of the particles within the
films was not perfectly homogeneous. The paint formulations supplied by AkzoNobel® were not
optimised to accommodate the polystyrene multi-voided particles, which exhibited a tendency to
form small aggregates. The aggregates would constitute optical crowding, and could be the physical
cause of the antagonistic effects calculated.

From the results related to the optical performance of the polystyrene multi-voided particles into
the AkzoNobel® paint formulations, it is apparent that the scattering power of titanium dioxide
significantly overshadows that of any other opacifying agent. A meaningful comparison can only be
done between extenders, where the scattering performance of the polystyrene multi-voided
particles is not too distant from their closest industrial relative, Ropaque.

This means that if future research on the multi-voided particles would be able to bridge the

scattering gap with Ropaque, and if the manufacturing costs associated with the production of the
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multi-voided particles at industrial scale should prove financially viable, it could not be excluded that

the multi-voided particles could ultimately become an asset for the paint industry.

Future work on the production of polystyrene multi-voided particles by non-solvent induced phase
separation should address what is probably the greatest flaw of the fabrication process: the
considerable amount of solvent required to produce a comparatively small amount of particles.

The fabrication of only 60 g of particles in the AkzoNobel® facilities required the use of = 1.1 kg of
xylene, 3.0 kg of deionised water and the remarkable amount of 42 kg of isopropanol. Once the
particles were isolated from the solvents by filtration, the remaining xylene, water, isopropanol
mixture was disposed of as a waste. An industrial process with this level of waste to product ratio is
far from being efficient.

One route towards the limitation of solvent waste may consist in designing a solvent recycling
system integrated in the industrial process. Once the polystyrene particles are removed and isolated
by filtration, the system should be able to achieve the separation of the individual solvents and make
them available for the following production cycle. The separation of mixtures is an area of research

extensively investigated® °

and the separation of organic solvents from alcohol or water could be
achieved by pressure-swing distillation® or pervaporation.”* Whether this route could be technically

and financially viable is a matter left to investigate for the AkzoNobel® industrial partner.

A second route for the reduction of solvent waste may consist in the entire removal of the non-
solvent from the fabrication process, switching from a non-solvent induced phase separation (NIPS)
to a thermally induced phase separation (TIPS) method.*

Phase separation can be also induced by a temperature change. In polymer-solvent systems
presenting an upper critical solution temperature (UCST), the polymer is soluble in all proportions
above this temperature: the system is in the one-phase region.” A reduction in temperature below
the UCST promotes the transit of the system into a two-phase region, inducing phase separation by
nucleation and growth if the system transits into a metastable region, or by spinodal decomposition
if the system progresses into the unstable region.”” A TIPS process would remove the necessity of
solvents separation by pressure-swing distillation or pervaporation after the polymer particles are
isolated by filtration, since the only solvent present could be directly recollected and re-utilised.

TIPS routes have been explored parallel to NIPS in the research group that works on structural colour
at the University of Sheffield. Low-density polyethylene in decalin is one of the most promising
systems currently investigated. The formation of spherical particles of small size however still relies

on the Ink-Jet equipment and it is not currently scalable.

152



The other issue to address is related to the optical crowding phenomenon observed in the paint
films produced in the AkzoNobel® facilities, due to the formation of aggregates of polystyrene multi-
voided particles. Optical crowding could be the physical cause of the antagonistic effects detected by
the factorial design analysis in formulations containing polystyrene. The aggregates survive to the
high shear applied during the paint formulations mixing and are difficult to remove by a mechanical
action alone. The issue may be solved by implementing the paint formulations with a suitable
dispersing agent, able to optimise the distribution of the polystyrene multi-voided particles within
the paint, producing films of greater homogeneity. A systematic study consisting in the screening of
a wide range of dispersing agents should be performed. Reflectance measurements of the paint
films should follow, in order to investigate the effects of the dispersant agents on the scattering
power of the paint films. Factorial design analysis should also be performed to verify whether the
reversal of the optical crowding phenomenon leads to a change in behaviour of the interactions
between polystyrene multi-voided particles, Ropaque and titanium dioxide. It should be expected

for the observed antagonistic effects to revert into synergistic effects.
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