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ABSTRACT.

Titanium dioxide is the main white pigment used in the paint industry. It is the most efficient
broad-bandlight scattering material due to the high refractive index andalidity to scatter

light across the entire visible range of tledectromagneticspectrum However the high
production costs and the high carbon footprint associated with this compounctitaiesa
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 wasitlentification of a
simple and cost effective system for the production of-biometic multirvoided polymeric
particles, to be introduced in paint formulation as a partial replacement for the industrial
white materialtitanium 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 tisstese of

the most relevant structures displaying exceptional white are the scales ofyiphochilus

and Lepidiota stigméaeetles, consisting akotropic networks of rodike filaments of chitin

and airfilled voids, and the foadike structures found irthe feathers of theGarrulus
glandarius(Eurasiangy) bird, consisting in spherical ditled voids within a keratin matrix.
Those were identified as the target structures for the synthetic work. An effective way of
producing porous structures in polymenaterials 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 remlvent (NIPS) into the system and can
proceed by a mechanism ofuoleation and growth, producing closed pores within a
polymer matrix resembling the foafike structures of theGarrulus glandariysor by
spinodal decomposition, producing interconnected polymere domains, similar to the
networks found in theCyphochilsand Lepidiota stigmad S S (istaesi Q

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 muklvoidedparticles by NIPS involved a simple ternary system with
tetrahydrofuran as the solvent and deionised water as the-solvent. The process was

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



fabrication proces was upgraded by employing arkdiet apparatus, capable of reducing
and standardising the size of the polysige solution droplets. The Iaket provided a way

to control particle§shape and size, but presented a fatal flaw in the fact that the prodnocti
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 polyoiatian 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 iat@ontinuous phase of deionised
water. The spherical shape of the droplets was achieved by the action of the surface tension
and the dropletSxsize could be controlled by the level of shear applied to the emulsion
mixing. The emulsion method allowed the opuction of particles with the desired
specifications and was a scalable process. The scale up was performed in the AkzoNobel®
laboratories. The polystyrene muitbided particles, along with titanium dioxide and the
extender Ropaque, were implemented imipt 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 cal@ation 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 muhkvoided particles with those of titanium dioxide and
Ropaque, and to ighlight any synergistic effects between these materials. The analysis
concluded that polystyrene multioided particles have a scattering power of@¥% that of

the Ropaque extender and 6f8% that of titanium dioxide.
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OBJECTIVE

The objective of this project is the creatiofa simpleand cost effectivesystemfor the fabrication
of bio-mimetic muti-voided polymeric particles for light scatteringhe inspiration for the internal
structure of the particles islerived from natural structurescapable of exploiting purely physical
mechanisms of light matter interactiors' in order to produce long lasting structural colduA
particular focus is given to broashnd reflectos and scatteers,® able to achievavhite due tothe
efficient scatteringof light acrossthe entire visible spectrunSeveralspecies of beetlésand birds
have evolvedhe ability to produce structures able to maximise light scattering in thin and light
organic tissue§ This workis an attempt to mimicsuchstructures in plystyrene particles that would
act as small broabandscatterers, producing white.

The ultimate goal of the preft was the implementation of themulti-voided particles in paint
formulations providedby the industrial partner Akzadel® The particles act as light scattering
centres withinthe paint, contributing taopacity and whitén paint films!

The function of wite materiak and opacifies in industrial paints is currently performda titanium
dioxide® whichis a very efficient scatter with a high refractive indekTitanium doxide is assisted
in the rde of opacifier by other ageastknown as extendefsgenerally consisting of inorgan
materials such asalcium carbonate, laminium slicate, magnesium arbonate, whichare not as
effective as Ti@due to a lower refractive mndex’ Organic extenders, consisting of cesleell (or
voided) polymer latex particlesare also employed.In general, he coreshell polymer particles
exploit the difference in refractive index between the polynsrell and the air contained in the
single cavity(core)to scater light in the visible range of the electromagnetic spectriErtenders
are usedn paints inorder to reduce theamountsof titanium doxide, whichis an expensive material
with a high carbon footprint’ The introduction of cheapbio-mimetic polymeiic broadband
scatterers in paint films acting as organic extendecharacterised by multiple afilled voids may
contribute to a furtherreduction of TiQ levels andead to more ecofriendly paints. It is obvious
that the high refractive index of Tign = 2.61 at the wavelength of light= 589 nm) and its ability
to scatter light across the entire visiblange of theelectromagneticspectrummakethis compound
the most preferable broadband light scattering material. However, other scatteriagens, in
particular polymeic particles, could bea competitive alternative consideringboth their physical
properties and production costs. In this respedt would be useful to obtain quantitative
information about to what extenthese materials can be used as opacifiers in a corsqa with
TiQ. So far there was no systematic study providing insights into potential applicatiomsiltf

voidedpolymeric opacifiers.



CHAPTER OPTICS

Light can b defined as a transverselectromagnetic wavewhere the direction of the energy

propagation is perpendicular to the motioh The refractive indexn is a key parameter in the

description of the light phenomena that occur when the electromagnetic (EM) radiation interacts

with matter. The refractive index idefined as*?
¢ (_D Equation 1

V]

where @ and U are the velocity of the electromagnetic radiation acuumand in a medium

respectivelyThe refractive index determines the extent at which the EM radiation is refrattétk

interface of two different medid® It has to be noted that the refractive index depends on the

wavelength othe EM radiation.

The electromagnetic radiation spectrum is broad, enpassing gammaays to oneend with waves

of high frequencies: (in the order of exadertz) and short wavelengths (picometers)to radio-
waves with low frequenciegHertz) and long wavelengthsnflkto the other end" The range of EM
radiation that can be directly perceived by the human eye is refetoeds visible lightand it is
delimited bythe violet light with frequeng of 750 teraHz and wavelength of 400 nm and ttwe red

light with frequency of 430 terdiz andvavelength of 700 nm®

Colouris 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), 534645 nm (green), 42840 nm (blue)’ The combination of stimuli due to the
three types ofcone cellsdefined as trichromacygovers the entire visible range humans™ Other
animal species have cone cells sensitive to othends(eg. ultraviolet) or a diffrent number of
cone cells (edive in thePapilio butterfly pentachromacyproviding a different vision experiente.
Sightis one of the most effective ways which living organisms gain informati@m the external
environment. Colouplays a key role ithe evolution where organisms develeg coloured tissues

for different purposes, from species recognition to sexual selection andwu#age™®*’

Colour canbe produced by reflected or transmitted light as the result of wavelength selective
absorption. Thiss generally defined as a chemically produced colour andatirs in mateals such

as pigments and dyesThe energy carried by the photons induces the promotion of electrons to

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

However, olour can also be the result of purely physical mechanisms occurring when the light
interacts with certain types ofstructures in a material. Thifim interference, multilayer
interference, diffraction and sctgring are such mechanism®The colour generated by those is
defined as structural colour and ittise focus ofthis work.One of the main advantages of structural
colour overpigmentation is that, while pigments undergo chemical degradation and gradually lose
the ability to perform wavelength selective absorption, the organic design responsible for structural

colour remais 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 directiomhiich the radiant energy flows. A group
of parallel light rays is usually defined as a light béifhese concepts are systematically used in

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

When lighttravels from a medium with refractive index to a second medium with refractive index
Ny, reflection and refraction of the incident wave talq@ace. This scenario is effectively described by
theCNBayST Qa [ &

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

Figurel: Light behaviour at the interface between two isotropic media with refractive indicasdrn,. The incident light

beamis reflected with an angle,= ;and refractedwith an angle , at the interfacebetween thewo media

A plane wave incident with an angle on an interface between two isotropic media with refractive
index ofn; andn, respectivelyis reflected , and refracted , at the interface: the directions of the

incident, reflected and refracted waves lie on the pléﬁ'ehe reflectance and transmittancd at the

11



interface are dependent on the polarization lgfht. Considering the two extremespslarised light
with the electric fielddirection perpendicular to the plane andpwlarised light when parallel to the

plane,r andt are given by the equatiors:

i _ — Equation2
e Al-©O ¢ AlI-©
o) - C E, Al _9~ — Equation3
¢ Al-©O ¢ Al-O
for s-polarised light and:
i € e‘ I, _9 € e -0 Equationd
e Al-O ¢ | ©
= CE Al _9~ — Equation5
¢ Al-© ¢ Al-©O
for p-polarised light.
Fromi K S C NS athé Sdw afReflpction(Figurel):*°
- Equation6
andthe{ y St t Q& [ I @igubed)&& dedivéi! A 2 y 0
C,)if U_ = S_ Equation7
OB+ _ €

wherev isthe velocity of lighin the respective mediand<isthe wavelengttf’
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THINFILM INTERFERENCE.

Oneof the simpk structures that give rise to structural colour when interacting with light is a thin,

transparent film and this interaction is defined tagn-film interference.*®

Interference

Interface

Film d

Interface v

Figure2: The phenomenon of thifiim interference. The incident lighbeamis reflected with an angle,= ; (eq. 6)and
refracted with an angle , (eq. 7) at the first interface between the two isotropic media (air and adfilthickness d) with
refractive indices nand n, respectively. The refracted light is reflected again at the second interface and then refracted a
second time. Cotisictive interference between the light initially reflected and the light travelling through the film occurs

when the extrgpath length travelled by the light across the film is a multiple minus half of the wavelenggh 8

When a plane wave is incidewith anangle ;on a thin film of thicknesd and refractive index, it
produces a reflected wavwith an angle of reflection . and a refracted wavavith an angle of
refraction ,. At the second interfagethe reflection takes place a second time, and the light
reflected by the two interfaces interfese Constructive interference for a certain wavelength is

produced when(Figure2):®

cé QA T-O a Equation8

Yal el

where m is an integer numberConstructive interference therefore occurs when the exeth
length travelled by the beam across the film imaltiple minus halof the wavelength<. Sructural
colour produced bythin-layer interference depends on the angi¢incidence the thicknesf the

film and the refractive index of the materials.

13



MULTILAYER INTERFERENCE.

When thin layers otwo different materials areassembledinto a periodic structure the optical
phenomenon ofmulti-layer interferenceis observed. Considering a structure made of layers o
thin-film 1 with refractive indexn; and thicknessd; and thinfilm 2 with a refractive index, and
thicknessd, periodically tacked on each other as igure3, 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,

Figure3: The phenomenon of muldyer interference. Layers of thiitm 1 with refractive indx n and thickness dand
thin-film 2 with a refractive index,rand thickness gdare periodically stacked on each other. Light is reflected and refracted
at every interface. Constructive interference is produced wiherxtrapath length travelled by #h beam across the filn

Ad | YdzZ GALX S YeqoF GKS 4 @St Sy3aik <

Constructive interference is produced whan:

¢t QA6 ¢ QAD— «a_ Equation9

where m is an integer numberConstructive interference therefore occurs when the extegh
length travelled by the beam across the filim a multiplem of the wavelength<.

Due to the multiple reflections, the colour produced by midiferinterference is more intense tima
the colour produced by thifilm interference, and it depends on the thickness of the two layers, the
refractive index of the materials and theiewing amle of the observer, giving rise to the

phenomenon of iridescence
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Iridescenceoccurs when the colour observechanges according to the viawg angle and the
spacingd between planes or interfacesThis isdue to the different anglesof reflection and
refractionfor different wavelengths of light. When white light interacts with a thin layer, lighhat
violet-end of the visible spectrum s reflected with larger angles than light at the rednd of
spectrum.

Since the distance that the light wrals when refleting at the two interface®f athin layer depends
on the angle of indence and the layer thicknest the conditions for constructive interference

changeaccordingly’

15



DIFFUSER INCOHERENT REFLECTION.

When light interacts with a smooth surfacas in the cases described abpvight iscoherently
reflected along a specular direction, with an angle of reflecéiqnal 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 on&his fraction is defined adiffuse or

incoherentreflection.?*

When the magnitude of the diffuseflectionis so significant that the specular componesain be

neglected, then the surface is considered to be a rooigimatt surface.

W/
B

AO B
= Ab#0
Smooth Surface Rough Surface

Figure4: A smooth surface (left) producing coherent reflection. The phase diffenenibetween twoparallellight waves
reflected at random points A and B would be equal to zero, producing coherent reflection, since the height difference
between the two points | AB | is equal to zergeq. 10) A rough surface (right) producing incoherent reflectidme phas
differencen. between twoparallellight waves reflected at random points A and B would be different from(eerol0)
since the height difference between the two points{.A u zekador & small degree of roughngss § the reflected
waves n the specular direction will be almost in phase and will produce constructive interference. For a significant

roughness. “fthe waves will be out of phase, determining destructive interference.

When parallel beams of light interact with a rough suegaeachbeambehaves accordingly to the
law of reflection with the angle ofreflection being equal to the angle of incidence: but since
contiguous sections of the surface have different orientations, réfeected beamsare all oriented

in different directions, producing incoherergflection?*

A description of dfusereflectionmay be given considering a system constituibgda rough surface
Any two points may be choseon the surface and labelled and B. When two parallel beams
interact with the surface at these points, different scenarios may take placerdfiected light
waves orthe specular direction may be in or oot phase®

The phase differere 3%dbetween the two waves is given by the equatfon:

W% ¢Sssd 6SAT-O Equation10
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where SGis equal toc “ / _ and is defined as the modulus of the wave vector of the incident light
of wavelength_, while— is the angle of incidence measured from the normal fihe.

If the surface is smoottthe height difference between the two poin{sA - | isA&qual to zero,
therefore the phase difference%oof the waves in the specular direction is also equal to zero and it
is independent of the angle of incidente.

If the surface is rougff then3%o . for a small degree of roughnes®oL “ the reflected waves

in the specular directio will be almost in phase and will produce constructive interferefice.

For a significant raghness3%o. “ the waves will be out of phase, determining destructive
interference®

3% “ ¥¢ is known as the Rayleigh criterion and is generally considered as the threshold for

roughness. Whem%. “ ¥¢ the surface is smooth; wheh¥¢ <n%. “ 2 N%op“ the surface is
rough?*

17



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, defineiffeaction.”

This phenomenon is easily observed when a beam of light interactsandliffraction grating, an
object in the form of a sheet of transparent material such as glass or a polwitiera large number

of parallel grooves on itThe behaviour of lights similar to what observed for the doub#it
experiment® The scenario ifFigure5 illustrates the diffraction produced by grating withslits of

width sandplaced at a distance:*°

Figure5: A diagram of a diffraction grating with slits of width s separated by a distance d. The diffraction angle is

represented by .

When the beam of light is normally incident on the grating, the diffraction produces maxima at
angle , according to the dation:*
QOEF & _ Equationl1

whered is the distance between the slitsjs the wavelength andh an integer number.

If the incidentbeamhas an angle of incidende then the equation describing diffraction is modified
20

as:

Q OB+ OEI a _ Equation12
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In the case of multiple slits on the diffraction grating, the intensity distributioof the diffracted

beams is given b3f:

OO O Equation13

“

OET) — QOEL
O

DET-QOE+

wherelyis the intensity of the incident bear\ is the number of slits] the distance between slits.

The total intensity distribution for the diffraction phenomenon is given by the contributions of both
diffracted beams and interference. h@érefore the above equation is modified to include
interference, as?

OET—iOEL OETS — QO EL

0O O - Equation14

iOE+ OET-Q0E+

The intensity is proportional t® E 10 - QO E-+ which means that the intensities of the principal

maxima are proportional to the s@gre of the number of slitdN. Increasng the number of slits
produces narrower maxima with higher intensity, with blue light nearer to the direction of the

incident beam and red light furtheway*
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PHOTONIC CRYSTALS.

When EM radiation is incident on a crystdth crystallographiglanes in the lattice separated by a
distanced, a phenomenon of constructive interference takes place. Materials exhibiting this effect
are referredto asphotonic crystals’ ?® In a scenario where two waves, labelléénd 2, in phase

with each other, are incident on a photonic crystal witlystallographiglanes at a distancd and

are scattered bygcattersAandBon two parallelcrystallographiglanes, aslescribed irFigure6,

Crystallographic plane 2 B

Figure 6: Constructive interference generated by the interaction of light with a photonic crystal. Waves 1 and 2 are
scattered byscattersA and B respectively, located in two paratdigistallographiglanes at a distance d. The conditions for
constructive inte$ NBy OS I NB RSAONAGSR o0& GKS . NIr3I3Qa [g 6Sld mMpoOY

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

the conditions for constructive interference are des&R 6& G KS#*. N} 33Qa [l 6Y

CQOEF & _ Equation15

whered is an integer number.
The light interacting with the second crysfhne travels a longer path length, equivalent to twice

the distanced between the planesnultiplied bysin .*

20



LIGHT SCATTERING.

Light scattering can be defineas thechange of direction and intensitpf a light beam due tats
interaction with an object. &ttering is the result of the combined effsodf the phenomena of light
reflection, refraction and diffraction previously describégigure 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 theouyately
predicts theangle and theintensity of the scattered lightbeam due to the lightg particle

interaction®

Reflected ray

Refracted ray
>

Transmittedray — G wmy o -
after internal reflection

Spherical particle

Figure7: 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 reflectiorR I LJG SR FNBY d! t NAYSNI 2y

Stah O [ aSNJ [ AIKG {POLGGSNAYyTE o608 tod 280600

In order to simplify the description dfght 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 wéudg. the scattering
derived from the primary light source (defined as single sraty) is taken into account, leigg out

the effects of multiple scatteringyhich includethe light scattered from neighbouring particl&s.

Only staticelastic scattering isconsidered, therefore the effects of particles motion are ignored,
along with Ramaifinelastic scattering) and Doppler contributiolis.

The phenomenon of light absorptionimmportant in determining the intensity of the scatteredt.

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 thiacident beam is defineds light extinction, which is the

degree ¢ 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 phenoménadie theory demosstrates 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 parsialed thesurroundingmedium!® The
theory ckarly highlights arangular dependence of the intensity of the scatied light for various
particled Qize (Figure 8).° In particular, with increasing particl@size, the scattering becomes

anisotropic: a preferential direction is clearly observed, with the forward scattering being dominant
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Figure8: The diagram shows the angular dependence of the intensity of the scattered light for yzaitiakes 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 obShe/edattering 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 500nm. The arrow shows the direction of the incoming wavé& LINA y i SR FTNRBY a{ G NHzOG dzNI £/ 2 f 2 d:
by S. Kinoshita, World Scientific, 2608.

Mie theory also shows wavelength dependence of the intensity of the scatted light for various
particled §lze® In a plotof scattering intensity vs wavelengtRigure9) it can be clearly observed
that, as the particles sizprogressivelyncreasesa peak occurf the visible region of the spectrum.
This meanshat 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 violeblue 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 dhation, then the scaered light would encompass the

entire visible spectrunproducing whitecolour.

SCATTERING INTENSITY

0.2 04 06 08 1
WAVELENGTH (pm)

Figure9: The diagram shows the wavelength dependence of the intensity of the scattered ligph&arcalparticlesof
varioussize. As the particles radius incregsepeaks emerges in the visible spectrum, meaning that the scatteiiectly
O2yNROdziSa G2 G4KS O2f2dz2N®» ¢KS aAYdzZ FiArAzy akKz2ga GKS a0l did

assuming that the particles havereafractive index of 1.5, are in a medium with refractive index of 1.33 and the ihciden

N
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Scientific, 2008.

Mie scattering is considered to be the cause of the structural colouration observed in a large variety
of biological tissug In particular it is associated to ndmidescent structural colour, due to the
intrinsic irregularity of the structures involvédt is important to note that often théMie scattering
observedin biological samples is not due to spherical particles, but rather to spheriicl present
within the tissuegFigurel0). The behaviour of the light interacting with a spherical void embedded
in a biological medium is analogoustte light ¢ particle interaction previously described, therefore

Mie scattering can be perfectly applied to this type of systéms.
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Figurel0: A sketch representing the interaction of a light beam with a spherical void within a material. The light behaviour
is analogous to that shown fdight ¢ particle interaction(Figure7). 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 theonki®wn as Rayleigh scatteringnd it occurs Wwenthe

EM radiation interacts with particles that asgnificantlysmaller than light wavelength (in the order
of onetenth of <. Rayleigh sattering is a type of elastic scattering, where the kinetic energy of the
wave is conserved. When the oscillating electric field of the light wave interaith the electric
field of a particle, it induces the electric charges within the pdetido oscillate at the same
frequency of the wave. As a resuthe particle become a radiating dipole and the radiation
emitted is observed as scattered ligfit.

The intensiy of the scattered light is related to the size of the scattering partatest is described

by the Rayleigh equatioft:

Equdion 16

where |y is the intensity of the incident light is the wavelength, is the scattering angle) is the
refractive index of the particles] is the diameter of the particle anR is the distance from the
particle to the detectorThe equation exhibits a strongavelength dependence of the scatteririg

the order of<* implying that light of shorter wavelength would be scattered more strongly than light
of longer wavelengti3°

The Rayleigh equation can be adjusted to accountHerscattering from molecules, by expressing

the refractive index in terms of molecular polarizability. The equatiori6is thus modified intd?
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"0 'O p Al & Equationl7

Thus, due to a wavelength dependence of the scattered interaityosphericdust scatteis shorter
wavelength of the sun light spectrustronger, producing the blue colour of the sky

Both Mie andRayleigh sattering, due to the intrinsic irregularity of the scattering medium, such as
disordered arrays of particles,@aoptical phenomena that produa@n-iridescent structural colour,

in contrast to the other mechanisms described such as Aayr interference, diffraction, photonic

crystals, where the regularity of the structures gives rise to seace’
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CHAPTER 3TRUCTURAL COLOURATURE

Colour is an essential feature of living organisms. Animals and plants often display vivid and bright
colours in their plumage, membranes or exoskeletossmetimeswith complex characteristic
patternsassociatedvith particular species or famili€s.

It is believed that colour playa key evolutionaryrole in the animal kingdom, driving sexual
selection, facilitating species recognition or faviag camouflage dynamics.

In some caes these bright colows 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 liigher energy moleculdevels The photons whose
energies are insufficient to fill the orbitals energy gaps are reflected or transmiitted.

In other casesthe colou observed ighe result of the purely physical phenomena described in the
opticssection. 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 pigraemt blue structural
colour produced by scatterirylt is important to highlight that tsuctural colour is obsrved
everywhere in the natural Rgdom: it is present in plants, contributing to the colouration of flowers
and fruits; it is present in botterrestrial and aquati@nimallife.!” In this chapter three major classes

of animals(butterflies, beetles and birdsyyhich exhibit striking structural colouratipimave been
selected, ad the structues that generateeither iridescent or nofiridescent colour effects are

investigated.
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BUTTERFLIES

Lepidoptera, colloquially referretb as butterflies, are a group of insects that include hundreds of
thousands of specieslassified into 46 supeamilies’ Due to the bright colours displayed on the

large wings and often result of structural colouration, Lepi#oa have been extensively studied

from an optical point of view’ °

All the Lepidoptera species present large wsrmgpmpared 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 thitkness.
The scales overlaglightly. If observed in detailinder an electronic microscope, the Lepidoptera
scales may be classified into two main types: the cover scales, with different shapes and sizes, which
are specialisd to perform several mechanical tasks, and the ground scales, with a more consistent

rectangular shapé®

ground scale  cover scale
Figure11l: SEM images of grourehd cover scales in the Morphd R A dza 6 dz(i ( S NJF fS@udturav@barsiny § SR F NI

nature: the role of regularity andregularity in the structureY A Y 2 A KA G+ +yR' | 24KA21 S HANNpéd

The microscopic structure of the scale constituted by a series of parallel ridgkat are supported
by a number of small pillars, deéid as micreibs. The ridges are connected together by afikte
structures named crossbs, which run perpendicular to the ridges.

The whole framework of ridges, micribs and crossibs is finally held firm together by larger

connecting structures maed trabeculag®
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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 byrabeculae and byhe microribs nr). Thearchlike
structures, crossibs (r) connecting the parallelr R3 Sa | NB | f a2 NB LINFhtaSd/cdldiRod thewdngINR v i SR

structural colours in butterflies and mott@hirardella, 1997°

The interaction of light with this regulaperiodic laddedike structure present in the scale
archtecture is responsible for the structural colourations.
One of the most scenic and studied class of butterflies idvtbpho, native of South America. These

butterflies exhibit, for the male exemplars bright metallic blue colour with iridescent effeéfs.

The distance between the ridges the Morpho butterflies varies according to thespecies. For
example it is 1.0um for Morpho silkowskyiand 0.7um for Morpho thetenor The ble structural

colour is producd by the cover scales, while the ground scales beneath are pigmented and present
a dark brown colour.

In order to understand the mechanismibfe blue colour, it is necessary to lowkdetail atthe cross
section of the ridges. If a scale is sliced, it is possible to observe that a ridge has a height of
approximately 2 um andit is 0.3um in width. The key feature of the structure is tbenformation

similar to a bookshelf library: each ridge preseswbout 6 or 7 shelves with a thickness of 0.05 to

0.07um. The distance between the shelves is of approximaielym
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Figurel3: A Morpho hetenor butterfly displaying bright blue colour in the large wings (left). On the right, a SEM image of
a crosssection of a ridge in the scale of Morpho butterfly. The kgladf structure, responsible for mdiyer interference,
Aa Of SENI& Orarof Sof av@NINRYW (GRS TWRIVE i { Hi NHOK @heNB £/ @8 { @ YAy 22

Thisconfiguration of the ridge®perates like a muliayer interference structure described in the
optics chapter(Figure3): the spacing between the shelvds200 nm)and the shelve@hicknesg50

- 70 nm), along withan average rieactive index for the shelves off 1.2 and the air witm = 1.0,
accounts for a constructive interference of reflected light for wavelesgttound 460 nm, in the
blue zone of the visible spectruffiThis small difference in refractive indgin ¥ yisbsufficient 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 refledtddferent
angles, enhancing the richness of the blue cofur.

Measurements on theMorpho butterflies scalesto determine the angular dependence of the
reflected light according to the viewing anglere performed onMorpho aonis and Morpho
sulkowskyispecies. A spectrometer operating with an incident angletbf and a detection angle of
+30° was employed, and the buttdyf scales were tilted from arangle of-90° to +90°. The
experiment showed that the reflected light ranged from wavelengths of 380to 580 nm, with a

maxima of 460 nm for th#lorpho silkowskyiand 482 nm for théVlorpho alonis®
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Figurel4: Reflectance measuremenof the wing of a Morphbutterfly. The diagrams show thexgular dependence of the
reflected light intensity under monochromatic lightimination between 380 and 580 nriagrams (a) and (c) represent
measurements within a planearallel to the ridge; diagrams (b) and (d) represent measurements within a plane
perpendicular to the ridge. The maxima at 46@80 nm are evidence for the constructive interference of the blue light.
w S LINR vy (i Wavelehdd@elective and anisotroplightcdiffusing scale on the wing of the Morpho butterfoshioka
YR YAy2a RAGFIS wHnnnéo

A theoretical modebuilt from the Morpho butterflies scalesconsisting of shelves of refractive index
1.60 separated by a distanckof 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 froé étbthen

to 9 had the effect of producing narrower peaks, sharpening the blue c8lour.
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Figurel5: Diagrams showing the reflectance from a theoretical model based on the Morpho scale, wittrsictlires 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 nmith a maxima at 480 nm, similar to the rdde structuremeasured irFigurel4. Increasing the
number of shelves from 3 to 6 and then to 9 had #ffect of producing narrower peaks, sharpening the blue colour
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Simpler experiments performed on the wings of Merphobutterflies also confirred the structural
colouration as the effect of multayer interference. For instance, changing the refractive index of
one ofthe medium (the air between the shelves of the scales) by immersing the witogdifferent
liquids, resulted ina rapid change in the colour observed. Ethyl alcohol withe&active index of
1.36 producedgreen (Figure16), while using toluene with a refractive index of 1.50 mipead the

colour into a dark brown.
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Figurel6: Colour change of a Morphadilis wing from blue wheim air (left) to green when in ethylahol (right).
WSLINRYGSR FNRY af NHzOG dzNI £/ 2t 2 dzNISdieyftificg2R@B wSEHtY hT bl dzNBé
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BEETLES

Coleoptera, usually referreth 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 comman

of achieving colour in beetles is by muétyer interference: periodic structures csisting of
alternate layers of different organic materials are foundhe beetles elytra, producing iridescent
structural colour’

One of tke most striking examples of structural colour by mildgier interference is provided by the
Chrysochroa fulgdissima also known athe Jewel beetleThe Jewell beetle is a native species from

Asia and its elytra have been used in Asian culturesdpiuries incraft works and decorations.
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Figure17: On the left an image of the Chrysochroa fulguidissbeatle, highlighting the iridescence in the dorsal and
ventral regions as the viewing angle changes. On the right, a-seas®n of Chrysochroa fulguidissima layered epicuticle,
showing the alternate layered structure giving rise to the iridesceBcaé bar = 1um. WS LINA Y i SR FNRY at 2f
irdescence of themuifi 1 8 SNBR St &iGNI 2F G(KS WHLIySasS 2568t 608850t S3 / KNE

The dorsal side of the Jewel beetle exhibits a metallic green colour, only interrupted by tdistred
brown stripes. When changing the viewing angtes colour gradually changes from greto blue.
Iridescence ialsopresent 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 ofiin3n thickness: a
series of alternate layers with different electron densities were obsefVvéd.the green section of
the elytra, 16 layes were identified with thicknessed; of 82 nm and d, of 78 nm and refractive
index n; of 1.59 andn, of 1.67.The small differencén refractive index in ¥  n) @&regough to
produce the impressive colour effesfth a maxima ak= 520 nmIn the red stripes lower nunber

of 12 layers was observedijth slightlylarger thicknessl; of 105 nm andl, of 100 nm and refractive
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indexn, of 1.60 andn, of 1.68. The difference in refractive index is unchanged, but the increase in

the layers thickness favours the constructive interferenteed light with a maxima at= 670 nnt*

(a) 1.0~ (b)
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Figurel8: Diagrams showing the reflectance spectrum for (a) green (maxifi®2® nm) and (b) red/purple (maxima fat
cTn yYO0O NB3IA2ya 2F (KS / KNRa2OKNRI Fdzf 3dZARA&EA Yiaye@eb St SQa
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Similar structural configuratiaproducing iridescence are observed in other species of be€lles
Plateumaris sericear Leaf beet also displays beautiful metali&e colourations. The three most
common specimens have a blue, bronze or red exoskelefidme colous 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 fdne red beetl€’

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

In order to achieve a bright white appea@ all the wavelengths in the visible range must be
scattered with the same efficiency. Structures able to do so are defined as-bewats reflectos.®
This goal cannot be obtained with optical coheresttuctures as they would reinforce specific
wavelengths and produce iridescenc

Whiteness requiressignificantly disordered structas that multiply the scatterof light. This is
normally achieved by very thick systems where the light is progressively scattereiaagls deep
into the structureand interacts with a large numbef interfaces.The scattering medium must be

randomly organised with randomly positioned scattering cenfr&s.
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The importance of the beetle structurés due to the fact that they are capable of achieving
remarkable whitewith very thin systems This means that the beetléssues evolved to maximise
the amount of scattering inemarkably thinmaterial®* It can be assumed thatvolution engineered
these organic tissues to provide the best poss#uattering in the lightest possible structurewith
very low mass per unit agesincelow masss absolutelycrucial for flying insect¥'

One of the best examples of white is found in tBgphochiludbeetle. The body of the insect is
covered in tiny white scales with average dimensions of |280n length, 100um in width andan
average ofonly 7 or 8 um in thicknessThe scales are made of chitin, a protein with a refractive
index of 1.56. The difference in refractive index for the scales is thergfore0.56 and is sufficient
to achieve the enhanced scattering observAdother beetle species that presents thin white scales
is theLepidiota stigmawith an average thickness of fifn.**

SEM performed on crossectiors of CyphochiluandLepidiota stigmgFigurel9) beetleshighlighted

the presence of an intricate, randomised and isotropic network oflileelfilaments of chitirf

Figurel9: Images of Lepidiota stigm@) andCyphochilus jdeetles SEM of the crossection of the scales of thespidiota
stigma (b) andCyphochilugd) respectivelylntricate, randomised and isotropic network of #ike filaments of chitirare
clearly visiblew § LINRA y 1 § R 2FTKNR(YS o.. NREKY { OF £ S& hLIGAYAaS abzZ dALX S { O G
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The filling fraction of chitin has been estimated inr@%o, with the rest of the volume filled by air.

In the Cyphochiluscales the chitin filaments present an average thickness of 244 + 51 nm and are
separated by voids with an average diameter of 580 + 120Innthe Lepidiota stigmascales the
average thickness of the chitin filaments is 348 + 77 nmthedverage diametr of the voidsis 700

+ 180 nm°

Spectroscopic measurements on scales belonging to these two species showedethartetlable to

reflect light across the entire visible spectrum with an efficiendy 0 ¢ 80 %°
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Figure20: Reflection spectra of the whiteales of @phochilus (a) and Lepidiotéiggna (b). Theexperimental data (thick
black line)showed thata single scale iable to reflect light across the entire visible spectrum with an efficien€y76fg

80%, producing the whiteness observa@thie dashed lined are predictions from mathematical models comprising only
spheres; spheres and rods randomly oriented in-ditnensional space; spheres and rods with a random orientation in a
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From the analysis of the beetle scaléke researcher¥ came to the conclusion that in order to
design an efficient broatland opticd scatter, an optimum compromise betwedhe number of
scattering centres and their relative distance is necessary. If there are too many scattering centres
per unit volume, thiooptical crowdingwould produce aeduction in scattering efficiency; the same
occurs if the scattering centsare placed too far apart. The scales and their modelling suggests that
an optimum structure would consist ehndomly orientedscattering centres with a diameter of 200

to 300 nmandwith an average relative distance 90 nm?
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BIRDS

Another class of animals that ienownedfor the beautiful display of flaring colours is that of birds.
Across the numerous specijdsird feathers present important examples of structural colour. As in
the case othe beetles, it is possible to find structuréisat exploit different optical mechanisms to
produce both iridescent and nanidescent structural colourThe generic structure of bird feathers
consists of a shaft that grows from the animal badyd that branches intosmall filaments called
barbs. The barbs in turn branch into even smaller filaments called barbulesgure 21). The

structures responsible for the optical properties are found in the barbules.

Feather
Shaft

— Barb

\Barbu\e

Shaft

Figure21: 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 barbulasudtbees responsible for

the colour observed are present in the barbules.

Sincethe early systematic studies on bird feath@mmploying SEM imaging, the presence of melanin
granules with rodike shapes in the barbule tissues was recorded. It was lateerstood that
iridescent structural colour in a large number of bird species was due to the way these melanin rods
were assembled.

A dassic example of iridescent structural colour in birds is provided b¥Péwe cristatugpeacock)

The barbules in ®@avo cristatudeather are made ofayers of keratin with a thickness of 0¢4.5

pm, surrounding a fibrous core of 2u0n. Within the leratin layers, melanin rods of about Juf in

length are oriented parallel to the surfa@ed regularlyarrangedin orderto form a latticewith up

to 11 layers of rods, as shownthe crosssection inFigure22.%°
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Figure22: On the left anoverview ofa Pavo cristatuseather. On the right a’lEMimage of acrosssection ofa Pavo
cristatusfeather. It is possible to observe theelanin rodg(black dots)and the air holes(clear dots).Scale bar = +m.

w S LINR y (i Sight rfani@uldtiondprinciples in biological photonic systems tarkey{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 ifPavo cristatusfeathers is produced b9 to 11 layers of melanin rods
separated by air holes of 160 nim diameter. Turkish green is given by 9 or 10 layers of rods with
170 nmof diameterfor air holes. Redbrown requiresfewer layers, 5 to 7, with a larger separation of

210 nmdue to theair holes®

38



Another example of iridescent structural colour in birds is provided by the hummirggtSmhilarly
to what observed irthe peacockfeathers melanin platelets arranged into regular arragre found

in the barbules of hummingbirds*’

Figure23: On the left an overview ai hummingbird. On the right a TEM image of a crsestion ofa hummingbird
FSIGKSNW LG Aa LR&aaroftsS (2 20&SNUDS Iridescdnt Qofofirs of MHymmibdiit G St S a

Feathers Gréenewalt et al. 1968

The melanin platelets are elliptical in shape and arranged into layers parallel to the surface of the
barbule. The number of layers magry according to the species frofto 15, with their thickness
rangingfrom 100 to 220 nm. The platelets are separated by small pockets df air.

The hickness othe melanin platelets anaf the air poclets determines the colour observed. For
example, the blue in the tail of thémazilia ganurahummingbird is produced by platelets of 32 nm

in thickness spaced by air pockets of 123%m.

Non-iridescence structural colous produced in birdby Rayleigtor Mie scattering described in the
optics section SEM images of bird feathers exhibiting Addescent structural colour show
structures consisting ofair pockets in keratin networks, similar tmams Some of the most
representative exampls are provided by th&angara nexicanaand the Kingfisher which display
bright blue noniridescent colours, given by foalike structureswhere spherial voids are

embedded into the keratin matrix of the barbul@s.
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Figure24: A crosssection of a barb of a Commoingfisher. The foam structure with poresfo200 nm in diameter is
clearly visiblew SLINA Y G SR FTNBY a&{ i NHzOGdzNI £ O2f 2dz2NBE Ay Yy I KiméBty (GKS N2
FYR ,2aKA21+S HAnpé®

Light is scattered at the keratipair interfaces and the colour produced is related to the void size.
Analysis on blue feathers the Jay Cotingaand Ara speces showed that the average hadize in

the foam structuress about 20(hm in diameter’

Studies orthe feathers of theAgapornis oseicollidoy Dyck also highlighted a fodiike structure in

the inner part of the barb®f this bird presenting a trdimensional network where keratin rods of
about 100 nm in thickness were spaced out by empty holes of 100 nm in diamBigke
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 &zieat among the birds, while the
random orientations of the rods was the reason for the lack of iridescence observed.
Measurements of the riéected light from these tsuctures showed that they acas broadband
scatters, able to scatter light from the ultraviolet to the blue. The feathers appear blue since that is
the only portion ofthe reflectedlight detectable by the human eyés.

The analysis of the foam structures allowed Dyke to produtkearetical model, knows as the
GK2ff 25 Oef AYRSNJ Y2 RSt éoEprofilgidyndrsdeskeRtStruEtural ddldlilzO G dzNIB
Hollow cylinders with diameters ranging from 200 to 400 nm randomly oriented within a keratin
matrix would reproduce the same colour effedbserved in those birds.

Another interesting example of neanidescent structural colouris provided by theGarrulus
glandarius(Eurasianjay). The peculiarity of this bird is in the colouration of fleathers present on

the wings, where a periodihift from dark blue tdight blue ando white is observed®
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Figure25: (a) An image of Jay feather, with a periodic colour pattern from white to ik (b) Photograph of the
Garrubzd 3t | YRE NRAdza® wWSLINAYGSR FNRY a{ LI} GdALtfe Y2PRaohhphSR a i NHz
of the Jay Garrulus glandarius: (Credit: Luc Viatour/www.Lucnix.be) this image is licensed under the Attribution

ShareAlike3.0 Unported license.

Researclon the wing feathers clearly showed that the structure responsible foramge ofcolours

is a thin layer of 1Qum covering the barbs. The research correlated the structural information
obtained by SEM and SAXS with the periodic colours exthifitag the barb&®

Microscopy showed evidence affoamlike structure with lack o& long rangeorder, 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 networkA more reglar foamstructure with air holes of about 13¢

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 20210 nm in diameter corresponded the white

sections orthe barb®
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Figure26: TEM images of crosections of Jay feather@) a section of a blue regiorfb)a section of a white region, with
Y2NB ANNBIdz F NI LI2NB& +FyR tFNHSN) O2AR& RAAGNRAOGdzIA2Yd ¢KS
Y2RdzfE F G SR adNHzOGdzNI £ 02 2%zNJ Ay 60ANR FTSFGKSNERE o6& tINysStt §

The research proposed the hypothesis that the foarmctures observed in the Jay are achieved by

a mechanism of spinodal decomposition, where the keratin medium undergoes phase separation
over time3® This process, due to random fluctuatisnin the medium, produces domaingith
different keratin densitiesAs the phase separation proceettse 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 Vaitv keratin
density producehe voids, which are then occupied by the &iSince 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 pregsrationat a desired timein order

to achieve the desired colour effect at te&actpoint along the barb?

The analysis of the structures explored in this section previtle necessarybackground to
understand the elegant design behind the efficient structuralnéigurations that give rise to
structural colour in nature

Since the objective of thproject is thefabrication of synthetic broatbandscatterers in the form of
polymeric micrespheres, producing neimidescent structural white, the target structure®
considerare those observed in the white scales of the beetles and the white sectibrthe Jay
feathers. Thebeetles exhibitintricate, randomised and isotropic networks of rbkle filaments of
chitin separated by air voids. Tl&yphochilugpresent chitin filaments with thickness 240 nm

and voids with a diameter df 580 nm* Models based on this type of networuggests that an
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optimum structure would consist of randomly oriented filamewftschitin with diameteisof F  H p n
nm separated byoidsof F 500 nm?? The noniridescent feathers itirds showedfoam-like internal
structures with randomly oriented void# a keratin matrix *® Even though these structures tend to
produce bluestructural colour due to the smallna consistent size of the voidsetween 100 and
200 nm? the white sectiors of the Jay barb demonstratethat 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
PROCESS OF NS8OLVENT INDUCED PHASE SEPARATION OF
HOMOGENEOW®LYMER SOLUTION.

THERMODYNAMICS OF PHASE SEPARATION OF A POLYMER SOLUTION

The core part of this project revolvedround the identification of a chemicasystemthat could
reproduce either anetwork of the type observed ithe Cyphochilusind Lepidiota stigmascaleg or

a foam structure of the typ found inthe D | NNXzf dz& fehthersy® RithiNJpledical polymeric
micro-particles.

An effective wayof producing porous structuregs based on the possibility ahducing phase
separation in an initially homogeneous polymer solutidn

The properties of dilute polymer solutions adeterminedby the interaction between the polymer
and the solvent® When a polymer is dissolved in a poor solvent, the im@ecular interactions
between the polymer chain subnits dominate over the intemolecular forcesbetween the
polymer and the solvent molecules. As a result of this phenomenon, the polymer dbaihdo
contract In the opposite scenario, when a polymer is dissolved in a good repltke inter
molecular forces between the polymer and the solvent molecules are stronger than the intra
molecular interactions within the polymer chairiBhe polymer chains are able to expand and the
swollen polymer occupies a larger volufte.

In an ideal polymer solution, where the intmaolecular forces between the polymer subits are
perfectly balanced by the intenolecular force between polymer and solvent, the polymer chains
behave like ideal random coils. Such a solvent is definatltlsta-solvent. The interaction forces
between polymer and solvent are quantified by a parameter known as theFloryHuggis
interaction parameter, which is a measure of the energy required to {digwersepolymer and

solvent moleculeé!*°

The thermodynamic behaviour of a polymesolution in theta conditionsis related to the
temperatureof the system the number of moles of polymeresent in the systemthe number of
moles of the solventthe volume fraction of the polymethe volume fraction of the solverand the
interaction parameter between the polymer and the solvént

The phase separabn of a homogeneous polymer solutioman be induced by a change in
temperature (thermally induced phase separation, TIPS) or by the introduction of -ahgsmt

(non-solvent induced phase separation, NI#3j
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Non-solvent induced phase separation is the process investigated in this work.

Every ternary systemwith polymer, solvent and nesolvent componentéias a uniqe characteristic
phase separation behaviour that is related to the FByggins interaction parameter, the polymer
molecular weight andhe polymer concentration, the solverib non-solvent ratio and their relative

miscibility.

The behaviour of a ternaigystem can be generalised by a comprehensigthermalphase diagram
(Figure27).* The binodal line marks the boundary between the gimse region, where the system
is a homogenous solution, and the typhiaseregion, where the system undergoes a licigplid de
mixing and, as progressively more rawmlvent is added, a soHijuid demixing where the polymer
precipitates® The upper limit of the iodal is referred to as the critical point. The spinodal line is
the boundary between metastable and unstable zones in the-fwase regionThe critical point is

also the point of interception between the binodal and the spinodal Iffies.
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Figure27: A general isothermal ternary phase diagram for a polysodrentnon solvent system. Thenledal line marks
the border between the orghase region, where the systema homogenous solution, and the tpbase region, where
the phase separation produces a-hixing of the solution into a liquiiquid mixture and, with continuing quenching with
the nonsolvent, into a soliiquid mixturewith polymer precipitate. Thepinodal line marks the boundary between the
metastable regions, where phase separation ocdyrsa mechanism of nucleation and growth, and the unstable region
where the phase separation takes plaeg spinodal decomgsition. The binodal and spinodal boamigs meet at the
ciical R Ay i/ @ ¢ K ®int” i$ MNIKinerogliaén oflthe binodal and thirification line, and marks the point
where the polymer reverts to a glass. Adapted frdEnolution of polymeric hollow fibers as sustainable tetdgies: Past,
present,andfuture 6& bl % Sy3a Sd It o

The twophas 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 solstiailés

with respect to small fluctuations in the compositihwhen thosefluctuations in the composition
become large, the mechanismf @hase separatiorby nucleation and growthis triggered®®
Accordingto the polymer concentration and whether the phase separation takes place above or
below the critical point, two different scenasof nucleation and growth may take plat¥'’

If the phase separation takes place above the critical point, thendkéng of the solution proceeds

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

resulting in the formation of liquidilled pores in a continuous polymer mat(iigure28).*’ ** When
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the phase separation arrests and tis®lvent isremoved, this mechanism produces polymeric
particles or membranes with internal voidshich arenot interconnected®?

If the phase separation takes place below the critical point, thendeng of the solution proceeds
by the nucleation and growth of theotymer rich phase: polymer nuclei are formed and grow
producing a granular morpholodyWhen the phase separation stops and the solvents are removed,
this mechanism produces polymeric particles with no internal pord8ity.

The area below the spinodal line is thermodynamically unstdti@se separationccurring in this
region is defined aspinodal decompositioti” It takes place when the system engethe spinodal
region either directly, by crossing the critical point, or indirectly after passing the metastable region
due to further quenching with the noesolvent® 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 resulthef fluctuation wavethe phase separation
givesrise to the formation of brtontinuous structures, wherg¢he polymer richphase and the
polymer poorphase are completely interconnectédWith the removalof the solvent after the
process stopsthe final product is a polymer network witmutually interconnected polymer

domains andoids®*®
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Figure 28: A generic isothermal ternary phase diagram for a polysadventnon solvent system, highlighting the
mechanisms of phase separation in the metastable and unstable regions. Phase separation taking ptaoeeadtable
region below lhe critical pint C proceeds by a mechanism of nucleation and growth of the polychephase: polymer
nuclei with no internal porosity are produced. Phase separation taking place in the metastableaiegventhe critical

point C proceeds by a mechanism of nucleation and growth of the poelyoeemphase: solvent rich regions are formed and
grow, resulting in the formation of liquiilled pores in a continuous polymer matrix. Phase separation occurring in the
unstable regionproceeds by a mechanism of spinodal decomposition: a polymer network with mutually interconnected
polymer domains and solvent domains is produced. With solvent removakottie are filled by air. Adapted from

G/ 2YLRAAGAZ2Y | YR LKI adeti©idonamts inagng durdhdlizbBrent inducedrcoagulation of
OSttdAf 2a5¢® 68 [FLAGE SG Fto

The phase separation of a polymer solution, independently ftben mechanismsy which may
occur, arrests at the S NB K Yding/ Waich lis the point of interception between the binodal line
and the glass transition liné.

¢ KS . S NIoktymagkthe libit where the glass transition temperature of the polymer is
lower than the temperature of the systerf at this point the polymer chains motion slows down
and the polymer reverts to a gla§sThe morphology achieved at this stage is thus fixed and

observed experimentally.
The processf non-solvent induced phase separation (NIBSX homogeneous polymer solution has
been exploited in many ways due to the numerous industrial applications of porous matérfals.

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 reslvent, on the morphology achieved
Porosity nay be obtained wit different structures, from large monolith$to membranes® and

micro-particles>®

Research on gycarbonate NIPS to manufacture porous monoliths highlighted the impact of
different molecular weights and polymer concentrations on the final morphology achféved.
Polycarbonate with different molecular weights were dissolved in chloroform, with cyclobkexa
acting as the nossolvent to induce phase separatioh.

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 vord size.

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

The DMF system corresponded to a rapidniging of the polymer solution, due to the water having
high affinity for DMF. In the acetone system a delayeehileing occurred, due to water having a
lower affinity for acetone compared to DMF.

As a result oflifferent affinities between solvent and nesolvent, 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 inbrnages with

acetone>

A study aimed at producing micgranules from polystyme involved a cofpination of both TIPS

and NIPS® Polystyrene was dissolved in cyclohexane heated to a temperature in the ranges6f 50
°C. An emulsion of this was formed by dispersing the solution in water, stabilised by a surfactant.
This was then mixed with ethanol n@olvent at 0 °C. The concenicn of the polystyrene in
solution, affecting the viscosity of the system and the solv@ntsolvent exchange rate, was found

to have a major impact on the morphology of the polystyrene structdites.

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

internal cavities®
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The nonsolvent induced phase separatigiNIPS)of a homogeneous polymer solution showed
potential as a chemical process able to reproduce the type of porosity found in biological structures.

In the nextsections the selection of appropriate polymer, solvent, 1soivent systems and the
characterisation methods of the resulting produsliscussed.
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CHAPTER MIATERIALS AND CHARACTERISATION TECHNIQUES

In this chapter, the materials and the characterisation technigues 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 dawraported in the following chapters

4,5 and 6, in the appropriate st#ections.

MATERIALS.

Themainobjective of the experimental work was the fabrication of polymeric mjzadicles with a
porous internal structure. Light would be scattered esery polymerair interface due to the
difference in refractive inder between the two media. The largan, the more effectivevould be
the scdtering. In order to maximisgn between the polymer and the air (n = 1.00) filling the internal
voids, a series of polymers with high refractive index vieitélly surveyed.

These included qly-pentabromophenyl methacrylaten(= 1.71), ply-9-vinylcarbazole { = 1.68),
poly-1-vinylngphthalene 6 = 1.68) and ply-vinyl phenyl sulphiden(= 1.66).

Since thesecondary objectivef this work was the identificationf a costeffective system,he other
important factor to considerin the choice of the polymer was the cost of the matexi&@igma
Aldrich, which is one of the main supplierslaboratoryraw materialsin UKfor scientific research
listed the cost of these high refractive index polymers faBows. poly-pentabromophenyl
methacrylate (£ 322.509, poly-9-vinylcarbazole (22.70 g"), poly-1-vinylnaphthalene (£124.0 g
1) and poly-vinyl phenyl sulphide (257.0 g").

Other possible candidates wetke more commorh -cellulose (1 = 1.50) and plystyrene (= 1.59)
with a slightly lower refractive indexThe cost of these rawnaterials was estimated by Sigma
Aldrich as:h-cellulose (£ 0.026 Y and mlystyrene (£ 0.028 Y. Since it was known from the
research on biological tissues that promimestructural colour effects coulde achieved with @an as
small asF 0.1° and that the refractive index dhe chitin andthe keratinfound in beetles and birds
are F 1.56™ and F 1.54 respectively economicreasonsfavoured the choice ogither h-cellulose or
polystyrene Polystyrenewas finally chosen as dffered a greaterselection of good solventsts
hydrophobic natureand due to the extensivénformation aboutits properties available from

scientific literature

The research for an optiom systemproceeded hrough several stages. The initial step was a proof

of conceptthat porosity in the matrix opolystyrene particles could actually be achievidorder to
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do so,a simple ternary system with polystyrene as the polymetrahydrofuran (THF) as the solvent
and deionised water as the nesolvent, was chosen. Tetradhpfuran is a good solvent for
polystyrene while deionised watexas the ideal norsolvent as it is miscible with THF, cheap and
readily availablen the laboratory

The mlystyrene used for this part of the project was already available at the Department of
Chemistry, previously synthesid by a posgraduate researcher: two samples had molecular
weights M,,) of F 30 kg mof and 100 kg mal. A third sample with highekl,, of F 317 kg mot was
purchased from Sigma Aldri¢&illingham, Englandlot. Number MKBP1175\84nd a farth sample

of lowerM,, of F 3 kg mof from Polymer SourcéMontreal, Canada)Lot. Number P939%)

The solvent étrahydrofuran(THF)was purchased from Fish&hemical(Loughborough, England)
(Lot. Number 1352648)hile deionised water was supplied byMalli-Q Millipore water systemAll

the products were used as received.

The fabrication process required the prep@ion of a polymer solution of glystyrene in THF,
delivered dropwise to a bath ohon-solventdeionised water.

Theproductsobtained werecharacterised by scanning electronamscopy (SEM) in order to detect

porosity within the particles.

Once the formation of parus internal structures withinglystyrene micreparticles was established,
the next step of the project revolved around thepmvement of the fabrication process in order to
gain a greattld O2 y U NP f shapeand diz&ldnd tOef fi8l Z@Aracterisation of the systerim
order to understand the effecof several variables, such aslystyrene molecular weight and
O2yOSYUuNX A2y > 2y (KS Y2NLK?2f Bha éontrdl Bf partkiShagelr NI A Of
was achieved through the preparation ah emulsion, where the initialghystyrenesolution wa
dispersed as a discontinuous phasethe form of smallspherical droplets, within a continuous
phase of a second liquid he emulsion was stabilised by a surfactant and delivered to a bath ef non
solvent.

The continuous phase selected was deionised wagapplied by a MilQ Millipore water system
This requird a different choice for the solvent, as in order to form an emulsion the discontinuous
phase must not be miscible with watdike in the case ofetrahydrofuran Toluere, which is a good
solvent for mlystyrene and not miscible with water, was selectéthe nonionic surfactant
sorbitane moneoleate (pan 80)was used to stabilise the ensibn, while ¢hanol was identifiedas

an idealnon-solvent since it is miscible witboth water and bluene. This is important because the
non-solvent must be able toifluse intothe toluene droplets dispersed ithe continuous phae of

water and precipitate the glystyrene in the form of spherical micparticles.
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The wlystyrene samples used for the emulsion systems had three different molecular wegghts
lower M,, of 23 kg mol*, an intermediateM,, of 207kg mol*, and ahigher M,, of 317kg mol*. The 23

kg mol* (Lot. Number P9398) was purchased from Polymer Source (Montreal, Canada), while the
207 (Lot. number 02726DE) and 317 kg h{alot. number MKBP1175V)rsples were purchased
from Sigma Aldrich (Gillingham, Esgll). An additional kinodal plystyrene blend withM,, of 53
and 107 kg mai (Lot. Number MKBS6957V) was also purchased from Sigma AKh&molecular
weight of the plystyrene samples wasssessd by gel permeation leromatography (GPC) analy3is
Toluene (Lot. Number SZBF0580V) apdrs80 noronic surfactantl(ot. Number MKBF2220V) were
purchased from Sigma Aldriclicthanol (Lot. Number 16B050509) was purchasesn VWR
Chemicals (Lutterworth, England)ll the products were used as received.

The full characterisation of the systems required the measuremérnthe viscosity of the initial
polystyrene in oluene solutons using a rheometerthe measwement of the droplets size of
polystyrene solutionsn the emulsionausing dynamic lightcaittering the construction ofa ternary
phase diagrandefiningthe cloud points byusingturbidimetric titration. The critical chairoverlap
concentrationC* for the polystyrene solutions was calculatbédsed on literature values

The structural morphology of the glystyrene multivoided particles was characterised by scanning
electron microscopy (SEM) and small angleay sattering (SAXS).The study highligted a
correlation between the plystyrene concentration in the initial polymer solutions and the average
diameter of the pores in the internal structure of the partiglder systems with plystyrene
concentration smaller thaf*. Since plystyrene 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 observedThese correlatiogallowed the control of pore size in the finalonphology of the
particles by selecting the appropriate conditiop®lystyrene concentrationfor the initial polymers

solutiors.

The final part of the project consisted in the scale up of the emulsion systearder to produce
enough product to be imarporated into paint formulatios provided by the industrial partner
AkzoMbel® and to be tested.Due to health and safety requiremeatin the AkzoNbel®
laboratories, the toluene solvent and thehanol nonsolvent wee replaced by the less harmful
xylene and Bopropanolrespectively. Initial testing in Sheffieemploying plystyrene23 kg mof
(Polymer Source, Lot. Number P93%), ylene (Sigma Aldh, Lot. Number SZBC1510V) and
isopropanol (VWR Chemicals, Lot. Number 15L1808&8pnstrated that theLJ: NIi mdddhdodyQ

obtained wasequivalent tothat achieved witithe previous systemisased on toluene and ethanol
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The scale up pross took place in the Akzolel®laboratories in Slough)K Polystyreneof M,, 25

kg mol" (confirmed by GPC analysis) was synthesised fhenmmonomer styrenet the AkzoNbel®
pilot plant in Slough It was delivered to the R&D laborates in Slough in the form of polystyrene
solutions in ylene with a concentration of 40% by weigitylene slvent and sopropanol non
solvent were also provided by the plant in Slough. Span 86aria surfactant was purchased from
Sigma Aldrich, while deionised water was obtained from a Millipore water purifres.mlystyrene
particles were characterised ISEM to verify the presence of a porous internal morphology.

The particles were dispersed into wateased paint formulatios containing Acrysol 93560
(thickener), titanium @xide slurry (opacifier), Ropaque Ultra E (extender), Mirecide ON37
(antibacteia), Dispelair CF24&urti-foam), Disponil A1580npn-ionic surfactan), Bermocoll EBM
solution fon-ionic surfactan), Dispex N40 (dispersing agent).

The paint was spread on Melinex transparent polyester substrates usimg apfilicator, in order to
achieve films of a desired thicknesthe reflectance of the paint films over black and white
substrates was measured using Cetacolor spectrophotometer. HB density of the films was
calculated The reflectance and density data allowed théireation of the scattering coeifient of
the paint due to the plystyrene multivoided 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

LI2f@YSNJ az2fdziAz2yas GKS SydzZ arzyas (GKS LKIasS ascL

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

GELPERMEATION CHROMATOGRAPHY (GPC).

Gel permeation chromatography is a separation technique used to gain information on the
molecular weight distribution of a polymer sampfeThe process includes a stationary phase (a
columntightly packed witha porous cros$inked gel in the form of beads, which act as a f)lsrd a
mobile phase (a continuously flowing stream of solyeatled eluent

The GPC apparatus consists of a pump, which delivers theamitdke at a selected flovate; an
injector, where the samplein the form of a polymer solutiorgan be introduced into theolvent
stream; a column, which separates the sampteording to molecular sizand a detector, capable

of quantifying the sample components.

v s le: Software
i Pall‘np & for data
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Mobile delivery » Injector #( Column ] Detector

phase system

Figure29: The basic components of a gel permeation chromatograplparapus. The solventonstituting the mobile
phase is delivered by a pump at a selected flmte. An injector facilitates the introduction of the polymer samplehe
form of a polymer solutigrinto the solvent stream. The column separates the sample according to the molecular size of its

components. The detector continuously monitties flow, detecing and quantifyinghe pasing polymer sample

The sample preparation requires the dissolutiai the polymerin a good solvent. The polymer
solution is theninjected into the mobile phase streangnd the polymer isseparated by the
column®’ The separation is related to the radius of gyration of the polymer chains isahent,

which determines the volume of the chains in solution. Wheeassing the columnthe smaller
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polymer chains transit for a longer period of time through the porous gel, since the smaller
dimensions favour their trapping into the small porébey have a longer flowpath). Longer
polymer chains, with greater radii of gyration and larger volunoesyinteract with largepores and
cantherefore easily pasthroughthe column(they have a shorter floyath). As a result, polymer
chairs of different lergths elute at different retention times.>” A detectoris used to determine the
concentration of the different chain populations in the sampfgoviding information on the
molecular weight distribution of the polymer analyseé. calibration curveobtained by using
polymer standards of know molecular weight enablesan accurate estimatiorof the sample

molecular weigh®’
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Figure30: A schematic representation of the separation mechanism within a GPC column. The column is filled with tightly
packed beads of crodimked porous gel. When the sample is injected and reaches the columio the action of the

solvent flow, chain moleces of different lengthmove across the column at different rates. Large polymer molecules have

a shorter flowpath, 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 bletected. Smaller polymer molecules have a longer-flath, as they interact with a

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

TheGPC devicmay use differentechniques in order to characterise the sample. The mostraon

detectors for GPC are concentration sensitive (whagploit UV absorption or refractive indeto
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differentiate between the mobile phase and the polymer molecular weight sensitive (using light
scattering to determine polymer chain sizé).

The data collected by the detector are pessed bysoftware and displayed in the formof a
chromatogram. A chromatogram is2® diagram generally in the form ofetention time (ninuteg

on thex-axis and responsen(V) on they-axis>’

VISCOSITOF THE POLYMER SOLUTAGING*.

The shear viscosity of the polymer solutions used to produce thei+waitled particles was
measured using rotational stressontrolled rheometeyequipped with a cone anglate geometry,
using a continuous shear mode.

Rheology can be defined as the studyfloiv and deformation of matter, and in particular
investigates the relatioshipbetween stress and deformation in a material.

If a tangential forcd=is appled to a material, as ifigure31, a deformaion occurs. fie concepts of

shear stress,lea strain and shearate can be introducgin orderto describe the systent.*

Displacement=u

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

Figure31: Acuboid 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 highlightelisflaeement u can be observed
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The sheartsain| is given by the relationship between the displacemerdf the sample due to the
action of the tangential forcd- and the height of the sampl& which isequivalent tothe gap
between the two plates bthe rheometer, where the sampl® be analyseds gaced (Figure32).

The sheartsain is a dimensionless numbgt.
g Equationl8
Y

The shearate[ is given by the sheatrsin per interval oftime, and it is expressed in reciprocal

seconds (§):*°

Equation19

ol

The sheartsessT is given by the tangential fordedivided by the area of the sample where the

force is applied, and it is expressed in Pascal (Pa) ¢rrAim

Equation20

O
L
(0]

The shear igcosity— of a sample, defined as the resistance of the material against the flow induced
by the tangential forcd-, is calculated by dividing thehear sresst by the shear ate[ , and ithas

the units ofPa  s>°

Equation21

=

The rheometer is the instrument usddr measuringthe viscosity of a materialThe 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 configurationsé€g.flat andconicalare the most commoi) The static plate asasa sample
holder andit is normally integrated with a temperature controller, imder to maintain aselected
temperature for he measurementsThe sample is placed in the gap between the static and the

measuring plates’
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Figure32: A sketch othe basic structure o rheometer. The motor producésrque and promots the rotation of the
measuring plate (called geometryJhestatic plate has the function af sample holder. It is usually integrated with a
temperature controller to keep a constant temperature durihg@ tmeasurements. The sample is placed between th

geometry and the static plate

The rheometer is capable of applying or measuriague, angular displacement and angular
velocity. These paraeters can be used to calculate shetnesst, shear gainf and shear atef ,

ultimately obtaining the value of the sheaisgosity— of the sample analysed
The sheartsesst is calculated from the torqud, using the relationship?

+ D ) Equation22

where0 is the $ress constant and it is dependent on the type of geometry used {eds equal to
2/” r*for a flat (parallel plate) geometry or to 3/2° for a conical (cone and plate) geometwherer

is the radius of the geomet)y®

The sheartsain| is calculated from the angular displacemer{expressed in radians) using the

relationship®®

[ — 0 Equation23
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where 0 is the grain constant and it is also dependent on the type of geometry usedq r/S for
parallel plate geometry with the radius of the geometry an8the gap between the plates) is

1/i for cone and plate geometry, wheteis the anglef the cong.*

Finally, the shearate can be obtained from the angulapeedm 6 A y™") wkithRs directly

controlled by the motor, according to the relationshib

r m U Equation24

The shear igcosity— of the material is therefore obtained &8:

- Equation25

The rheological data for shearsgosity— are usually displayed itwo-dimensional diagrams with
shear mtel on the xaxis and sheartesst on the yaxis. Alternativly, they can be displayed with
shear ate[ on the xaxis and sheariscosity— on the yaxis: in this form, zero sheaiswsity— can

be extrapolated for sheatel approachingzero.

The viscosity of the polymer solutions was measured using a rotatoméihuous sheamode. The
measurements showed that the viscosityvas independent of shear rate, demonstrating that the

polymer solutios behaved likeNewtonian fluid within the measured shear rate interval € 100 §

1. Zero shear viscosity was then extrapolated for shear rateapproaching zero. An alternative

method forobtaining the viscosity of the polymer solutioraieson the use of an oscillatory mode,

which is designed to measure the storage moduu® I YSI AdzNBE 2F GKS YI G§SNAI
elastic energy) and the loss modulDSfelmeasure ofi KS Y I G SNA L £t Q& | okDQAade G2

andD @& be used to calculate the complex viscolsity] :*°

$—Z S _ _ Equation26

where

Equation27

—
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Equation28

—

with] being the angular frequency.

For a Newtonian fluidD ¢ equal to zeroSinceit would be difficult for a rheometer to measure a
zero value foD @ue to the uncertainty caused by tHenits of equipment sensitivityt would be
better to rely only orD @ddneasure the dynamic viscosity,@efined as the resistance of a liquid to
shearing flow The dynamiwiscositycantherefore be alsoextracted fromoscillatory measurements.
However in industry a rotatiomal continuous flow is usually preferred and this is the reason why a

rotational stresscontrolled rheometer using a continuous shear mode was employed.

The viscosity of the polymer solutions is strictly linked to the concentration of polymer. It wad fo
that this concentrationaffects the phase separation andgtays 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
configurationswhich can be mathematically described as a randeatk. 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 cefireass>

In dilute solutions, the polymer chains are separated from each other by large regions of solvent.
However, as the polymer solutions become pragigely more concentrated, the polymer chains
are found closer to each other until, at a certain concentration defined as the critical chain overlap
concentrationC*, the polymer chains are in direct contact and the phenomenon of dh#énaction
occurs®™ The kinetic of phase separation of a polymer solution and the morphology of the
precipitated polymer are affected by whether the polymer solution conceitma C is higher or
lower thanC*. The ratioC/C*defines the degree of polymer chain overlappfhg.

The radius of gyration of a polymer in solution danexperimentally determined by light, neutron

or Xray scattering experiment¥.

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

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 lengtioti;iecessarily equal to the
monomer length and it is usually longer. The contour length is theterahd distance of a polymer

chain completely stretched o(£.*
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The radius of gyration is given by:

0 & Equation29

S10

where'Y is the mean squared radius of gyration of the polymeis the Kuhn length and is the

contour length® The contour lengtl can be calculated from:
0 ¢ a Al S O Equation30
G

whereais the carborcarbon bond length of the polymer skeletonjs the tetrahedron angle and
is the number of repeat units in the polymer chain, calculated as molecular wikghof the

polymer divided by the molecular weight, of the monomer®

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

models, can be used to calcugathe critical chain overlap concentrati@t:®*

. 9 Equation31

T Y T

whered is the molecular weight of the polymey, is the mean squared radius of gyration and

Aa GKS | g23% RNRQa ydzyo SN
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CLOUD POINT DETERMIGINT
The phase separation behaviour of polynsetventnon solvent ternary systems can be mapped by
turbidimetric titration.®® The technique ébws the identification of the imodal boundary, separating
the onephase region (where the system is a homogeneous mixture) from theptvage region

(wherethe systemundergaesa demixinginto a solidliquid mixture with polymer precipitatiol on
a ternary phase diagrafdi.The bnodal marks the starting point of the phase separation, which then
proceeds by nucleation and growth or by spinodal decomposition according to whether the system

transits into a metastable an unsable region®** *

Po!ergner
0.9 - «0.1
0.8 - 0.2
0.7 ; 0.3
0.6 - 0.4
0.5 ; 0.5

04, AV - 06

"' Binodal
0.3 7 X - , : 0.7
0.2 # ,’, 0.8
01 / 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
Figure33: A ternary phase diagram for a polymsolventnon solvent ternary system. Thgample obinodal reported was

obtained by turbiémetric titration performed on glystyrene (bimodal sample with  of 53 and 107 kg m'&) solutions in
toluene at PS concentrations from 0.05 to 50% by weight. Theditltdesrepresent the cloud points measured. The dotted

line connecting the cloud points represent the binodal boundary.

Turbidimetric titration, als called cloud points measurement carried out by delivering nen
solvent to stirring polymer solutions, having different concentratibiEhe delivery of nosolvent is
terminated when the polymer solution suddenly transitions from clear to cloudy, due to the
precipitation of the polymef® The volume of nomolvent delivered is recorded. The amosiaif

polymer, solent and norsolventfor each measurementan then be converted into percentages
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and can be used to build a ternary phase diagesmnFigure33. Thecloud points can be connected
to highlight the binodal boundary.

Turbidimetric titraton was performed by deliveringfenol nonsolvent dropwise from a buette to
stirring solutions of polystyrene ioluene. Nine measuremestvere performed, with plystyrene
solutions at the concentrations of 0.05, 0.5027.0, 10.0, 15.0, 25.0, 404dby weight. Above 40.0 %
w/w the solutions were too viscous for the measurememd be performed correctly(the only
exception is represented by the-biodal sample whera tenth measurement was performed with a
PS solution of 50% wt concentratiorifhe amounts of polystyrene, toluene anth&nol were
converted into weight percentages and used to build a ternary phase diafpathe system to
map the exactlocationsand @nditions at the beginning of the phase separatidrhe relative
amounts of solvent and naesolvent at the start of the phase separation were used to explain the

morphological diffeences observed in thegbystyrene multivoided particles.
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DYNAMIC LIGHT SCATTERINE (DLS

Dynamic light scatténg was used to estimate the average droplet size lad polystyrenetoluene
solutions, dispersedas the discontinuous phasi the emulsios used to fabricate the muhvoided
particles.

The DLS set up consists of a nmezhromatic light sourcea( laser), a sample chambéa cuvette
holder)and a photomultiplier detectoat a set angl&® 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

Figure34: 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 detgmisitioned at a specific angle

When the patrticles in solution are hit e 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 detécior &, GNE S y
destructive interference would produce a dark spot: thisage of white and dark spots defined as

a speckle patterfi’

Since the particles in the sample are constantly moving dukd®&rownian motion, also the speckle
pattern is continuously changinghus, the intensity of the scattered signal recorded by the
photomultiplier at a set angle will be fluctuating with tim&éhe rate of change of thmtensity is
related to the size othe particles: the greater the size, the slower their motion, the slovgdhe

rate of change of the patterff. The analysis of the evolution of thiatensity (or aspeckle2D
pattern) with time, performed by an aut@orrelator and described by a correlation function, allows

the estimation of the decay ratepf the autocorrelation function as a function of delay tirffe
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(‘4) r] (e} Equation32

whereO is the translational diffusion coefficient afid —— O E-+with £ being the refractive

index of the sample, is the irradiatingaser wavelength, andq—is the angle at which the detector
(a photomultiplier)is located with respedo the sample®’
Thetranslational diffusion coefficied® can then be used to obtain the diamet&of the particles,

according to the StokeBinstein equatiori’

Equation33

where Ot & G KS . 2f (1 Ydtheye@geratOrg, fing is thg \iisgosity of the sampfé.
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SCANING ELH®RON MICROSCOPY (SEM) AND 1MARAL YSIS OF SEM.

Structural information regarding the morphology of the polystye multivoided particles was

obtained by imaging the crosections of fractured particles using scanning electron osimopy

(SEM).The SEM imaggof multi-voided polymeric particlesvere processed using the Imag® &

software in ordetto estimate the pore size distribution within the samples.

Thefirst step of the image processing required a softwagdibration the scale bar on the SEM

images was used as a guide to set the correct pixel/distance TdtofHzy OG A2y & ol YRLI aa 7
dzZaSR (2 akKINLISy (KS SR3ISa 2F GKS LI2NRPdA WNSIA2Yya

chromatic contrastonly the areas ofiterest (the pores)

Figure35: The original SEM inge of a porous region within agbystyrene multivoided particle. The scale bar ([®) was

used for calibration, in order to séte correct pixel/distance ratio.
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Only the regions of terest (the pores) are selected

Thehigh contrast imagéFigure370 20 GF Ay SR F2NJ 0KS L2 NRdza &G NHzOGd

was used to identify the boundaries of the por@8he softwarecalculatedthe value of the area

within every circldike objecton the basis of the initial pixel/distance calibration. The area was

expressed in nf A list of pores with their corresponding aseaas produced by the software,

enabling the calculation of pore dian@s. The histogram analysis tool in Microsoft Excel was used

to display this information in a graphical form, presenting the pore diameter in nm on-axé&»xand

the number of pores (frequency) on theaxis.
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Figure38: A histogram of the number of pores versus their diameter, showing the pore size distribution obtained from the

SEM imge after the Image J processing

This process enabled the quantification of the graphical information obthlny SEM imaging and

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

SAXS was used in order to determine the average pore size of the polystyrengoitdtparticles.

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 in@agkdnalysedSAXS
collects information from a relatively large spla volume (about 1 mi andis able to provide
information onmillionsof micron-sized particlest is therefore more representative and accurafe.

The basic componés of a SAXS instrument consigta Xray sourceof monochromatic radiation

(this can be a sealedrdy tube for labdevicescoupled with a monohromator, or a syndirotron), a
collimation system to controtlivergence and size dfie Xray beam, a samelholder, a beanstop

to excludethe intense direct beam fronscattering patternsand a Xay detector(usually a 2D

detector) to recorahe scattered radiatiorf® "*

Scattered
Collimation radiation Detector
system
' ' \ Scattering angle
X-Ray beam

Beam-stop L
X-Ray source Sample

Figure39: A basic setip for a SAXS instrument. A2¢ sourceproduces an incident-day beamfocused by a collimation
system in order to interact with a sample. The scattering takes plaeeadthe interaction of the-Kay with the sample and
it is recorded in the form of a-dimensional pattern by the detector. The beatop is usedo excludethe primary Xray

beam from scattering pattern and also poevent the intense primary beam frontthig and damaging the detector

A SAXS instrument is generally capable of resolving structural features in timangeeof 1 to 100
nm. However, if need#, this range can be extendectlow 1 nmdown to a fraction of angstrom
(wide-angle Xray scattering, WAXSor above 100 nmup to 10 nm (ultra smallangle Xray
scattering, USAXS When the Xray beaminteracts with the particles ithe sample, the electrons
oscillate with the same frequency of théncident radiation. As aesult of this oscillation, the
electronsstart radiating at the same frequendglastic scattering). The radiation emissions from
neighbouring atomsomprising an objedh the samplagive rise tanterference, producing coherent
scattering: the interferace patternsformed, whichcarry information onthe structuralfeatures of

the object and thesamplein genera)are recorded by the detectdf.”*
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The interference pattern is characteristic of the internal structure of the sample asdeégistered
in the form of a twedimensional pattern on the detector plane. The intensity of the scattevarges
with the scattering angleThe scatteing patterns are presented as functions mf defined as the

length of the scattering vectorand given by the difference between the incident radiation vector

0 Pand the scattered radiation vecta®, as shown ifFigure40.”

Incident —_
radiation 0 i > 4 sin 0

Scattered
radiation K

Figure40: The length of the scattering vectd@r given by the difference betwedhe incident radiation vectob Pand the

scattered vector?, due tothe interaction with the atom iThe modulus of the vecta@s indicated as), is equivalent to

T { "Q&_ and itis expressed inZor nm".

i represens a distance on the kiimensional(2D) pattern on the detector planeThe modulus of

the vector ||, indicated as, is given by?

,:] " OB+ Equation34

where —is half of the scattering angle andis the wavelength of the applied radiation. is
expressed inA* or nm®: for this reason a scattering pattern is also defined as a structure

representedin reciprocal spac&

The polystyrene mulvoided particlesvere characteried using the following approacl&cattered

intensity of nanoscale structural objects at largshould follow a power law dependenée:

m ¢l n Equation35
where0 is the powerlaw exponent. In the particular case, whén= 4 Equation35 corresponds to
Porod's law, describing scattering from a tpbase system with sharp interfaces. It is expected that

the studied polystyrene mulivoided particles in air correspond to a typical tpbase polymeir
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system having sharp distinct interfaces. Indegdvas found that SAXS patterns of these particles

obey Porod'slawatlarggd ! O2YLX SGS SELINFEaAA2Y F2NJ t 2NRPRQA

01 6 ¢" YYb OY Srl 6 n Equation36
W n W

‘01
where Qs the relative scattered intensityQD is the absolute scattered intensifyer unit sample
volume @ is the sample volume irradiated byriys, ¥'YO ‘@ the contrast corresponding to a

difference between scattering length densities of the two phaS¥ss the total surface area per

unit samplevolume andd A a t 2 NRPRQa Oz2yaidlyid LISNI dzyiAld @2f dzyS

to be considered in SAXS analysis of the system isdhteringinvariant. When expressed on an
absolute scale thénvariant is defined as the total scattering power of the sample per unit volume,

calculated by integrating the absolute scattered intensity over the entire reciprocal $p4ce:
0 oo :
o= n 0 QR ¢“ YYD O p o Equation37

with «  being the volume fraction occupied by the mirthe polystyreneair two-phase system

A relative Porod's constaiit (Equation36) and the relative invariari (Equation37) can be used to

calculate’Y:"* 2

Y o° Np * Equation38

It should be noted that absolute intensity calibration of scattering patterns is not required for this
calculation as only the rati6/0, excluding irradiated sample volunand the scattering length

density contrast of the materials used irequation38.

The air volume fraction (dominated by the pore volume fraction of the voided polystyrene particles)
can be estimated knowing the density of polystye ” , the density of air’ and the packing
density of the patrticles in the sample volurhe , measured as mass of the sampleided by the

volume occupied?

. S Equation39

The volume fraction occupied by polystyrene is the remaining volfme:
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. p o Equationd0

Using the values for the surface ar&and thepore and structural volume fractions ande of
the samples, it is possible to determine the pore chardiefined as the avege length of the void

domains®?

Y Equation41

Thed/0 ratio required for'Y and chord length calculations were obtained from SAXS patterns using
a onelevel model of the unified approathimplemented in Irena SAXS macrfus 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 regiitheut any
particular features corresponding to a particle shape, size and particle internal morphology. The
Guinier region (associated with smali/alues) provides information about the radius of gyration of
scattering objects (particles) and the Poradgion (associated with big| 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 largerad 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 sattering pattern observed inthis case would correspond to a Porod apgmation
represented by a power lawE(uation36) and the unified fit approach would provide the & R Q &
constant proportional tdhe interface surfae area Equation38).

In Figure4l a representative example of scattering pattepolystyrene particles in air synthesised
from bi-modal polystyrene, with 2% w/w polymer concentration in the initial solution) is shown,
alongwith a model fit obtained from the unified approaéhThis was used to calculate tiig0

value required for the measurements of the polystyrerar interface surface area and,

subsequentlythe estimation of the average pore size.
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Figure4l: A representative SAXS patt@fpolystyrene particles powder in @ii-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
onelevel model of the unified approach implemented in Irena SAXS macros for IgoftRemes It was assumed for the

model that, at high g, I(qJ g*. Theslope-4 is given for guidance

The valus of the averag pore size obtained by SAXS wienplemented in the pore size distribution
diagrams produce by Image 3 analysing the SEM images of theystyrene multivoided particles.
Theagreementbetween the SEM and SAXS results demonstritescomplementarity of the two

characterisation technigues.
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Figure42: A representative diagram showing the pore size distributioraf-modal polystyrene mukvoided particle
produced with 2% w/w polymer concentration in the initial solutiobtained from the SEM image after the Image J
processing. The diagram was implemented with the average pore size obtained by SAXS anedgsisieg@s 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 BIULTHVIDED POLYSTYRENE PARTICLES BY A PROCESS
NONSOLVENT INDUCED PHASE SHRPAROF A POLYSTYRENE
SOLUTION.

NIPS BY SOLUTKIMBRICATION PROCESS

Theaim of the synthetic work was the fabrication of polymepiarous particles with

1. Asphericalshape in order for the particles to paekectively within a paint film;

2. AnideallLJr NJi Aiz@ fraSge @F 10 - 50 um so thatthe particleswould fit in multiple layers
within a paint fim (with thickness up to 300 pm);

3. Aclosal external surfacao prevent water from the watebased paint tofill the voids inthe
particles and thus reducing the scattering power of theaterialin wet conditions

4. An internal porous structurewith poly-dispersepore size in the range of 20@ 700 nm
mimicking the foam structure of bird featherable to effectively scaer light in the visible

range producing white.

The first approach to the fabrication of porous particles by the -solwent induced phase
separation method was attempted by exploring the simplest version of a ternary system, comprising
only the three essentialngredients: a polymer, a solvent and a noesolvent. The first system
investigated inalded mlystyrene withM,, of 30 kg mol', tetrahydrofuran (THF) as the solvent and

deionised water as the nesolvent.

Polystyrene was dissolvdd THF at room temperaturen a glass beakdoy magnetic stirringto
produce a polymesolution with 10% wt of plystyrene.The polymer solution was deliverattop-
wisevia al0 mlsyringe(with a needle gauge df 0.7 mm inner diamete}, connected to a syringe
pump, to four stirring coagulation baths with nesolvent b solvent rati® by volume ofl : 1
water/THF1: 0.3 water/THF 1 : 0.1 water/THFRand water onlyThepump flow rate was set to 2@l

hr'. The ratio of plystyrene solutinto coagulation bath was kept at: 10 by volume.
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Figure43: The process of NIPS bglystyrene solution. Polystyrene in the form of pellets was dissolvEHnsolvent in
order to form a plystyrene solution. The solution was delivered by means of a syviiityea needle gauge df 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 filition and left to dnto remove the residual liquids

The products obtained werisolated by vacuum filtratioand left to dy in a fume cupboard in order
to removethe liquids The systens with coagulation baths df : 0.3 water/THF,1 : 0.1 water/THF
andonly waterwere successful in producinghite particles.

The system with coagulation batof 1 : 1 water/THFproduced an amorphous and colourless
agglomerate, due to the high lewaf THF solvent present in the coagulation b#tht re-dissolved
the polymer.

This trial was a proof of principle which confirmed th&ing a simple ternary system of polymer,
solvent and norsolvent, and keeping the coagulation bath ratio of rsmivent to solvent high

white polymeric particles coulthdeedbe achieved.

In order to investigate the effects ofgystyrene molecular weight on thmacroscopianorphology
of the particles, the samexperiment was performed withgystyrene ofhigher molecular weigt
(M,, 100 kg mol* and 317 g mol*) and keeping the polynreconcentration at 10% wHowever, he
products obtainedy using high molecular weigholystyrene were in the form of long fibresather

than the powderlike particles previouslyproduced. This was due tthe phenomenon ofpolymer
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chains entanglementlescribed in the baracterisation sectiontaking place when the polymer
solution concentration is higher than the critical chain overlap concentration, indicatét,asnd
defined as the critical concentration at which polymer coils begin to ovétlipvas demonstrated
that, employingthis simple process it was inpossible toproduce particles witbthigh molecular
weight polymer at this level of polymer commtration.

Thus, dirst evidentlimitation of employing the process of NIPS by solutiegardsthe use of either

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

CHARCTERISATION OF MAQIMED POLYSTYRERIRTICLES BY SEM.

The particlessuccessfullyproduced withlow molecular weight plystyreneof M,, 30 kg mof were

characterised by scanning electron miscopy(SEM) The images showedifferent morphologies
for particles achieved with different coagtitan bath compositionsFor the 1 : 0.3 water/THFbath,

the particles presented rounded irregular shapes. Reducing the level of sotvémt icoagulation
bath to 1 : 0.1 water/THFor eliminating THF altogethérom the bath produced particles with
progressively flatter shapeshis trend can clearly be obsed by comparing th&igure44, 45 and
46.

Figured4: A representative SEM imagé the mlystyrene particles practed with a plystyrenein THFsolutionwith PS N},
of 30 kg mof and a coagulation bath composed of 0.3 water/THF. The particles preseatindedirreguar shapes and

broad size range
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Figure45: A representative SEM imag@é the plystyrene particles produced with alystyrene in THolutionwith PS N}
of 30 kg mol and a coagulation bath composed of 0.1 water/THF. The particles present irregular shapes with some

flakes.Size range is still very braad

Figure46: A representative SEM imagé the mlystyrene particles produced with alystyrene in THEolutionwith PS N}
of 30 kg mot 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 @O0

The particles size for all the bath compositions was broad, ranging frdf to 300 um. Internal
porosity was observed in all the systems, with pore density increasing for systems with progressively
lessTHF solvent in the coagulation bath. Details of the internal structures can be obserihes in
Figure47, 48and49.

79



Figure47: SEMof a cross section of eofystyreneparticle produced with aglystyrene in TH8olutionwith PS N, of 30 kg
mol™ and a coagulation bath composed of 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 siZewiiththe

desired range of 206700 nm

i ]

Figure48: SEMof a cross section of aofystyreneparticle produced with aglystyrene in THBolutionwith PS N, of 30 kg
mol* and a coagulation bath composed of: .1 water/THF. A greater level of porosity is observed within the internal

structure. A larger number of pores are it the desired range of 2@0700 nm
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Figure49: SEMof a cross section of aofystyrene particle producedith a polystyrene in THEolutionwith PS N, of 30 kg
mol™ and a coagulation bath composed of only water. Extensive porosity is present within the interctakstrBores are

variable in size with a large numbiarthe desired range of 200700 nm

This initial proof of concept demonstrated that porous polystyrene particles were achievable by
using low molecular weightolystyreneand a coagulation bath with high ratio of norsolvent to
solvent. The particleglemonstrated aninternal porosity produced by a mechanism of phase
separationcomprised of awucleation anda growth, with sphericainot interconnected poressimilar

to the Garrulus glandariu@ #bam structures Howeverthe control ofthe particle€shape and size

was an issuéo address
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FABRICATION PROCESS HETNK

In order to improvethe control overthe polystyreneparticle€shape and sizean upgrade of the
fabrication set up wasequired, and achieved by employiag InkJet apparatus.

The InkJetwas able toprovide agreater controlover the drople& Size of thepolystyrene solution
delivered to the coagulation batln particular, tke InkJet wa capable of producing a steady stream
of small droplets, consistent in siz€he apparatus, comprising pressure controller connected
simultaneouslyto a compressed air source, to a vacuum pump and to a reservoir chamber
containing the polystyrene solution, allowed the creationf a slightly negative pressure in the
reservoir(Figure50). One end of the reservoir was linked to an-liét nozzle of 6Qim in diameter,
containing a piezelectric diaphragmalong the wall of the nozzlend connected to an electronic
pulse controller.The electric current genated by the controller induced thcontraction and the
relaxationof the piezoelectric diaphragm producing a series of pulséwaves) able to push the
polystyrene solution out through the nozZl€This way a steadstreamof similarly sizedlropletsof
about 60um in diameter was generateand delivered taa bath of waternon-solent, held in a glass

vial, placé at a distance of 6 or7 cm from the nozzléigure53).
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PC Camera Reservoir with Printer Head Vacuum Pump

MicroFab

Electronics Box LED Light source Pressure Controller

Figure50: Ink Jet set upon the right a vacuum pump and a compressed air source (not visible) were connected to the
pressure controller box and to threservoir, allowing to generate a slightly negative pressure in teerveir chamber
containing the plystyrene solutin. The electric box on the lefias connected to the printer head attached to the bottom

of the reservoir, allowing the control of thellpes produced by the pieetectricdiaphragmin the printer head and thus

the generation of a steady streanf polystyrene solution droplets. The camera and $tibe LED light source were

aligned with the printer head nozzle to visualise the streadrapletsin the PC monitor on the left

The set up required the alignment of a camera with the printer head andttisde LED light source,
in order to visualise the droplststream on amonitor (Figure51). 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 pressur€ ¢f4 mbar.
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Printer Head + LED

Figure51: Alignment of camerg LEDg Printer head: in order to swalise the droplets stream oblystyrene 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 &1000pus. The image of the dropkstream was monitored on BC with UC 480 Viewer sgére.

The waveform parameters that controlled the oscillation of the pieglectric diaphragmin the
printer head?’® generating the droplet stream, were optimised by a trial and error processtil a
steady stream was achievetihe waveform consisted of two trapezoidal pulsé@Sigure52): the first
pulse (or resonatig pulse) is controlled by these time 1, the dwell time and the dll time
parameters, and it is responsibler the droplet jet’® The resonance of the piezalso generates
residual oscillationwhich 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

Figure52: A schematic diagram of a bipolar pulse wdween. The resonating pulse (producing the droplet jet) and the

guenching pulse are highlighted. The-I@toperating parameters condtling the pulses are indicated
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This cyclic sequence of a resonating pufsllowed by a quenching pulggroduces thesteady
droplets stream.The optimised configuratiowas obtained withthe following valuef the InkJet

operating parameters”®

Resonating pulse is Quenching pulse / us Voltage settings / V
Rise time 1 Dwelltime Falltime | Echo time Rise time 3 Idle Dwell Echo
4 15 15 25 25 0 30 -10

Collecting vial with water

Figure53: Visualisation ofhe droplets stream: on the left sidéhe image recorded by the camera and visualised on the PC
using the UC 480 Viewer softwateghlights the stady stream of droplets of theolystyrene solution. The pri&tNJ K S| RQ&
nozzle and some droplets are visible. On the ritjet stream of droplets delivered to the coagulatioath of water can be

observed

The InkJet method was employedith a solution of plystyreneof M,, of 23 kg mat in THFat room

temperature with a concentration of 10% by weight t¢iie polymer (below C*). The particles
produced were isolated from theoagulationbath, containing only waterpy vacuum filtration and
characterised by SEM once fully dried. The same solution was also usedltegmarticles by the
standardlab methodby syringgwith a needle gauge ¢f0.7 mm inner diameterand syringe pump
The comparison of SEM images of the particles obtained from the gatymer solution employing

the InkJet (Figure 54) and the standard lab method(Figure 55) showed that the Inklet was
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successful in providing a greatntrol of particle§shape and size. The particles obtairsdinkJet
were spherical,consistent in size, in the desired siange, exhibiting internal porositywith a

greater pore density.

Figure54: A representative SEM imagé the mlystyrene multivoided particles produced witholystyrene of N} 23 kg
mol* in THF by the InBet process. The particles are rounded, smaliert¢ F 60 um in diameter) and consistent in size

This image shows that the Hdlet process wasuccessful in achieving a greater cartr 2 ¥ LJ- NI A Of SaQ akKlk LIS |

Figure55: A representative SEM imagé the mlystyrene multivoided particles producedith polystyrene of N} 23 kg
mol* in THF by the standard lab process employing a syrimié a needle gauge of 0.7 mm of inner diameter)

connected to a syringe pump. The particles have irregular shapes, are larger in siZe20p g in diameter
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Figure56: SEMof a cross section of aofystyreneparticle produced with glystyrene of N 23 kg mof in THF byhe InkJet
process. The particle is spherical @0 um in diameter. Ta pores are variable in sizgjth a large number within the

desired range for visible light scatterir@00-700 nm

b & 4 »
L— s o ok S

Figure57: SEMof a cross section of aojystyreneparticle produced with glystyrene of M 23 kg mol in THF by the

standard lab process. The particle is very large with an irregular shape. Pores present a greater variability imsikeg but

large numbesstill within the desired range faisible light scattering, 26800 nm

The InkJet method solved the fabrication issues, giving the means to produce particles with the
desired features in terms of shape, size and porodityegreatestlimitation of this method was the
difficulty of scaling up the process in order to produsafficient particles for testing. The Inket

works with small volumest is relativelyslow and the product that could be obtained in a daily
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session wain the order of a tenth of a granof particles.This did not offer the opportunity for a full
characterisation {t was only sufficient folSEM imagingand certainly notfor testing the product
within paint formulatiors, where about 6 g of material wererequired. Nonetheless,the InkJet

method proved that wlystyrene multivoided particles with the desireghape and morphological

features wereindeedachievable.
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CHAPTER MULTIVOIDED POLYSTYRENE PARTICLES BY A PROCE
OF NORSOLVENINDUCED PHASE SEHABN OF A POLYSTYRENE
EMULSION.

NIPS BY EMULSIGMBRICATION PROCESS.

The InkJet method was successful in achieving the tagpaticles, with the right shape and size
The particles presented foamlike internal structure, madefospherical 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 kikt was insufficient for a full characterisation of the

system and for the implmentation of the multivoided particles in paint formulations.

A different method for increasing the productivity pblystyreneporous particles wastherefore
necessary, and a possibbgption was the modification of the fabrication proceffiom a NIPS Yo
solution, where the polymer solution is directly delivered to the coagulation bath, to a NIPS by
emulsion, where the polymer solution fist dispersed in the form of small droplets within a

continuous phase of a second liquid, andrttiieis deliveredo the coagulation bath.

The dispersion of thegystyrene solution irthe form of smalldropletswithin a continuous phase
allowsa greaer degree of control ovethe particle§shape Qurface tension is responsiblor the
spherical shape of the polymer solution dropletsh&i the emulsion islelivered to thecoagulation
bath, the diffusionof the non-solvent inducesthe precipitation ofthe polystyrene within the
spherical droples. The precipitated plystyrene retainghe shapeof the original droples, therefore
producing spherical particles

The mrticleQsize is directly related to the polymer solution droplets size, which masily
controlled by varyinghe shearrate during the emulsion mirg. Increasing the shear hdke effect

of breakingdown the discontinuous phase into smaller droplefhie ®agulation of the dropletcan

be prevented by increasing thevels of surfactantthus reducing the surface tension within the
system.

TheNIPSby emulsion process hatie potential of producing particles with controllable shape and
size in bulkand therefore in larger quantitiesomparedto the previous process.lPNIi A Of S4Q &K|
and sizecould now be controlled deito the nature of the emulsiorrather than relying orthe Ink

Jet,a sophisticated and slowpparatus producingstreams ofsmall and consistent droplets
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In the nonsolvent induced phase separation method by emulsion, the first step of the pragzess
analogous to the method by solat previously discussednd polystyrenein the form of pelletss
dissolved inthe toluene solvent at room temperatureto produce polyner solutions of dsired
concentration by weigh¢Figure58). In order to formand stabilisghe emulsion, @ amount 0f2% by
weight of non-ionic surfactant pan 80was added to the polymer solution and dispersed by
magnetic stirring.

Deionised waterwas added to thepolystyrene solution andpan 80mixture, in a 2 :1 ratio by
weight, and thewhole mixture wasstirred atF 1000 rpm(rate per minute)or £ 20 minutes in order

to form a stable emulsion.

The high shear produced by the stirring had #féect of interdispersing the plystyrene solution
and the deionised water: the nonionic surfactant pan 80, migrating at the interface between the
two liquids, favoured the formation of glystyrene solution droplets dispersed into a continuous
phase of water

Contnuous stirring at £ 1000 rpmbroke down the plystyrene solution droplets until they reached
averagediameters in the range off 20 - 70 um, in order to achieve particlewith dimensions
comparableto those previously produced with the kiletmethod. The average droplets size of the
emulsions was measured by dynamic light scattering (DLS) before proceedirthenitial steps.

The emulsion was then transferred to a 60 ml syriffgith a needle gauge of 0.7 mminner
diameter)connected to a synge pump.The flow rate was set to 100 mt* in order to deliver the
emulsion to a stirring bath oftkanol non-solvent. Theemulsion tonon-solventratio was kept tose

to 1: 10 by weightfor all the samples. The precipitatedblystyrene micrespheres were isolated

from the mixture by vacuum filtration and left to dry irfame cupboard to removall theliquids
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Figure58: Nonsolvent inducd phase separation by emulsion passPolystyrene is dissolved imluene solvenfstep 1)to

produce a polymer solution of desired concentration by we(sfiep 2) Span 80 no#pnic surfactant and deionised water

are added to the polymer solutidstep 3) An emulsionwith polystyrene solution dropleispersed in a continuous pheas

of deionised water, is produced by stirring the mixt(sep 4) The emulsion is delivered dreyise by a syringe (with a
needle gauge df 0.7 mminner diameter) connected to a syringemp, to a coagulation bath oftleanol nonsolvent(step

5). Polysyrene precipitates within the spherical droplets retaining the spherical shape. The particles are isolated from the
mixture by vacuum filtration and left to dfgtep 6)to removethe liquids For each step of the process, the characterisation
techniques sed are highlighted in red: GPC was performed before step 1 to determine the polystyrene molecular weight.
Rheology and C* calculatismere 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 stsis and to evaluate th effects of variables such as
polystyrene molecular weight andofystyrene concentration in the polymer solution on the
LI NI A Of SaQ Y2 NLK@iEnmddhRsampléskopalyshyreewith m@adday vieight of
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23, 207 and 31kg mol* were employed, along with hi-modal sample withwo populations of
polymer chains o, of 53 and 107 kg mdl

Five different polystyrene concentrations imlienewere investigated: 2, 5, 7, 10 and%%y weight
of polystyrene in solution

Thesamples prepared with the emulsion prasewere listed in terms of theolystyrene molecular
weights and plystyrene concentrations. For examplhe products prepared with glystyreneM,,
23 kg motl at 2% wiw,M,, 207 kg mot at 5% w/wand bimodalM,, 53 and 107 kg mdlat 10% w/w
concentration would be referredi 2 I -A édBHpod V' R-Y@ &RA frespectigely.

CHARACTERISATION OF POLYSBYRHMNE

The molecular weight othe polystyrene samples used for the NIPS by emulsion proogas

measued bygel permeation bromatography (GPC)

The unimodal lower M,, sample (Polymer Source Lot. Number P9397was analysed dhe

University of Sheffield with &PC setizL) O2 YLINA ASR 2F ¢ (1 H2 f plzYW M ZG &4 A B SR €
2301 refractive indexletector operating at 950 nm, THF eluent containing 2% v/v triethylamine and

0.05% wiv butylhydroxytoluene (BHT) with a flow rate of 1.0 mL'nalibrated withpolystyrene

standards from Polymer Laboratories (Church Stretton Salop, England). The analysis provided a
molecular weightVl,, of 23092 g mot (approximated to 23 kg md) with a polydispersity index of

1.24
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Figure59: The GPC chromatagn for the plystyrene N, 23 kg mol" recordedat the University of Sheffield. The single
peak atF 15 minconfirms that this is a uanodal sample, witta single chain population preserithe calibration curve on

the second vertical axis was usedgsign the correct value of molecular weight to the sample.
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GPC analysis for all the other samples was performeth@tDurham University using triple
detection with light scatteringgivingabsolute data.

Polystyrene samples were dissolveditetrahydofuran (THF) solventhe flow rate was set to 1.0
ml min?, the injection volume wa%00 pl, detector and column temperature was set at 35 °C.
The analysis provided a molecular weilyhy} of 207,179 g mal! (approximated to 207 kg md) with

a polydispersity index of 20, for the uni-modal intermediateM,, sample (Sigma Aldrich, Lot.
number 02726DE) andM,, of 316,573 g mdl (approximated to 317 kg md) with a polydispersity
index of 2.95or the uni-modal highem,, sample(Sigma Aldrich, tonumber MKBP1175V). The bi
modal sample (Sigma Aldrich, Lot. number MKBS6957V) showed two populations of polymer chains
with molecular weightsM,, of 53,309 and 106,970 g mjapproximated to 53 and 107 kg rifdl
From the analysis of the area benkathe two peaks in the chromatogrankigure60 c), it was
possible to estimate that the composition of therbbdal blend was of 44.6 % for the polymersh

population of 53 kg mdland of 55.4 % for the polymer chain population of 107 kg'mol
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Figure60: GPC chromatograms for thelgstyrene N}, 207 kg mot (@), M, 317 kg mof (b) and bimodal M, 53, 107 kg
mol™* (c) recordedat the Durham Universitg & t NB T | dziAufple yiefedtion by mefackvd index (red lingght
scattering (black line) andscosity (blue line) was used to measure the molecular weight of the samples. Polystyrene with
M,, 207 kg mol (a) and M, 317 kg mof (b) exhibit a single peak at 12.45 and 11.93 ml respectively, indicatingaxtl

samples. Polystyrene-triodal (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 POEXE YRLUENEETHANOL SYSTEMS.

In order todetermine the topography of the phase separation process nrisathermalternary
phase diagranfor the polystyrene, toluene and ethanol systeeloud point measurementgor
polystyrene solutions wer@btained The doud points were determined by turbidimetric titration at
the temperature of25 °C.

The volume of ethanohon-solvent, required to achieve cloudiness in solutions of different
concentrations of polystyrenevere convertedinto weights. Each point on the ternary diagram
(Figure6l) is expressed in weight percentage of polystyrene, toluene and ethanol.

Linking the cloud points provides information on the position of the bingdalke boundary line
that separates the omphase region, where the mixture is homogeneous, from the-phase

region, where the mixture separates into polyrméch and polymeipoor regions.

The initial condition of the system, for polystyrene toluene solutions at the concentrations of 2, 5, 7,
10 and 15% wi/wlie on the polystyrendoluene axisof the diagram(Figure61l, triangles). Upon the
addition of the nonsolvent, the system traiiis, cossingthe binodalboundary,into the two-phase
region, initiating phase separation. The diagram shows the final configuration of the sffStume

61, filled squares) where ethanol is the dominant component and polystyrene is precipitated in the
form of solid porous micrgpheres. The binodal boundary is progressively shifted towards the
polystyrenetoluene axis as the polystyrene molecular weightréases.The obtained phase

diagram(Figure6l) is consistent with a generic ternary diagram expected for such a s\Eignre

27).
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PS% Tol % EtOH % PS % Tol % EtOH % PS % Tol % EtOH % PS % Tol % EtOH % PS % Tol % EtOH 9
15.00 85.00 0.00 | 35.60 53.40 11.00| 34.95 52.42 12.64| 42.99 42.99 14.02| 31.94 47.90 20.16
10.00 90.00 0.00 | 21.07 63.20 15.73| 20.79 62.37 16.84|33.19 49.79 17.02| 18.89 56.67 24.44
7.00 93.00 0.00 (1195 67.72 20.33| 11.83 67.02 21.15| 19.63 58.89 21.48| 10.64 60.27 29.09
500 9500 0.00| 7.76 69.81 22.44| 7.65 68.82 23.53|11.18 63.34 25.48| 6.84 61.58 31.58
2.00 98.00 0.00| 531 70.55 24.14| 526 69.85 24.89| 7.32 65.91 26.77| 4.68 62.12 33.20
3.73 70.93 25.33| 3.69 70.11 26.20| 5.06 67.20 27.74| 1.26 61.57 37.18
PS% Tol% EtOH% 1.47 72.04 26.49| 1.45 70.95 27.61| 3.56 67.61 28.83| 0.93 61.12 37.95
169 956 88.75 0.36 70.82 28.83| 0.35 70.55 29.09| 1.41 68.85 29.75| 0.30 59.84 39.86
112 10.12 88.75| 0.03 68.94 31.02| 0.03 67.96 32.01| 0.34 68.14 31.52| 0.03 55.02 44.95
0.79 10.46 88.75| - - - - - - | 003 6516 34.81| - - -
0.56 10.69 88.75
0.22 11.02 88.75

Figure61: An isothermalternary phase diagramshowing the evolution of a polystyret@ueneethanol 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 thditmh of ethanol norsolvent. 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 4ohodal of 53 and 107 (full circles) kg fﬁahwarking the boundary between ophase and twe

phase regions. The cloud points were measured up to 40%nitial PS concentratiofor PS N} 23, 207, 317 kg mdland

50% wiw for PS binodal blend. Beyond these concentrations, the solutions are toougido perform the analysis. Phase
separation occurs when the binodal line is crossed, initially producing allmuiai mixture with polymerich and polymer

poor regions and, upon further addition of ethanol, a sbtidid mixture occurs where polyséne precipitatesin the

table, the numerical datagenerating the phase diagramexpressed in polystyrene, toluene and ethanol weight

percentagesare reported
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CHARACTERISATION OF POLYSTYRENE SOLUTIONSCHIRINIICAERLAP
CONCENTRATION

The chain werlap concentrationC* of a homogeneous polymer solution is defined as the critical
concentration at which polymer coils begin to overfap.

It is expectedthat 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, usingdghation31

previously describeth the characterisation techniques section

The values for the radius of gyratioR, of polystyrene in @luene were obtained using two
approaches(Table 1 and Table 2). The first approach was based on the values reported in the
literature® (Tablel). The values dR, 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 swles the
15% w/w concentratiosampleis the only system abov@*. For the 207 kgnol™ series the 2% w/w
concentration is the only system belo@* and the 317 kg mdiseries is entirely above*. The bi
modal system is belowC* at 2, 5 and 7% and abow@* at 15%, while at 10% the short and long

chains are below and abo& respectvely (Tablel).

Tablel: Calculations of C* using eq. 8td experimental values of Rom literature® The systems whitthe concentrations
above C*, where the phase separation process is kinetically controlled, are highlightedge.@a= Below C*, A = Above
C*.

PS M, kg mof* R,/ nm Cx/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&0.071 B | B | B | BIA| A
207 13.40 0.034 B | A| A| A]| A
317 23.30 0.010 Al Al A| A] A

The second approach used for tle calculation is based on thg values obtained from the Kuhn
length of polystyrene in a thetaolvent.
In this caseY is calculated from the relation between the contour length and the Kuhn length

(Equation29). The Kuhn length ofglystyrene used is 1.67 nm, as reported in literaffire

The contour length of @lystyrene was calculated froBquation30 using the values of 0.154 nm for

cabon-carbon bondlength of the mlystyrene skeleton, 70.83or the tetrahedron angle, and the
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number of repeat units in the polymer chaiih, was obtained by dividing the molecular weid,

of polystyrene by the molecular weigM, of the monomer gyrene unit (104.15 gnol™).

Thus, Ry calculated fromEquation29 was used for theC* calculations Equation31). The results
show ({Tablel and Table2) that both approaches predict a similar behaviour for the studied systems.
There is a slight difference observed for thighmolecular weight solution@ able2, compositions
highlighted by patterned boxesyhe esults of the first approaclTablel) based on literature values

of R, were used in the further analysis.

Table2: C* estimation using the values qf &lculated from the Kuhn length and the contour length of polysty?éhrethe
orange boxes the systems with concentrations above the critical chain overlap concenindtéye the phase separation
process is kinetically controlled. The composiixinibitingslight deviationof C* from the previous methaate highlighted
by the patterned bres. B = Below C*, A = Above C*

PS M, kg mol* Ry/ nm C*/gemd | 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 | BA| A
207 11.79 0.050 Bilalala
317 14.57 0.041 Al A A
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CHARACTERISATIOROEYSTYRENE SOLUTIONS: VISCOSITY

The viscoelastic properties of polystyrene, toluene and ethanol systems were measured using a
rotational stresscontrolled rheometer (Anton Paar, MCR 502) equipped with a -@ntkplate
geometry (diameter 50 mm and conengle 2) at 25 °Cusing the continuous shear mode. The
dependence ofhe viscosity f1) onthe shear ratef() was measured withip intervals from 1 to 100

rad $*. This range was selected in order to obtain reliable values of zero shear rate viscosity for
solutions at low polystyrene concentration. The viscosiin this range was independent of shear

rate (Hgure 62). The zero shear viscosity was extrapolated t¢ = 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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Solutionsof polystyrene in ¢luene at the initial concentrations of 2, 5, 7, 10 and 15% wgve

prepared for each of theglystyrene molecular weights. The Zero shear viscogitiata were then
obtained(Figure63).
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Figure63Y %S NP a K § Velslis Polystydedeichritantration measured for polymer solutions wijth BB kg mot

(a), 207 kg ma (b), 317 kg mal (c) and bimodal 53 and 107 kg m'f)(d). Filled symbols represent concentration above C*
where polymer chains entanglement occurs and the phase separation is kinetically controlled. Open symbols represent
O2yOSYyiNI GA2ya 06St2g6 Hi-¥YDHRIGKSMAKE (ORBROKRYD 2 K IFibddlisghipe G KS
are above C*. The dotted line was obtained using an empirical relationship between zero shear viscosity, polystyrene
molecular weight and polystyrene concentration for polystyrehgene systems from literatuf® (Equation42). The
relationship predicts the zero shear viscosity of polysadrent solutions. Inserts show representative SEM -sexsfon

images of polystyrene partidebtained from these solutions
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A dottedline overlapping the experimental data was generated by using an empirical equation from
literature that relates the zero shear viscoslty of polystyrenetoluene systems to polystyrene

molecular weighM,, and polystyrene concentratio"®

- 1®p pm 6 O & pHoypm 6 O B8 LB X

pmt 6% 0O & mduy

C
Equationd2

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 concentratiStightdeviations

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 solutionsedisgd in water was measured by
dynamic light scattering (DLS), using a Malvern Zetasizer Nangeries 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 888 DLS has shown thdtoplet diametersin

the emulsiondor all the prepared samples wene the size rang€ 20- 70 um.

Table 3: The values of average droplets diametersa&rage) and polydispersity index (pdi), obtained DLS

measurements
PS 23 kg md PS 207 kg mdl

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 mdl PS bi-modal 53 & 107 kg mbl

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 shasuch 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 sheabtained in the close proximity dhe stirrer could not bereproducedin the

more peripheral egions of the emulsion. Thisdego 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 ofdrge volimes 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 observedorghere
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 tthatparticles producedvere
comparable in size to those achiewaith the InkJet equipnent andclose tothe ideal range of 10

- 50 um previously indicated.
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CHARACTERISATION OF M@IDIB POLYSTYRENE PARTICLES BY SAXS.

SAXS measurements were either performed at a synchrotron source (ESRF, beamline 1D02,
Grenoble, France) or using a laboratory SAXS instrument at the University of Sheffield (Xeuss 2.0,
Xenocs, France) equipped with liquid gallium Mt Xray source (Eoillum, Sweden). A
monochromatic Xay radiation (wavelengthx = 0.0995 nm or 0.134 nm, respectively) and 2D
detector (Rayonix MAX70HS CCD or Dectris Pilatus 1M pixel detector, respectively) were used for
these experiments. The SAXS camera length wase setver theq range from 0.01 nmto 1.0 nni,

whereq ' n ~/&i& tfie modulus of the scattering vector andis half of the scattering angle.

Glass capillaries (approximate diameter of 2 mm) were used as a sample holder for the dried
polystyrene partiles. Xray 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 macrdsor Igor Pro software were utilized for background subtraction and

the scattering patterns were analysed using the Unified fitethod.

Figure64: Representative SAXS patterns of polystyrene +wnilfied particles, displayed in a double logarithmic format,

acquired at the ID02 beamlinERSF, Grenoble, FrancE)e patterns were fitted using a cfevel model of the unid
approacﬁ3 implemented in Irena SAXS madtder Igor Pro software. It was assumed for thedel that, at high q, I(q)

* The solid black line shoagepresentativdit using the unified approach. The stog line is given for guidance
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