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Summary

Since its development by Marti et al. in 2005, Reactive Gelation established itself as a robust and efficient
method to produce porous polymeric materials suitable for different applications, allowing high control
of the final morphology. In this technique, colloidal polymer nanoparticles (in form of latex) swollen
with additional monomer and initiator are destabilized and aggregated in a controlled way, forming a
porous network. Afterwards, a post post-polymerization step is carried out, providing mechanical
stability to the structure. Playing with the aggregation kinetics and regime (electrolyte addition or shear-
induced) enables the production of porous polymers in different forms, such as monoliths, particles and
hollow shells. As the primary nanoparticles are the building blocks of these porous materials, the major
aim of the thesis was to explore the effect of their features on the resulting framework. Indeed, as soon
as they exhibit complex characteristics, such as advanced functionality and composition or core/shell
architecture, the final resulting porous structure and its characteristics are affected.

In the first part of the work, the study has been focused on polymeric monoliths produced via stagnant
aggregation. The effect of the primary particle characteristics, namely the core-shell architecture and the
initial solid content of the latex, on the properties of the final materials was investigated using two
different sizes of nanoparticles. It was found that the first parameter affects the pore size distribution in
the small range (0.01 to 1 pm) whereas the second one allows a precise tuning of the pores in the larger
range (1 to several pm), independently of the primary particle size. As a result, rigid and mechanically
stable monoliths with very well-defined pore structures and pore size distributions have been obtained.



In the second part, a simple method for producing highly porous materials suitable for chromatographic
applications was developed taking advantage of shear-induced aggregation. Thanks to their fractal
geometry, these aggregates exhibit highly porous structures, with uniform pore size distribution ranging
from 0.1 to several micrometers. Once again, particle architecture, namely the ratio between the hard,
highly crosslinked core and the soft, poorly crosslinked shell, resulted to be the most important parameter
to be tuned in order to obtain highly porous and mechanically resistant clusters. In comparison to other
commercial stationary phases, the final materials showed, not only much lower pressure drops at very
high flow rates, but also HETP profiles independent of fluid velocity. Since the contribution of
convection to internal transport dominates at all flow rates this novel class of materials has been named
as Ultra-Perfusive.

In the third part of the work, Reactive Gelation was combined with microfluidics in order to produce
monodisperse, rigid hollow spheres with tunable porosity of the crust, taking advantage of a peculiar
self-organization of the primary nanoparticles in a jammed state. A possible explanation of the physical
mechanism controlling the aforementioned behavior is also presented with a simplified model at atomic
scale, by means of molecular dynamics simulations. The identification of the nature of the process,
enabled the access to capsules with rather open or compact shells, playing with the solid dry content of
the initial nanoparticles latex. Furthermore, this last parameter was correlated with the capsules
accessibility by tracking intra-particle diffusion of probe fluorescent molecules.

In the last part of the work, experiments with ad-hoc polymer colloidal particles have been devised with
the specific objective of highlighting material transfer and clarifying the role of the softness of the particle
surface during aggregation under shear. To achieve this goal, polymer particles with a core-shell structure
comprising of fluorescent groups have been prepared. This way, the surface softness could be tuned by
addition of monomer acting as plasticizer and the percentage of fluorescent particles could be recorded

over time via confocal microscopy. For the first time, material exchange occurring on the soft surface of



the core-shell polymer micro-particles upon aggregation under shear was observed and proved. More
aptly, starting from a 50% labelled/not labelled mixture, an increase in the percentage of particles

showing a fluorescent signature was recorded over time, reaching after 5 hours a fraction of 70%



Sommario

Fin dal suo sviluppo ad opera di Marti et al. nel 2005, la tecnica della “Reactive Gelation” si ¢ affermata
come metodo robusto ed efficiente per produrre materiali polimerici porosi, impiegabili in molteplici
settori, grazie al facile ed accurato controllo sulla loro morfologia. Secondo questa procedura,
nanoparticelle colloidali di polimero (in forma di lattice) vengono rigonfiate di monomero ed iniziatore
aggiuntivi e aggregate in maniera controllata. In questo modo si genera un reticolo polimerico
interconnesso, i cui spazi interstiziali costituiscono delle porosita. Successivamente, si procede con una
postpolimerizzazione che fissa la struttura e ne garantisce la stabilita meccanica. Grande versatilita
nell’apparenza e nella forma finale dei materiali porosi ¢ garantita dai diversi meccanismi e cinetiche di
aggregazione (elettrostatica o sotto sforzo di taglio), che permettono una differenziazione dei derivati in
monoliti, corpuscoli e gusci cavi. Poiché le nanoparticelle primarie sono gli effettivi blocchi costitutivi
di questi materiali porosi, il focus principale di questo lavoro di tesi € stato posto sullo studio sistematico
degli effetti delle loro proprieta sulla morfologia finale dei prodotti. Difatti, le precedenti caratteristiche
complesse, come funzionalita superficiali e composizione differenziata nucleo/guscio (detta anche
architettura “core/shell”), si riflettono direttamente nelle morfologia della macrostruttura porosa ottenuta.
Nella prima parte del lavoro, ci si € concentrati sulla produzione di monoliti tramite aggregazione
stagnante. In particolare, due diverse dimensioni di particelle sono state impiegate per studiare 1’effetto
sui successivi prodotti delle caratteristiche della dispersione colloidale originaria, rappresentate
dall’architettura “core/shell” e dal contenuto di solido iniziale. Si ¢ riscontrato che il primo parametro
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determina la distribuzione dei pori sulla piccola scala (da 0.01 — fino a 1 um) mentre il secondo permette
un preciso controllo su scale piu grandi (da 1 fino a parecchi micrometri), indipendentemente dalla
dimensione iniziale delle particelle. Di conseguenza, e stato possibile ottenere monoliti rigidi e
meccanicamente stabili con un preciso controllo della loro distribuzione dei pori.

Nella seconda parte, una metodologia innovativa ma semplice per produrre materiali cromatografici
altamente porosi ¢ stata sviluppata controllando un’aggregazione sotto sforzo di taglio. Gli aggregati
generati, sotto forma di corpuscoli, in dipendenza della loro organizzazione frattale, presentano una
struttura altamente porosa, con ampia distribuzione di pori, che si articola da 0.1 a parecchi micrometri.
Come nel caso precedente, 1’architettura delle nanoparticelle primarie, quantificato nel rapporto tra le
dimensioni di un nucleo duro e reticolato (“core”) e quelle di un rivestimento piu plastico (“shell”) ¢
risultata essere il parametro piu importante per ottenere materiali altamente porosi e meccanicamente
stabili. Il prodotto finale, rispetto ad altri analoghi commerciali, € risultato in grado non solo di presentare,
perdite di carico nettamente inferiori ad alti flussi, ma anche profili di HETP (“height equivalent to
theoretical plate”) indipendenti dalla velocita lineare. Poiché il contributo convettivo al trasporto interno
di materia e risultato dominante in qualsiasi regime, si & deciso di assegnare questi materiali ad una nuova
classe, attraverso la denominazione di Ultra-Perfusivi.

Nella terza parte del lavoro, la tecnica della Reactive Gelation é stata combinata con alcune conoscenze
di microfluidica per produrre sfere monodisperse, rigide ma al contempo cave e controllarne la porosita
della crosta superficiale. 1l principio si basa sulla spontanea tendenza delle nanoparticelle primarie ad
arrangiarsi, con disposizione disordinata, in uno stato simil-solido con geometria a guscio sferico. Inoltre,
attraverso 1’utilizzo di simulazioni di dinamica molecolare, si & cercato di individuare una possibile
spiegazione eziologica per il suddetto comportamento. L’identificazione, almeno parziale, del
meccanismo responsabile del processo, ha permesso di accedere a gusci piu 0 meno compatti e/o porosi,

attraverso la regolazione del contenuto iniziale di solido nel lattice.
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Nell’ultima parte del lavoro, con I’intenzione di chiarificare il ruolo della plasticita superficiale delle
particelle durante aggregazione sotto sforzo di taglio, € stato sviluppato un metodo per rilevare lo scambio
di materiale superficiale tra diverse particelle polimeriche sintetizzate ad hoc, con architettura
“core/shell” e marcatura con componenti fluorescenti. Le precedenti caratteristiche permettono di variare
la plasticita superficiale delle particelle, rigonfiandone il guscio con monomero addizionale, e tracciare
gli elementi fluorescenti attraverso 1’osservazione con un microscopio confocale. In questo modo ¢ stato
possibile, per la prima volta, rilevare e provare lo scambio di materia durante aggregazione sotto sforzo
di taglio, per particelle polimeriche con superficie sufficientemente plastica. Nello specifico, a partire da
una dispersione inizialmente composta da particelle di cui solo il 50% risultava marcato fluorescente, si
€ osservato un incremento di quest’ultima percentuale fino al 70% dopo cinque ore di aggregazione sotto

sforzo di taglio.
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Chapter 1
Introduction

1.1 Colloidal Systems and Aggregation Phenomena

A colloidal system is defined as an heterogeneous mixture in which one phase is uniformly distributed
or dispersed into another in a finely divided state, generally in the form of nano or micron sized particles?.
Four major types of interactive forces acting within them can be identified:? hard sphere, steric, soft
(electrostatic) and van der Waals. Hard spheres interactions, which are repulsive, are not commonly
encountered and become significant only when particles approach each other at distances slightly less
than twice the hard sphere radius. Steric interactions are caused by macromolecules protruding from the
particles surface that start interacting when they overlap!. The soft (electrostatic) and van der Waals
interparticle forces are described in the well-established theory developed independently by Derjaguin
and Landau® and Verwey and Overbeek* in 1941, known as DLVO Theory, in which a balance between
repulsive and attractive potential energies of interaction of the dispersed particles is assumed. Repulsive
interactions are due either to the similarly charged electrical double layers surrounding the particles or to
particle-solvent interactions. Attractive interactions are due mainly to the van der Waals forces between
the particles. In order to obtain a stable dispersion and avoid particles aggregation, the repulsive

interactions must overcome the attractive ones; on the other hand, to make them aggregate, the opposite
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condition must be achieved. The total potential energy of interaction Vit is the sum of the potential energy
of attraction Va and that of repulsion Vr:

Vit = Vu + Vg 1)
The potential energy of attraction in vacuum for similar spherical particles of radius a, whose centers are

separated by a distance R is given by the expression (Hamaker 1937)°:

Vy= = )
where A is the Hamaker constant and h is the nearest distance between the surfaces of the particles (R =
2a) when h is small (R/a < 5). The attractive potential energy is always negative because its value at
infinity is zero and decreases as the particles approach each other. The potential energy of repulsion Vr
depends on the size and shape of the dispersed particles, the distance between them, their surface potential

yo, the dielectric constant & of the dispersing liquid and the effectiveness thickness of the electrical

double layer 1/k, where

1
1 _ Er&p E
; - (47‘[1’72 ZiCiZl?) (3)
For two spherical small particles and a relatively thick electrical double layer (Lyklema, 1968)°:

21,2
Vg = 240 omwn (4)

For large particles and a relatively thin electrical double layer ©:

Ve = Tin(1 4 ¢ty )
The potential energy of repulsion is always positive, since its value at infinity is zero and increases as
the particles approach each other. Thus, for a general colloidal dispersion a situation as the one described
in Figure 1.1 is obtained. As it can be seen, in order to have a positive force towards aggregation, an

energy barrier has to be overcome. If the Kkinetic energy of the particles is not sufficient, repulsion

prevails. On the other hand, when the kinetic energy is high enough, aggregation occurs and, due to the



strong attractive forces, this process is considered to be irreversible. The bonding between aggregated
particles, in fact, is typically located in the deep well of interaction potential and therefore it is very hard

to overcome the disaggregation energy barrier. The energy barrier can be reduced through addition of an

electrolyte that screens the repulsive electrostatic forces, allowing effective aggregation between two

particles upon collision due to Brownian motions, or by increasing the kinetic energy of the system (e.g.

by stirring or applying high shear).

+
V|| Repulsion potential
. VR
Vit e
.-"f T - “"Distance
|II -
|
|
f
| L
|
|/ Va

L
[

! Aggregation potential

Figure 1.1. Total potential energy diagram according to DLVO Theory?.

The investigation of these phenomena was pioneered by Smoluchowski’® at the beginning of twentieth
century, who successfully proposed the first quantitative model for describing the aggregation of
spherical particles in fully destabilized systems. Afterwards, Fuchs® included the effect of interparticle

(mainly repulsive) interaction in the Smoluchowski model, which resulted in a correction term in the
3



expression for the rate constant, the so-called Fuchs stability ratio W, defined as the ratio of the rate
constants in the absence and presence of an energy barrier, respectively. From theoretical considerations,
log(W) has been shown (Fuchs, 1934°% Reerink and Overbeek, 19541%) to be approximately linear
function of the log of the concentration of the electrolyte in the liquid phase during the initial phase of
slow coagulation at constant surface potential. Values of W are usually calculated by determining the
particle concentration over time either by counting directly the particles via microscopy*!, measuring
optical density changes using a spectrophotometer*?or through the simultaneous use of static and
dynamic light scattering®®. In the eighties, Forrest and Witten'* realized that large clusters formed during
aggregation processes can be considered as fractal object. Thank to this concept, their description can be
done using a simple power law expression that correlates the mass of the cluster to its size. The
corresponding exponent, referred to as the fractal dimension, indicates substantially how open or how
compact the structure of the cluster is. For a fractal object, its mass, i, with respect to its radius, R, follows
the scaling i ~ R, where dr is the fractal dimension, with a value between 1 and 3, where 1 represent a

linear alignment of particles and 3 a fully coalesced sphere.

1.1.1 Stagnant Aggregation

Under stagnant condition, colloidal aggregation can be classified into two classes, characterized with
universal features, based on the interaction energy barrier between particles'®. Generally, this last
condition is defined by the amount of added electrolyte. In this sense, a critical coagulation concentration
(ccc) which represents the minimum concentration of electrolyte leading to a zero energy barrier is
defined!. When no interaction energy barrier is present, the colloidal particles are completely
destabilized, and the aggregation takes place upon every collision occurring because of Brownian motion.
This means that the rate of the aggregation is fully controlled by the particle diffusion rate within the

media. This kind of aggregation is referred to as diffusion-limited cluster aggregation (DLCA)®. In the
4



case of presence of a small interaction energy barrier, only a small fraction of collisions results in
successful aggregation, and the aggregation rate is significantly slower with respect to the DLCA process.
Thus, it is called reaction-limited cluster aggregation (RLCA)®. The classical dr value of DLCA clusters
is always in the range between 1.75 and 1.85, independently of the materials of the particles and
electrolytes, while that of the RLCA clusters is in the range between 1.9 and 2.2. Thus, the RLCA clusters
are more compact with respect to the DLCA ones. When the aggregation of colloidal particles is carried
out at relatively high particle volume fractions, since the growth of the clusters follows the fractal scaling
and the density of the clusters decreases as the size increases, at a certain degree of aggregation the
available space would be fully occupied by the clusters®. At some point they will start interconnecting,
until they will percolate, forming a solid network in a jammed, disordered arrested state. This moment is
therefore named arrest time and the overall process is referred to as colloidal gelation. The formed solid-
like state is called a gel. A precise control on this aforementioned dynamic arrest, specifically on the final
resulting structure after the percolation is a fundamental issue in soft matter physics'®-8. Indeed, as gels
behave similarly to a solid but with a very low dry volume content, they are extremely valuable for the

development of novel and functional porous materials®-23,

1.1.2 Shear-Induced Aggregation

In the presence of shear, even in the case of no energy barrier, the aggregation process is not only driven
by Brownian motion but it is also controlled by the entity of the shear. Indeed, it is a common observation
that coagulation rates are influenced by the stirring of the suspension, as particles are thrown together at
rates much greater than a normal diffusion rate’. Therefore, shear-flow has a strong accelerating effect
on the aggregation kinetics. Moreover, even for colloidal systems that are well stabilized by electrostatic
repulsive forces?*, monodisperse and in quasi-equilibrium, application of shear might lead to non-trivial

clustering phenomena and gelation transition dominated by the complex interplay between DLVO
5



interactions and shear flow?!2%26, In addition, also the morphology and the size of the formed clusters
are considerably affected, as the imposed high shear is able to break the clusters?” and to induce
rearrangements generally leading to more compact structures®®282°, Indeed, during processes involving
aggregation and breakage, the cluster size evolution is regulated by two key non-dimensional quantities,
the Peclet number (Pe) and the Fragmentation number (Fa)*. Pe represents the ratio of the convective
transport rate (i.e. the shear) and the diffusive transport rate (generally represented by the particles

thermal energy). Fa describes the ratio of the viscous shear stress to the strength of the clusters.

3nncVRiRj(Ri+Rj)

Pei‘j = 2kpT (6)
_ ¥
Fa = Tos (7

where 7. is the viscosity of the continuous phase, y is the shear rate, R; the radius of the i-sized cluster,
kg the Boltzmann constant and T ; the characteristic cohesive strength of the aggregate. This last
parameter is generally inversely proportional to the cluster radius, in dependence on the fracture
mechanism. From their expression, it is possible to notice that two main parameters influence both the
Pe number and the Fa number: the shear rate and the cluster radius. Accordingly, the interplay between
aggregation and breakage in shear depends strongly on them and, consequently, also the resulting cluster
dr . Moreover, depending on the strength of electrostatic repulsion among particles, the rate of
aggregation between small clusters might be insensitive to shear and dominated by repulsion as in a
reaction-limited aggregation process. On the contrary, the aggregation of large clusters is insensitive to
repulsive interaction and is purely controlled by shear?®.

Similar to the gelation process under stagnant conditions, shear driven gelation can also occur when the
aggregation reaches a degree at which the generated fractal clusters can fill the whole available space
and percolate'®. Shear-driven, self-accelerating aggregation kinetics can be well applied to explain the
jamming phenomena of well-stabilized colloidal systems activated by shear in concentrated condition.
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At the colloid-particle level, these systems have a unique behavior. As long as the shear forces are not
providing sufficient energy to overcome the barrier, the presence of repulsive interaction stabilizes the
particles. On the other hand, above that point, the aggregation rate raises up to very high levels,
comparable to those of fully destabilized particles. This peculiar effect, which has been addressed both
theoretically and experimentally?®, manifests itself with an explosive-like, runaway behavior in the
growth rate of the cluster size®. At that point, also the breakage effect becomes not negligible anymore
and affects the gelation process as well. In general, a description of the criticalities for shear-induced

gelation to happen can be expressed in the definition of breakage number, written as®!:

Br=1"% (8)

Vb
where 7, is the viscosity of the continuous medium, y the shear rate, R, the primary particle radius and
I, the difference in potentials at the primary minimum and the energy barrier. It represents the ratio
between the shearing energy and the interparticle bonding energy. The critical volume fraction for
gelation to happen is a function of the primary particle radius and of the shear rate. Moreover, the radius
of gyration of clusters constructing the gel network and the primary particle radius at criticality decreases

as Br increases, following a power law.

1.1.3 Self-assembly and Other Aggregation Methods

Apart from classical colloidal gels, other solid-like structures can be obtained tanks to the self-assembly
of colloidal particles into highly ordered and organized systems®>~34, In these processes, the driving force
is generally a local interaction among the components themselves, without any external influence.
Therefore, they occur in a spontaneous way, as a result of the reduction of the system’s free energy.
Classical examples are colloidal crystals®® and particles adsorbing at fluid-fluid interface®. These

phenomena are also very useful for the production of micro and nanostructured materials®-4°,



Colloidal crystals are formed when particles self-organize into periodic arrays and regular arrangements.
They have been first identified and described by Stanley in the first half of the last century by observation
of the ordered and repetitive structures formed by certain tobacco and tomato viruses**2, Moreover,
particles self-organization might also be forced with external action such as capillary forces due to
evaporation of the dispersion media*, phase separation** or solvent removal®®. Bulk properties of the
colloidal crystals depend on composition, particle size, packing arrangements and degree of
regularity®®#, In general, these structures, both in the bulk or supra-spheres form, might act as natural
diffraction gradient for incident light, making these systems of utmost interest in optics and photonics*.
Assembly and trapping of solid particles at a fluid-fluid interface is in general driven by the reduction of
total surface area*’. When a particle of radius a goes at the oil-water interface, it reduces the interfacial
surface area of a value equal to its cross-section and at the same time it generates two solid-water and
solid-oil interfaces, with an actual free energy reduction. This way, particles are bound at the interface,
since the trapping energy is much higher than the thermal kinetic energy, ks T, where ks is the Boltzmann
constant and T the temperature. The major related phenomenon is the one of Pickering emulsion®, in
which solid colloidal particles stabilize emulsion by displacing at the interface of the droplets of the
dispersed phase. Particle wetting properties are of high importance: hydrophilic colloids stabilize water
continuous (oil-in-water) emulsions, while water-in-oil emulsions are better stabilized by oil-wettable
ones*’*8, Due to their specific arrangement, particles adsorbed on the surface of a droplet offers a
valuable template***® for the production of hollow microcapsules and shells, often referred to as
colloidosomes®!. Generally, quite ordered, homogeneous layers are observed, provided that the
concertation of the particles is low enough. On the other hand, when the particles adsorb at interface with
enough high concentration, interfacial jamming®°3 might occur and more irregular surface morphologies
have been recorded. In this sense, also promoted capture of the particles on fluid droplets, induced via

the dispersed phase flow, generates jammed shells. In those systems, surface tension provides two-
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dimensional isotropic compressive stress and as a result shear-induced liquid-to-solid transition is
observed™,

Other unconventional gel-like networks can be generated by capillary forces, resulting after addition of
a small amount of secondary fluid, immiscible to the continuous phase of the colloidal suspension®.
Moreover, another very interesting example to mention is the one of bicontinuous interfacially jammed
emulsion or simply bijels®®, hypothesized and then experimentally obtained by Clegg and Cates in 2005,
which are interpenetrating, continuous domains of two immiscible fluids, maintained in a rigid state by

a jammed layer of colloidal particles at their interface.

1.2 Colloidal Approach for the Synthesis of Porous Polymer: The Reactive Gelation

Process and its Application

In the frame of what has been previously discussed, the colloidal approach represents a strong and
versatile method to obtain porous polymeric materials, since solid-like networks with extremely low dry
content can be achieved from the initial suspension. On the other hand, mechanical stability represents a
major issue for the obtained porous frameworks and techniques have to be developed in order to harden
them. Indeed, right after aggregation polymer gels or self-assembled structures are hold together only by
physical interactions and typically present low mechanical strength and no resistance to solvation in
organic solvents. In general, reactive molecular species, already present on the particle surface or added
via coating, are used to glue the individual particles together via reaction or thermal annealing®®®’
Another option in this sense is represented by a novel method developed in our group and named Reactive
Gelation?2. It is composed of different individual steps: starting from a stable colloidal suspension of

polymer particles (the so called “latex”), additional monomer and initiator are added in order to further
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swell them. Afterwards, the system is destabilized, either via electrolyte addition or via shear. Depending
on the aggregation method, monoliths or clusters of primary particles are obtained. The last step
comprises the hardening of the formed structures by post-polymerization reaction of the previously added
monomer, to covalently link polymer chains by heating the system. This way, mechanical resistance is
enhanced and functional porous materials can be developed®. Owing to the peculiar structure that these
porous polymers can exhibit and to the control that Reactive Gelation allows on the final morphology,
they find major application in liquid chromatography?-225%60 As commonly known, small polymer
particles guarantee optimal separation performance (in terms of height equivalent of theoretical plates)
but at the same time result in high backpressure per column length. On the other hand, large particles
exhibit higher bed permeability and lower pressure drops but longer intra-particles diffusion pathways
and limited performance®:-%2, An alternative to overcome the trade-off between the two aforementioned
parameters is represented by macro-porous materials both in the form of monoliths or particles. In the
first case, all pore space can be assumed to be essentially convectively accessible, thus avoiding diffusion
limitation to mass transfer®4 whereas in the second one large enough particles will guarantee low back-
pressure, whilst at the same time the presence of huge pores ensures high permeability, as the flow can
easily pass through them®2%, This last phenomenon is known as perfusion®?. Efficient macro-porous,
mechanically stable, convective and perfusive materials can be produced by Reactive Gelation?:,
showing distribution of large (bigger than 200 nm) interconnected pores. On the other hand, this
morphology has a major limitation, which resides in the reduction of surface area. This issue may be
overcome when brushes®® or nanoparticles®’ are chemically introduced into the pores, effectively

increasing the bind capacity®°.
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1.3 Synthesis of Functional Nanoparticles: Surface Features and Core/Shell

Architecture

Studies on the synthesis of polymer nanoparticles are nowadays of utmost importance as they play an
extremely important role, not only in research but also in large-scale production®. Indeed, an important
number of commercial polymer derivatives are used or synthetized as dispersions. Although different
preparation methods exist, it is of major interest to focus on the largely most common one: emulsion
polymerization®. Developed by Dinsmore in 19277° and fully described by Smith and Ewart’ in the
forties, in the conventional formulation, water, monomers of low water solubility, a water-soluble
initiator and a surfactant are present. Moreover, also surfactant free-emulsion polymerization has been
proposed and described®® "2, The major advantage over other methodologies resides in the different
kinetic from conventional polymerization reaction and more specifically in the concept of radical
segregation, which allows high productivity of high molecular weight chains®.Moreover, for most of the
emulsion polymerization process, the concentration of monomer within the growing particles remains
constant and thus, the reaction occurs always under similar conditions. This statement, in combination
with conventional techniques to control polymer compositions in copolymerization (starved operation)
makes very easy to obtain nanoparticles with desired final characteristics. As such, in an easy, scalable
way (i.e. starved fed batch reactor or seeded polymerization) an extremely high control over the process
is possible’, allowing the product to present peculiar chemistry’7"6, morphology’’ and architecture’®.
Playing with the sequence of addition, reactive group’ or inorganic components’®, can be introduced in
the particle domain or brought on the surface for subsequent functionalization®. Moreover, when dealing
with copolymerization, also the reactivity ratio between the two monomers, the relative compatibility of

the polymers, their interfacial tension and their different hydrophilicity strongly influence the
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outcome’”®, In general, blends of two kinds of polymer have a two-phase structure because most
polymer pairs are not compatible. In practice, generally heterogeneous structures such as core-shell,
polymeric-oil-in-oil (polymer 1 is dispersed in segregated domain all over polymer 2) and partially-
localized (polymer 1 is segregated all in a single part of the particle) are recorded. The produced
nanoparticles might therefore present patches or surface patterning that provide different and peculiar
specificity to the particle-particle interaction generally observed in conventional colloidal gelation,
making the prediction of their behavior all but easy®?. Another last possibility is the one of tuning the
particle physical properties by adjusting mixtures of compatible polymers. In this sense, coalescence®84
within the polymer particles represent a major point. For this to occur it is necessary that the particle
material, or at least the one on its surface, exhibits finite viscosity at the working temperature. This is
achieved if the glass transition temperature Tq is below that temperature’®®®. Coalescence has a
significant impact on both stagnant and shear-induced gelation. Indeed, it allows the particles to
interpenetrate and form more compact clusters, with the result of a delayed gelation as the occupied
volume fraction decreases®. On the other hand, this interpenetration also reinforces significantly the
adhesion energy within the particles and consequently the formed structures, which are then able to grow
larger before breaking apart under shear stress’®. Combining the control over coalescence and primary
particle architecture, it is possible to obtain clusters with peculiar morphology®. Indeed, it is possible to
grow on a hard, highly crosslinked core, a much softer, poorly crosslinked shell, allowing only partial
coalescence and interpenetration. A representative parameter, defining this core/shell architecture is the

ratio between the radius of the core and the one of the whole particle, or in formulas:

core radius

R. (9)

P particle radius
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1.4 Characterization of Porous Materials

Still now, there is an intense research activity on the characterization of porous materials, because of the
intrinsic difficulty of describing medias that are highly heterogeneous in pore size, pore shape and pore
network organization®®’, First, a major distinction is necessary regarding their form, as they can present
themselves as bulk (i.e. monoliths or membrane) or as particles (i.e. porous beads). In this second case,
an additional difficulty in the characterization is introduced by the inter-particles porosity, especially
when the beads are heterogeneous and/or polydispersed. At this point, it becomes crucial to know the
particles size distribution and this can be achieved via light scattering techniques® or microscopy.
Moreover, both methods®-% allow deriving the fractal dimension as a measurement of the compactness
of the particles themselves. Even though a clear relationship between this parameter and porosity is far
from being established, it is anyhow reasonable to believe that less compact clusters expose more surface
area and pore volume®. Regarding the pore morphology, some methods like nitrogen adsorption—
desorption®t, mercury intrusion® and solvent imbibition®® are considered as standards and many models
are available to derive pore size distributions, surface area or total porosity from corresponding data®.
Generally, gas adsorption is limited to pores with radii smaller than 100 nm, whereas mercury
porosimetry gives access to a large range of pore size, i.e. from 3.5 nm to 500 um®’. Unfortunately, these
methods are based on capillary phenomena, which may induce stress on the walls of the material and
lead to collapse. Moreover, mercury intrusion porosimetry is generally a destructive method and
imbibition can be performed provided that a compatible fluid is available. A valid, non-destructive
alternative is represented by inverse size-exclusion chromatography (ISEC)%, because it is an in situ
method mostly applicable at the same conditions as the separation process and independently to packed
or bulk materials. Here, the pore size is deduced from the variation of the pore volume being inaccessible

to a molecule of given size. The set of probe molecules, generally polymers or polysaccharides, must not
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be adsorbed by the material. The experimental drawbacks of ISEC are the duration of experiment, the
need of long columns for attaining appreciable resolution among different sized probes and the
difficulties in finding very big (above 100 nm of hydrodynamic radius) not-interacting standards. When
the pores are enough big, also microscopy techniques, such as TEM or SEM can anyhow provide useful
information as long as conclusions are drawn from a statistically relevant number of samples. In general,
it is always difficult to get reliable information from a single technique and it is useful to compare

different results®’.

1.4.1 Light Scattering Techniques

These techniques allow the characterization of the particle size and of their fractal internal morphology.
Moreover it is a non-destructive method and therefore of utmost importance in colloidal system analysis.
Light scattering is due to the interaction of electromagnetic waves with matter. When the incident beam
hits the sample, its electrons feel the interaction and an oscillating dipole is formed, which emits an
electromagnetic radiation in all directions. The intensity of the scattered light strongly depends on the
difference in refractive index between the specimen and the surrounding medium. The scattered light

intensity can be used to evaluate the average structure factor of the cluster population®®:

_ 1(0)P@)
(s(a) = 12 (10)

where 1(0) is the intensity at zero angle, 1(q) is the angle-dependent scattered intensity, P(q) is the form
factor of the primary particles measured using the same instrument, q is the magnitude of the scattering

vector, defined as

q= 47TTnsin (Q) (11)

2

where n is the refractive index of the continuous phase, A4 is the laser wavelength in vacuum and 6 is the

scattering angle.
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In order to relate the average structure factor to the radius of gyration, it is possible to use the Guinier®%

approximation:

2<R2)
(S(@) = exp (—TL2D), for q(Ry)sq) < 1 (12)
The root-mean square radius of gyration of an aggregated population and the radius of gyration of the

primary particles are evaluated with the following equations:

(R3) = (R)sq) + (RGp) (13)

b= et ”

As such, indications concerning the average cluster size can be obtained from the position of the bending
of the curve when plotting the average structure factor (S(q))) as a function of g in a double logarithmic
plot. It is important to highlight the fact that the contribution of primary particles is significant only for
aggregates of small size. When multiple scattering is neglected, (i.e. the radiation illuminating every part
of the sample is only the incident radiation) the Rayleigh-Debye-Gans (RDG) theory®® may be applied.
In accordance to that, additional information regarding the internal structure and the fractal dimension of
formed aggregates can be derived from light scattering analysis®. Again, plotting the average structure
factor (S(q))) as a function of q in a double logarithmic plot, yields a straight line whose slope is equal

to the fractal dimension dr as reported in the following:

1

(S(q)) « q~%, for — < q< — (15)
(Rg) Rp

1.4.2 Intrusion and Adsorption Methods

Mercury Intrusion

Mercury intrusion porosimetry is an extremely useful analysis technique as it provides the most complete

set of information about the pore size distribution of the tested material. Indeed, not only it covers pore
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sizes over a range of 5 orders of magnitude (from 500 micron to 3.5 nm) but it enables to derive the pore
size distribution, the total pore volume, the total porosity, the skeletal and the apparent density and the
specific surface area of a sample®2. In general, the probe is housed into a holder, called penetrometer,
which is evacuated to remove air and residual moisture. Afterwards the filling procedure starts, first at
lower pressure, intruding only the very large pores and slowly reaching values approximately of 400
MPa. This way the mercury is pushed also into very small pores and the minimal sizes are tested. Despite
the aforementioned strengths, this technique has also some limitations as it is able to measure only the
largest entrance towards a pore and not the actual inner size and it cannot be used to analyze closed pores,
since the mercury has no way of entering them. Moreover, using such a high pressure, samples have to
be able to withstand it without collapsing or changing their shape. Another very delicate point is the one
of the model that is used to derive the pore shape: most instruments assume cylindrical pore geometry
using the Washburn equation, which relates the pressure difference (AP) across the curved mercury
interface to the corresponding pore size (rpore) USing the surface tension of mercury (y) and the contact

angle between the solid and the mercury (0) and it is written as following:

2ycosf

AP = (16)

Tpore

On the other hand, it is true that the shape of the total intrusion volume curve and of the extrusion one
can give information about the shape of the pores, and specifically purely cylindrical, conical and ball-
like pores can be detected®’.

As one can see in the Washburn equation, the contact angle is a parameter that clearly affects the analysis
result. Even tough huge work has been done in order to determine the different contact angles between
mercury and different materials, it is anyhow true that in most practical situation a value between 130°
and 140° is used, independently of the sample. Considering the many variables that affect the

measurements itself, it is important to highlight that pore size distribution data generated by mercury
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porosimetry are useful in comparative studies of similar materials®. This way, even if the accuracy of
the data depends on various assumptions and experimental factors, they remain the same for all the
samples.

Data from mercury intrusion porosimetry can also be used to estimate the particle size of a powder
material. In general, geometric models®*®*® can be used. Anyhow, the extraction of this information is all
but easy when particles are not spherical but rather amorphous. As a rule of thumb, the particle size

arrests on two to four times larger than the measured pore size®2.

Nitrogen Adsorption (BET)

BET theory uses data obtained from multilayer nitrogen adsorption measurements to determine the
specific surface area of a material. Moreover, also the total nano- to meso-pores volume of the samples
can be evaluated®®. Adsorption is defined as the adhesion of atoms or molecules of gas to a surface.
Generally, these two values are proportionally correlated. On the other hand, other parameters, such as
temperature, pressure and specific interactions between the gas and the solid might affect the amount of
gas adsorbed on the exposed surface. In BET surface area analysis®?, nitrogen is commonly used because
of its availability in high purity and its strong interaction with most solids. Before starting the actual
measurement, the sample, housed into a tube or a cell, needs to be degassed to remove water and other
contaminants. At this point, known amounts of nitrogen gas are released stepwise into the sample cell
with a calibrated piston. In general, the surface is kept cool with liquid nitrogen in order to promote the
interaction between the gas and the solid phase and obtain detectable amounts of adsorption. Pressure is
increased until the saturation one (Po) is reached and the adsorption layers are formed. At this point no
more adsorption occurs, regardless of any further increase in pressure. Therefore, the sample is removed
from the nitrogen atmosphere and heated to cause the adsorbed gas to be released from the material and

quantified. It is possible to plot the amount of gas adsorbed as a function of the relative pressure®. The
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resulting curve is called adsorption isotherm and can assume different shapes. The BET equation uses

the information from the isotherm to determine the surface area of the sample. It has the following form?®*:

1 1 + c-1 (i) (17)

x((Po/P)-1) - XmC  XmC \Pg

where X is the weight of nitrogen adsorbed at a given relative pressure (P/Po), Xm is the monolayer
capacity, which is the volume of gas adsorbed at standard temperature and pressure (273 K and 1 atm),

and C is the BET constant®. As long as the working range is 0.05 < (P/Po) < 0.35, it is possible to plot

Equation 17 as a straight line with on the y-axis and (Pi) on the x-axis. In that way, it will
0

1
X((Po/P)-1)
assume the general form y = Ax + B. Therefore, with the experimental data it is possible to derive the
values of the slope A and of the intercept B and use them to calculate the monolayer adsorbed gas quantity

Xm and the BET constant C. In particular, we have:

Xn = % (18)
C=1+2 (19)

Once the monolayer capacity is determined, the total surface area Stcan be calculated with the following

equation:

S, = mim (20)

v
where N is the Avogadro number, Am is the cross sectional area of the adsorbate (0.162 nm? for a nitrogen
molecule) and v is the molar volume®. The BET surface area, which is generally reported, is obtained

by dividing Stby the initial mass of the dry sample and is expressed in m?/g.

1.4.3 Chromatography
Inverse-size exclusion chromatography (ISEC) is used to determine the accessible porosity and the

surface area of materials®. Differently from intrusion and adsorption methods, which generally require
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dry samples and may deform or damage the material, ISEC utilizes standard probe molecules (i.e. of
defined molecular mass and size) to evaluate the intra-particle pore volume of a wet sample either in a
packed volume (i.e. a column) or in bulk!®. This method was developed in 1978 by Halasz'®* and
constantly improved in the following years. In general, when molecules of a defined size are eluted
through the sample, their retention volume can be experimentally determined and characterized in terms

of size exclusion distribution coefficient Kq:

_ VRV
Ko= P @

where VR is the solute elution volume, Vo the interparticle void volume and V is the total mobile phase
volume. Kq is generally O for a totally excluded compound and 1 for compounds able to access and
penetrate the whole pore volume. The Kq values for the standards are typically plotted against the log of
their molecular size, and a calibration curve is obtained. Dextrans or other polysaccharides are the most
common calibration standards, as several correlations between their molecular weight and hydrodynamic
radius are available®*1%2, In ISEC, the pore size distribution is estimated from the calibration curve,
assuming that the pore volume is constituted by pores with a uniform shape but different cross-sectional
dimension. The most used functional form in this sense is the Gaussian relation, even though it can be
physically unrealistic in permitting negative values of the cross-sections®. Therefore, alternative
distributions have also been developed. Moreover, the calculation of Kq for a given distribution is model-
dependent, as an assumption over the pore and the standard shape has to be taken. The standard

description is of spherical probe and cylindrical pore, but other shapes have been examined®,

1.4.4 Microscopy
Depending on the nature of the incident radiation, microscopy techniques allow the visualization of small

object at different scales. In general, optical microscopy can be used to obtain images of small samples
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through the usage of visible light with a maximum resolution of 0.2 um*%. As such, it is very useful in
the determination of the particle size distribution and morphology when coupled with conventional image
analysis programs such as Fiji or Image J'%. Together with conventional systems, also confocal
microscopy'% represent an extremely useful technique in visualization of samples, as it is allows very
small axial resolutions. The way through which an image is formed differs from the conventional one as
light invest the object in a single point at a time ad a scansion of the whole sample is required to obtain
the final image. This way, the images are formed as optical sections and it is possible to inspect the
sample in three dimensions in a non-invasive way. This technique can also be coupled with fluorescence,
and become extremely sensitive, allowing the detection of single molecules!®*. When a much higher
resolution is required, it is necessary to switch from visible light to an electron beam with a far smaller
wavelength. The resulting technique is named electron microscopy and the used systems are those of
TEM (Transmission Electron Microscopy) and SEM (Scanning Electron Microscopy)*®. In the first one,
the electromagnetic lenses focus electrons into a thin beam, which interacts with the observed specimen.
The electrons scattered by the samples reach a fluorescent screen and result in the creation of an image.
The mass-thickness and the diffraction contrast agent affect the shades of the darkness of the image. This
technique is capable of imaging at a significantly higher resolution than light microscopes and thus,
observation even of individual primary nanoparticles is possible®. In the second one, the sample is
scanned with a focused high-energy beam of electrons in order to produce an image. The latter is a result
of the interaction of the electrons with the specimen and, depending on the angle with which the beams
hits the surface, this technique enables to gather information about the surface topography, compositions
and size of the samples®. In general, microscopy is considered to be a non-destructive technique, even

though many times samples have to be dried in order to be prepared for visualization.
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1.5 Aim and Outline of the Present Work

In the present work, porous polymeric materials in different forms have been produced via Reactive
Gelation and characterized in terms of final porous structure and mechanical properties, as a function of
the primary particle core/shell architecture. The versatility of the used technique resides in the control
over different mechanisms of colloidal aggregation, which have been also studied and described in light
of the aforementioned particle characteristics.

In Chapter 2, performing stagnant aggregation, monoliths with very well defined pore size distribution
have been developed, by playing with primary particles architecture and initial latex concentration.

In Chapter 3, purely shear-induced aggregation is used in order to prepare a base scaffold for
chromatographic application, which, in comparison to current commercial resins, exhibits not only
extremely low-pressure drops even at very high flow rates, but also constant efficiency for tracers in size
range of common bio-macromolecules.

In Chapter 4, Reactive Gelation and microfluidics are combined for the production of robust hollow
microcapsules, with tunable surface porosity and permeability.

In Chapter 5, finally, a fundamental study on surface effect in aggregation under shear is presented.
Starting from peculiar and unexpected behavior, experimentally recorded when particle with specific
architecture are aggregated under shear, an ad hoc solution has been developed and it enabled to identify
material transfer within individual particles as a possible responsible for the aforementioned unusual

observations.
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Chapter 2

Control of Pore Structure in Polymeric Monoliths Prepared
from Colloidal Dispersions

2.1 Introduction

Porous polymers find important applications in various areas, ranging from biotechnology'®’, to energy
storage!®®, catalysis'® and adsorption separations'®. In the latter case, porous particles™! as well as
monoliths®®%4 are used as major stationary phases in liquid chromatography. Such a variety of
applications depends primarily on the very peculiar features of these materials, especially in terms of
porous structures, since monodispersed*'? as well as hierarchical''® arrangements of micro-, meso- and
macro-pores can be obtained. Different strategies are available for the preparation of these materials!.
The most common one implies the usage of a porogen for the formation of porous particles!*416, In
addition, block-copolymer self-assembly*'” and post modification of resins, carried out generally via
pyrolysist®® or solvent exposure!®®, are also used. In all of these methods, many different, interlinked
parameters affect the final product properties and the resulting structure, making often difficult the design
and control of the process*4,

As an alternative to the previously mentioned approaches, colloidal gelation'®!2° represents an original

procedure to synthesize porous structures. Taking advantages of the fractal geometry of the micro-
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clusters® formed during the particle aggregation, eventually leading to a percolating network?®, different
porous frameworks can be obtained. These can be stabilized in structures exhibiting strong mechanical
properties through the Reactive Gelation process?’. This method comprises different subsequent steps:
starting from a dispersion of polymer nanoparticles in water (the so-called latex), additional monomer
and oil-soluble initiator are added in order to swell the particles. After aggregation, occurring because of
suitable latex destabilization, the added monomer is further polymerized in order to form strong inter-
particle bonds by means of connecting polymer chains, thus providing mechanical resistance to the
previously achieved percolating structure. Using this technique, many different materials for liquid
chromatography application, both in form of monoliths?>® as well as particles?%12! have been
produced. The major advantage of this method resides in the possibility to tune and precisely control the
size, composition, morphology, surface characteristics and functionalities of the primary particles which
are prepared through the well-established emulsion polymerization’®. Moreover, the aggregation process
as well can be controlled playing with the latex properties (i.e., volume fraction or charge properties of
the particle surface) and aggregation kinetics (i.e., electrolyte addition)!®. All the aforementioned
parameters concur to define the morphology of the final gel, resulting in a variety of final structures®,
Upon post-polymerization, the final gel acquires remarkable mechanical properties and is then able to
withstand solvent evaporation from the pores during ambient drying.

In this work we show quantitatively how to carefully control the porous structure in monolithic foams
by properly acting on specific latex properties, namely particle architecture (core and shell composition
and thickness), average particle size, and solid content of the latex. This way, the pore size distribution
and morphology in polymer monoliths can be tuned across multiple length scale. This control directly
reflects into the functional properties of the monoliths themselves in dependence of their final
application. For example, in chromatography large pores make the mass transport dominated by

convection, allowing high performance at very high flow rates®®. Moreover, careful control of the
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individual pore sizes is desirable for size exclusion operations. On the other hand, in thermal insulation,
smaller pores are required because they reduce the conductivity of the final material when compared to

the mean-free-path of the contained molecules'?,

2.2 Experimental

2.2.1 Materials

The following chemicals have been employed without further treatments: styrene (STY, 10-15 ppm 4-
tert-butylcatechol as stabilizer, purity 99%) from ABCR-Chemicals (D-76187 Karlsruhe);
divinylbenzene (DVB, technical grade, > 80%) and sodium dodecyl sulfate (SDS, purity > 99%) form
Sigma Aldrich; potassium peroxydisulfate (KPS) from Merck Millipore, 2,2’-azobis(2-
methylpropionitrile) (AIBN, purity 98%) from Fluka Analytical; sodium chloride (for analysis, ACS,

ISO, Reag. Ph Eur) from Emsure. Ultra-pure grade water was prepared by Millipore Synergy.

2.2.2 Reactive Gelation

The procedure used to synthesize the porous monoliths is based on the following steps: initially, a
polymer latex (colloidal dispersion of polymer particles in water) was synthesized via emulsion
polymerization and subsequently monomer and oil-soluble initiator were added. Afterwards, the swollen
nanoparticles were destabilized and aggregated in a controlled way via salt addition. Once the gel was
formed, it was left overnight at 50°C inside an oven to complete the added monomer consumption by
free radical polymerization. Finally, the monoliths were fully dried, enabling their complete

morphological characterization. All of the aforementioned steps are described in details in the following.
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Emulsion polymerization

A semi-batch emulsion polymerization protocol was followed for the production of all the latexes. This
procedure was divided into two subsequent steps, corresponding to the synthesis first of the core and
then of the shell of the polymer particles. In particular, in the first phase a highly crosslinked (20%) seed
of nanoparticles was produced and in the second one, a softer, less crosslinked (1%) shell was grown.
Starting from a mixture (Initial Charge, IC) of water and surfactant (SDS) into a glass reactor, a solution
(Initiator Shot 1, 1S1) of water and initiator (KPS) was injected, once the temperature reached the set-
point of 70°C. Afterwards, an emulsion of styrene, DVB, water, and surfactant (Charged Feed 1, CF1)
was fed over the reaction time using an HPLC pump. Moreover, a solution of water and KPS (Initiator
Feed, IF) was continuously fed as well, as the total reaction time is longer than the half-life time of the
initiator at the reaction temperature. The reacting mixture was constantly monitored and specifically
conversion checked to ensure that the system is kept in starved condition. The previously synthesized
latex acts as a seed for the growth of a soft shell around the hard core particles. A new monomer solution
(Charged Feed 2, CF2), this time composed only of styrene and DVB, was then fed to the system in a
continuous way (i.e., without lag time or stopping the previous reaction of core synthesis), in order to
achieve a radially homogeneous shell growth. The previous initiator feed was disconnected, while a shot
of water and KPS was added to the reaction to keep it proceeding (Initiator Shot 2, 1S2). Also during this
stage, the reacting mixture was constantly monitored in terms of conversion to ensure starved condition.
After the new monomer addition was complete, the synthesis was stopped once full conversion and the
desired particle size, determined as z-average value from dynamic light scattering measurements, were

obtained. Further details and references on the synthesis of each latex are reported in Appendix A.

Latex Swelling

The latex was diluted with deionized water to the desired dry solid content, measured through

thermogravimetric analysis in a HG53 Halogen Moisture Analyzer from Mettler-Toledo. Afterwards,
25



an additional amount of a mixture of divinylbenzene and AIBN (5 %wt with respect to the monomer)
was added. Considering the much larger amount of cross-linker in the core than in the shell, it is
reasonable to assume that this additional monomer swelled only the outer layer of the particles. This
additional mixture amount was about 20 %wt with respect to the dry solid content of the particle shell.
The solution was left under agitation at 200 rpm overnight to ensure equilibrium swelling.

Latex Gelation

The swollen latexes were aggregated by mixing with an equivalent volume of a salt solution within 4 ml
vials. Typical gelation time is about 20 minutes. The vials were carefully closed before post-

polymerization. The specific recipes of each produced monolith are reported in Appendix A.

Gel Post-Polymerization and Drying

The formed gels inside the closed vials (Figure A.1 of Appendix A) were put into an oven at 50° C for
at least 12 hours. After the reaction, they were still wet and quite fragile (the material cannot be easily
handled — moved or touched — without damaging it). They were then transferred into a container with
excess of water and left there (2-3 days) to remove residual non-aggregated particles and salt from the
gel. Finally, the monoliths were dried in air, while their weight loss was checked daily to verify that full

drying was achieved (the process takes ca. 3-5 days).

2.2.3 Monolith Characterization

The pore size distribution of the dry monoliths have been measured by mercury intrusion porosimetry
(Hg Intrusion) using the instruments Pascal 140 and Pascal 440 from Thermo Scientific. Further
investigation of the monolith structure and surface were performed by scanning electron microscopy
(SEM) using a Gemini 1530 FEG from Zeiss with field emission gun operated at 5 kV. Surface area
measurements were performed via nitrogen adsorption (BET theory) using TriStar 3000 from

Micromeritics. Finally, the total porosity was estimated by measuring the skeletal density of the sample
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and comparing it with the one of the fully non-porous materials. In particular, each dry sample was
weighted first, then put into a container filled with isopropyl alcohol and left for 24 hours to achieve
complete penetration of the solvent into the pores. Each sample impregnated by the alcohol (IPA-wet
foam) was weighted again to evaluate the mass of alcohol intruded into the pores. The total porosity of

each samples (&) was then evaluated as follows:

_ (mwet_mdry)/pIPA
€= Mwet~Mdry Mdry (1)
PIPA  PPS

where pps and pipa are the densities of polystyrene and IPA, respectively, while mwet and mary are the
masses of IPA-wet and dry samples, respectively (pps / pipa = 1.325). Fifteen different measurements
have been repeated for each monolith and average values with standard deviation have been computed.
The obtained results have been compared with those obtained through Hg intrusion in order to cross-

check the results.

2.3. Result and Discussion

2.3.1 The Reactive Gelation Process

During the first step of the process the particles are destabilized by electrolyte addition in the stagnant
dispersion and aggregation proceeds until the resulting fractal clusters occupy all of the available space
and their movement is hindered (arrest time). At this point they start interconnecting with each other,
forming a percolating structure. The whole process is controlled by the electrolyte concentration in
solution, leading to different aggregation regimes, namely DLCA (diffusion limited cluster aggregation)
and RLCA (reaction limited cluster aggregation)®. Considering the swelling of the outer layer of the
particles, which reduces considerably the glass transition temperature (Tg) of the polymer'?, it is

reasonable to assume that they partly interpenetrate depending upon the shell thickness'?*. Particles with
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small core-to-particle ratio will interpenetrate more than those with larger ratios if the characteristic time
of the gelation process is small enough compared to that of partial coalescence. Once the gel is heated
up in the oven, the monomer in the outer layer of the particles starts polymerizing and, at the same time,
particle rearrangement takes place, thus resulting in monolith shrinking. A second shrinking takes place
during drying because of the evaporation of the capillary water?®. Being the resulting porous framework
affected by the combination of all the above processes, many parameters play a role in the process. In
the following, the effects of particle core-shell morphology (architecture) and initial latex dry content are

investigated.

2.3.2 Effect of Particle Architecture

To investigate the effect of particle architecture on the final pore structure of the monoliths, different
latexes have been synthesized, as shown in Table 2.1. The ratio of the core to the particle size, R:p, and
the actual size of the particles are changed. The dry content of the initial latex has been set equal to 8
%wt in all cases and all monoliths have been produced by mixing equivalent amounts of latex and salt
solution, thus achieving RLCA conditions. Total porosity and surface area values of the obtained

monoliths are summarized in Table 2.2.
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Table 2.1. Particle architecture of the different latexes.

Latex Core size [nm] Particle size [nm] R:p!
L1 80 110 0.73
L2 90 110 0.82
L3 100 110 0.91
L4 41 56 0.73
L5 40 49 0.82

Table 2.2. Total porosity and surface area of the produced monoliths.

Sample Latex Total Porosity [%0] Surface Area [m?/g]
M1 L1 86.6 = 0.3% 17.37
M2 L2 79.5+2.6% 36.1
M3 L3 - 58.69
M4 L4 83.9+0.3% 28.17
M5 L5 77.8%+0.7% 58.76

Large Particles

Let us focus on the monoliths synthesized from the largest particles, i.e., M1, M2 and M3. As mentioned

above, the monoliths are formed by salt addition, waiting until full percolation. All monoliths shrink

! Ratio of the core to the particle size
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during post-polymerization and larger shrinkage is found for structures formed from particles with
smaller core-to-particle ratio. Remarkably, almost no shrinkage was observed for the case of the thinnest
shell, sample M3. This means that the shell thickness, i.e., the amount of post-polymerized monomer,
affects the rearrangement.

After the drying step, the final monoliths shown in Figure 2.1 are obtained. This time, the trend is opposite
to that observed for the previous process step: the monolith formed from particles with a small core-to-
particle ratio (M1) retained its volume much better than M2, which instead shrank considerably.
Moreover, the monolith M3 was not mechanically stable and broke into fragments while drying. It is
worth repeating that each gel was formed mixing the latex with an equal volume of salt solution at well-
defined concentration (details in Table A.5 of Appendix A): the collapse or major modification of the
structure occurred afterwards, during the drying phase, where the shell thickness of the particle has much
larger influence on the final structure than the gelation itself. Thicker shells allow in fact for deeper
particle-particle interpenetration during aggregation thus providing better mechanical stability to the
monolith, which therefore can better keep its structure during drying. On the other hand, thinner shells
reduce the extent of interpenetration, thus leading to more fragile structures. Therefore, these gels need
more rearrangement during drying to find a stable structure: this was the case of sample M2 while the

interpenetration was not enough for sample M3 and the structure collapsed.
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Figure 2.1. Dried monoliths synthesized from different latexes.

These considerations are supported by the SEM pictures shown in Figure 2.2 where the different extents
of interpenetration are clearly identified moving from the sample M1, in which the identity of the single
primary particles is lost (Figure 2.2a), to M3, where the individual particles are still clearly recognizable
(Figure 2.2c). The sample M2 (Figure 2.2b) lies clearly somewhere in between. The previous discussion
directly reflects also into the possible final applications, as an intermediate processing of the monolith
would anyhow be required before use. Indeed, actions like press-fitting into proper housing for
chromatography®® and general material handling in the form of huge thermal insulation panels, require

suitable mechanical stability.
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Figure 2.2. SEM pictures of the monoliths formed from samples M1 (a),
M2 (b) and M3 (c).

The pore size distributions of monoliths M1 and M2 measured by Hg intrusion are shown in Figure 2.3.
The difference between the two is evident: sample M1 exhibits bimodal pore size distribution, whereas
M2 a quite broad monomodal one. Latex L1 enabled the preservation of large pores, with diameter up to
10 micrometers, while the smallest pore, those among individual nanoparticles, disappeared by
coalescence. On the other hand, latex L2 did not allow large pores to remain in the final monolith, since
they are most probably lost during drying and shrinking, while small pores are present even in the range
of few nanometers. Note that the two materials are quite different in terms of total porosity, with monolith

M1 exhibiting much larger pore volume (Table 2.2).
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Figure 2.3. Differential (a) and cumulative (b) pore size distribution of the monoliths
M1 (filled triangle) and M2 (empty circles).

These results can be explained as follows: since both samples percolated occupying the same volume,
with identical particle size and concentration, their initial gel structure (i.e., right after stagnant gelation)
is rather similar, with possible minor discrepancies due to the different shell thickness. The bimodal pore
structure formed during gelation originates from two processes: the first one refers to the initial
aggregation of the primary particles, leading to aggregation characterized by a well-defined fractal
dimension (in the order of 1.9 — 2.2) which is responsible for the small inter-particles pores (0.01 to 1
um), and the second one, which refers to the final cluster interpenetration and interconnection during the
percolation phase, responsible for the large inter-clusters pores (1 to several um). The capability of the
monolith to maintain this bimodal structure during post-polymerization and drying, mainly dependent on
the primary particle architecture, determines the final pore structure: smaller pores tend to disappear
under the effect of partial coalescence, which is the case of sample M1, while less interpenetration makes
the structure less stable, leading to a loss of large inter-cluster pores and preserving the inter-particle
ones.

The measured values of specific surface area confirm the different interpenetration of the primary

particles shown in the SEM pictures as well as the contribution of small pores (< 0.1 pm) measured via
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Hg intrusion. As shown in Table 2.2, the lower the thickness of the shell, the larger is the value of the

measured surface area.

Small Particles

In order to check whether the effect of the particle architecture is affected by the particle size, let us
consider the monoliths produced from latexes with small particles, M4 and M5 in Table 2.2. Notably,
the shrinkage is again determined by the ratio R.p, which in turn controls the restructuring upon post-
polymerization and drying (Figure 2.4). Samples made from particles with equal core-to-particle ratio

shrank equivalently.

Figure 2.4. Dried monoliths synthesized from different latexes presenting equivalent particle size (L5
and L4, L1 and L2) or equivalent particle architecture (L4 and L1, L5 and L2).
Also the pore size distribution is again determined by R or shell thickness, as it appears from the curves
referred to the samples produced with smaller particles and measured by Hg intrusion shown in Figure
2.5. Both the differential and cumulative pore size distributions are similar to those discussed for larger

particles and the same conclusions can be drawn also for this case.
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Figure 2.5. Differential (a) and cumulative (b) pore size distribution of the monoliths M4 (white
triangle) and M5 (black circles).
In particular, a detailed comparison is shown in Figure 2.6 in the cases of samples made from latexes
with the same R-p = 0.73. It is seen that smaller primary particles lead to smaller inter-particle pores, as
indicated by the shift of the first peak in the pore size distribution from approximately 600 nm for
particles with total size of 110 nm to about 150 nm for particles with total size of 56 nm. In both monoliths
the largest pores (from 1 um to 10 um) are preserved, even though the actual position of the peak
corresponds to smaller pore size for smaller particles. This effect is mainly driven by the crowding of the
particles more than by their size, since the identical dry content for the two starting latexes leads to

different particle concentration in the final volume.

35



10 o
s
= 8 E
e 13)
=} & =
5 o4
S b E
2 g3
=2 I L
> &
P ! E
Z $ z
| -2
2 pa
1
o
00— 0
0.001 0.01 0.1 1 10 100 1000 0.001

Pore Size (pum)

o
WA,

AR A A *:2\
™
B
A

A
k-
kN
B
&

3\

%
Ry
!
1

a\

LN

0.01 0.1 | 10 100 1000
Pore Size (y1m)

Figure 2.6. Differential (a) and cumulative (b) pore size distribution of the monoliths M4 (white
triangle) and M1 (black triangle).

In the case of primary particles with R-p = 0.82, the particle size effect becomes irrelevant, as shown in

Figure 2.7. Indeed, only the largest pores are slightly affected by the previously mentioned particle

crowding.
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Figure 2.7. Differential (a) and cumulative (b) pore size distribution of the monoliths M5 (black
circles) and M2 (white circles).

The data in Table 2.2 show that the reduction of total porosity upon shrinkage is observed also for smaller

particles. Indeed, monoliths M4 and M5 exhibit a difference in porosity of 6.1% (Table 2.2), similarly to

the case of large particles. Furthermore, the porosity value are also quite similar for particles with
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equivalent core-to-particle ratio (e.g. compare the values for samples M4 and M1). Not surprisingly,
materials with similar pore size distribution, exhibit also similar total porosity values (cf. samples M2
and M5).

The values of specific surface area, shown in Table 2.2, reflect the different interpenetration of the
primary particles already shown in the SEM pictures as well as the fraction of small pores, namely below
0.1 pm, measured by intrusion techniques. In particular, the lower the thickness of the shell, the higher
the value of the measured surface area, e.g. M4 presents a specific surface area smaller than M5. Not

surprisingly, the value is larger for smaller particles.

2.3.3 Effect of initial dry content

It was found that latexes composed of nanoparticles with smaller core-to-particle ratio (R = 0.73) can
preserve the percolation structure obtained during the gelation process, independently of the initial
nanoparticle size. This behavior has been observed also for different initial concentrations of primary
particles still keeping the monolith volume equal to that of the same container. Therefore, the porosity
of the final volume is strongly affected by the dry content of the initial latex. On the other hand, particles
with R.p = 0.82 suffered major restructuring upon drying and the dry content effect might be less
relevant. To study the impact of the solid content, different monoliths have been produced starting from
latexes L1 and L2 at different dry contents as summarized in Table 2.3. Since the two sets of monoliths
have been prepared from the same primary particles, the specific surface remains constant and BET

measurements have not been run.
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Table 2.3. Characteristics of the monoliths produced at different dry contents.

Sample L atex Initial [(\jl\llr/)\/N (]:ontent Po[r(';)s]ity
M6 L1 0.12 77.1+1.0%
M1 L1 0.08 86.6 £ 0.3%
M7 L1 0.04 89.5+0.4%
M8 L2 0.12 68.1 £ 0.1%
M2 L2 0.08 79.5+2.6%

Core-to-particle ratio 0.73

Let us consider first the monoliths with larger shell thickness M6, M1, and M7 in Table 2.3. The pore

size distributions of the different samples are shown in Figure 2.8.
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Figure 2.8. Differential (a) and cumulative (b) pore size distribution of the monoliths M6 (white
circles), M1 (black triangles) and M7 (white squares).

All of them look bimodal, with a first peak approximately at 0.6 - 0.8 um and a second one at much
larger values of pore size, whose value is a function of the solid content i.e. 1.5 um for sample M6, 4 um

for 1, and 9 um for M7. Remarkably, the area of the second peak increases with decreasing of the initial
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dry content of the latex. This behavior can be explained considering the mechanism of gel formation: at
the beginning of the process, particle aggregation proceeds and fractal clusters are formed. Small pores
are generated as interstitial spaces among the primary nanoparticles, that is the inter-particle pores
corresponding to the left peaks in Figure 2.8. As seen above, those pores are affected by the
interpenetration due to the shell softness and not by occupied volume within the container as well as by
the dry content. Once the system is crowded, the clusters start interpenetrating each other and percolation
occurs. This mechanism is responsible for the formation of larger pores, that is the inter-cluster pores,
corresponding to the right peaks in Figure 2.8. At this stage, the initial dry content becomes the crucial
factor: samples produced with smaller dry content, exhibited much larger inter-cluster pores and lower
mechanical resistance.

The corresponding overall porosity values are shown in Table 2.3. Reducing the dry content increases
the porosity of the final dry monolith, especially when the shape is retained upon drying. While such
increase is quite relevant when the solid content decreases from 12% to 8%, it is less relevant from 8%
to 4%. This result is not surprising since there should exist anyhow a limit value of porosity for which
the monolith can actually be produced. As a matter of fact, it is quite difficult to observe the gelation

process with dry content lower than 4%.

Core-to-particle ratio 0.82

In this case (samples M8 and M2 in Table 2.3), the effective shrinkage was much more relevant than in
the case of particles with thicker shell discussed above.

The pore size distributions of the different samples are shown in Figure 2.9. After shrinkage, the initial
percolation structure is lost in both cases and only the smallest inter-particles pores are retained. This
means that, independently on the initial dry content, a major rearrangement takes place in order to find

an equilibrium during drying, which results in the loss of the largest pores. Therefore, the dry content
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has no effect on the morphology of the final monolith when particles with high enough core-to-particle

ratio are used.
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Figure 2.9. Differential (a) and cumulative (b) pore size distribution of the monoliths M8 (black
squares) and M2 (white circles).
Looking at the total porosity values in Table 2.3, it appears that the overall porosity of the sample
decreases by decreasing the solid content of the initial latex. The difference in porosity between the two
monoliths, equal to 11.4 %, is quite similar to that of latexes with R;p = 0.73, equal to 9.5%, thus
confirming the important role played by the solid content on porosity independently of the particle

architecture.

2.4. Conclusion

The preparation of different monoliths via Reactive Gelation of core-shell colloidal polymer particles
has been investigated as a function of two major process parameters: the particle architecture, namely
the soft shell thickness compared to the total particle size, and the initial solid content of the polymer

latex.

40



A thick shell is crucial in determining the pore morphology of the final product. Monoliths characterized
by bimodal pore size distribution and up to 10% larger porosity have been formed from particles with
lower core-to-particle ratio (0.73), whereas monomodal pore size distribution and smaller porosity have
been obtained at a higher core-to-particle ratio (0.82). Further increase in the core-to-particle ratio
resulted in unstable structures due to very weak particle interconnections. In addition, increasing the shell
thickness led to smaller surface areas, with a reduction of approximately 50% when passing from
particles with R.p = 0.82 to 0.73. The effect of particle architecture on the pore size of the monoliths
has been also investigated using smaller particles (total particle size reduced by a factor of 2 while
keeping constant the core-to-particle ratios), and the same conclusions were drawn. Therefore, we can
conclude that particle architecture, namely core-to-particle ratio, affects the porous properties of the final
monolith in a way which is rather independent on particle size.

About the solid content, provided that the right architecture is chosen, highly porous monoliths can be
produced by properly decreasing the initial dry solid content.

The latex parameters investigated in this work (i.e. size, architecture, and solid content of the particles in
the initial aqueous dispersion) represent a very valuable tool to control the process of monolith formation
and its final porous structure. Consequently, Reactive Gelation appears as a very promising technique
for the production of porous materials with specific pore size distribution and morphology, which may

suit different kinds of applications.
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Chapter 3

Preparation of Ultra-Perfusive Chromatographic Materials
via Shear-Induced Reactive Gelation

3.1 Introduction

Porous polymers are widely employed in a variety of different applications including separation and

126,127 9

purification techniques , catalysis'®®, thermal insulation'” and medical tissue engineering!®’.
Depending on the amount, morphology and mechanical characteristics of the desired porous material,
different manufacturing methods are currently in use !'!. For example polymer-based materials with large
pores are produced by suspension polymerization with the aid of a pore-generating system, mainly in the
form of a porogen!!!. The resulting process involves multiple steps taking place at the same time, thus
making the control of the final pore architecture very challenging. Moreover, the porogen is essential for
the pore formation but needs to be fully extracted after the reaction, which may be difficult in some cases.
Despite the extensive use of this approach, a reliable and comprehensive relationship between the
reaction recipe and the morphological properties of the final material is far from being fully established
H4116,130  Reactive Gelation, an alternative, porogen-free method for producing rigid macroporous

1.2° and it enables the preparation of these

polymer particles has been proposed previously by Marti et a
materials in a closely controlled and step-wise manner. Starting from a stable colloidal suspension of

polymer particles, additional monomer and initiator are added in order to swell them. These swollen
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particles, usually stabilized by ionic surfactants, are subsequently aggregated by destabilization induced
in different ways: by screening the surface charges through the addition of electrolytes (Brownian
aggregation), thus reducing the repulsive barrier among the particles, or by providing them enough
kinetic energy to overcome the repulsive barrier (shear aggregation)®®. Depending on the selected
aggregation method, different products (e.g. monoliths or micrometer-size clusters) and different
structures in terms of pore size distribution, have been obtained'®?!. The last step of the Reactive Gelation
consists in a post-polymerization of the previously added monomer/initiator mixture. This way the
primary particles are more strongly bonded together, while retaining the porous structure and improving
the mechanical strength and resistance of the final material.

Shear-induced aggregation is performed by exposing the latex to some kind of flow field. If applied
without electrolyte addition, this mechanism is called pure shear-induced aggregation®!. Owing to their
fractal structure, the aggregates occupy more space while growing, which eventually leads to a
percolation and the formation of a gel. It already has been shown®? that a fraction of non-aggregated
primary particles remains free when such a network is formed, which means that a fully percolating
system can be obtained even when the aggregation is not complete. Xie et al.»*® showed that this process
is affected by the size of both the primary particles and the resulting aggregates. It is also possible to
carry out the aggregation process at large conversion while preserving the liquid-like behavior and
limiting the system’s viscosity increase?l. This enables the use of continuous processes, which are easily
scalable to large productivity. Moreover, the final dispersion of clusters and residual primary particles
can be easily diluted by water addition, facilitating the subsequent steps of post-polymerization, wet
filtration and packing. The final product can in fact be collected as ready-to-pack slurry of polymer

particles in water.

The porous polymers produced in this work are specifically suited for chromatographic applications

because they provide high transport efficiency®. As a matter of fact, a trade-off between pressure drop
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and separation performance is typically observed in chromatographic columns packed with conventional
porous particles®®!?’. In contrast, particles and monoliths produced by Reactive Gelation exhibit pore
sizes so large (radii larger than 200 nm) that they permit convective flow through the particle, thus
reducing (or even overcoming) the intraparticle diffusion limitations even at relatively large fluid
velocities>®. This allows using large particles, thus with low pressure drop and high flowrates, while
avoiding mass transfer limitations. This behavior is known as perfusion and it enables flow-independent
separation performance %2, On the other hand, the major drawback of these materials is their reduced
surface area due to the presence of large pores, resulting in reduced binding capacity. This limitation may
be overcome when brushes are grown from the pore surface!** or nano-particles are used to cover the
pore walls if they can be bound in a stable enough manner (e.g. by exploiting electrostatic interaction)®’.

In both cases, the effective surface area is increased, thus increasing the chromatographic performance.

In this work, a high-throughput method for producing highly porous and mechanically resistant polymer
particles via Reactive Gelation is presented. The primary particles are aggregated through pure shear-
induced aggregation by pumping the latex through a microfludizer, followed by post-polymerization. A
comprehensive analysis of the effect of different features of the primary particles (architecture and size)
on the morphology of the final material and its performance as chromatographic matrix is conducted,
aiming at identifying the optimal operating conditions required to fulfill desired specifications. Pulse
chromatography experiments using tracers of different sizes have been run on the produced materials and
a comparison with commercially available resins is presented. Due to their most interesting behavior,
namely flat HETP profiles resembling those typical of monoliths, we labelled these novel materials as

Ultra-Perfusive.
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3.2 Experimental

3.2.1 Materials

The following chemicals have been employed without further treatments: styrene (STY, Sigma Aldrich,
4-ter-butylcatechol as stabilizer, purity > 99 wt%), divinylbenzene (DVB, Sigma Aldrich, technical
grade, > 80 wt%), sodium dodecyl sulfate (SDS, Sigma Aldrich, BioUltra > 99 wt%), potassium
persulfate (KPS, Fluka, purity > 99 wt%), 2-2"-azo(2-methylpropinitirile) (AIBN, Fluka, purity > 98
wt%), sodium chloride (for analysis, Merck), sodium phosphate dibasic, sodium phosphate monobasic
(Sigma Aldrich). Dextran standards with different molecular weights (Sigma Aldrich) have been used for
packing testing. Ultra-pure grade water has been prepared by Millipore Synergy (Millipore, Billerica,
MA, U.S.A.). Deionized water to be used for the polymerization reactions has been de-oxygenated by
degassing under vacuum and subsequent saturation with nitrogen. Commercial resins POROS® 50 HS
and Eshmuno® CPX have been purchased from ThermoFisher Scientific and Merck respectively and
have been packed following the packing procedures provided by the manufacturers. The monolith CIM®
r-Protein A DISK has been purchased from BIA Separations and used following the instructions of the

producer.

3.2.2 Synthesis of the Primary Particles

The primary particles are produced via a semi-batch emulsion polymerization protocol. The procedure
is divided into two steps: core and shell synthesis. In the first phase a hard, highly crosslinked (20 wt%)
seed of nanoparticles is produced. In the second step, a much softer, slightly crosslinked (1 wt%) shell is
grown around the previously formed particles. These two steps are done in series, thus feeding the

monomer mixture required for the shell production directly after completion of the core synthesis.
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Several latexes have been produced with different particle architectures. Namely, the ratio between core
and overall particle radii as well as the total particle sizes were varied. Details of all the recipes used in

each synthesis are reported in Appendix B, while the applied general procedure is presented hereinafter.

Core Synthesis

A mixture of water and surfactant (SDS) is initially charged into the glass reactor and the temperature
set to 70°C (Initial Charge, IC). Once this set-point is reached, a solution of water and initiator (KPS) is
injected (Initiator Shot 1, 1S1). In order to guarantee starved polymerization conditions, an emulsion of
styrene, DVB, water, and surfactant is fed over the reaction time using an HPLC pump (Charged Feed
1, CF1). Moreover, a solution of water and KPS is continuously fed as well, as the total reaction time is
longer than the half-life time of the initiator at the reaction temperature (Initiator Feed, IF). The

conversion is frequently measured to ensure monomer-starved conditions.

Shell Synthesis

A new monomer solution (Charged Feed 2, CF2), this time composed only of styrene and DVB, is then
fed to the system right after terminating the core synthesis in the same reactor. The previous initiator feed
is disconnected, while a shot of water and KPS is added to keep the reaction running (Initiator Shot 2,
IS2). Again, the conversion is monitored to ensure starved operation. After the new monomer addition

is complete, the synthesis is left running in batch until full conversion is obtained.

Latex Characterization

During production, the latex is monitored in terms of particles size distribution (by dynamic light
scattering (DLS) using a Zetasizer Nano ZS from Malvern) and monomer conversion (from the dry mass
fraction of the sample). In the latter case, the latex is spread over quartz sand and analyzed at 120°C in

air using a HG53 Moisture Analyzer from Mettler-Toledo.
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3.2.3 Reactive Gelation

Latex Swelling

Each latex is diluted with deionized water up to the desired dry mass fraction and swollen by an additional
mixture made of divinylbenzene and oil-soluble initiator (AIBN, 5 wt%). This mixture swells the outer
layer of the particles almost exclusively, because the core is too highly crosslinked. The amount of added
monomer is adjusted to be 30 wt% of the polymer mass in the particle shell. The obtained dispersion of

swollen particles is then kept under stirring overnight to ensure complete equilibration.

High Shear Destabilization

The swollen latexes are then destabilized using the high shear device HC-5000 (Microfluidics,
Westwood, MA, U.S.A.) equipped with a L30Z microchannel (rectangular cross section of 5.76 x 107
m?, length of 5.8 mm), referred to as “microchannel” in the following. The latex is pumped through it by
a membrane pump and micrometer size clusters of primary particles are collected at the outlet. According
to the specifications provided by the manufacturer, the generated shear rate y (1/s) is correlated to the

pressure drop through the channel itself, AP, by the following empirical relationship:
y =227 x 105 - Apo-64 (1)

where AP is the applied pressure drop in bar. This relationship is valid in a range of AP values between
80 and 160 bar. In this work all samples have been aggregated using a constant AP of 120 bar,
corresponding to a flow rate in the channel of 918 mL/min, a residence time of 0.94 ms, and a shear rate

of 4.8 x 10°1/s.

It is worth mentioning that the limiting factor of the setup to form aggregates is the operational limit of
the pump. It was in fact observed experimentally that flooding occurs when a latex with too high dry
solid content is passed through the microchannel, with head and piston housing clogged by polymer.

Such clogging affects the process and the product quality significantly. Therefore, the dry solid content
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of the latexes was kept at 7.5 wt% and the suspension of aggregates leaving the microchannel is
immediately diluted about ten times in deionized water and transferred into a three-neck flask. This way,
the aggregates remain completely wet (preventing air contact) and fully segregated during the post-
polymerization phase, thus avoiding the formation of polymer lumps. The aggregation extent (called
“conversion” in the following) is measured by quantifying the mass fraction of aggregates with respect
to the initial mass of polymer. This is done by precipitating the aggregates from the continuous phase by
centrifugation and separating them from the residual primary particles (and very small aggregates), after

which they are dried and weighted.

Post-polymerization

The clusters of primary particles produced by aggregation in the microchannel are kept together only by
Van der Waals forces. In order to improve the mechanical properties of the aggregates, an additional
polymerization step (called post-polymerization) is carried out taking advantage of the monomer added
during the swelling step before the high-shear treatment. The three-neck flask containing the aggregates
is immersed in an oil bath, connected to a reflux condenser, and kept under gentle stirring (100 rpm) and
mild flow of nitrogen. Then, the temperature is raised to 70°C, the nitrogen flow is stopped after one
hour and the system is left reacting for at least twelve hours. Finally, the latex is first filtered with a 200
um mesh to remove possible large polymer lumps, and then dialyzed using a membrane with 10 pm mesh

for approximately half an hour to clear out residual primary particles.

3.2.4 Packing
The produced materials are slurry packed into GE Tricorn Columns of 50 mm length and 5 mm inner
diameter. The applied packing procedure consists of housing the clusters in the column and in the

reservoir, and packing them in water with flow rates up to 9 ml/min. Materials that are not able to
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withstand such a high flow rate are not considered of interest and discarded. The commercial resins are
packed in the same housings following the procedures reported by the supplier. Monoliths are acquired

prepacked and fitted in suitable housings.

3.2.5 Product Characterization

As the aggregates produced are in micrometer range, their size and internal structure is characterized by
static light scattering (SLS). Samples are highly diluted and then analyzed using a Mastersizer 2000
(Malvern Instruments, Worcestershire, UK). The scattered light intensity can be used to evaluate the

average structure factor (S(q)) of the aggregates, defined as®:

(S@) = 75 @

. . . . (6 . .

where ¢ is the magnitude of the scattering vector (defined as zan sin (E)’ where 7 is the refractive index
of the continuous phase, A is the wavelength in vacuum, and 6 is the scattering angle), /(0) the scattered
intensity at zero angle, /(g) the angle-dependent scattered intensity and P(g) the form factor of the

primary particles measured using the same instrument. In order to relate the average structure factor to

the radius of gyration, the Guinier approximation is used *®:

(S(@)) = exp (— LEsw) (a(Rg)siy < 1) 3)

where the root-mean square radius of gyration of the aggregates, (R;), and the radius of gyration of the

primary particles, R,

are expressed as (R7) = (RZ)sq) + (RZ,)and Ry, = +/3/5R,, respectively.
Therefore, a rough evaluation of the average cluster size in terms of radius of gyration (¢Rg») is obtained

from the position of the bending of the curve in the double logarithmic plot. Note that the contribution

of the primary particles is significant only for aggregates of small size and, therefore, it is not relevant in
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our case, where clusters with average size of several micrometers are produced and the residual primary
particles have been removed. The same measurement technique provides additional information about
the internal structure and the fractal dimension (dy) of the aggregates. Rayleigh-Debye-Gans theory may
be applied where the power-law region of the average structure factor (S(q)) plotted as a function of ¢
on a double logarithmic plot yields a straight line whose slope is equal to —dg, i.e., (S(q)) < q . If

clusters are compact enough, the particle size distribution can be derived as well by applying Mie theory,

which assumes that the particles are spherical.

The overall surface area of the produced materials is evaluated by nitrogen adsorption measurements
through the Brunauer-Emmett-Teller (BET) equation. Two different instruments were used, TriStar3000

(Micrometrics, Norcross, GA, U.S.A.) and Quadradsorb (Quantachrome, Odelzhausen, Germany).

Pore size distribution and total porosity of the aggregates is measured by mercury intrusion porosimetry
(equipment Pascal 140 and Pascal 440, Thermo Scientific, Waltham, MA, U.S.A.). In several samples, a
clear distinction between internal and external porosity cannot be made in the measurements. Therefore,
pores bigger than those intruded by Hg at atmospheric pressure (i.e., equal to or larger than 15 pm

according to the Washburn equation) are considered as external voids.

Visual inspection of the aggregates is performed by Scanning Electron Microscopy (Gemini 1530 FEG,

Zeiss, Oberkochen, Germany).

Finally, direct characterization of the produced material, as well as of the commercial resins and
monoliths is carried out by applying inverse size-exclusion chromatography (ISEC) of suitable tracers to
the columns. Pulses of dextrans (polymerized anhydroglucose) in water (25mM, pH 7, phosphate bufter)
of different molecular weights are injected at different flow rates to determine the total porosity and the
maximum accessible pore size for each material after packing, as well as the dependence of the column

efficiency on the flow rate in terms of height equivalent to the theoretical plate (HETP). All of the
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chromatographic analyses are run using a high performance liquid chromatography (HPLC) unit
equipped with auto-sampler, refractive index detector, UV diode-array detector, and isocratic pump
(Agilent Series 1100, Agilent Technologies, Santa Clara, CA, U.S.A.). The pressure drop of each column

is also measured at different flow rates using the manometer of the HPLC pump.

3.3 Results and Discussion

3.3.1 Production of Porous Materials

Flowing through the microchannel the particles are provided with enough kinetic energy to overcome
the energy barrier due to electrostatic repulsion®. Therefore in the high shear region of the channel,
primary particles as well as already formed clusters undergo aggregation. Since the aggregation rate
constant is proportional to the third power of the size of the colliding objects, the interaction between
large objects is highly favoured 1%, At the same time, the largest clusters may break under the action of
the hydrodynamic stress 2. Eventually, a dynamic equilibrium between size increase by aggregation and
reduction by breakage is established. Considering the swelling of the outer layer of the particles, which
reduces the glass transition temperature of the polymer considerably 23, the particles within the clusters
interpenetrate to different extents depending on the shell thickness 2. This phenomenon has an effect
on the aforementioned interplay between aggregation and breakage as well.

During the post-polymerization process, a strong interconnection is formed among the nanoparticles
within a single cluster through the polymerization of the additional monomer present in the
interpenetrating region of the neighboring particles. Their structure becomes mechanically more resistant
and thus suitable for chromatographic applications. In the following only materials which could be

packed in a column have been considered. Since many parameters, namely the core-shell particle
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architecture and the particle size, affect the resulting characteristics of the produced materials, different
latexes, listed in Table 3.1, have been synthesized and characterized. The influence of each parameter on

the properties of the final clusters is discussed in the following.

Table 3.1. Summary of the properties of the considered latexes.

Latex Core Size (nm) Particle Size (nm) I%
L80/110 80 110 0.73
L90/110 90 110 0.82

L100/110 100 110 0.91
L41/56 41 56 0.73
L53/73 53 73 0.73

3.3.2 Structure Characterization

Effect of Particle Architecture

The clusters formed from latexes L80/110, L90/110 and L100/110 (different core-to-particle size ratio,
same particle size) are considered first. Note that the core is highly crosslinked (20 wt% DVB) and thus
impenetrable to the swelling monomer. On the other hand, the monomer can easily penetrate the much

softer shell (1 wt% DVB).

Under the effect of shear (while passing through the microchannel), the polymer nano-particles are
destabilized and aggregate in macroscopic clusters. The core-to-particle ratio has a clear influence on the

extent of aggregation (conversion) and indeed the thicker the shell, the larger the number of clusters
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formed. The presence of a soft shell on the particles surface allows them to undergo a deeper
interpenetration upon collision, making the aggregation events very efficient and almost irreversible.
Indeed the same effect also increases the resistance to breakage (Figure 3.1). On the other hand, the
residence time within the microchannel is not long enough to guarantee full aggregation and primary
particles remain in all cases. Not surprisingly, the thicker the shell, the larger are the resulting aggregates,
as illustrated in Figure 3.2, where the different cluster size distributions are reported. This conclusion
reinforces the mechanism described previously, whereby the degree of interpenetration between the
primary particles increases the mechanical stability of the aggregates. This is further supported by SEM
images (see Figure 3.3), in which different interpenetration depths between different primary particles is
evident. While the primary particles are visible and recognizable in the case of clusters made from
L90/110 and L100/110, they almost lose their identity in the case of latex L80/110. Moreover, the
morphology in terms of fractal dimension is not affected much by the different particle architecture and
only small variations are visible. Indeed, a value of fractal dimension of 2.5 + 0.1 has been estimated for

all samples by SLS analysis.
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Figure 3.2. Aggregation extent (conversion) as a function of the core-to-particle ratio (same particle
size, 110 nm).
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Figure 3.3. Particle size distribution (a) and structure factor curve (b) for clusters produced from
particles with different architecture and constant size. Solid line and black dots for L80/110, dashed
line and black squares for L90/110 and dotted line and black diamonds for L100/110.

Figure 3.3. SEM pictures of the three different samples produced from L80/110 (a), L90/110 (b) and
L100/110 (c).
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Table 3.2. Properties of the materials produced from particles with different architecture.

Material _coresize Max Flow <Rg> dr
particle size (ml/min) (pm) )
L80/110 0.73 9 55 2.55
L90/110 0.82 4 37 2.5
L100/110 0.91 0.5 23 2.40

The previously produced materials have been slurry packed and their ability to withstand the shear
induced by a solvent flowing through at high velocity has been tested. Specifically, the maximum
possible flow rate before the material collapses has been measured and the values are reported in Table
3.2. The failure of the matrix resulted into the formation of a compact polymer plug within the column
and a dramatic increase in back pressure. In the case of the clusters produced from latex L80/110, no
failure could be induced at all and the reported value of 9 mL/min simply corresponds to the maximum
flow rate of the pump used. This highlights again the strong role that the interpenetration among the
particles, which is favored by the presence of a thick outer shell, plays in determining the mechanical

strength of the resulting clusters.

Effect of Particle Size

In this section the clusters formed from latexes L80/110, L53/73 and L41/56 (core-to-size ratio constant
and equal to 0.73, but different particle size) are investigated. The same architecture, including

crosslinked core (20 wt% DVB) and much softer shell (1 wt% DVB) is considered.

Figure 3.4 shows the conversion measured with respect to the primary particle size. As expected, larger
particles leads to higher extent of aggregation. The aggregation rate constant within the microchannel is

in fact proportional to the third power of the size of the colliding particles, making the interaction between
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large objects highly favored 3. This is in agreement with the findings of Xie et al.**3, who showed
already that a lower cluster volume fraction, and thus a lower conversion, is required for smaller particles
to achieve gelation at the outlet of the microchannel. About the morphology of the clusters, Figure 3.5
confirms that in fact the core-to-particle ratio is the parameter dominating the final characteristics of the
materials. Clusters with very similar size and morphology in terms of fractal dimension are obtained
when using primary particles of different size but identical architecture. This is because it is the high
degree of interpenetration among the primary particles that makes the clusters more prone to aggregation

and more resistant to breakage during the whole process.

0.9

Conversion/(-)
f=1 f= f=1 =1 f=1 =1 =1
2 3% Y =N “ )
>

=

<

+
(=}

50 60 70 80 90 100 110 120
Particle Size/ (nm)

Figure 3.4. Aggregation extent (conversion) as a function of particle size.
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Figure 3.5. Particle size distribution (a) and structure factor curve (b) for clusters produced from
particles with different size and same architecture. Solid line and black dots for L80/110, dashed line
and white triangles for L53/73 and dotted line and asterisks for L41/56.

This second set of materials has also been slurry packed following the procedure previously described.
Once housed in the column, all of these clusters were able to easily withstand a flow rates of up to 9

mL/min without collapsing and with extremely low backpressure.

This is clearly due to the deep interpenetration among the primary particles which however also reduces
the surface area. In Table 3.3 the values obtained by nitrogen physisorption are reported, showing that
values equal to or below 10 m?/g are obtained in all cases. This means that such interpenetration closes
most of the smaller pores, leaving only very large pores within the clusters. This result is also confirmed
by the mercury intrusion curves reported in Figure 3.6 for all the samples. Evidently, no pores under 0.1
um are detected and basically all of the available porosity falls in the range between 0.5 pm to several
micrometers. In light of these results, we can regard these packed materials in the column as a framework
composed of very hard particles (after post-polymerization, the degree of crosslinking within the cluster
domain is very high) with extremely large pores. Not surprisingly, such a system is able to withstand
extremely high flow rates with very low backpressure. The presence of such huge pores is confirmed

also by the SEM pictures shown in Figure 3.7.
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Table 3.3. Summary of the characteristics of materials produced from particles with identical
architectures but different sizes.

Material core size Max Flow <Rg> df Surface Area
particle size (ml/min) (nm) () (m2/g)
L80/110 0.73 9 55 2.55 1.7
L53/73 0.73 9 55 2.55 2.9
L41/56 0.73 9 55 2.55 10
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Figure 3.6. Differential (a) and cumulative (b) pore size distribution for the materials produced from
latex L80/110 (black dots), L53/73 (white triangles) and L41/56 (asterisk).
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20 pm

Figure 3.7. SEM picture of a cluster produced using the microchannel using latex L80/110.

3.3.3 Chromatographic Characterization

Packing Characteristics

As already shown, the produced stationary phases that are able to withstand the applied packing
procedure have average particle sizes in the range of 100 micrometers in diameter and pore sizes up to
several micrometers. These characteristics make them considerably different from the most popular
commercial materials, such as Eshmuno CPX, POROS 50 HS and the monolithic CIM® r-Protein A

DISK, as can be seen from the comparison of average particle and pore sizes shown in Table 3.4.

The pressure drop data shown in Figure 3.8 indicates that the commercial materials exhibit considerably
larger pressure drops. This difference can be imputed not only to the obvious effect of the smaller particle

size, but also to the lower fraction of very large pores.

In Figure 3.9, the column porosity for all the investigated stationary phases measured by SEC is shown
as a function of tracer molecular weight (dextrans), which correlates with its hydrodynamic radius %2,
As expected, the porosity of the commercial materials decreases for bigger dextran species, because the
smaller pores exclude larger molecules. This exclusion is not observed for our materials: indeed, they

always exhibit constant value of porosity above 85% independently of the tracer size. This is in
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agreement with the results of mercury intrusion measurements, which already showed the presence of
very large pores and large void fractions in the clusters. This confirms that, compared to the commercial

materials, the technology based on Reactive Gelation allows producing pore size distributions centered

on larger average sizes, thus excluding the formation of smaller pores.

Table 3.4. Structure characteristics of the materials used in the chromatographic studies.

Material Average Particle Diameter Pore Diameter (jum)
(jum)

L80/110 110 1-10
L53/73 110 1-10
L41/56 110 1-10

POROS 50 HS 50 0.05-1
Eshmuno CPX 50 <03
CIM® r-Protein A DISK - 15
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Figure 3.8. Pressure drops for all the packed materials: Eshmuno CPX (white squares), POROS 50 HS
(black squares), L80/110 (black dots), L53/73 (white triangles) and L41/56 (asterisks). Dashed lines are
shown to guide the eye.
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Figure 3.9. Porosity measured using tracers with different size for all the packed materials: Eshmuno
CPX (white squares), POROS 50 HS (black squares), CIM® r-Protein A DISK (white diamonds)
L80/110 (black dots), L53/73 (white triangles) and L41/56 (asterisks).

Intraparticle Mass Transfer Resistance

The HETP values of each of the packed columns have been measured using tracers at different molecular
size under non-adsorbing conditions. In particular, dextrans with molecular weights of 12 kDa
(Dex12000) and 150 kDa (Dex150000) have been chosen as representative of typical sizes of large
biomolecules (2.9 nm and 9 nm of hydrodynamic radius, respectively), the purification of which is one
of the main applications of preparative chromatography in industry. As shown in Figure 3.10a, the HETP
values of both Eshmuno CPX and POROS 50 HS increase with the flow rate for the smallest species
(Dex12000), meaning that the column becomes less efficient at larger flow rates. On the other hand, all
our materials exhibit HETP values almost constant with the flow rate, a behavior very comparable to that
of the monolith CIM® r-Protein A DISK. Even though the efficiency of the monolith remains larger, the
flow-independent behavior of our packings is quite remarkable. In this sense, our material show an
extremely perfusive characteristic that we labelled as Ultra-Perfusive. In the case of the largest tracer
(Dex150000), Figure 3.10b shows increasing HETP values at increasing flow rates for Eshmuno CPX,

whereas some flattening is observable for POROS 50 HS, given the perfusive nature of that material.
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Once again, all our materials all behave as the monolith, showing a flat HETP profile for all considered
flowrates, justifying even more our previous definition.

Although the measured HETP values are smaller for the monolith than for our materials, the latter offer
the key advantage of an easy packing into conventional columns, without the requirement of special
housings. This aspect represents a major advantage in terms of versatility and broadens the range of

possible applications of materials produced through shear-induced Reactive Gelation.
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Figure 3.10. HETP as a function of flow rate for the species Dex12000 (a) and Dex15000 (b):
Eshmuno CPX (white squares), POROS 50 HS (black squares), CIM® r-Protein A DISK (white
diamonds) L80/110 (black dots), L53/73 (white triangles) and L41/56 (asterisks). Dashed curves are
shown to guide the eye.

3.4 Conclusion

In this work, the effects of different properties of the primary particles on the final properties of porous
clusters produced by Reactive Gelation under shear have been investigated. In particular, the effects of
core-to-particle ratio and particle size have been explored. All the produced materials have been tested

as potential chromatographic packings by measuring pressure drops and column efficiencies (HETP)

after packing.
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While the particle size was found to have little impact, the core-shell architecture of the primary particles
affects the size of the produced aggregates and their mechanical resistance to a large extent. As a matter
of fact, a small core-to-particle ratio is required to achieve highly porous materials able to withstand high

flow rates after packing with small pressure drops.

Considering the chromatographic efficiency of columns packed with these materials, their nature enables
flow rate independent HETP values. This achievement is a consequence of the large pore size, up to
several micrometers, which makes the contribution of convective flow through the clusters dominate the
mass transfer. Notably, flat HETP profiles resembling those typical of monolithic packings have been
observed when large dextran tracers have been eluted. Moreover, comparison with similar commercial
packings shows that shear-induced Reactive Gelation produces porous materials with better pressure
drop and mass transfer properties, particularly with respect to their perfusion characteristics, that is HETP
values which remain constant for increasing fluid velocity. This consideration allows their definition as
Ultra-Perfusive and makes the materials produced in this work extremely promising as efficient and easy-
to-pack base scaffolds suitable for further functionalization. This last step will make them specific to the
required separation target and partly compensate for the reduced specific area associated with the large

pore sizes.
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Chapter 4

Synthesis of Monodisperse, Porous, Rigid, Hollow and
Spherical Polymeric Capsules Combining Microfluidics and
Reactive Gelation

4.1 Introduction

Porous materials in the form of microscale particles (MPs) with well-controlled morphology are of great
interest in polymer and material science®® as they find major applications in different fields including
separation and purification techniques®®, catalysis®®, thermal insulation??, drug delivery and medical
tissue engineering®’. Conventional synthesis techniques are based on suspension polymerization in the
presence of a porogen!!. On the other hand, a major versatility can be introduced by the usage of
colloidal approach®?1235L136  Thanks to self-organization of colloidal particles at fluid-fluid
interfaces*’*°, templating*>*3” and controlled aggregation®®, the final MPs evolved from the classical full-
spherical shapes towards more complex structures. In this way, porous MPs in the forms of crystals*,
capsules'®, hollow shells** and not spherical templated arrangements**¥!3° have been produced and
applied in different fields. A major role among this secondary generation of porous MPs is played by
colloidosomes®. Defined as microscale capsules whose shell is composed of colloidal polymer particles,

they find major applications in microencapsulation and triggered release. The classical production
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methodology®’ takes advantage of the self-assembly of colloid particles at oil/water interface, occurring
spontaneously and producing very stable emulsions (Pickering emulsion®). Therefore, the porosity is
given by the interstitial spaces between the individual colloidal particles and by the defects in their
arrangement on the surface. In order to make these MPs usable in practical applications, a step to harden
the structures and to provide mechanical resistance is required®. Thermal annealing®, covalent
crosslinking®** and further polymerization at the interface!? represent valuable options, but for the
former, high temperature (i.e. above Tg) is required, and for the latter two, it is often difficult to find
chemicals compatible for both phases and complex multi-scale protocols®’. This limits consistently also
the scalability of the production process. Another extremely robust path, already implied in the
production of mechanically stable porous polymer networks, is represented by Reactive Gelation?. This
technique is divided into the following steps: 1) starting from an aqueous dispersion of colloidal polymer
nano-particles (so-called latex) swollen by a mixture of monomer and initiator; 2) controlled aggregation
or templating is used to let the particles arrange in a defined structure; 3) afterwards a post-polymerization
through heating in mild conditions is run to harden and consolidate the previously formed network,
ensuring mechanical stability. In general, the permeability of the aforementioned capsules is the key for
their use in different applications and is determined by the porosity and the sizes of pores®®. In this sense,
the use of microfluidics provides a new pulse to the discipline allowing precise and strict tuning not only
of the process parameters, but also of the morphology of the outcomes!*3. Playing with chips design and
particles manufacturing enables production of customized ordered or hierarchical porous frameworks
with adjustable pore sizes and regular shapes.

In this work, we investigate the possibility of combining reactive gelation and microfluidics to produce
monodisperse, rigid, hollow and spherical capsules (MPs) with tunable porosity of the crust, taking
advantage of a peculiar self-organization of the primary nanoparticles (NPs) in a jammed state.

Moreover, a possible explanation of the physical mechanism controlling the aforementioned behavior is
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proposed and verified using a simplified model at atomic scales by means of molecular dynamics
simulations. Based on the identified nature of the process, it is possible to design the capsules with rather
open or compact shells, playing with the solid content of the NPs in the latex. Furthermore, this last
parameter has been correlated with the capsule accessibility by tracking intra-particle diffusion of probe
fluorescent molecules. This results in an effective control not only of the shell morphology and
appearance of the capsules but also of their suitability for future applications, such as delivery, release

and encapsulation.

4.2 Experimental

4.2.1 Materials

The following chemicals have been purchased from Sigma Aldrich and employed without further
treatment: styrene (STY, purity > 99 wt%), divinylbenzene (DVB, technical grade, > 80 wt%), sodium
dodecyl sulfate (SDS, BioUltra > 99 wt%), sodium phosphate dibasic, sodium phosphate monobasic and
fluorescein isothiocyanate-dextran, average mol wt 4000 (FITC-dextran 4000). Sodium Chloride and
Potassium persulfate (KPS) were purchased from Merck. 2-2"-azo(2-methylpropinitirile) (AIBN, purity
> 98 wt%) was purchased from Fluka. Rhodamine B was purchased from Acros Organic. Ultra-pure
grade water has been prepared by Millipore Synergy. All water used in polymerization reaction has been
de-oxygenated by degassing under vacuum and subsequent saturation with nitrogen. Fluorinated oil
Novec™ HFE-7500 with 0.5 wt% block copolymer fluorosurfactant was purchased from Ran

Biotechnologies. Isopropanol was purchased from Fisher Chemicals and used without further treatments.
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4.2.2 Emulsion Polymerization

The primary nanoparticles were produced via semi-batch emulsion polymerization procedure, consisting
of two steps, namely the core and the shell synthesis. In the first phase, a hard, highly crosslinked (20 wt
%) seed of NPs is produced. In the second one, a much softer, slightly crosslinked (1 wt %) shell is grown
around the previously formed NPs. These two steps are performed in series, i.e., directly feeding the
monomer mixture required for the shell right after completion of the core synthesis, without stopping the

reaction. Details about each of the previous stages are reported in the following.

Core Synthesis

A mixture of water and surfactant (SDS) was initially charged into the glass reactor and the temperature
set to 70 °C (Initial Charge, IC in Table 4.1). Once this set-point was reached, a solution of water and
initiator (KPS) was injected (Initiator Shot 1, IS1). In order to guarantee starved polymerization
conditions, an emulsion of styrene, DVB, water, and surfactant was fed over the reaction time using an
HPLC pump (Charged Feed 1, CF1). Moreover, as the total reaction time is longer than the half-life time
of the initiator, a solution of water and KPS was continuously fed as well (Initiator Feed, IF), at the
reaction temperature. The conversion was frequently measured to ensure the monomer-starved

conditions.
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Table 4.4. Recipe for the production of the core/shell polymer particles latex

Core Shell
IC IS1 CF1(14h)  IF (14h) CF2 (6h) 1S2 (6h)
Water (g) 250 25 29.1 74 20
Styrene (g) 23.3 35.64
DVB (9) 5.8 0.324
SDS (g) 0.375 0.58
KPS (g) 0.75 1.24 0.2
Crosslinker (%) 20 1
Diameter (nm) 80 107
PDI 0.03 0.002

Shell Synthesis

A new monomer solution (Charged Feed 2, CF2), this time composed only of styrene and DVB, was
then fed to the system right after terminating the core synthesis in the same flask. The previous initiator
feed was disconnected, while a shot of water and KPS was added to the reaction to keep it running
(Initiator Shot 2, 1S2). Again, the conversion was monitored to ensure the starved operation. After the

second monomer addition was complete, the synthesis was left running in batch until full conversion was

obtained.
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Latex Characterization

During production, the latex was monitored in terms of particle size and particle size distribution by
dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern) and of the monomer conversion based on
the dry mass fraction of the sample. For the latter, the latex was spread over quartz sand and analyzed at

120 °C in air using a Moisture Analyzer (HG53, Mettler-Toledo).

4.2.3 Capsules Formation

Latex Swelling

Each latex was diluted with deionized water up to the desired dry mass fraction and swollen by an
additional mixture made of DVB and oil-soluble initiator, AIBN (5 wt%). This mixture swells almost
exclusively the outer layer (shell) of the NPs, because the crosslinking extent of the shell is substantially
smaller than that of the core. The amount of added monomer was adjusted to be 10 wt% of the polymer
mass of the shell. The obtained dispersion of the swollen NPs was then kept under stirring overnight to

ensure complete equilibration.

Generation of Monodisperse Latex Droplets using Microfluidic Devices

Microfluidic Devices

Figure 4.1 shows schematically the microfluidic channel designs. In particular, the microfluidic circuits
were designed using AutoCAD 2014 (Autodesk, San Rafael, USA) and printed onto a high-resolution
film photomask (Micro Lithography Services Ltd, Chelmsford, UK). Master structures were
subsequently fabricated on SU-8 (Microchem Corporation, Westborough, USA) coated silicon wafers
via conventional photolithographic methods. Microfluidic devices were manufactured using standard
soft-lithographic techniques. Briefly, a 10:1 wt/wt mixture of polydimethylsiloxane (PDMS) base and
curing agent (Sylgard 184; Dow Corning, Midland, USA) was poured over the master structure and cured

in the oven at 70 °C for 4 hours. The cured PDMS structure was then peeled off from the wafer, with
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inlet and outlet ports being formed using a hole-puncher (Technical Innovations, West Palm Beach,
USA). The structured PDMS substrate was then bonded to a 3 mm thick, flat PDMS layer using an
oxygen plasma (EMITECH K1000X, Quorum Technologies, East Sussex, United Kingdom). For latex
droplet generation chip, the height of all microchannels was 30 pm, and the width of the flow focusing
part was also 30 pum. Picoinjection devices were fabricated following the same procedure described
above. After bonding of the chip, electrodes were made using a simple liquid-solder approach. The empty
microchannels in the shape of the electrodes were previously designed. The device was heated and a low
melting-point liquid solder was injected into the channel. By cooling the device the solder was solidified,
producing a metallic electrode in the shape of the channel, thus allowing fabrication of high-resolution
electrodes.

Latex Droplet Production

A MotionPro Y5 Compact Digital Camera (IDT, Hitchin, United Kingdom) and Nikon Eclipse Ti-E
microscopy (Nikon Instruments Europe) were used to monitor and image the droplet formation process.
The fluorinated oil Novec™ 7500 (3M, St. Paul, USA) containing 0.5 wt% triblock fluoro-surfactant, a
hydrophilic poly(ethyleneglycol) (PEG) block flanked by two perfluorinated tails (RAN
Biotechnologies, USA), was used as the carrier phase and the latex containing 0.2 wt% SDS was the
segment phase. neMESYS low pressure dosing modules (Cetoni GmbH, Korbussen, Germany) were
used to motivate all fluids using 1 ml gastight syringes (Hamilton Bonaduz AG, Bonaduz, Switzerland).
Tygon tubing (Cole Palmer, Hanwell, UK) was used to connect syringes to the inlets of the microfluidic
device. The latex droplets were formed at the flow focusing part of the chip with various sizes according
to different ratios of the flow rates for carrier and segment phases. The picoinjector device was used to
induce the coagulation of the primary NPs by injecting sodium chloride aqueous solution with different
concentration into the latex droplet. We energized the electrode using 10 kHz, 500 Voltage AC signals

generated by an ADS1102CAL* digital storage oscilloscope (ATTEN instruments, China) and amplified
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by a high voltage amplifier (TREK Model 2210, USA). The sodium chloride aqueous solution was

pumped into the injection channel at a constant pressure using a Mitos P-Pump (Dolomite, UK).
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Figure 4.1. Microfluidic channel designs. Upper image: footprint of the device used for latex droplet
generation. Lower image: footprint of the picoinjection device for sodium chloride aqueous solution
and latex fusion.

Conversion of Latex Droplets to Capsules by Post-polymerization

From the latex droplets generated above, we performed the post-polymerization to fix permanently the
formed structure within the droplets, leading to the final capsules. The post-polymerization was
conducted by exposing the dispersion at 50 °C overnight, closed either in a plastic capillary or ina 5 ml
vial, depending on the actual volume. In general, the former was more desirable than the latter, because
it can better preserve the stability of the droplets and avoid any merging. In the case of using a vial,
though the productivity can substantially increase, some merging of the droplets and formation of

amorphous solid residuals have been recorded. In the present work, both have been applied. After the
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post-polymerization, the excess fluorinated oil was removed, and the obtained wet capsules were
transferred to an excess of isopropanol in order to wash completely the remaining oil. After the solvent

exchange for several times, the capsules were finally fully dried and collected as a powder.

4.2.4 Capsules Characterization

Morphology

During the whole production period, the chip and the droplets were constantly monitored via optical
microscopy. Moreover, monodispersity of the capsules after post polymerization and drying was assessed
both via optical microscopy (Nikon Eclipse Ti-E) as well as scanning electron microscopy (SEM) using
a Gemini 1530 FEG from Zeiss with field emission gun operated at 5 kV. In these last measurements,
the coating of the samples was performed using platinum. This last technique has been also used in order

to perform visual inspection of the particles surface.

Surface Porosity and Permeability of the Capsules

The surface porosity and the permeability of the capsules were studied both qualitatively and
quantitatively by means of fluorescent molecules. Diffusion of rhodamine B within the capsules was
followed for different samples via confocal fluorescent microscopy. In particular, capsules were soaked
in isopropanol, in which rhodamine B was dissolved. After 24 hours equilibration, the capsules were
separated via centrifugation, and repeated solvent exchange was performed. Pictures of the capsules were
taken only when the solution was enough limpid to allow the right fluorescence contrast. These
observations were performed using a Leica SP8-AOBS confocal microscopy. An Argon laser at 550 nm
was used for excitation of the samples and the emitted light was collected using one HyD detector. Bright
field images were collected in parallel using a PMT detector. More quantitative measurements were

performed by quantifying the penetration via diffusion of species of known size (FITC-dextran 4000,
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with Stoke’s radius of 1.4 nm) within the individual porous shells. Exact amounts of dried porous
capsules (in the range of 1 to 5 mg) were soaked and fully intruded with phosphate buffer at pH 8. Then,
they, when still completely wet, were added to 1 ml of the same buffer, in which a known amount of
FITC-dextran 4000 was dissolved. This species has a fluorescent label that allows tracking its
concentration in a solution by measuring the fluorescent intensity. These measurements were performed
using a plate reader (EnSpire 2300 Multilabel Reader, Perkin Elmer). Moreover, this technique is
extremely sensitive and a difference of few percentages can be detected. In general, in order to correlate
the concentration of FITC-dextran 4000 to the recorded intensity, a calibration with five different known
dextran concentrations is required.

In the experimental practice, right after the addition of the capsules, they were quickly sedimented out
of the supernatant, and a portion (200 ul) of the supernatant was taken and used to measure the FITC-
dextran 4000 concentration, which was defined as the initial concentration. Afterwards, the capsules were
left in the FITC-dextran 4000 solution equilibrating for 24 hours in a fridge, and the same procedure was
repeated to quantify the remaining FITC-dextran 4000 concentration in the supernatant. The relative
difference in the two concentrations, divided by the initial mass of the dried capsules, was used to
quantify the accessibility of the porous shell of the capsules. It is worth mentioning that, due to its
chemical structure, FITC-dextran 4000 might have some interactions with the polystyrene surface of the
capsule shell and be partially adsorbed. Thus, the recorded variation in the concertation might be the sum
of the amount from pure diffusion into the internal hollow domain and the amount from the limited
adsorption. On the other hand, all of the capsules were made from the same initial polymer latex, and
they should present the same interactions with the FITC-dextran 4000, thus not affecting the conclusion

that we can draw from the applications of this technique.
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4.2.5 Simplified Model for Individual Primary NPs

The behavior of the individual primary NPs inside the latex droplets produced from the microfluidics has
been investigated from a theoretical point of view through a simplified model at molecular scale, by
means of molecular dynamics (MD) simulations. The primary NP has been modeled as a flat surface
made of amorphous syndiotactic polystyrene, while the water-soluble portion of the surfactant coming
from the oil phase but located at the oil-water interface has been modeled as pure polyethylene glycol
(PEG). The computational protocol can be divided into three phases; in the first one, an equilibrated
polystyrene surface is built. In the second step, the surface is solvated with explicit water molecules and
also explicit SDS molecules are added, in order to realize surfactant adsorption and obtain a reasonable
input structure of a stabilized surface. In the last phase, the influence of pH on the surfactant/particle
interactions is studied. In particular, two different simulations have been performed here: one
representative of acidic environment, where PEG oxygen atoms are protonated, and one mimicking
neutral/basic pH conditions, where PEG is uncharged. Interaction energies have been computed my

means of Molecular Mechanics Poisson Boltzmann Surface Area (MMPBSA) method.

4.3 Results and Discussion

4.3.1 Preparation of Porous Capsules

Using microfluidic devices, the polymer latex, diluted at the desired NP concentration, is housed into
stable droplets dispersed in a continuous fluorinated oil phase, which acts as a micro-container. Thanks
to the chip design, high monodispersity among the generated droplet is accessible, independently of the
initial latex concentration and actual droplet size. In general, droplets in the range from 20 um to 100 um
in diameter can easily be produced with high degree of monodispersity. Still owing to different chip

designs, it is possible to inject into the latex droplets controllable amount of salt (e.g. sodium chloride)
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solution, as shown in Figures 4.2a and 4.2b. In Figure 4.2a, the primary polymer NPs in the droplets are
destabilized because of the screening of the repulsive energy barrier induced by the injected electrolytes,
and aggregation of the primary NPs occurs.

In a general macroscopic system, it is always possible to control the aggregation rate slow enough, in the
RLCA regime, so that the system, provided the right NP concentration, can percolate and jam into an
arrested non-equilibrium state!®44, This process, often referred to as gelation, results in a liquid to solid
transition and the formation of an interconnected framework. Obviously, different shape of a gel can be
obtained by tuning the shape of the container in which the percolation occurs. Thus, one would expect
that in our case of microscale droplets, the electrolyte injection would result in a transition from a liquid
droplet to a solid sphere. However, our experimental results did not confirm this. Though many different
salt concentrations have been tested, it was not possible to properly tune the aggregation rate, and the
formation of a solid-like sphere as defined by the droplet could not be achieved, as shown in Figure 4.2c,
where it is seen that only pieces of gels are formed inside the droplet, which do not have the same shape
as the droplet. On the other hand, it was observed that if no salt was added, the primary NPs can self-
organize toward the droplet interface, leading to the formation of a solid-like shell, resulting in a hollow
sphere of the same shape of the initial droplet, as shown in Figure 4.2d. This obviously indicates some
forces present at the oil-water interface, which attract the primary NPs. Moreover, with an extremely low
salt concentration, an interesting intermediate state has been also observed, where, apart from the
formation of a solid-like shell, a piece of gel is also presented inside the hollow sphere (Figure 4.2f). The

latter is obviously related to the salt-induced gelation.
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Figure 4.2. a) 1 M sodium chloride aqueous solution (lighter droplet) fused with the latex droplet
(darker one) at a volume ratio of 0.7, where a very fast aggregation of the primary NPs occurs on chip;
b) 0.3 M sodium chloride aqueous solution fused with the latex droplet at a volume ratio of 0.5, where

a slow aggregation of primary NPs was observed on chip; ¢) Latex droplets injected with a high salt
concentration, leading to fast aggregation; d) Formation of a solid-like shell in the droplets without salt
addition; f) An intermediate state observed at an extremely low salt concentration, where, apart from
the solid-like shell, a piece of gel is also formed inside the hollow sphere. Scale bars: 100 pm.

Among the above mentioned obtainable structures, only the case in Figure 4.2d, i.e., the hollow spheres,
is particularly interesting as capsules, thus specifically considered and analyzed in the following. Instead,
in the other cases, the morphologies are irregular and difficult to control, thus ignored here. Therefore,
the hollow capsules were post-polymerized in order to permanently fix the shell structure, leading to
hard, mechanically stable and dryable capsules. Figure 4.3 exhibits typical examples of monodisperse

and robust polymeric capsules in different sizes generated in this way.
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Figure 4.3. Pictures of the porous hollow capsules obtained via microfluidics in different sizes, after

post polymerization and drying.

Visual inspection of the final, fully dried capsules via SEM enables us to recognize and establish that the
arrangement of the NPs within the shell is jammed rather than ordered, similarly to what occurs during
conventional aggregation or percolation. This statement is supported by Figure 4.4, where a rather

disordered disposition of the NPs within the shell of the hollow capsules is observable. Moreover, the
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NPs partially merge among themselves, and in some cases they almost lose their individual identity. This
is due to the presence of the swollen soft shell on the primary NPs, which allows partial interpenetration
among them during the aggregation. Then, along the post-polymerization, the additional monomer reacts,
forming additional polymer within the interpenetrated region, which reinforces the structure and holds

all the NPs together, but at the same time also results in partially losing the identity of the primary NPs.
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Figure 4.4. Pictures of the jammed arrangment of the NPs within the shell of the obtained hollow
capsules.
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The mechanism leading to the observed NP organization in Figure 4.4 is elusive in the literature and a
full description is unavailable. A possible explanation might reside in some interactions among the NPs
themselves and between the NPs and the fluorinated surfactant that stabilizes the latex-in-oil emulsion®®.
This fluorinated surfactant possesses a hydrophilic part, the etheric domain#® (i.e. polyethylene oxide),
which is exposed toward the inside of the latex droplet, and at the actual pH 3 of the latex, the etheric
oxygen atoms could be partially protonated. Moreover, the polymer NPs are stabilized via SDS, in
concentration just below the critical micellar concentration (cmc), making them highly negatively
charged. Then, an electrostatic attraction could be generated between the SDS-stabilized NPs and the
protonated hydrophilic part of surfactant, which has been observed in the literature for the other
systems#7148_ This pushes the NPs to move towards the interface of the droplet, to aggregate and jam,
leading to the observed hollow and porous structure of the capsules. It is worth pointing out that this
highlighted interactions might also not be the only effect occurring at the NP level. For example, it is
well known that particles may self-arrange at the interface between two immiscible fluids, because of
reduction in the free energy of the system, and this approach has been highly exploited to produce
templated materials*’. On the other hand, this possibility is excluded in our case as we tried to work
without the fluorinated surfactant and observed that the latex itself is unable to stabilize the water-in-oil
emulsion. Moreover, the presence of surfactant in our case should prevent the possible interfacial
jamming due to water migration within the oil domain and coffee-stain effect*. This statement is also
reinforced by the observed consistency between the size of the generated droplets and that of the final

dry particles.

4.3.2 Computational Study of the Ether-SDS Interaction
According to literature data'*’, the oxygen atoms of polyethers can be partially protonated at the pH value

chosen for the present experiments. This can lead to an electrostatic-driven binding between polyether
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groups and the polystyrene NPs, because the surface of the polystyrene NPs is negatively charged with
the adsorbed SDS. In this framework, molecular dynamics (MD) simulations were employed in order to
investigate the interactions between the NPs and the water-soluble chain of the surfactant. A detailed
description of the simulation protocol is provided in Appendix C.

For this purpose, a simple model is here proposed. The system was modeled as a flat surface of
amorphous syndiotactic polystyrene (Figure 4.5a), since the chain length of the water-soluble portion of
the surfactant is much smaller than particle diameter. The surfactant is modeled as a polyethylene glycol
(PEG) chain with 16 repeating units, which corresponds to a molecular weight of about 700 g mol™.

In order to reproduce experimental conditions, one side of polymer surface is almost fully covered by
SDS (Figure 4.5b), by virtue of a surface density value equal to 1.7 mg m2, which is consistent with the
experimental and computational studies presented in the literature**®5!, In addition, a complete coverage
can be expected because of the large amount of the used SDS with respect to the polymer content.

In particular, two different conditions were here investigated, representative of low environmental pH
(where all PEG oxygen atoms are protonated) and neutral/basic environmental pH (where PEG moieties
are uncharged). These two cases should be intended as asymptotic behavior of the system, since in a
more realistic case PEG chain is expected to be only partially protonated.

MD simulations were performed as follows. The SDS-covered surface was placed in the xy plane, in
order to reproduce an infinite surface by means of periodic boundary conditions. One PEG chain was
placed close to SDS layer and the surface was solvated with explicit water molecules along z direction.
Explicit sodium ions were added in order to assure electroneutrality. Two different initial conditions were
considered for each system (in terms of initial arrangement of PEG chain on the surface). 100 ns MD
simulations were carried out for each model, in NPT ensemble at 300 K and 1 atm.

Notably, at neutral pH the unbinding between the uncharged PEG and the surface is observed during the

simulation (Figure 4.5c), while the charged PEG chain is tightly bound to the adsorbed SDS (Figure
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4.5d). In this case, the interaction energy was estimated by means of Molecular Mechanics Poisson
Boltzmann Surface Area (MMPBSA) method, which highlighted the relevant contribution of
electrostatic interactions in the binding. The obtained interaction energy value is equal to -181.71 + 21.24
kcal mol?, where the contribution of Van der Waals interactions is limited to -3.39 + 0.27 kcal mol™.
The model results suggest that, amongst the other involved phenomena, the electrostatic-driven binding
between polymer NPs and the water-soluble portion of the surfactant can indeed play a role in the system

behavior.
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c) d)

Figure 4.5. Basic element of PS surface, replicated along x and y direction; simulation box is
highlighted in blue. Polystyrene is represented as VdW spheres, water and ions are omitted for the sake
of clarity (a). Basic element of PS surface covered with SDS, replicated along x and y direction;
simulation box is highlighted in blue. Polystyrene is represented as transparent VdW spheres SDS as
VdW spheres, water and ions are omitted for the sake of clarity (b). Unbinding event of PEG chain
from the SDS covered surface (c). Bound conformation of protonated PEG and SDS covered surface;
protonated PEG is represented as VdW spheres (d).

4.3.3 Particles Features

Independently of the mechanism leading to the observed jamming of the primary NPs in the shell of the
hollow capsules, we decided to investigate the effect of the initial NP concentration of the latex on the
resulting structures. Indeed, it has been observed in macroscopic systems that the effect of the initial NP
concentration on the final porosity is indeed substantial. In particular, the droplets have been produced
from the latexes with the initial NP concentration of 6 wt%, 8 wt% and 12 wt%, respectively, and their
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features have investigated. Figure 4.6 shows the pictures of the surface of the final capsules formed at
different initial NP concentrations. As can be seen, increasing the primary NP concentration, the surface
of the hollow capsules becomes more and more compact. In the case of 6 wt% in Figures 4.6a, 4.6d and
4.64, the open pores are clearly observable, while in the case of 12 wt% in Figures 4.6¢c, 4.6f and 4.6i,
they have almost disappeared. The situation in the case of 8 wt% in Figures 4.6b, 4.6e and 4.6h is just
intermediate between the above two. Remarkably, not substantial difference was observed in the shell

thickness, which was estimated in the range of 1 pm to 2 pm.

Figure 4.6. Pictures of the capsules and of their surface produced at different initial NP concentrations
of the latex. Specifically: 6 wt% for a,d and g; 8 wt% for b, e and h; 12 wt% for c, f and i.

The above visually observed difference in the surface porosity has been further studied in respect to the

actual influence it has on the accessibility of the capsules. Tracking rhodamine B intrusion into the
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capsules produced at different initial NP concentrations revealed that the penetration of the dye into the
capsules increases as the porosity of the surface increases, as clearly shown in Figure 4.7. In fact, at the
highest NP concentration studied, 12 wt% in Figure 4.7c the dye is basically located only on the outer

surface, because of the high compactness of the capsules, as can be seen in Figure 4.6i.

Figure 4.7. Pictures of the capsules produced at different initial NP concentrations but with similar
sizes soaked into a rhodamine B solution after 24h. Specifically: 6 wt% for a, 8 wt% for b and 12 wt%
forc
Figure 4.8 shows instead the results obtained by quantifying the actual concentration reduction of a

fluorescently labelled species (FITC-dextran 4000) due to diffusion within the internal volume of the

capsules. The data are reported in the form C“_—"Cleq where Co represents the initial FITC-dextran 4000
0Mp

concentration, Ceq the equilibrium one and my the actual dried mass of the porous capsules used. It can
be noticed that a major specific decrease in the dye concentration in the solution at equilibrium is
observable for the capsules that possess a higher surface porosity, thus resulting in higher accessibility
to the selected species. Therefore, we can conclude that the primary NP arrangement within the jammed
shell of the capsules, depending on the initial NP concentration of the latex, affects not only the surface
appearance but also the permeability of the formed macroscopic hollow capsules. This statement has
major implication in the future applications of these hollow capsules, for example in controlled release

or trapping of valuable species.
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Figure 4.8. The actual concentration reduction (per unit mass of the added capsules) of FITC-dextran

4000 in the solution after adding the capsules for 24h as a function of the initial NP concentration of
the latex used in the capsules production.

4.4 Conclusions

In this work we have presented a method to produce rigid hollow capsules combining reactive gelation
and microfluidics. We started from the peculiar observation that latexes of polymer NPs housed in form
of droplets at the microfluidic scale can form hollow spheres with a jammed solid-like shell, resulting in
porous hollow capsules. A possible explanation of this phenomenon is discussed and supported by
molecular dynamic simulations, which showed that a key role can be played by the electrostatic
interactions between the negatively charged NP surface and the positively charged portion of the
fluorinated surfactant under the acidic conditions, which was located inside the latex droplets, coming
from the oil phase. As a matter of fact, it is possible to take advantages of this peculiar behavior as
templating force for producing rigid, porous and permeable capsules. Owing to the aforementioned
mechanism, which leads to the jamming of the NPs in a hollow arrangement, forming a porous shell, it
is possible to tune the surface porosity by simply tuning the initial NP concentration of the latex. Indeed,

compact surfaces of the capsules have been obtained, when using high NP concentrations (e.g. 12 wt%),
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whereas at lower NP concentrations (e.g. 6 wt%) the surfaces are more open. Afterwards, thanks to the
post-polymerization step of the reactive gelation, all of these structures can be consolidated, and rigid,
hollow and permeable capsules are produced and collected as a powder after drying. The utilization of
microfluidics introduces high versatility in the process, enabling the production of highly monodisperse
capsules of different sizes. Moreover, using chips with different designs contributed to the understanding
of the self-organization mechanism and to its control. As expected, different surface porosity results also
in different permeability and accessibility for probe molecules. In this sense, we have shown both
qualitatively and quantitatively that the intrusion within the internal volume of the capsules increases as
the shell porosity of the capsules increases. As a conclusion, the combination of reactive gelation and
microfluidics results in a robust and efficient method for production of rigid hollow capsules. Moreover,
the ease of control of the capsule morphology and permeability might become a crucial point in the
further applications such as trap and release of useful species in biomedicine, pharmaceutics and material

science.
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Chapter 5

Tracking of Fluorescently Labeled Polymer Particles Reveals
Surface Effects during Shear-controlled Aggregation

5.1 Introduction

The process of aggregation and breakage of polymer particles under shear, which is a very relevant
operation in the production of many polymeric materials'®2, is highly influenced not only by the physical
parameters of the system (i.e., solid and volume fraction, shear regime, particles’ size)!*>*>’, but also by
the surface chemistry and properties of the particles themselves3?821%8.15° Qur ability to quantitatively
describe the behavior of aggregating particles exposed to shear forces is only limited to simple systems,
behaving strictly as non-deformable sticky spheres. As soon as the particles present complex surface
features, such as advanced functionality and composition, core/shell architecture and presence of
plasticizers that soften the particles’ shells, they show characteristic and peculiar behaviors difficult to
rationalize™®. A particularly relevant example is the one of surface nano-roughness, which has already
been shown to strongly affect polymer particles’ adhesion'®*!61, Shear aggregation experiments carried
out in our group on certain polystyrene particles have led us to hypothesize that, upon aggregation, their
surface’s roughness was changing as a function of time, leading to completely different time evolutions

of clusters’ morphology and to progressively decreasing average cluster sizes, instead of commonly
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encountered steady-state conditions®. Indeed, the increase in surface roughness leads to weaker bonds
among particles within clusters, thus progressively increasing their breakage rate with time. Despite the
importance of such effects, it is generally challenging to experimentally demonstrate not only the
presence of surface roughness but even more a modification of this parameter upon prolonged exposure
to shear forces. More importantly, the mechanisms that lead to these changes remain elusive. One of the
proposed mechanism is plastic deformation, but what causes it still needs to be fully understood. Along
with this line, molecular dynamic simulations have highlighted the possibility of some material transfer
between particles as a result of repeated aggregation/breakage events, with small chunks of polymer
being torn off from the surface, and transferred to other particles'®?.

In this work, we have devised a novel and elegant strategy to experimentally prove the deformation of
polymer particles exposed to shear forces, causing their aggregation and subsequent breakage. The
surface alteration mechanism of suitably engineered colloidal particles was revealed by means of
fluorescent microscopy. This technique has the potential to accurately visualize colloidal clusters when
they are made of large enough primary particles'®. Two sets of experiments were performed in this work.
First, small polymer colloidal nano-particles with slightly crosslinked polystyrene shell, swollen with
styrene, which acts as a softener, were exposed to shear-controlled aggregation under fully-destabilized
conditions. It was found that the system did not reach a stable steady state size, as commonly observed
with hard particles, but showed a decrease in the average cluster size over time while keeping a constant
fractal dimension (i.e., maintaining the cluster structure unaltered) and never reaching a steady state
condition. Among the various factors hypothesized to explain this behavior, an alteration of the surface,
due to the softness of the outer layer induced by the monomer, seemed the most plausible and consistent
with our previous findings™®. In the second set of experiments, a different system was used, consisting
of much larger particles, visible through an optical microscope, featuring a similar architecture to the

smaller particles, but incorporating a fluorescent monomer. Using this second system, and working with
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a mixture of fluorescently labelled and non-labelled particles, we took advantage of fluorescence to
monitor the surface alteration of the particles. In particular, we tracked whether some polymer could be
displaced from a particle to another upon repeated aggregation and breakage events by simply recording
the percentage over time of particles showing fluorescence. It was demonstrated that substantial material
exchange occurs between particles if their surface is sufficiently soft, which indeed is the case only in
the presence of swelling monomer. Not surprisingly, the presence of a soft layer around the particles was
also found to promote their adhesion upon contact'®3, Keeping in mind that material exchange might not
be the only mechanism responsible for surface alterations of polymer particles, this work proves for the
first time that material exchange takes place, thus providing novel insight into the importance of particle

architecture and surface properties on shear aggregation

5.2 Experimental

5.2.1 Materials

Divinylbenzene (DVB), styrene (STY), rhodamine B (Rh B), azobis(isobutyronitrile) (AIBN), sodium
dodecyl sulfate (SDS), potassium peroxydisulfate (KPS), polyvinylpyrrolidone 40k MW (PVP),
dicyclohexylcarbodiimide (DCC), 4-(dimethylamino)-pyridine (DMAP), 2-hydroxyethyl methacrylate
(HEMA), magnesium chloride and acetonitrile were purchased from Sigma Aldrich and used without
further purification. Ethanol was purchased from Fluka and used without further purification. Ultra-pure
water was prepared by a Millipore Synergy water purification system. Nucleopore filters with 0.45 pum

pore size for dialysis were purchased from Whatman.
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5.2.2 Synthesis of Colloidal Core-Shell Polymer Nano-particles

The synthesis of the polymer nano-particles was carried out in a LabMax© Automatic Reactor from
Mettler-Toledo equipped with a 4 L jacketed glass reactor. The preparation involved two steps: core
synthesis and shell covering. The former was made of 20% cross-linked particles of styrene and
divinylbenzene, produced via semi-batch emulsion polymerization, whereas the latter was obtained by a
seeded emulsion polymerization, using the 20% cross-linked particles as a seed, forming a 1% cross-

linked shell around the core.

Synthesis of the Core

A mixture of water and surfactant (SDS) was initially charged into a glass reactor and the temperature
was set at 70 °C using the oil heating jacket (initial charge, IC as reported in Table 5.1). When the reactor
temperature reached the set-point (in approximately 25 minutes), a solution of water and initiator (KPS)
was injected through a septum directly into the reactor (initiator solution, IS). In order to guarantee
starved conditions, an emulsion of styrene, DVB, water, and surfactant was fed over the reaction time
using a syringe pump (continuous feed, CF as reported in Table 5.1). A solution of water and KPS was
continuously fed using a second syringe pump, to guarantee the constant presence of the initiator
(initiator feed, IF). When the reaction time was over, the system was kept at 70 °C for one hour, to ensure
complete conversion of the monomer. The monomer conversion and the particle size evolution were
followed by gravimetric analysis and dynamic light scattering (DLS), respectively. The exact quantities

of the chemicals used in the particle synthesis are reported in Table 5.1.
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Table 5.1. Recipe for the synthesis of the core. All numbers are target values, the actual ones may vary
by less than 1%7.

IC IS CF IF
Water 1575 ¢ 759 315¢g 759
DVB 63 ¢
Styrene 252 g
SDS 6.2 24
KPS 29 29
Reaction time 5 hours
Cross-linkage degree 20%
Diameter 42 nm
PDI 0.055

Synthesis of the Shell

To form a soft shell onto the core particles, the latter was added a second time into the LabMax together
with water and surfactant (initial charge, IC as reported in Table 5.2). The previously synthesized latex
worked as a seed for the second polymerization step. When the reactor temperature reached the set point
of 70 °C, a water solution of initiator KPS was added to the jacketed reactor (initiator solution, IS).

During the reaction time, a mixture of styrene and DVB was fed to achieve a radially homogeneous

2 |C = Initial Charge, IS = Initiator Solution, CF = Continuous Feed and IF = Initiator Feed.
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cross-links density!®* (continuous feed, CF as reported in Table 5.2). Again, the monomer conversion
and the average particle size were determined by gravimetric analysis and DLS, respectively. The

complete recipe is reported in Table 5.2.

Table 5.2. Recipe for the synthesis of the shell. All numbers are target values, the actual ones may vary
by less than 1%3.

IC IS CF
Water 1295 ¢ 50¢g
DVB 08¢
Styrene 79.7¢
SDS 1g
KPS 159
Core latex 7239
Reaction time 5 hours
Cross-linkage degree 1%
Diameter 54 nm
PDI 0.030

3 IC = Initial Charge, IS = Initiator Solution and CF = Continuous Feed.
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5.2.3 Synthesis and Purification of Rhodamine B - HEMA Precursor

The synthesis method was adapted from Cova et al*®®. The rhodamine B-HEMA (RhB-HEMA\) precursor
was synthesized by Steglich esterification. In a flask, 4 g of RhB were dissolved in 80 mL acetonitrile.
After full dissolution, 1.3 g of HEMA were added to the reaction mixture under stirring. In a second
flask, 1.72 g of DCC and 52 mg of DMAP were mixed in 80 mL acetonitrile and added dropwise to the
solution within 20 minutes. The reaction was run for 24 hours at 40 °C. The crude product was filtered
to remove the precipitated by-product. The obtained solution was then purified by preparative
chromatography using a C18 reversed phase column and Acetonitrile/Water mixture as the mobile phase.
The purity of the product was confirmed by mass spectroscopy (LC-ESI-TOF) identifying a peak at 555

m/z. This precursor has been used to produce the fluorescent shell on the micron size particles.

5.2.4 Synthesis of Core-Shell Polymer Micro-particles

Synthesis of the Core

The synthesis method was based on the work by Lee et al.'®®. Accordingly, 1.5 g of PVP were dissolved
in 102.6 g of ethanol in a 500 mL round bottom flask and heated to 70 °C. Furthermore, 0.15 g AIBN
were dissolved in 15 g styrene and added to the reaction mixture upon reaching the target temperature.
The reaction was left at 70 °C for 24 hours under continuous stirring. When a conversion of 80% was
reached, the mixture was cooled to room temperature. At this point, 1.43 g DVB, corresponding to 20%
of the converted amount of styrene, were mixed with 0.075 g AIBN and added to 58 g of the seed reaction
product. The mixture was left for 6 hours under stirring at room temperature. After completion, the
mixture was added to a 250 mL three neck flask and heated to 70 °C for several hours, until conversion
reached values above 95%. The final size was approximately 2 pum in diameter. SEM pictures and optical

microscopy confirmed very high monodispersity of the prepared particles.
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Svynthesis of the Shell

In order to grow the shell on the polymer micro-particles, 50 g of the previously produced suspension of
crosslinked core particles were added to a plastic wide neck bottle. Under stirring, 100 mL water were
dripped into the solution over 20 minutes using an addition funnel. The resulting mixture was added to a
Millipore dialysis chamber with a 0.45 micron Whatman Nucleopore membrane. Millipore water was
rinsed through the chamber at 0.8 bar until the surface tension of the permeated solution reached the one
of pure water, equal to 71.97 mN/m at 25 °C, to ensure complete removal of PVP from the dispersion.
The dialyzed particles were transferred to a 250 mL round bottom flask and heated to 70 °C. After
charging 0.01 g KPS, 30 uL of the monomer mixture (Styrene with 1% DVB) were added successively
every 30 minutes over 4 hours to increase the particle size by about 100 nm. In case of the synthesis of a
fluorescent shell, the RhB-HEMA precursor was added to the previous mixture. The precursor was
dissolved in 5 mL acetonitrile and put into a small flask and completely dried from the solvent, using a
rotary evaporator. The conventional monomer mixture used in the previous case was used to re-dissolve
the precursor. Effective inclusion of the RhB-HEMA within the polymer was assessed by UV
measurements of the supernatant after precipitation of the particles. The absence of any signal confirmed
complete incorporation. Moreover, to verify with more accuracy that the dye is bound to the polymer
chains, some particles were centrifuged out of the aqueous solution, dried, re-dispersed and swollen with
an organic solvent (isopropanol). After precipitation of the polymer particles, the supernatant was newly
analyzed by means of UV spectroscopy, and again no trace of dye was found. Increase in size of the
particles was determined via small angle light scattering (SALS) measurements and SEM pictures.
Moreover, the absence of an unwanted nucleation, leading to a second small nano-particles population

was confirmed by DLS.
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5.2.5 Processing of the Particles

Dilution and Swelling

The synthetized nano-particles’ latex has been diluted with degassed Millipore water down to a specific
dry mass fraction (5x107°). This mixture has either been used as it is or swollen with additional
hydrophobic monomer (i.e., styrene), whose amount is calculated as a percentage of the solid content of
the latex. The obtained solution has been left under mild agitation overnight at 200 rpm before further
processing.

The micro-particles dispersion has been diluted in degassed Millipore water from the previous mixture
to reach a mass fraction of 5-10*. In case of swelling, pure styrene equal to half of the saturation
concentration in water has been added to the mixture. The system was left to equilibrate overnight. The
repartition of the monomer between the water and the hydrophobic polymer phase allows for swelling of
the outer, slightly crosslinked shell on the surface of the particles. Experiments were run using either

fully non-fluorescent or an equal mixture of fluorescent and non-fluorescent particles.

Stirred Tank Reactor

The diluted latex has been aggregated using a 2 L cylindrical stirred tank reactor equipped with a 60 mm
Rushton impeller and four metallic cylindrical baffles. The solution has been fed into the reactor through
an opening and the tank has been firmly closed. Significant attention has been dedicated to the removal
of any bubble of air inside the reactor, to avoid aggregation at the interface between the suspension and
air. To prevent air entering the reactor when sampling, part of the excess polymer solution was pumped
in a vertical tube (1.5 m high) connected to the reactor. The stirring velocity is set at 500 rpm, which
corresponds to a maximum shear rate of 17300 s and an average one in the range of 900-1700 s,
evaluated from the scaling for the maximum dissipation rate proposed by Soos et al'®’. In order to
destabilize the system, 60 mL of a 2 M solution of MgCl2 were added to the reactor through an opening

in the bottom plate. Owing to the strong shear forces produced by the stirrer, the primary particles start
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aggregating in a shear-controlled regime, which is not driven by Brownian motion but is controlled by

the extent of the applied shear.

5.2.6 Characterization Methods

Monomer Conversion

The monomer conversion is determined from the dry mass fraction of the sample. A small aliquot of the
sample (about 1cc) was spread over quartz sand and heated at 120 °C in air using a HG53 Moisture
Analyzer from Mettler-Toledo.

Dynamic Light Scattering

The average size of the nano-particles was determined by dynamic light scattering (DLS) using a
Zetasizer Nano ZS from Malvern.

Static Light Scattering

To compute the size and the fractal dimension of the aggregated nano-particles’ clusters, the average size
of the micro-particles as well as of their aggregated clusters, small angle static light scattering Mastersizer
2000 from Malvern Instruments equipped with a laser having AsaLs = 633 nm was used. The radius of
gyration «Rg(t)> was obtained by fitting the structure factor in a Guinier plot, as reported in Harshe et al®®.
The fractal dimension dr was extracted from the Guinier plot, by measuring the slope of the curve in the

power-law region, using the relation <S(q)> o< .

Microscopy

The micro-particles and their clusters were analyzed using scanning electron microscopy (Gemini 1530
FEG from Zeiss), with field emission gun operated at 5 kV. The coating of the samples was performed
using platinum. Optical microscopy was performed using a Leica SP8-AOBS confocal microscopy. An
Argon laser at 550 nm was used for excitation of the samples and the emitted light was collected using

one HyD detector. Bright field images were collected in parallel using a PMT detector.
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Image Analysis

The image analysis was performed on the picture taken with confocal microscopy using ImageJ software.
At least 2000 micro-particles were evaluated for each measurement. For each picture, the average area
in terms of number of pixels occupied by the non-clustered polymer micro-particles was evaluated. The
obtained value was used, together with the total occupied area, to compute the total number of polymer
micro-particles present as individuals, non-clusters objects as well as aggregated in clusters, both in the

case of not-fluorescent and fluorescent particles.

5.3. Results and Discussion

5.3.1 Shear-controlled Aggregation

In our shear-controlled aggregation experiments, a colloidal suspension of primary particles is fed into a
stirred tank reactor and an electrolyte solution is added to fully destabilize the system. However, owing
to the presence of the stirrer, the aggregation process is not driven by Brownian motion but is controlled
by the magnitude of the applied shear. Accordingly, the aggregation rate is highly affected by the stirring
velocity®®. The destabilization of the system due to the electrolyte addition cancels the repulsive energy
barrier, thus leading to primary particles aggregating at a much faster rate into their primary energy
minimum. The stirrer creates velocity gradients that drive particles and clusters against each other, thus
increasing the frequency of their encounters. On the other hand, clusters may also break under the action
of hydrodynamic stresses caused by the presence of shear forces®. Consequently, it is expected that the
system reaches and preserves a steady state condition, determined by an equilibrium between the

aggregation and breakage rates'®’. The critical parameter defining the region of shear-controlled
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aggregation is the Peclet number (Pe) which expresses the ratio between the shear and the Brownian

forces and is defined according to the equation:

3muyR3
, _ STHIR;

KT 1)

where u is the solvent viscosity; y is the shear rate; R, is the radius of the primary particles; kj is the

Boltzmann’s constant; T is the absolute temperature®.

5.3.2 Aggregation of Nano-particles

The study of the aggregation of particles in a shear-controlled regime has been carried out using the
polymer nano-particles with a core-shell structure, synthetized through the recipe described in the
experimental section. The soft shell of the polymer particles allows for swelling by additional monomer
(styrene), which is used as a plasticizer that lowers the glass transition temperature of the polymer
domain'?®, thus making it very soft at the operating temperature. The addition of highly concentrated
(2 M) magnesium chloride solution ensures full screening of the surface charges located at the particles’
surface. The system is left under agitation for some hours and the morphology evolution of the clusters,
in terms of the radius of gyration ((Rg>) and fractal dimension (dr) is monitored. As the latter is obtained
via power-law regression of the scattering structure factor, only variations in the range of £ 0.1 are
appreciable. Figure 5.1 reports the average cluster size and fractal dimension as a function of the

aggregation time for the samples swollen with 0, 10 and 20% of additional monomer.
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Figure 5.1. Time evolution of the average cluster size (a) and fractal dimension (b) for different
swelling ratios (black squares: non-swollen; blue: 10% swollen; green: 20% swollen) during the shear-
controlled aggregation of nano-particles.

As it can be seen from Figure 5.1a, the average cluster size for the not swollen clusters presents no
appreciable variations with time after about 50 minutes and reaches a constant value of approximately
25 um (black squares). This is in agreement with the results obtained by Harshe et al?® and Soos et
al™®® and shows that the interplay between aggregation and breakage reaches an equilibrium and the
average cluster size remains steady in time. Due to the high Pe number, as soon as a cluster is broken
into smaller fragments, it promptly aggregates with other polymer particles or clusters to reach the same
constant average size. On the other hand, in the case of primary particles swollen with 10 and 20% of
styrene, the average size of the clusters continuously decreases with time. In particular, the average size
of the sample swollen with 10% of styrene is measured to vary from 36 pum after 70 minutes to 19 um
after 270 (blue squares). Likewise, the size of the sample swollen with 20% of additional monomer
decreases from 36 um after 60 minutes to 23 um after 240 (green squares). In addition, Figure 5.1b shows
that the fractal dimension remains constant at a value of approximately 2.7, which is virtually identical
to that obtained for clusters made of non-swollen particles in the case of shear-induced aggregation and

breakage processes 2.
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The observed decrease of the aggregate size with time is in contrast with the available literature and
accepted explanations for this trend are still missing. Consistently with what hypothesized in a previous
work?®®, the observed trend could be the result of some alterations on the surface of the swollen primary
particles, which eventually affect the bond strength among particles and consequently the rate of
breakage. More specifically, after the particles undergo many cycles of aggregation and breakage, their
surface could become more irregular and less homogeneous. The experimental evidence indicates that
this process should be related to the morphology of the primary particles, which are made of a hard core
surrounded by a shell that is softened through monomer swelling. One possible mechanism consistent
with these observations is that the surface alteration of the primary particles occurs through material
exchange among different particles upon collision and breakage. These alterations may affect the surface
adhesion of the particles and consequently the breakage rate because less energy is required in order to
separate them. It is worth noting that the observed behavior cannot be simply due to the fact that the
system is not yet at equilibrium conditions, because a destabilized system under shear-controlled
aggregation regime typically reaches equilibrium between aggregation and breakage within about

60 minutes, at least for the particle concentration used in these experiments®®® .

5.3.3 Aggregation of Micro-particles

In order to confirm whether the hypothesized material exchange process occurs, aggregation and
breakage have been investigated using micro-particles produced according to the recipe reported in the
experimental section. These particles exhibit the same architecture as the nano-particles: they have a hard
core of 2 um diameter, composed of polystyrene crosslinked with 20% DVB, and a soft outer shell of
100 nm, again made of polystyrene but only 1% crosslinked. The morphology of the micro-particles

before and after the growth of the shell is shown in Figure 5.2. Note that the micro-particles present
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dimples, which probably result from the swelling and crosslinking procedure used to produce their shell,

as reported and discussed earlier in the literature!6816,

Figure 5.2. Particles without shell (a) and after shell growth (b).

Furthermore, some particles have been made fluorescent by the addition of RhB-HEMA precursor in the
monomer mixtures used to synthesize the shell, so that they can be visualized with a fluorescent confocal
microscope. Their shear-controlled aggregation has been investigated by introducing an equal mixture
of fluorescent and not fluorescent particles into the stirred tank, following the same procedure as for the
nano-particles. Again, the experiments have been run without and with the addition of further styrene in
order to swell, and thus soften, the particles outer shell. The number of fluorescent micro-particles before
and after aggregation, present both as single entities as well as grouped in clusters, has been determined
by image analysis. Figure 5.3 shows the confocal pictures of the micro-particles, before and after
applying the fluorescent filter. This allows visualizing all the particles (Figure 5.3a) or only the
fluorescent ones (Figure 5.3b). The two pictures are superimposed in Figure 5.3c, which allows

appreciating how many micro-particles result fluorescent.
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Figure 5.3. Micrographs of the micro-particles in transmission mode (a), in fluorescent confocal mode
(b) and their superposition (c).

Aggregation of non-swollen Micro-particles

Non-swollen micro-particles were aggregated under shear and monitored for several hours. The «Rg
values of the formed clusters measured by small angle light scattering measurements are shown in
Figure 5.4 (red squares). It can be observed that already after one hour a steady state of the average size
is reached, which remains constant over the five hours’ experimental time. Remarkably, this equilibrium
value for <Rg> is considerably smaller than in the case of nano-particles. This observation can be

understood considering the number of particles present in each cluster, which can be estimated through

< )df
i=k<§g> @)
p

where k is the fractal prefactor, a number whose value typically ranges between 1 and 1.217%17%: (R is

the equation:

the average radius of gyration; Rp is the radius of the primary particles; dr is the fractal dimension of the
colloidal aggregates. It results that the number of nano-particles aggregated in a cluster is in the order of
107, whereas the one of the micro-particles is limited to 4-5. Since aggregation is a second order kinetic

process, a smaller number of particles implies a lower aggregation rate, while breakage, being a first
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order kinetic process, is unaffected by a lower number of particles. It is, therefore, reasonable to expect
a different equilibrium condition, dominated by the relative higher breakage contribution. Moreover, the
breakage process is also strongly influenced by the size of the particles. For the same cluster size, in fact,
a cluster made of micron-sized particles contains a lower number of particles and consequently a lower
number of bonds among them. Given this relatively weaker bond strength compared to the hydrodynamic
stress acting on the particles, it is reasonable to assume that, when subjected to shear, their clusters can
re-break into much smaller units, including individual particles!’2. In order to determine any alteration
on their surface, the percentage of fluorescent particles was monitored as a function of time as shown in
Figure 5.5 (red squares). The fact that this value does not change over five hours allows concluding that,

in this case, no material exchange occurs among the surfaces of the primary particles.

Aggreqgation of Swollen Micro-particles

The same experiment has been repeated using particles whose shell has been swollen with styrene. The
values of <Rg» were determined via light scattering and shown in Figure 5.4 as a function of time (green
squares). It is seen that the gyration radius reaches the value of 3 um within the first hour and then remains
constant. Noticeably, it seems not to decrease over time, as in the case of the nano-particles. This aspect
is again due to the low number of particles present in each cluster, which makes it difficult to observe a
significant decrease in the average cluster size in time when dealing with micro-particles. In any case, it
is a fact that the interplay between aggregation and breakage controls the process. Anew, the proportion
of fluorescent particles was measured. As visible in Figure 5.5, the percentage of fluorescent particles
clearly increases over time, moving from the initial 50% to approximately 62% after two hours and
eventually to 70% after five hours (green squares). This experiment shows that the fluorescent polymer
chains, initially present only on the surface of fluorescent particles, are displaced and can be found also
on the surface of non-fluorescent particles. In particular, this material exchange occurs only when the

shell of the particles is sufficiently soft, i.e., when the particles are swollen by styrene. It is therefore
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reasonable that a similar mechanism occurs even in the case of nanoparticles, and might be responsible

for the unexpected progressive decrease in the average cluster size.

Aqggregation of the Micro-particles without Shell

For sake of completeness, the highly crosslinked polystyrene micro-particles without shell were
aggregated under shear. Interestingly, under the same conditions, they were unable to aggregate over the
four hours’ time course of the experiment (Figure 5.4). This behavior further confirms the extreme
importance of the surface of the particles in colloidal aggregation. More aptly, a softer surface, in this
case due to a 1% crosslinked polystyrene shell of 100 nm, was observed to promote aggregation, whereas
a harder one, composed of highly crosslinked polystyrene (20%), makes it impossible for the micro-
particles to form stable clusters in the tested conditions. They surely collide but due to their rigidity, weak

bonds are formed, which are easily broken by shear forces.
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Figure 5.4. Average <Ry as a function of time for different micro-particles. In particular: black squares

refer to non-swollen core micro-particles, red squares to non-swollen core-shell micro-particles and
green squares to swollen core-shell micro-particles.
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Figure 5.5. Percentage of fluorescent core-shell micro-particles as a function of time (red squares: non-
swollen, green squares: swollen).

5.4. Conclusion

In this work, shear-induced aggregation experiments of various polymer colloidal particles have been
carried out, with the specific objective of clarifying the role of the softness of the particle shell on the
outcome of the aggregation. In particular, in a previous work, we hypothesized that the surface of
sufficiently soft particles could be deformed as a result of the repeated aggregation and breakage events,
leading to an increase in surface roughness. This effect could be sufficiently pronounced to lead to
exchange of material from one particle surface to another. In order to prove the presence of such material
exchange, specially designed polymer particles with core-shell structure, and having fluorescence group
incorporated into their shell have been prepared. To tune the softness of the polymer shell, some styrene
monomer was added, which acts as a plasticizer. For the first time, material exchange occurring on the
surface of core-shell polymer micro-particles, when softened by monomer addition, upon aggregation
under shear was proven and highlighted. This was achieved by aggregating a 1:1 mixture of fluorescent
and non-fluorescent particles, and by monitoring the increase in the number of particles exhibiting
fluorescence as a function of time. An increase in the percentage of particles showing a fluorescent

signature was recorded over time, reaching after 5 hours a fraction of 70%.
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The consequences of our work are far-reaching. It is reasonable to assume this phenomenon to be
responsible for the unusual behavior observed on similar nano-particles in the same conditions (swollen
shell). Indeed, the slow but progressive decrease in the size of the formed clusters over time upon shear-
controlled aggregation, without substantial change in fractal dimension, and without reaching steady-
state conditions, might be due to surface alterations and increased roughness on the polymer domain
induced by material transfer. These modifications can affect the surface adhesion among the particles
and lead to a restructuring of the clusters towards continuously new steady-state conditions between
aggregation and breakage.

It is worth noticing that material exchange, which has been proven for the first time in this work, might
not be the only phenomenon controlling the unusual behavior observed in shear-controlled aggregation
of nano-particles, but we believe that it represents a very important effect, the full consequences of it

need to be further ascertained and deepened.
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Chapter 6

Conclusions

In this thesis primary polymer nanoparticles with different features have been used as building blocks to
produce porous functional materials via Reactive Gelation in various forms (monoliths, clusters and
capsules) depending upon on the operative aggregation regime. An accurate control of the characteristics
of the aforementioned particles enabled to access products with different mechanical properties and
internal microscopic porous structure. More specifically, major emphasis has been posed on the concept
of particle architecture (described in terms of core-to-particle ratio), namely the differentiation in the
particle composition between a hard crosslinked core and a soft superficial shell. This morphology allows
different degree of interpenetration upon particle aggregation as a function of the shell thickness.
Moreover, it affects also the surface properties of the particles, elucidating peculiar behaviors in clusters

evolution during aggregation under shear.

Control of Pore Structure in Polymeric Monoliths Prepared from Colloidal Dispersions

Polymeric monoliths are produced when stagnant aggregation is performed. In this sense, primary
nanoparticle architecture, size and initial concentration have the major impact on the mechanical stability
and morphology. Regarding the first parameter, it was revealed that the presence of a thick shell around
the particles is crucial in determining the pore morphology of the material: specifically, monoliths

characterized by a bimodal pore size distribution and higher porosity have been formed from particles
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with lower core-to-particle ratio of 0.73, whereas a monomodal pore size distribution and lower porosity
have been obtained at a higher core-to-particle ratio of 0.82. Further increase in the core-to-particle ratio
resulted in the formation of unstable structures due to very weak particle interconnections. Besides,
increasing the shell thickness leads to smaller surface areas. The same conclusions have been drawn
when using particles of different initial size, thus showing that the effect of architecture is independent
on the scale. About the solid content, provided that the right architecture is chosen, highly porous

monoliths can be produced by properly decreasing the initial dry solid content.

Preparation of Ultra-Perfusive Chromatographic Materials via Shear-Induced Reactive Gelation

Another method to produce porous materials is represented by shear-induced aggregation, in which
polymer nanoparticles are assembled into fractal-like clusters by exposing them to high shear rates
generated in a microchannel. After post-polymerization these clusters have been packed in conventional
chromatographic columns and tested as stationary phase. Once again the effect of the primary particles
characteristics has been investigated and their features tuned in order to achieve very rigid clusters with
huge pores, able to withstand high flow rates after packing and exhibiting small pressure drops. Such a
peculiar performance has been obtained when primary nanoparticles presenting a thick shell have been
implied, rather independently on their initial size. Moreover, the presence of extremely large pore sizes,
up to several micrometers, makes the contribution of convective flow through the clusters dominating
the mass transfer. This way, a flat HETP profile, independent of fluid velocity, has been observed when
the column has been tested with tracers in size range of most common bio-macromolecules. Due to their
very peculiar flow characteristics and similarity to those of monolithic supports, these novel materials
have been named Ultra-Perfusive. As a matter of fact, they represent an extremely promising and

efficient easy-to-pack base scaffolds suitable for further functionalization.
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Synthesis of Monodisperse, Porous, Rigid, Hollow and Spherical Polymeric Capsules Combining

Microfluidics and Reactive Gelation

Microfluidics represents a valuable tool for closely studying peculiar behavior of colloidal polymer
particles in different conditions. In this sense, it was observed that micro-droplets of polymer latex
dispersed in oil can be used as template for producing permeable capsules, as the nanoparticles self-
organize in a hollow-like jammed structure. Indeed, thanks to the post-polymerization step of Reactive
Gelation, the aforementioned arrangement could be consolidated and rigid hollow capsules produced and
collected as a powder. The jammed self-arrangement of the nanoparticles, forming a porous crust,
allowed to tune the superficial porosity by simply varying the initial nanoparticles concentration. As a
matter of fact, very compact surfaces have been obtained when an initial concentration of 12 wt% was
chosen, whereas quite loose and porous facets have been recorded starting instead with 6 wt%. Moreover,
test performed with fluorescent species, showed that this last parameter directly reflects into the

permeability and accessibility of the capsule for probe molecules.

Tracking of Fluorescently Labeled Polymer Particles Reveals Surface Effects during Shear-Controlled

Aggregation

The aggregation behavior of colloidal particles exposed to shear forces is quite difficult to rationalize as
soon as we move from conventional hard and non-deformable sticky spheres towards complex features.
Starting from the observation that soft core/shell swollen particles do not reach a dynamic equilibrium
between aggregation and breakage, differently from common records in literature, ad hoc experiments
have been performed in order to check whether the particles’ surface might modify, upon repeated
collision and breakage events. An equal mixture of fluorescent and non-fluorescent particles, whose
surface was softened by monomer swelling, was aggregated and the number of particles exhibiting
fluorescence as a function of time monitored. The final outcome was an increase in the percentage of

particles showing a fluorescent signature, rising over time and reaching a fraction of 70% after 5 hours.
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As a matter of fact, it was proved that material transfer occurs among individual particles when the
surface is sufficiently soft. These modifications can affect the surface adhesion among them and lead to
a restructuring of the clusters towards new steady-state, thus altering the final equilibrium. Material
transfer may not be the only superficial effect occurring during aggregation/breakage under shear, but it

correctly explains the aforementioned peculiar behavior.

Outlook of this Thesis

The results presented in this thesis, support the statement that Reactive Gelation represents a valuable
tool for the production of porous materials in different forms. Moreover, the possibility of differentiating
their final morphological characteristics through the features of the primary particle, and more
specifically their architecture, provides outcomes ready for a really wide range of possible applications.
In view of this consideration, the major remaining open issues are essentially two, one more practical
and the other more fundamental.

From the practical point of view, the presented porous materials represent already a valuable solution if
implied as adsorbents or thermal insulators. However, in order to better fulfill more advance applications,
further functionalization might be required. In this sense, it might be useful to directly incorporating
functional groups on the surface either during the primary polymer particles synthesis or in a subsequent
step. For this second case, different strategies can be used. Among them, the use of polymer brushes
directly grown or just “clicked” on the surface represents maybe the most practical and versatile. This
way, the same starting material can act as a base scaffold to be further tailored towards any specific
requirements and still presenting the major features of the pristine structure, such as mechanical
resistance or convective flow behavior. In this very last case, for example, the impact on the development
of products for the purification of biopharmaceutical will be dramatic, considering the continuously

increasing request of high performance materials.
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From a fundamental point of view, certainly it would be of great interest to deepen the knowledge on the
aggregation and self-organization behavior of even more advanced particles, introducing shape
irregularities, exterior roughness, dimples or patchy surfaces. The response to different external stimuli
of this secondary generation of particles is all but trivial and full understanding still missing. The
development of this fundamental knowledge will enhance even more the colloidal approach towards

advanced, functional and nano or micro-structured materials.
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Appendix A - Chapter 2

Latex Synthesis

Core

A mixture of water and surfactant (SDS) was initially charged into the glass reactor and the temperature
set to 70°C (Initial Charge, IC). Once this set-point was reached, a solution of water and initiator (KPS)
was injected (Initiator Shot 1, IS1). In order to guarantee starved polymerization conditions, an emulsion
of styrene, DVB, water, and surfactant was fed over the reaction time using an HPLC pump (Charged
Feed 1, CF1). Moreover, a solution of water and KPS was continuously fed as well, as the total reaction
time is longer than the half-life time of the initiator at the reaction temperature (Initiator Feed, IF). The
reacting mixture was constantly monitored and specifically conversion checked to ensure that the system
is kept in starved condition.

Shell

The previously synthesized latex acts as a seed for the growth of a soft shell around the hard core
particles. A new monomer solution (Charged Feed 2, CF2), this time composed only of styrene and DVB,
was then fed to the system in a continuous way (i.e., without lag time or stopping the previous reaction
of core synthesis), in order to achieve a radially homogeneous shell growth. The previous initiator feed
was disconnected, while a shot of water and KPS was added to the reaction to keep it proceeding (Initiator
Shot 2, 1S2). Also during this stage, the reacting mixture was constantly monitored in terms of conversion
to ensure starved condition. After the new monomer addition was complete, the synthesis was stopped

once full conversion and the desired particle size were obtained.

Latex Characterization
During its production, the latex was continuously monitored in terms of particles size distribution,

determined by dynamic light scattering (DLS) using a Zetasizer Nano ZS from Malvern and monomers
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conversion, determined from the dry mass fraction of the sample. The latter was spread over quartz sand

and analyzed at 120°C in air using a HG53 Moisture Analyzer from Mettler-Toledo.
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Table A.1. Recipes used for the synthesis of latexes L1, L2 and L3.

Latex L1
Core Shell
IC CF1 IF CF2 |1S2
H20 (g) 250 29.1 74 20
Styrene (Q) 23.3 35.64
DVB (9) 5.8 0.324
SDS (g) 0.375 0.58
KPS (g) 1.24 0.2
% crosslinker 20 1
Diameter (nm) 80 107
PDI 0.03 0.002
Latex L2
Core Shell
IC CF1 IF CF2 IS2
H20 (g) 250 36 50 45
Styrene (Q) 28.5 23.76
DVB (9) 7.1 0.24
SDS () 0.375 0.39
KPS (g) 1.25 0.75
% crosslinker 20 1
Diameter (nm) 89 113
PDI 0.03 0.01
Latex L3
Core Shell
IC CF1 IF CF2 | 1S2
H20 (g) 250 375 | 95.6 20
Styrene (Q) 30 11.88
DVB (g) 7.5 0.12
SDS (g) 0.375 0.75
KPS (g) 1.6 0.2
% crosslinker 20 1
Diameter (nm) 98 111
PDI 0.09 0.04
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Table A.2. Sequence of addition of the different feeds for latexes L1, L2 and L3.

1S2 |

Latex L1
Core Shell
1h [2h|3h|4h[5h|6h|7h]8h|9n|10n|11h]12h|13h|14h|15n|16h]17h|18h]19n]20n
IC
1S1
CF1
IF1
1S2 |
CF2
Latex L2
Core Shell
1h [2h[3n[4h|5h|6h|7h[8n[9h|10h|11h[12h|13h|14n[15h]|16h|17h]18h]19h[20h
IC
1S1
CF1
IF1
1S2 |
CF2
Latex L3
Core Shell
1h [2h[3n[4h|5h|6h|7h[8n[9h |10 |11h[12h]|13h|14h[15h]|16h|17h[18h]19h[20h
IC
1S1
CF1
IF1

CF2
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Table A.3. Recipes used for the synthesis of latexes L4 and L5.

Latex L4
Core Shell
IC CF1 IF CF2 1S2
H20 (g) 1024 103 | 12.2 25
Styrene (Q) 82 95.4
DVB (9) 20.5 0.96
SDS (9) 3.24 0.6
KPS (9) 0.65 0.75
% crosslinker 20 1
Diameter (nm) 41 56
PDI 0.06 0.04
Latex L5
Core Shell
IC CF1 IF CF2 I1S2
H20 (g) 900 42.7 6.1 25
Styrene (Q) 34 39.85
DVB (9) 8.5 0.4
SDS (g) 3.52 0.24
KPS (9) 0.325 0.75
% crosslinker 20 1
Diameter (nm) 40 49
PDI 0.07 0.07
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Table A.4. Sequence of addition of the different feeds for latexes L4 and L5.

Latex L4
Core Shell
1h [2h|3n]4h[5h] 6h [ 7h]8h
IC
151
CF1
IF1
1S2 |
CF2
Latex L5
Core Shell
1h [2h|3h[4h|5h] 6h | 7h|8h[9h] 10n
IC
151
CF1
IF1
1S2|
CF2
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Table A.5. Recipes for the monolith production.

Initial NaCl Percolating
Sample Latex Solid Content Vc[)rITl]JIr]ne VOIUEPT] eI]NaCI Concentration Volume
[%] [M] [mi]
M1 L1 8% 1 1 0.5 2
M2 L2 8% 1 1 04 2
M3 L3 8% 1 1 0.5 2
M4 L4 8% 1 1 0.3 2
M5 L5 8% 1 1 0.3 2
M7 L1 4% 1 1 0.55 2
M6 L1 12% 1 1 0.4 2
M8 L2 12% 1 1 0.4 2

Figure A.1. Picture of the vial used for the production of the monoliths.
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Appendix B -

Latex Synthesis

Chapter 3

Table B.1. Recipes used for the synthesis of latexes L80/90, L90/110 and L100/110.

Latex L80/110

Core Shell
IC CF1 IF CF2 | 1S2
H20 (g) 250 29.1 74 20
Styrene (g) 23.3 35.64
DVB (g) 5.8 0.324
SDS (g) 0.375 0.58
KPS (g) 1.24 0.2
wt% crosslinker 20 1
Diameter (nm) 80 107
PDI 0.03 0.002
Latex L90/110
Core Shell
IC CF1 IF CF2 I1S2
H20 (g) 250 36 50 45
Styrene (Q) 28.5 23.76
DVB (g) 7.1 0.24
SDS (g) 0.375 0.39
KPS (g) 1.25 0.75
wt% crosslinker 20 1
Diameter (nm) 89 113
PDI 0.03 0.01
Latex L100/110
Core Shell
IC CF1 IF CF2 | 1S2
H20 (g) 250 375 | 95.6 20
Styrene (Q) 30 11.88
DVB (g) 7.5 0.12
SDS (g) 0.375 0.75
KPS (g) 1.6 0.2
wt% crosslinker 20 1
Diameter (nm) 98 111
PDI 0.09 0.04
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Table B.2. Sequence of addition of the different feeds for latexes L80/110, L90/110 and L100/110.

Latex L80/110
Core Shell
1h [2h|3h|4h[5h|6h|7h]8h|9n|10n|11h]12h|13h|14h|15n|16h]17h|18h]19n]20n
IC
1S1
CF1
IF1
1S2 |
CF2
Latex L90/110
Core Shell
1h [2h|3n|4h|5h|6h|7h|8h]9h|10n|11h|12h|13n]14h|15h|16h|17h|18h | 19h|20n
IC
I1S1
CF1
IF1
1S2 |
CF2
Latex L100/110
Core Shell
1h [2h[3h[4h|5h|6h|7h[8n[9h |10 |11h[12h]|13h|14h[15h]|16h|17h[18h]19h[20h
IC
1S1
CF1
IF1
1S2 |
CF2
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Table B.3. Recipes used for the synthesis of latexes L41/56 and L53/73.

Latex L41/56

Core Shell
IC CF1 IF CF2 IS2
H20 (g) 1024 103 | 12.2 25
Styrene (Q) 82 95.4
DVB (g) 20.5 0.96
SDS (g) 3.24 0.6
KPS (g) 0.65 0.75
wt% crosslinker 20 1
Diameter (nm) 41 56
PDI 0.06 0.04
Latex L53/73
Core Shell
IC CFl| IF CF2 | 1S2
H20 (g) 250 23 65 25
Styrene (g) 18 27
DVB (9) 5 0.27
SDS (9) 0.375 0.5
KPS (9) 1.29 0.5
wit% crosslinker 1
diameter (nm) 73
PDI 0.04
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Table B.4. Sequence of addition of the different feeds for latexes L41/56 and L53/73.

Latex L41/56
Core Shell
1h [2h|3n]4h[5h] 6h [ 7h]8h
IC
IS1

CF1
IF1

1S2 |
CF2

Latex L53/73

Core Shell

1h [2h|3h|4h|5h|6h|7h|8h]9h|10n|11h|12h|13n]14h]15h|16h|17h

IC
IS1

CF1
IF1

1S2 |

CF2
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Appendix C - Chapter 4

Atomic Charges and Parameterization

Polystyrene (PS), polyethylene glycol (PEG) and sodium dodecyl sulfate (SDS) have been parameterized
by means of General Amber Force Field (GAFF)® which proved to be a suitable choice for polymer
systems'’417> Atomic charges have been computed through Restrained Electrostatic Potentials method
(RESP)76177 "according to the adopted force field. In particular, for PS and PEG, atomic charges have
been obtained starting from oligomers with 6 repeating units; for polystyrene, a syndiotactic chain has
been employed. First of all, molecular structures have been optimized in vacuo by means of density
functional theory (DFT) calculations, at B3LYP/6-31G(d,p) level of theory. Electrostatic potentials have
been subsequently obtained at HF/6-31G* level of theory in vacuo and used to fit atomic charges using
a two-steps protocol. In the first phase, atomic charges have been obtained by assigning a proper value
of the overall charge (0 for PS and PEG, 6 for protonated PEG and -1 for SDS); in the second step, charge
equivalence for chemically equivalent atoms is imposed. All calculations have been carried out by means
of Gaussian 09. This parameterization procedure led to the creation of libraries of initial, terminal and
central units for the polymer chains; atomic coordinates, atom types and atomic charges for each unit and
for SDS are listed in Tables C.1 - C.10. TIP3P water model has been here employed’8, while parameters

for sodium and chloride ions have been taken from Joung and Cheatham works!"%:180,
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YV Koy K

S Kt s

),
Figure C.1. Initial (a), central (b) and terminal (c) polystyrene fragments. Initial (d), central (e) and

terminal (f) polyethylene glycol fragments. Initial (g), central (h) and terminal (i) protonated
polyethylene glycol fragments. SDS structure (j).

Table C.1. Atom names, atom types, atomic coordinates and charges for initial unit of polystyrene
chain.

Atom name  Atom type X Y z Charge
C6 c3 -3.867 0.623 0.941 -0.028071
C7 c3 -4.962 0.715 2.031 -0.068535
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C8

H6

C9

H7

H8

C10

H9

Cl1

H10

H11

H12

C17

C18

C19

C20

C21

H18

H19

ca

hc

c3

hc

hc

c3

hc

ca

hc

hc

hc

ca

ca

ca

Ca

ca

ha

ha

-3.852

-4.101

-6.413

-4.881

-4.756

-7.38

-6.456

-6.856

-8.408

-7.368

-7.103

-4.11

-4.106

-3.844

-3.585

-3.589

-4.315

-4.309
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1.854

-0.243

0.831

-0.167

1.581

1.1

1.699

-0.382

1.211

0.278

2.017

1.74

2.862

4.126

4.256

3.133

0.759

2.746

0.042

0.311

1.515

2.68

2.675

2.684

0.846

0.705

2.326

3.409

3.215

-1.331

-2.163

-1.635

-0.269

0.557

-1.751

-3.225

-0.010314

0.062813

0.022099

0.036102

0.036102

-0.147219

0.050306

0.031702

0.036911

0.036911

0.036911

-0.086723

-0.196338

-0.10889

-0.196338

-0.086723

0.113478

0.142309



H20

H21

H22

C22

C23

C24

C25

C26

H23

H24

H25

H26

H27

ha

ha

ha

ca

ca

ca

Ca

ca

ha

ha

ha

ha

ha

-3.84

-3.377

-3.385

-7.296

-71.729

-1.73

-7.296

-6.866

-7.295

-8.064

-8.065

-7.293

-6.534
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5.236

3.256

-0.234

-1.333

-2.607

-2.771

-1.671

0.755

-1.19

-3.464

-3.759

-1.819

-2.28

0.153

1.618

-0.617

-1.363

-0.796

0.521

1.261

-1.067

-2.386

-1.373

0.973

2.286

0.130859

0.142309

0.113478

-0.095617

-0.219549

-0.095067

-0.199362

-0.095617

0.109689

0.150244

0.126642

0.145809

0.109689



Table C.2. Atom names, atom types, atomic coordinates and charges for central unit of polystyrene
chain.

Atom name Atom type X Y Z Charge
C1 c3 0 0 1.466 -0.095499
H1 hc -0.064 -0.874 2.128 0.037551
H2 hc 0.064 0.874 2.128 0.037551
C2 c3 1.308 -0.107 0.647 -0.016159
C3 c3 -1.308 0.107 0.647 -0.016159
H3 hc -1.218 0.98 -0.009 0.070841
C4 ca -1.534 -1.112 -0.241 -0.005738
C5 c3 -2.495 0.362 1.607 -0.095499
H4 hc -2.6 -0.498 2.282 0.037551
H5 hc -2.24 1.217 2.248 0.037551
C12 ca -1.579 -0.982 -1.636 -0.081932
C13 ca -1.785 -2.091 -2.459 -0.202964
Cl4 ca -1.953 -3.357 -1.9 -0.108869
C15 ca -1.911 -3.504 -0.512 -0.202964
C16 ca -1.703 -2.394 0.306 -0.081932
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H13

H14

H15

H16

H17

Cc27

H28

C35

C36

C37

C38

C39

H35

H36

H37

H38

H39

ha

ha

ha

ha

ha

ca

hc

ca

ca

ca

Ca

ca

ha

ha

ha

ha

ha

-1.45

-1.815

-2.114

-2.04

-1.673

1.534

1.218

1.579

1.785

1.953

1.911

1.703

145

1.815

2.114

2.04

1.673
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0.002

-1.963

-4.222

-4.486

-2.529

1.112

-0.98

0.982

2.091

3.357

3.504

2.394

-0.002

1.963

4.222

4.486

2.529

-2.078

-3.537

-2.537

-0.065

1.384

-0.241

-0.009

-1.636

-2.459

-1.9

-0.512

0.306

-2.078

-3.537

-2.537

-0.065

1.384

0.114619

0.143478

0.13392

0.143478

0.114619

-0.005738

0.070841

-0.081932

-0.202964

-0.108869

-0.202964

-0.081932

0.114619

0.143478

0.13392

0.143478

0.114619



Table C.3. Atom names, atom types, atomic coordinates and charges for terminal unit of polystyrene
chain.

Atom name Atom type X Y Z Charge
C28 c3 2.495 -0.362 1.607 -0.064285
C29 c3 3.867 -0.623 0.941 -0.008729
H29 hc 2.6 0.498 2.282 0.027025
H30 hc 2.24 -1.217 2.248 0.027025
C30 c3 4.962 -0.715 2.031 -0.06435
C31 ca 3.852 -1.854 0.042 0.003771
H31 hc 4.101 0.243 0.311 0.056036
C32 c3 6.413 -0.831 1.515 0.025776
H32 hc 4.881 0.167 2.68 0.031581
H33 hc 4.756 -1.581 2.675 0.031581
C33 c3 7.38 -1.1 2.684 -0.124687
H34 hc 6.456 -1.699 0.846 0.039554
C34 ca 6.856 0.382 0.705 0.022399
H40 hc 8.408 -1.211 2.326 0.031385
H41 hc 7.368 -0.278 3.409 0.031385
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H42

C40

C41

C42

C43

C44

H43

H44

H45

H46

H47

C45

C46

C47

C48

C49

H48

H49

hc

ca

Ca

ca

ca

ca

ha

ha

ha

ha

ha

ca

ca

ca

Ca

ca

ha

ha

7.103

411

4.106

3.844

3.585

3.589

4.315

4.309

3.84

3.377

3.385

7.296

7.729

7.73

7.296

6.866

7.295

8.064
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-2.017

-1.74

-2.862

-4.126

-4.256

-3.133

-0.759

-2.746

-5.236

-3.256

0.234

1.333

2.607

2.771

1.671

-0.755

1.19

3.215

-1.331

-2.163

-1.635

-0.269

0.557

-1.751

-3.225

-2.28

0.153

1.618

-0.617

-1.363

-0.796

0.521

1.261

-1.067

-2.386

0.031385

-0.08303

-0.204925

-0.110338

-0.204925

-0.08303

0.110441

0.145552

0.133637

0.145552

0.110441

-0.096693

-0.203346

-0.08865

-0.203346

-0.096693

0.112204

0.142317



H50 ha 8.065 3.464 -1.373 0.123459

H51 ha 7.293 3.759 0.973 0.142317

H52 ha 6.534 1.819 2.286 0.112204

Table C.4. Atom names, atom types, atomic coordinates and charges for initial unit of polyethylene
glycol chain.

Atom name Atom type X Y Z Charge
C1 c3 -0.396 25.394 0 0.120997
O1 0S 0.389 26.569 0 -0.40145
C2 c3 0.556 24.207 0 0.161543
H1 hl -1.047 25.347 0.888 0.04075
H2 hl -1.047 25.347 -0.888 0.04075
C3 c3 -0.389 27.747 0 0.035249
H3 hl 1.205 24.253 -0.888 0.034427
H4 hl 1.205 24.253 0.888 0.034427
H5 hl 0.302 28.593 0 0.053147
H6 hl -1.032 27.812 -0.892 0.053147
H7 hl -1.032 27.812 0.892 0.053147
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Table C.5. Atom names, atom types, atomic coordinates and charges for central unit of polyethylene
glycol chain.

Atom name Atom type X Y Z Charge
02 0s -0.229 23.029 0 -0.45201
C4 c3 0.545 21.845 0 0.151617
C5 c3 -0.419 20.669 0 0.151357
H8 hl 1.194 21.793 -0.888 0.037727
H9 hl 1.194 21.793 0.888 0.037727
03 0S 0.354 19.484 0 -0.45439
H10 hl -1.068 20.72 0.888 0.037384
H1l hl -1.068 20.72 -0.888 0.037384
C6 c3 -0.429 18.306 0 0.152203
C7 c3 0.526 17.122 0 0.147673
H12 hl -1.078 18.259 0.888 0.037527
H13 hl -1.078 18.259 -0.888 0.037527
H14 hl 1.175 17.169 -0.888 0.038921
H15 hl 1.175 17.169 0.888 0.038921
02 0S -0.229 23.029 0 -0.45201
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C4 c3 0.545 21.845 0 0.151617

C5 c3 -0.419 20.669 0 0.151357
H8 hl 1.194 21.793 -0.888 0.037727
H9 hl 1.194 21.793 0.888 0.037727
0K 0S 0.354 19.484 0 -0.45439
H10 hl -1.068 20.72 0.888 0.037384
H1l hl -1.068 20.72 -0.888 0.037384
C6 c3 -0.429 18.306 0 0.152203
C7 c3 0.526 17.122 0 0.147673
H12 hl -1.078 18.259 0.888 0.037527
H13 hl -1.078 18.259 -0.888 0.037527
H14 hl 1.175 17.169 -0.888 0.038921
H15 hl 1.175 17.169 0.888 0.038921

Table C.6. Atom names, atom types, atomic coordinates and charges for terminal unit of polyethylene
glycol chain.

Atom name Atom type X Y Z Charge
016 0S -0.389 -26.569 0 -0.40145
C32 c3 0.389 -27.747 0 0.035249
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H64

H65

H66

Table C.7. Atom names, atom types, atomic coordinates and charges for

hl

hl

hl

polyethylene glycol chain.

-0.302

1.032

1.032

-28.593

-27.812

-27.812

0 0.053147
-0.892 0.053147
0.892 0.053147

initial unit of protonated

Atom name Atom type X Y Z Charge
C1 c3 30.018 3.363 -0.29 -0.08287
01 oh 29.059 2.228 0.306 -0.39107
C2 c3 27.94 1.684 -0.479 -0.11841
C3 c3 26.74 1.648 0.513 -0.04432
H1 hl 21.772 2.378 -1.304 0.220158
H2 hl 28.223 0.7 -0.865 0.220158
H3 hl 26.93 1.067 1.418 0.262615
H4 hl 26.321 2.634 0.72 0.262615
H5 hl 30.687 3.56 0.549 0.225086
H6 hl 30.505 2.923 -1.16 0.225086
H7 hl 29.345 4.191 -0.501 0.225086
H67 ho 29.616 1.533 0.722 0.539402
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Table C.8. Atom names, atom types, atomic coordinates and charges for central unit of protonated
polyethylene glycol chain.

Atom name Atom type X Y Z Charge
02 oh 25.493 0.897 -0.196 -0.33635
C4 c3 24.202 0.724 0.562 -0.18237
C5 c3 23.031 0.7 -0.482 0.027241
03 oh 21.704 0.115 0.223 -0.30369
C6 c3 20.369 0.111 -0.533 -0.21218
C7 c3 19.186 0.078 0.512 0.00665
H8 hl 24.283 -0.194 1.154 0.2246
H9 hl 24.138 1.592 1.219 0.2246

H10 hl 22.708 1.696 -0.785 0.242497
H1l hl 23.204 0.039 -1.335 0.242497
H12 hl 20.377 1.043 -1.1 0.241764
H13 hl 20.387 -0.751 -1.206 0.241764
H14 hl 19.331 -0.631 1.331 0.245252
H15 hl 18.913 1.071 0.869 0.245252
H68 ho 25.8 0.048 -0.586 0.514647
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H69

02

C4

C5

O3

C6

C7

H8

H9

H10

Hi1l

H12

H13

H14

H15

H68

H69

ho

oh

c3

c3

oh

c3

c3

hl

hl

hl

hl

hl

hl

hl

hl

ho

ho

21.894

25.493

24.202

23.031

21.704

20.369

19.186

24.283

24.138

22.708

23.204

20.377

20.387

19.331

18.913

25.8

21.894

137

-0.77

0.897

0.724

0.7

0.115

0.111

0.078

-0.194

1.592

1.696

0.039

1.043

-0.751

-0.631

1.071

0.048

-0.77

0.606

-0.196

0.562

-0.482

0.223

-0.533

0.512

1.154

1.219

-0.785

-1.335

-1.1

-1.206

1.331

0.869

-0.586

0.606

0.507516

-0.33635

-0.18237

0.027241

-0.30369

-0.21218

0.00665

0.2246

0.2246

0.242497

0.242497

0.241764

0.241764

0.245252

0.245252

0.514647

0.507516



Table C.9. Atom names, atom types, atomic coordinates and charges for terminal unit of protonated
polyethylene glycol chain.

Atom name Atom type X Y Z Charge
016 oh -29.059 2.227 -0.307 -0.39107
C32 c3 -30.018 3.364 0.289 -0.08287
H64 hl -30.687 3.559 -0.55 0.225086
H65 hl -30.505 2.923 1.159 0.225086
H66 hl -29.345 4.191 05 0.225086
H82 ho -29.616 1.532 -0.722 0.539402

Table C.10. Atom names, atom types, atomic coordinates and charges for SDS.
Atom name Atom type X Y Zz Charge
S1 s6 6.566 -0.075 0.011 1.220915
01 0 6.609 -0.929 -1.197 -0.659133
02 0 7.442 1.107 -0.028 -0.659133
(OX] 0 6.591 -0.833 1.282 -0.659133
O4 0S 5.035 0.653 -0.028 -0.459882
C1 c3 3.922 -0.247 -0.011 0.106768
C2 c3 2.643 0.579 -0.02 0.032322
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H1

H2

C3

H3

H4

C4

H5

H6

C5

H7

H8

C6

H9

H10

C7

Hi1l

H12

C8

hl

hl

c3

hc

hc

c3

hc

hc

c3

hc

hc

c3

hc

hc

c3

hc

hc

c3

3.968

3.972

1.381

2.644

2.646

0.08

1.391

1.396

-1.183

0.067

0.066

-2.486

-1.17

-1.165

-3.747

-2.501

-2.504

-5.052
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-0.903

-0.874

-0.292

1.241

1.225

0.519

-0.954

-0.949

-0.349

1.178

1.18

0.458

-1.006

-1.013

-0.413

1.113

1.124

0.392

-0.888

0.888

-0.014

0.853

-0.906

-0.012

-0.89

0.865

-0.012

0.866

-0.888

-0.005

-0.892

0.862

-0.008

0.876

-0.878

0.002

0.041588

0.041588

0.01695

0.006552

0.006552

0.035573

-0.017762

-0.017762

0.027937

-0.017851

-0.017851

0.015052

-0.011381

-0.011381

0.021411

-0.00875

-0.00875

0.028188



H13

H14

C9

H15

H16

C10

H17

H18

Cl1

H19

H20

C12

H21

H22

H23

H24

H25

hc

hc

c3

hc

hc

c3

hc

hc

c3

hc

hc

c3

hc

hc

hc

hc

hc

-3.733

-3.728

-6.312

-5.068

-5.072

-7.618

-6.297

-6.292

-8.878

-7.635

-7.639

-10.177

-8.862

-8.857

-11.056

-10.239

-10.244
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-1.066

-1.08

-0.481

1.045

1.06

0.323

-1.132

-1.149

-0.55

0.974

0.993

0.261

-1.199

-1.22

-0.39

0.894

0.915

-0.89

0.864

-0.003

0.885

-0.869

0.009

-0.886

0.867

0.003

0.893

-0.86

0.016

-0.881

0.872

0.011

0.907

-0.859

-0.01082

-0.01082

0.007977

-0.013107

-0.013107

0.011157

-0.008889

-0.008889

0.049324

-0.002411

-0.002411

-0.066432

-0.007617

-0.007617

0.010345

0.010345

0.010345



Creation of the Molecular System

Polystyrene surface has been created according to the following protocol, used for other similar
system?81-18 First of all, a simulation box containing 15 PS linear chains (each composed of 22
monomers) has been built. After energy minimization, 1 ns molecular dynamics (MD) simulation has
been carried out in NVT ensemble at 500 K in order to obtain a homogeneous mixing of polymer chains.
This box has been replicated four times on xy plane, in order to obtain 4 cells aimed at modeling an
infinite PS surface by means of periodic boundary conditions. Again, after initial energy minimization,
1 ns MD simulation in NVT ensemble at 500 K has been carried out in order to assure a complete mixing
between the 60 PS chains. Subsequently, 5 ns MD simulation at 300 K using semi-isotropic scaling in
vacuo have been performed, allowing the system to reach the equilibrium density at 1 atm, equal to 0.99
g cm. Finally, 1 ns MD in NVT ensemble at 300 K has been carried out increasing the length of the box
in z direction, in order to adjust the arrangement of the chains on the surface. This approach led to a PS

surface with x x y x z dimensions of 8.87 x 7.91 x 6.63 nm.

Computational Protocol

All simulations have been performed by means of GROMACS 5.0.2% software, adopting the following
protocol. First of all, energy minimization has been carried out in order to remove bad solvent/solvent
and solvent/solute contacts, due to the random placement of ions and water explicit molecules. The
temperature has been raised to 300 K by means of 20 ps in NVT ensemble; a weak harmonic restraint
has been applied to the solute in order to avoid wild fluctuations. The system has been further equilibrated
through 1 nsin NPT ensemble at 1 atm and 300 K, adopting a semi-isotropic barostat. Finally, molecular
dynamics simulations have been performed in NPT ensemble at 1 atm and 300 K; temperature and
pressure have been controlled by means of velocity rescale algorithm?® and Parrinello - Rahman*8’ semi-

isotropic barostat, respectively. Cut-off value for long range interactions has been set equal to 1.2 A;
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electrostatic long-range interactions have been computed through Particle Mesh Ewald (PME) method?€8.
All covalent bonds involving hydrogen atoms have been restrained with LINCS algorithm?8®; this
allowed to use a time step for integration equal to 2 fs, along with Leap - Frog algorithm and periodic
boundary conditions. Data have been collected every 20 ps. Simulation campaign has been performed as
follows. A relaxed arrangement for both protonated and unprotonated PEG has been achieved by means
of 40 ns MD simulations with explicit water molecules and ions for assuring electroneutrality (in this
framework, an isotropic pressure scaling has been used). Polystyrene surface has been placed in xy plane
and solvated along z axis (only on the top, in order to mimic a semi-infinite water/polymer interface)
with explicit water molecules; explicit sodium dodecyl sulfate molecules have been added (along with
Na+ ions, in order to assure electroneutrality), and 100 ns molecular dynamics simulations have been
performed in order to achieve surfactant adsorption on polymer surface. In the initial system
configuration, 250 SDS molecules have been placed close to the surface with the aliphatic chain parallel
to z axis and pointing towards polystyrene. The final system arrangement, where all SDS molecules are
adsorbed on PS, corresponds to a surface density of 1.7 mg m. The obtained value is consistent with
literature data®®*%! in terms of adsorption isotherms of SDS on polystyrene latexes and surfaces. In
addition, the simulation led to a complete coverage of the surface by the surfactant, which can be
expected because of the very low polymer content with respect to SDS. The obtained system has been
used as input in order to study the pH-dependent binding with PEG model chain.

Two different systems have been here considered: one with protonated PEG (representative of a low
environmental pH) and one with a neutral PEG (mimicking neutral/basic pH). For each system, two
simulations have been carried out, since two different initial configurations have been adopted. In the
first one the previously equilibrated structure of PEG model chain has been placed in the simulation box,

while in the second one a fully stretched conformation has been considered. This procedure allows
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In general, PS / SDS / PEG system has been solvated with explicit water molecules, and a proper amount

of explicit ions has been added to assure electroneutrality. 100 ns MD simulations have been carried out

for each system, in order to obtain a reasonable equilibrated PEG arrangement on the surface. Binding

energy has been computed by means of Molecular Mechanics Poisson Boltzmann Surface Area method

(vide infra) using the last 20 ns of the molecular trajectories. All performed simulations are summarized

in Table C.11.

Table C.11. Summary of performed simulations. 2Average box size relative to the equilibrated system

during MD simulation in NPT ensemble.

Boxsize Water SDS Total Simulation
System [nm x nm x lons number of
a molecules  molecules length [ns]
nmj atoms
PEG POXILOX T 15684 : : 47166 40
Protonated 12.1x6.8 X
PEG 6.5 17605 - 16 (CI-) 52961 40
PS / SDS 8'82XO749 X 28818 250 250 (Nat) 136990 100
PS/SDS/ 8.8x7.9x
PEG (relaxed) 20.1 28772 250 250 (Na+) 137104 100
PS/SDS/ 8.8%79x
PEG ' ' 28772 250 250 (Na+) 137104 100
20.1
(stretched)
PS/SDS/ 8.8%7.9 X
Protonated ' 20 1 28772 250 234 (Na+t) 137104 100
PEG (relaxed) '
PS/SDS/
Protonated 8.8x7.9x
PEG 20.1 28772 250 234 (Na+) 137104 100
(stretched)

Molecular Mechanics Poisson Boltzmann Surface Area (MMPBSA) method

According to Molecular Mechanics Poisson Boltzmann Surface Area (MMPBSA) approach!®,

interaction energy AEint is given by the sum of two contributions:
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AE;, = AE , +AG,, (1)
where AEgas is the gas phase energy given by the adopted force field and AGsowv is the solvation free
energy. The first term on the right side in eq. 1 is in turn determined by three different terms: internal
energy AEinternal (Which accounts for bonds, angle and torsions), electrostatic interactions AEeiec and Van

der Waals interactions AEvaw:

AE_..=AE

gas interna

| + AEelec + AEVdW (2)

Solvation free energy is computed through a sum of a two contributions:

AG,,, = AG,, +AG,, 3)

solv pol

where AGpol is the polar contribution to the solvation free energy, obtained by solving Poisson -
Boltzmann equation (an implicit solvent model), and AGnp is the non polar contribution, computed as a
function of Solvent Accessible Surface Area (SASA):

AG,, =a-SASA+b (@)

where a is equal to 0.00542 kcal mol™* A2 and b is equal to 0.92 kcal mol™.
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