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Abstract

Brush polymeric nano-particles are systems of significant interest in a number of
transversal fields ranging from fundamental science research up to the development
of commercially oriented bench-top-made pilot prototypes. The reason of such
attention is easily explained, i.e. the ability to transfer the “smartness” of polymeric
chains onto a nano-surface is the open door for combining both the features of the
nano-world and of the polymer world. Moreover, often the resulting properties are
not just the sum of the component systems (the polymeric brush and the nano-
surface). Indeed, the newly formed system can show new and un-precedented

features not present in the single separate components.

In this work the formation of brush poly(acrylic acid) nano-particles and their use in
a proof of concept system is analyzed. In particular, for the first time, a coherent
unified summary of synthesis strategies, tools and approaches to monitor and
remediate silica nano-particles based colloidal batches is presented (Chapter 2).

Using these nano-particles, in Chapter 3 the process of formation of the polymeric
brush from the surface decoration with a novel silane coupling agent is detailed. The
synthesis of this molecule bearing both the silanizable moiety (to be chemically linked
on the silica nano-surface) and the radicalic polymerization initiator is originally
performed using a click chemistry approach. The advantage of this choice was of
double nature: on one hand, a reasonable amount of initiator was available to do a
number of surface decoration tests and, in doing so, the definition of a robust
protocol had been possible. Detailed analysis of brush thickness increase with the

reaction time during the atom transfer radical polymerization completes the chapter.
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The last two chapters are devoted to the applicative aspects of the just formed poly
(methacrylic acid) silica nano-particles. Specifically, in Chapter 4, an easy and robust
protocol to manufacture a cheap solid phase extraction device based on porous poly
(EDMA-co-GMA) monoliths is presented. The elements of novelty in this chapter are
the carefully monitored process of manufacture. This aspect is of particular interest
as the monitoring of such kind of manufacture is not each time easily possible due
the geometry of the devices. In the Chapter 5, the problem of the porous poly (EDMA-
co-GMA) monoliths surface decoration is defined and discussed. In this context, the
brush enhancement factor is defined and treated. The final part of the chapter
demonstrates, for the first time, the positive impact on the solid phase extraction

performances of the poly (acrylic acid) nano-brushed monolithic surfaces.
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Chapter 1: Introduction



1 Introduction: The features of nano-world and the structure of this
work

On December 29t 1959 at the California Institute of Technology Dr. Richard Feynman
addressed the American Physician Society with an intriguing talk: “There is plenty of
room at the bottom”.! In this seminal talk he analysed the possibility to define and
build objects at the nano-scale. Even though it is difficult to assign a definite date for
the start of a research field, the year 1959 with its brilliant (and then famous) Dr.
Feynman'’s talk has really inspired this new attention for the nano-scale. Nowadays,
nano-technologies are a standalone field of research and it is possible to cite some
examples of excellence. In academia and in a number of industries, nano-particles
are proposed as drug delivery systems, for example in therapy to deliver treatments
such as drugs or to heat directly diseased cells (hano-medicine).%>* For example,
researchers have developed a technique for creating nano-particles that carry two
different cancer-killing drugs into the body and deliver those drugs to separate parts
of the cancer cell where they will be most effective.> Moreover, nano-particles are
proposed in diagnostic techniques for rapid testing (potentially in a point-of-care
device) and detection of diseases at an earlier stage. ®’ This early detection offers the
possibility of treating a disease earlier, avoiding more damage to the patient.
Researchers in Duke University and genome researchers have been using nano-
particles for early diagnosis of infectious disease based on the enhancement of the
Raman scattering caused by the nano-particles.® Nano-particles are also used to
develop new methods for fighting bacterial infections. °° The applications of nano-
particles in the fields of energy and electronics are far to be less important: Dr.
Dunwei Wang at the Boston College, prepared web-like “nano-nets”. This nano-
material offers a unique structural strength, more surface area and greater
conductivity, which produced a charge/re-charge rate five to 10 times greater than
typical lithium-ion anode material, a common component in batteries for a range of

consumer electronics.!!

Nano-particles also offer solutions to environmental
problems as was shown by research at the Toyota Central R&D laboratories, which
focused on the use of gold nano-particles in manganese oxide to reduce volatile toxic
organic compounds in the air.!> These are just a few of many examples where nano-
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particles have contributed to the development of advanced materials but what

makes nano-particles so special?

A particle with dimensions ranging from a few nm to a few um is defined as a nano-
particle. It can be typically made up of 103 to 10° atoms. A dispersion of nano-particles
in a liquid is defined as a colloid. The nature of the forces between dispersed nano-
particles rules the time stability of the colloids; if not stable, nano-particles can
sediment, crystallize or flocculate forming macroscopic aggregates. The dimensional
scale considered here is at the border line between the atomic world (ruled by
quantum-mechanical laws) and the micro/macroscopic world (ruled by gravitational,
frictional and inertial forces of classic mechanics). For example, if a cube of 1 m3 is
divided into n3 sub-cubes of the same volume, the surface generated will increase
from 6 x 1 m?2to 6 x n3> m?. The total surface of the system will thus increase with a
cubic power trend with n increasing. The forces predominantly acting on the cubes
will change accordingly with the growth of the number n. Indeed, the single 1 m3 cube
in solution would be mainly governed by the gravitational/inertial forces but, with
increasing n, the forces deriving from the interaction between the surfaces and the
medium of suspension will gradually predominate over the gravitational/inertial
forces. The first important property of a nano-particle-based system is its large
surface compared to its mass: 1 g of silica nano-particles with a diameter of 100 nm
has a surface area of more than 22 m2. This has direct implications on the application
fields for example in chemical catalysis or medical devices for drug delivery.'? One of
the challenges in the science of colloids is the precise control of the surface chemistry
in a way to prevent any aggregation. Notably, at the nano-scale the frictional forces
will also play an important role. In some cases, this is an advantage (e.g. for more or
less permanently physically absorbed nano-articles on a surface) or it can be a
problem (e.g. the non-specific binding of sensing nano-particles in cell or antigen
recognition processes). What is the nature of these forces and how to subdivide a
mass into fine enough nano-particles so as to assure the existence of a stable colloid?

These two questions are intimately linked.

In the 1940s four scientists (Derjaguin, Verwey, Landau and Overbeek) developed a

model (the DVLO model from the authors’ initials) to justify the stability of nano-
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particles in suspension as the balance of two opposing electrostatic forces: In the
colloid, the van der Waals’ forces tend to attract particles, while the presence of an
electric double layer surrounding the particles at the particles-medium of suspension
interface, tends to repel the two systems.'* The van der Waals’ forces are formed by
dipole-dipole attractive interactions between two atoms, particles or surfaces and,
on the other hand, the presence of an inter nano-particles repulsive force can be
explained by the presence of a ionic double layer at the nano-particles/medium of
suspension interface. Indeed, once the nano-particle is formed, a number of possible
events can be envisaged deriving from interactions at the interface of the dispersion
liquid/nano-particles surface (e.g. reactions with H* or OH" ions, adsorption of lattice
ions, and dissociations of surface groups) and, as a consequence, the outer nano-
particle layer can be positively or negatively charged. In this case, ions with opposite
charge with respect to the nano-particles surface can leave the bulk of the suspension
liquid and locally concentrate on the nano-surface to minimize this electrostatic
energy forming an electric double layer. Hermann von Helmholtz, in 1853, was the
first to realize that two ionic layers of opposite polarity form at the interface between
solvents and systems immersed in liquids (specifically, electrodes).'®> This model was
then refined by Louis Georges Gouy in 1910 and David Leonard Chapman in 1913 with
the definition of a diffuse model for the double layer where the counter-ions
concentration is a function of the distance from the considered surface.®!’ Finally,
in 1924, Otto Stern revised this model in the case of highly charged double layers.*®
The presence of an electric double layer is responsible for the origin of inter-particle
repulsive forces. Indeed, the eventual accumulation of ions deriving by the overlap
of the two approaching nano-particles double layers would create a local increase in
the osmotic pressure. As a consequence, some solvent from the bulk would come to
dissolve (or, locally re-dilute) this ions accumulation preventing the surfaces
approaching each other. The research line about experimental measurement of this
double electric layer between surfaces and medium of suspensions is still in its early
stage. For example, liquid ordering near flat solid surfaces to the depth of 1-3 nm has
been well documented experimentally and theoretically, but whether similar liquid

ordering would occur on a highly curved surface has only been speculated.'® There is
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almost no experimental data directly or indirectly showing the structuring of the
liguid molecules on highly curved surfaces of nano-particles.

The measurements of colloidal forces for nano-particles of silica and alumina using
atomic force microscopy (AFM) suggest that 10 nm silica particles are surrounded by
about a ca. 1 nm hydration layer in electrolyte solutions but this finding needs to be
confirmed by other laboratories and for other nano-particles.?° It is possible that the
size dependence of interfacial energy in nano-particles contributes to structuring of

liquids immediately adjacent to nano-surfaces.

To maintain the stability of a colloidal system, the repulsive forces must be dominant
and this can be achieved either by steric repulsion (by the use of polymers absorbed
or grafted on the nano-particles surface) or by electrostatic stabilization (using
permanent charges present on the surface of the system). This discussion delineates
just the essential ideas of the DVLO model. The discussion of this model is far from
general. After 50 years or more of studies dedicated to the real experimental
measurement of these interactions there is not yet a definitive and general model.

Moreover, an increasing number of extra-DVLO-forces have been presumed or
argued. Critical discussions on these extra-DLVO models proliferations have been
recently made concluding that: “.. Where the theory apparently fails, new words to
describe ‘non-DLVO’ forces have been invented. Extra-DLVO forces and words like
hydration, structural, oscillatory, hydrophobic, depletion, fluctuation, protrusion
forces infest the literature. Some are real enough but some have the status of
phlogiston. All predictability has disappeared in a confused proliferation of

parameters ... “.2!

1.1 Stober method: a simple approach to the synthesis of amorphous
silica nano-particles



Colloidal systems of amorphous silica nano-particles can be synthesized by Stéber
method (SM)??, seeded growth method?3, water in oil micro-emulsions?2¢ or lysine-
catalyzed synthesis.?’?® These four techniques are actually based on the same
chemical reactions: the hydrolysis and condensation of alkoxy derivatives of ortho-
silicates and encompass a period of time from 1968 to nowadays. The SM is described
by the three reactions in Figure 1.1. These three equilibria reactions describe the
method at the level of the functional groups involved. It is evident from reactions (1)
- (3) (see Figure 1.1) that the chemical species in the alcosol (or silica gels under
certain conditions) evolves sequentially as the product of successive hydrolysis and
condensation reactions (and the reverse reactions, esterification and alcoholic or
hydrolytic de-polymerization). The intriguing feature of this simple sequence of
reactions is that they explain a large number of experimental facts and, importantly,

the experimental and structural variations obtained under different conditions.

The hydrolysis in (eq. 1.1) is a nucleophilic SN, attack of the oxygen contained in
water on the silicon atom as proven in some studies based on the isotopic effect. 2°
McNeil®°,Pohl and Osterholtz3! have studied the hydrolysis of trialkoxysilanes in
buffered aqueous solution and this reaction appears to be both acid and base
catalysed. There is also a clear influence of steric effects on this reaction. Any steric
hindrance of the alkoxy group retards the hydrolysis of alkoxysilane and consequently
the hydrolysis rate is lowest for branched alkoxy groups.3? Extremely interesting is a
study of H. Schmidt focused on the inductive effects on this hydrolysis reaction. 33
Under acidic conditions (typically by using HCI) the hydrolysis rate increases with the
degree of alkyl substitution, whereas under basic conditions (typically by using NHs)
the reverse trend is clearly observed. The consistent acceleration and retardation of
hydrolysis under acidic or basic conditions, respectively, suggests that the hydrolysis
mechanism is subject to inductive effects. As increased stability of the transition state
will increase the reaction rate, the inductive effects are evidence for positively and
negatively charged transition states or intermediates under acidic and basic

conditions, respectively.

Under acidic conditions the hydrolysis rate decreases with each subsequent

hydrolysis step, whereas under basic conditions the increased electron withdrawing
7



capabilities of Si-OH compared to Si-OR may establish a condition in which each
subsequent hydrolysis step occurs more quickly as hydrolysis and condensation
proceed. Last but not the least, the role of the solvents must be considered. The
hydrolysis is both hydroxyl and hydronium ion catalysed, therefore solvents capable
of forming hydrogen bonds with hydroxyl ions or hydronium ions rule the catalytic
activity under basic and acidic conditions, respectively. Therefore aprotic solvents
tend to render hydroxyl ions more nucleophilic, whereas protic solvents make
hydronium ions more electrophylic. It is important to note that the esterification
process in (Eq. 1.1) is a faster process under acidic conditions than under basic

conditions.3*

R H
/
o H HYDROLYSIS < kY
YR/ + Yo—H =S ‘:Si—Fl* + O—H (Eq. 1.1}
ih 2 ESTERIFICATION Yy 2
e i
R H g
D# o AL COHOL CONDENSATION R SRR
R+ ‘:S_RQ = — \:Si_ﬁ‘ ' b—n  (Eq.12)
12 o y % 2
R R pl Be ALCOHOLYSES n
R-E-
A . z kY
d d WATER CONDENSATION R AR Hw,h
il u‘s- == — 5—d R + b—H (Eq. 1.3)
AR+ F-R HYDROLYSIS EAW
R R R’ \R.

Figure 1.1: The three equilibria reactions describing the chemistry of the Stéber method. RY,
R? and R3 are alkoxy groups.

The reaction mechanisms (Eq. 1.2) and (Eqg. 1.3) are the core of this reaction system
as both equilibria explain the formation of monomers, dimers, linear trimers, cyclic
trimers, cyclic tetramers and higher order rings or oligo-networks. The experimental
work on the clarification of these condensation mechanisms is still under questions.
The most widely accepted mechanism for the condensation reaction involves the
attack of a nucleophilic de-protonated silanols on a neutral silicate species to explain
condensation in aqueous systems but other mechanisms have been postulated as

8



well. 3538 Alcoholysis and hydrolysis of siloxane bonds (reverse of eq. 1.2 and 1.3),
provide a means for bond breakage and reformation, allowing continuous
restructuring of the growing polymers before final stable sols are formed. The

hydrolysis reaction (dissolution of silica) exhibits strong pH dependence.

The interesting fact is that the silane derived rings form the elemental framework for
the generation of discrete colloidal particles, which are commonly observed in
aqueous systems.3” This sequence of condensation requires both de-polymerization
(ring opening) and the availability of monomers (species which may be produced by
de-polymerization). However, in alcoholic solutions (especially at low pH), the de-
polymerization rate (reverse of (Eq. 1.1-3), is very low. ller speculated that, under
conditions where de-polymerization is slow (so that the condensation is irreversible
and siloxane bonds cannot be hydrolyzed once they are formed), the condensation
process may resemble classical polycondensation of polyfunctional organic monomer
resulting in a three dimensional molecular network.3” Owing to the insolubility of
silica under these conditions, the condensation polymer from siloxane chains cannot
undergo rearrangement into particles. The frequency of the reverse reactions
depends on processing conditions, and condensation may result in a spectrum of

structures ranging from molecular networks to colloidal particles.

In contrast to the reaction (Eq. 1.1) the condensations reactions can proceed under
thermal as well as under specific acid-base catalysis. An easy way to measure the
overall condensation kinetics is to determine the time needed by the system to
become a gel (gel time). In the specific case of the systems under discussion the gel
time is minimized at pH 2.5 and non-gelling suspensions are obtained under more
basic conditions. The easy interpretation of this fact is based on the consideration
that at pH 2.5 there is the iso-electric point of the silica and at lower pH silanols
groups are protonated while at higher pH silanol groups are de-protonated. At
elevated pH where the gel times are increased, condensation reactions proceed but
gelation does not occur. In this pH regime particles are formed which, after reaching
a critical size, become stable due to mutual repulsion effects. This high pH region

represents the conditions in which Stéber silica particles are formed. Figure 1.2 shows
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a general graph correlating the pH with the gel time. There are mainly three zones. A
metastable zone (pH range 0 - 4), where the gel time is increasing due the fact that
the charge density on the particles is very low. This results in particle-particle
collisions to be frequent and effective to form irreversible siloxane bonds from the
silanols present on the surface. In the rapid aggregation zone (pH range 4 — 6) this
trend is stronger. In the pH range 6 — 10 the charge on the particles surface is able to
prevent collisions and aggregation. The graph also shows how NaCl would be able to

destabilize a stable sol.

The species in equilibrium and their concentrations, the position of the equilibria and
the final structural morphology (if any) of the nano-object formed are essentially
ruled by two simple parameters: [H,0]/[Si] =R and pH. Indeed, with these two
parameters it is possible to define two distinct extreme conditions. Condition A: acid-
catalyzed hydrolysis with low R ratios produces weakly branched "polymeric"
networks. Conditions B: base-catalyzed hydrolysis with large R produces highly
branched "colloidal" particles. Intermediate conditions produce structures
intermediate to these extremes. Since these structural variations can only result from
a different sequence of the basic reactions (see Equations 2.1-3), the fundamental
guestions surrounding hydrolysis and condensation in silicates concern the factors
determining the sequence of these reactions. This so distinctive trend of the

alcosols/gels based on silicates is shown in Figure 1.2.38

It is clear that the initial random distribution of monomers, dimers and oligomers
become organized into networks, clusters, or particles depending on the specific
growth conditions. The silica polymerization in agueous media is mainly described by
a nucleation and growth model.>®* There are a number of theoretical models
describing this just depicted sequence of events. The LaMer and Dinegar model (see
Figure 1.3) for the first time introduced the idea of critical super-saturation
concentration as the core mechanism as the basis of silica nano-particles formation.*°
At a critical degree of super-saturation, nuclei form and subsequently grow by the
addition of monomer. The monomer is initially supplied by the supersaturated
solution. As the degree of super-saturation diminishes, oligomers (which have been

in solubility equilibrium with the higher monomer concentration) de-polymerize and
10



add to the growing nuclei. This idea, ruling the SM, is as well present in the SGM as
it will be shown below. In the 1992 two other possible models appeared: the Bogush

and Zukoski*! model and the Bailey*?> model.

A

Stable |
Positive l Negative sols !
| S8i0, dissolves
0.1 ppm HF :
1
" 0ANNCl 7 J|\| I
| |
= | HSio; | Sio2"
= | 03 | SO
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\ |
‘ K |
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Figure 1.2: Effects of pH in the colloidal silica—water system, where A represents the point of
zero charge; regions B, C, and D correspond to meta-stable gels, rapid aggregation, and
particle growth, respectively. Positive and negative correspond to the charges on the surface
of the silica particle.

All models have some peculiar assets and limitations as well as points of overlap but
in all different models there is an obvious general scheme involving the concept of
super-saturated solutions and monomer addition on the particles surface. Computer

simulations by Keefer** have confirmed the two aforementioned scenarios:

a) When the hydrolysis reactions are faster than the condensation reactions in
acidic pH, the formation of polymer-like networks or sometimes, porous
particle with small pores is preferred. This is the clear consequence of the
presence of an intermediate barrier (due the interaction potential) preventing

aggregations (this is termed as reaction-limited aggregation).

b) When the hydrolysis reactions are slower than the condensation reactions in
alkaline pH, the formation of large, non-porous particles or, sometimes,
colloidal gel with large pores is preferred. In this case there is no barrier and

the interaction potential between the particles is purely attractive, meaning
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the aggregation process is solely limited by mutual diffusion (or Brownian

motion) of the particles (this is termed diffusion limited aggregation).

Morphology of silica nanoparticles

Si(OH),
Dr'u:mrs
pH <7or CJT{"’
PH 7 - 10 with salts Particles pH 7 - 10 without salt
° J nm
@D /s ® O 5 mu

O 10 nm
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3 — dimensional gel network
100 nim
Sol (Stober — Particles)

Figure 1.3: Relationship between pH and morphology of the Si-NPs.3

The qualitative aspects of the models are now clarified. A reaction of hydrolysis forms
a super-saturated solution of silicic acid and a number of condensation steps promote
the formation of initially fluffy aggregates and then of smoothed nano-particles (this
is the so-called Ostwald ripening®) up to the point where all the oligomers are
consumed and the charge on the particles prevent any further increment of the

diameter.

Model according LaMer and Dinegar (1950)
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Figure 1.4: The LaMer and Dinegar model.*®

1.2 The silica surface and the Zhuravlev model

The Zhuravlev model predicts the properties and the chemical species on the silica
surfaces. Indeed, even if the bulk amorphous silica is — in principle - characterized by
a quite strong chemical and physical stability, amorphous silica surfaces present
unexpected variety of chemical Si groups depending on synthesis conditions, surface
shape and eventual thermal treatments. The Zhuravlev model is crucial to understand
how to “standardize” a silica surface before any chemical treatment before the

grafting of initiators onto silica nano-particles as carried out in Chapter 3.

Amorphous silica (a non-crystalline form of silica) presents a bulk structure
determined by random packing of [SiO4]* units. The bulk material and the surface of
the same material present different inter-atomic and inter-molecular distances and
arrangements. Silica nano-particles surface exhibits hydrophilic behavior but — after

a proper calcinations process — this surface become hydrophobic.

A number of scientists in the 1930s defined a model for the condensation of silicic
acid (one of the reactions involved in the synthesis of silica).*¢*” In particular, Kiselev
was the first author able to clarify that the water evolving from the silica surface
during measurements of the heat of wetting, beside the normally physically absorbed
water, originates from OH groups that are chemically located on the silica surface.
This was the first time that it was postulated that on silica surfaces not [SiO4]* or SiO>
is present but silanols Si-OH. Only with the advent of infrared spectroscopy in the
year 1948, Yaroslavsky*® and Terenin®® had the first analytical evidence of the
existence of hydroxyl groups on the silica surface.

Nowadays, there are numerous methods unambiguously confirming the presence of
silanol groups on the silica surface formed either during the condensation and
polymerization of silicic acid to form nano-particles or by re-hydroxylation of de-
hydroxylated silica. Of course, the driving force for this process is the formation of a

complete tetrahedral configuration of the silicon atoms at the surface. With that
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knowledge it was possible to explain the surface properties of amorphous silica as
being determined by the presence of silanol groups. At a sufficient concentration
these groups make such a surface hydrophilic. The OH groups act as the center of
molecular adsorption during their specific interaction with solvents capable of
forming donor—acceptor bonds. The removal of the hydroxyl groups from the surface
of silica leads to a decrease in the adsorption, and the surface acquires more and
more hydrophobic properties.>°

The numerous experimental data on the behavior of the silica surfaces have been
collected, confirmed and organized over 25 years by L. T. Zhuravlev.>! The properties
of a pure silica surface are defined by the concentration and the distribution of
different types of OH groups, and on the presence of siloxane bridges and the

macro/meso and micro porous structure of the silica.

The “Zhuravlev model” describes the energetic heterogeneity of the silica surface as

a function of the pretreatment temperature of SiO, samples.

In the bulk and on a silica surface, it is possible to define the presence of
e physically sorbed water,
e solated free Si-OH or geminal free Si(OH),,
e vicinal, or bridged, OH groups bound through the hydrogen bond,
e siloxane groups Si-O-Si bridges with oxygen atoms on the surface,
e structurally bonded water inside the silica skeleton and internal silanol

groups.

The “core” physical phenomenon at the heart of the Zhuravlev model is the
characteristic “memory effect” of the silica surface and its variations in hydroxyl
coverage with respect to the temperature of preliminary thermal treatment in
vacuum. Zhuravlev was able to define analytical techniques to discriminate between
these different types of —OH groups, for example deuterium exchange, mass
spectrometric thermal analysis in conjunction with the temperature-programmed

desorption (the MTA-TPD method), infrared spectroscopy, and some others.
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The concentration of -OH groups per nm? or the “silanol number” is the physical

parameter normally used to describe a silica surface (see Equation 1.4).

S 21
tgy, =200 ’NSA'lO (eq.1.4)

Equation 1.4: The silanol number. The specific surface area of the silica sample is determined
by the Brunauer—-Emmett—Teller (BET) method? by using low temperature adsorption of
krypton (the area occupied by one Kr atom in a monolayer is 0.215 nm?).>® aon is the number
of OH groups/mm?, 3° oy are the mmol of OH groups/g of SiO2, Na is the Avogadro number in
unit/mol, S is the specific surface area in m?/g.

The silanol number when the surface is hydroxylated to the maximum degree is
considered to be a physico-chemical constant (Kiselev-Zhuravlev constant) at 4.9
OH/nm?. Figure 1.5 depicts the detailed Zhuravlev model stages A-E, which can be
distinguished. In essence, it must be understood that a silica surface has a memory

of its thermal history!

Initial stage: The SiO; surface is in a maximum state of hydroxylation and all the
different types of silanol groups (see Figure 1.5: isolated singles in black, geminals in
blue, vicinals in red) are present. The surface is covered by multiple layers physically
adsorbed water (the surface OH groups and adsorbed water are permeated with an

H-bond network). The internal OH groups are present inside the SiO; skeleton.

Stage A: Complete removal of multiple layers of physically adsorbed water (this
process is reversible upon the introduction of an excess of water). A single layer of

water is physically adsorbed.

Stage B: The surface is in a maximum state of hydroxylation and all the different types
of silanol groups are present. The surface is covered with a single (or less) layer of
adsorbed water and tends to dry completely towards the end of this stage. The
surface silanol groups are predominantly bound via H-bonds. The internal OH groups

are present inside theSiO; skeleton. This stage is reversible.
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Stage C: The overall degree of surface hydroxylation decreases significantly. Even if
all the different types of silanol groups are present, the concentration of isolated
single OH groups increases reaching a maximum at 400°C. To be noted, the
concentration of vicinal bridged OH groups decreases at about 400°C as do all internal

OH groups.

Stage D: The concentration of isolated single and germinal OH groups decreases and
at temperatures close to about 800-900°C the silica surface becomes free of geminal
OH groups. The internal OH groups disappear completely from the silica skeleton and
the concentration of siloxane bridges increases considerably and whole areas on the
silica surface become covered by Si-O-Si. The removal of surface germinal silanols and
internal OH groups is complete. Even if isolated single silanols still remain on the
surface, at room temperature the process is hardly reversible upon the introduction
of an excess of water and it takes a considerable time for the reverse process to be
completed. However, at 100°C this process becomes reversible and it proceeds quite

rapidly.

Stage E: Complete removal of all OH groups from the silica surface and complete

coverage of the SiO; surface with Si-O-Si groups.
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Figure 1.5: The change of silica surface silanol groups as a function of the thermal treatment
according to the Zhuravlev model.

1.3 Atom transfer radical polymerization (ATRP)

Mitsuo Sawamoto®* and Krzysztof Matyjaszewski>> independently published two
seminal papers in 1995 and 1996, respectively, casting the bases for Atom Transfer
Radical Polymerization (ATRP). This new technique has had an exceptional influence
on the development of polymerization chemistry since 1996: At that time, only
polymerization mechanisms involving addition (anionic and cationic) and ring-
opening reactions were well defined in terms of molecular weight and polydispersity.
6,57 The use of a living polymerization based on radicals was the “next frontier in the
world of polymer synthesis”: An initial group of researchers developed a number of
not yet generally valid living radical polymerization examples from 1982 to 1994
indeed.”®%® The pivotal point in this research line was, in the well-known framework
of the free radical polymerization, to control termination reactions and to reach fast
rates of initiation with respect to the rate of radical propagation and polymer chain
growth. A polymerization system with virtually absent termination reactions, even

once all the starting monomer is consumed, would indefinitely continue to produce
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chain growing reactions if new aliquots of monomer are added. From this feature,
the term “living” was firstly used by Michael Szwarc in 1956.%7 On the other hand, to
have fast rate of initiation with respect to the rate of chain propagation would have
a beneficial impact on the uniformity of the polymer chain length as all the active
sites of radical propagation are formed before any chain growth. In this way, there
are not new initiation sites forming during the chain growth and all the polymer
chains have the same expected length at the end of the reaction. The primary reasons
for the difficulty to control radical polymerizations include the high reactivity or low
stability of free radicals and their facile cross-coupling and/or disproportionation
reactions.

ATRP is a process about stabilization of radicals as dormant species and the use of
redox complexes to inhibit the typical and undesired radical side reactions. This new
process can be conceived as a virtually infinite and periodic repetition of the first
instants (or ms) of a free radical process (when the termination reactions are not yet
predominant) ruled by a statistically persistent (and low in concentration) number of
active radicals in equilibrium with their dormant counterpart. The driving force for
the development of this new technique was the need for the synthesis of uniform
macromolecules with controlled size, topology, composition and functionality where
all chains are instantaneously initiated and grow concurrently without significant

occurrence of chain breaking reactions, such as termination and transfer.

The ATRP process is first of all a catalytic reaction based on a transition metal species
(Mt) able to expand its coordination sphere and increase its oxidation number. Cu(l)
or Cu (Il) are the most frequently used transition metals, but other metals including
Ru, Fe, Mo, Os can also be employed.®® The second important component in this
process is the ligand (L). The ligand has a direct influence on the activity of the metal
center, indeed, in the case of Cu (I)/L complexes exhibits variations of the activation
rate constant (see kact , Figure 1.6) over 7 orders of magnitude. In particular it has
been clarified that in the case of N-based ligands the activities of the Cu(l)/ligands
complexes are highest for tetra-dentate ligands, lower for tridentate ligands, and
lowest for bi-dentate ligands.®® The control in ATRP depends first of all on the

appropriate equilibrium between the activation process (generation of radicals, see
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kact, Figure 1.6) and the deactivation process (see kgeact, Figure 1.8): Indeed,
Katrp=Kact/Kdeact rules the concentrations of radicals and so, the rate of polymerization,
polydispersity and the undesired side reactions (terminations and
disproportionation). The complex Mt?/L, at the start of the reaction, reacts with the
so-called initiator, a chemical species able to promote the formation of radicals. The
initiator’s chemical structure (typically an alkyl halide) and its concentration relative
to the monomer are two of the main parameters to be considered. For example, the
equilibrium constants are largest for tertiary alkyl halides and smallest for primary
alkyl halides. The activities of alkyl bromides are several times larger than those of
the analogous alkyl chlorides. The number of growing polymer chains is proportional
to the initiator concentration. The faster the initiation is, the fewer termination and
transfer steps will be resulting in narrow molecular weight distributions of the
polymeric products.”® The shape or structure of the initiator can determine the
architecture of the final product. For example, initiators with multiple alkyl halide

groups on a single core can lead to a star-like polymer shape.’?

The transition metal complex (Mt%/L) is responsible for the homolytic cleavage of an
alkyl halogen bond Rinitiator-X Which generates the corresponding higher oxidation
state metal halide complex X-Mt #*1/L (with a rate constant kact) and an organic radical
Rinitiator*. This formed radical can propagate with monomer (kp), terminate as in
conventional free radical polymerization by either coupling or disproportionation (k:,
kq), or be reversibly deactivated (kdeact) in this equilibrium by X-Mt %1 /L to form a
halide-capped dormant polymer chain. Radical termination is diminished in ATRP as
a result of the persistent radical effect’>73, and, for this reason, the ATRP equilibrium
(Katre = Kact/Kdeact) becomes strongly shifted towards the dormant species (see Figure
1.5). Notably in ATRP many monomers can be used such as styrenes, acrylates and
methacrylates, acrylamides, and acrylonitrile, monomers with hydroxy and amino

groups only to cite some of them.

Some groups interfering with the catalyst system (such as carboxylic acids) can be
blocked and unprotected after the polymerization process. Another factor defining

the enormous potential of this technique is also the variety of reaction media
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compatible with this kind of reaction. ATRP can be performed in bulk, in many polar
and non-polar organic solvents, in CO>, or in water. Water-soluble monomers (both
neutral and ionic) can be polymerized by ATRP in protic (aqueous) media, provided
that a proper catalyst selection is made. The range of temperature spans from sub-
ambient to over 130°C.”* Typically, no pressure is required, but, in some cases,
increasing the pressure significantly enhances the rate of polymerization, while

retaining control over the polymerization.”®

7 Kact z+1 .
Mt I'rl_ + Rlnlﬁal{}r_x"— X - Mt |'f|_ + Rinitiator
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Kdeact k Mn
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Radical-Radical coupling reactions

Radical Disproportion reactions
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Figure 1.6: ATRP general scheme and expression of the rate of polymerization. In the upper
blue reaction, the t=0 (blue arrow, the primary generated radicalic species), green arrow: the
polymeric chain growth, red arrow: termination processes. The ATRP scheme can be seen as
the confluence point of the free radical polymerizations and the ATRA mechanisms (see
Figure 1.7). In the scheme “/L” symbolize the ligand(s) on the metal centre. The rate
constants are in M's™,

A well developed ATRP system is typically able, under normal conditions, to control
termination reactions down to the 1 to 10 % of the whole polymer population.’® The
selectivity of this system involving radical reactions has been explained in terms of
the persistent radical effect by Fisher.”” The degree of control in ATRP is strongly
affected by the position of the equilibrium (Katre) and by all the other rate constants.
Katre depends on the solvent, temperature, monomer (i.e., structures of RX and R”),

and structure of the metallic catalyst species. According to reactions scheme in Figure
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1.5, neglecting termination reactions due to persistent radical effect and using a fast

equilibrium approximation, the rate law for ATRP can be derived as follows:

R, = d[M] —k, o[M]e[P;]=k, .[Rinitiator'x]{MtZ/'—}
ATRP I:X MtZ +1/L:|

p

(Eq. 1.5).

In the Equation 1.5 the rate of polymerization is approximated in terms of ko,
(monomer propagating rate coefficient), [M] (monomer concentration),
Katrp=Kact/kdeact (ratio of the rate constant of activation and deactivation),
concentration of halide initiator, and the ratio of the activator and deactivator

systems.

Molecular weight distribution, on the other hand, or polydispersity index (PDI =
Mw/My) in ATRP depends on the propagation rate constant (kp), deactivation rate
constant (kdeact), monomer conversion (p), and concentrations of dormant species,

monomer and deactivator (X—Cu(ll) according to Equation 1.6:

M., [Pn s Ko 2
|\/|_:1+ 741 * —- (Eq. 1.6).
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Figure 1.7: Insert A: typical linear variation of conversion with time in semi-logarithmic
coordinates observed in metal-mediated ATRP (typically copper). Inset B: polymer molecular
weight vs. conversion and Inset C: molecular weight distribution (Mw/Mn) or polydispersity
index (PDI).

The ATRP technique represents a significant step forward in the livingness and control
of polymeric reactions. Nevertheless, the catalyst can be harmful or add undesired
color to the polymer. For these reasons time/money consuming methodologies are

typically part of the work up protocols of the ATRPs. These can include removal of
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the catalyst using ion exchange resins, extractions with water or polymer
precipitation, use of biphasic systems, solid supported catalysts.”® Lowering the metal
catalyst concentrations was therefore a main research aim for the next generation
ATRP. The strategy to achieve this has been proposed by Matyjaszewski: copper (Il)
that accumulates as a persistent radical during ATRP can be continuously reduced to
the corresponding copper (I) complex if a reducing agent unable to initiate new
polymer chains is present. This is the so-called activator regenerated by electron
transfer ARGET-ATRP.”® This modification of the ATRP technique has a number of

advantages:

a) The ARGET ATRP system can be prepared handling air stable catalyst (notably
Cu(ll) halides): the use of the air sensitive CuBr is no more necessary.

b) The amount of catalyst can be reduced to ppm as the C(ll) is regenerated by
the reducing system.

c) The need of demanding metal purification steps is greatly reduced or
eliminated.

d) ATRP can be performed in flasks and well sealed vials with no specific oxygen
depletion steps: Indeed, the reducing agent, added in a large excess, typically
[reducing agent]/[Metal]=1:10) (and tolerated by the ATRP) can work as

oxygen scavenger.

ARGET-ATRP relies on the use of a very active copper catalyst used in minute amounts
in the presence of excess reducing agent that reacts slowly. Under these conditions,
activators are continuously regenerated and even parts per million amounts of
catalysts can lead to a successful ATRP.8%-87 A large excess of reducing agent is not
affecting the process and reactions can be carried out without any de-oxygenation,
in flasks fitted with rubber septa or even in simple jars. Another benefit of that is the
significantly reduced amount of catalyst used (see Figure 1.7), a solution that opens

possibilities in applications sensible to the presence of metals as in biomedicine.??
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Figure 1.8: The ARGET-ATRP scheme (initiation step omitted for clarity). On the left, red
arrow: the residual oxygen being consumed; green arrow: the reducing agent oxygen-
antagonist pathway.

1.4 Solid phase extraction with porous polymeric monoliths

Solid phase extraction (SPE) is an excellent technique for the selective extraction,
concentration and purification of analytes from complex matrixes.83-%> This technique
is routinely used in environmental chemistry®6-88, in food/agriculture industries®-°?
and in the pharmaceutical or bio-technological sectors. %> °* The extraction process is
ruled by physico-chemical interactions between the analytes and the solid phase. SPE
overcomes many of the problems associated with liquid/liquid extraction such as
incomplete phase separations, less-than-quantitative recoveries, use of expensive
glassware and large quantities of organic solvents. Extractions are carried out using
cartridges housing a solid phase (SP) (see commercial example in Figure 1.9 Inset A).
The technique is, in general, a four-step process (see Figure 1.9, Inset B, steps a, b, c
and d). The SP, equilibrated with a solvent, is eluted with the loading solution
containing the analyte (impurities are eventually retained as well). The analyte, after
a washing step, is collected during a final elution. Nowadays, SPE-related
technologies occupy an important part of the commercial sector inherent to the
purifications media. In the last 25 years, automated (and expensive) systems, non-
automated systems, and related aftermarket SPE products affirmed in the
pharmaceutical industry (with a 2012 market share of nearly one third of the all SPE

market).%>
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Monolithic porous polymeric SPs are a new appealing alternative to the less
performing particle-packed cartridges.®®1%3 Noeland was the first to use the term
“monolith” (originating from the Greek povo-Attnoc combining the two words
“novo”, i.e. single, continuous piece of a material, and “Attnooc”, i.e. stone) in 1993104
Indeed, a monolith is a single piece of porous material that is formed of
interconnecting flow-through channels from one end of the system to the other. Svec
described polymer monoliths as poorly organized micro-globule structured materials
with only large pores present.!® This kind of extraction system rapidly became a
standard.’%® One of the factors driving the success of monolithic materials is the
possibility to mold inside a housing (typically made in polypropylene (PP) or soda-
lime glass), produce polymeric monoliths with a tailored morphology to form disks,
membranes or cylinders'®” and at the same time imposing nano-porous structures

with a predictable size.!%®

In  particle-packed  columns, mass transfer processes during the
purification/extraction are ruled by diffusion while in monolithic materials the mass
transfer is ruled by faster convection phenomena. A monolith eliminates two
problems of the particle-packed columns, i.e. the slow diffusion of solutes into
pores/interstices (wherein stagnant mobile phase is present) and the large interstitial
volume between particles.'% In monoliths, the eluent is forced to flow through pores
and not through the particles interstices and this further enhances the mass transfer
rate. 110 A constant interaction between the eluent and the stationary phase is

assured and an increased mass transfer results, even when high flow rates are used.

In Figure 1.10 the differences between particle-packed and monolithic solid phases
are detailed. The particle-packed cartridges (see Figure 1.10, Inset A) features high
flow resistance with consequent limited ability to shorten chromatography run times,
increased back pressure, limited lifetime of pumps, seals and column and the possible
bed splitting is shortening column life and reducing reproducibility. The monolithic
column (see Figure 1.10, Inset B) features shorter run times, lower back pressures,
less stress on the system and column, high flow rates due to high porosity, no inlet

bed settling, increased reliability, reproducibility, and lifetime.
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It is interesting to analyze the Inserts C, D and E in Figure 1.10: The same starting
materials are used to prepare both particle based bed and monolithic bed. In
particular, (see Inset C, Figure 1.10) the pore size profiles of the two poly (EDMA-co-
GMA) derived materials show the bigger pores of the monolithic material if compared
to the pore of the particles based bed. These morphological differences are a direct
consequence of the different polymerization conditions. For monoliths, unstirred
mold conditions are used while the particles beds were produced in a colloidal (and
well stirred) system. The morphology of the monoliths is, indeed, a direct
consequence of the porogenic solvents used during the synthesis (effective only in

unstirred molds).

Extracted analyte «——
! .

Figure 1.9: Inset A: GE Whatman 6804-0405 Solid Phase Extraction Cartridge; Inset B: SPE
steps (a: solvent equilibration, b: loading, c: washing, d: elution.). The impurities are in red
while the analyte of interest is in blue. The process can be performed by gravity, by
centrifugation, or applying vacuum / pressure. Each cartridge is developed for a specific
operative set-up.!*?

The physico-chemical mechanisms involved in the SPE techniques are essentially of
the same nature as the ones involved in the liquid chromatography. Table 1.1 shows
the energies involved in all the separation processes included in SPE.'** The numbers
in Table 1.1 are a useful qualitative guide to design experiments for testing and to
develop new materials to be used as solid phases in a SPE process or to understand
why the SPE process may, sometimes, present problems. For example it explains why

the analyte final desorption (see Figure 1.8, Inset B, step d) is not always
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straightforward as a strong interaction can be attractive for the loading step, but

more difficult to break during the displacement phase.

|
C MONOLITH g

BEADS (]

Differential pore distribution

Figure 1.10: Inset A, particle-based column: mass transport ruled by diffusion processes.
Inset B: monolithic porous column: mass transport ruled by convection processes. The yellow
arrows visualize the different eluent pathways inside the columns.'>  Inset C: Differential
pore size distribution curves of poly (EDMA-co-GMA) beads and monolith prepared from
identical polymerization mixtures.!® Inset D: Particles based polymeric solid phase SEM
micrograph (Scale 2 um). Inset E: Polymeric porous monolith phase.

Tablel.1: The nature of the interaction during a SPE process

Interaction type  Energy (kcal /mol)

Dispersion 1-5
Dipole—-induced dipole 2-7
Dipole—dipole 5-10
Hydrogen bonding 5-10
lonic 50-200
Covalent 100-1000
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Chapter 2: A practical users’
manual for the synthesis of well-
defined and colloidally stable
silica nano-particles
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2 The Stober method (SM) and the seed growth method (SGM): Two
easy ways for the synthesis of nano-particles

In 1956, Kolbe described for the first time the formation of silica particles by reacting
tetraethyl silicate in alcoholic solutions with water in the presence of certain bases. !
He observed the formation of spherical silica nano-particles. However, the
experimental conditions were not well established and most of the times the final
product was just a gel and the nano-particles formation was a side product. Based on
this first experimental evidence, Werner Stober and Arthur Fink in the Department
of Radiation Biology and Biophysics, Medical School, University of Rochester, and
Ernst Bohn in the Max-Planck-Institut fir Experimentelle Medizin, Gottingen,
Germany, disclosed for the first time a systematic study of the parameters for these
kinds of reactions. 2 The reagents and the parameters involved in this seminal study
are listed in Table 2.1. For the first time, the controlled growth of spherical silica
particles of uniform size was possible by means of hydrolysis of alkyl silicates and
subsequent condensation of silicic acid in alcoholic solutions. Particle sizes obtained
in suspension ranged from less than 50 nm up to 2 um in diameter with a high
morphological uniformity. With the use of electron microscopes the uniform shape
and size of the silica nano-particles was confirmed. To be noted, this high uniformity
was possible by simple mixing of reagents and the use of a thermal baths. In Figure
2.1 there is the graph summarizing how the [NHs] and [H20] relates to the spherical
nano-particles diameter when the tetraethyl orthosilicate (TEOS) concentration is

0.280 M.Erreur ! Signet non défini.

As the reaction proceeds, the silicate esters in the initially clear colorless
alcohol/water solution are hydrolyzed forming a super saturated solution of salicic
acid. In this stage the solution starts to show a typical opalescence due the formation
of the nano-particles. The simple observation of this opalescence can be used as the
first easily accessible indicator to judge the completeness of the nano-particles

formation.
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A typical example is depicted in Figure 2.2 showing frames of the same system taken
at time intervals from an author’s experiment. The more and more pronounced
opalescence of the reaction solution with time can easily be seen. The stability of the
alcosol is evident from the fact that no sedimentation or aggregation of the nano-

particles has been observed during one year or more.

Table 2.1: Reagents and the parameters involved in the
original Stéber method

Reagent - Parameter Note
Alcohols MeOH, EtOH, n-Propanol and their
mixtures
Ammonia Saturated alcoholic solutions, titrated

just before use,[NHs3] range=0-8 M
Water [H.O] range=0-15M
Alkyl silicates (TEOS) [TEOS] =0.280 M

Room Temperature and isothermal

Temperature .
conditions

Variable with concentrations, 1 min to
hours

Time

Some general trends can be observed in the Stéber method 2:

e Reaction rates slow down with increasing of molecular weight of the alcohols
used. Nano-particle diameter is increasing with the molecular weight of the
alcohols used (being other reaction parameter unmodified).

e The nano-particles shape uniformity is decreasing with the molecular weight
of the alcohols used and more uniform shape can be reached using alcohol
mixtures.

e The condensation rate depends strongly upon the water content of the
system: maximum particle size was obtained at water concentrations around
6 M.

e In the absence of ammonia, the silica flocculates in irregularly shaped

particles and no spheres could be observed in electron microscopy. Thus,
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ammonia apparently influenced the morphology, and creates spherical

particles whenever it was present during the reaction.

MOL/LITER H,0

Figure 2.1: [NHs] and [H,0] vs. nano-particles diameter??
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Figure 2.2: A system using the Stéber method conditions
during the progressive silica NP formation

While the Stéber method is easy to perform and produces stable and reproducible

nano-particles, a number of questions were at that time still not answered:
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1) What are the actual mechanisms for the formation of the nano-particles? In
particular, how it is possible, starting from silicic acid Si(OH)4 to arrive at the
final nano-sphere?

2) Why in each of the considered reaction conditions the final system reached
equilibrium and a final nano-particles diameter? In particular, what is the role
of the stabilizing forces at the interface between the silica nano-particles
surface and the solution?

3) What are the best conditions to use alcosol suspensions; in particular, what
are the best work-up methods able to avoid silica nano-particles damage and

condensation when it is desired to decorate their surfaces?

Another appealing method for the synthesis of silica nano-particles is the “seeded
growth method” (SGM). The main driving force in this research field was the need for
nano-particles able to exhibit fluorescence. This is an emerging research area
involving potential biological and photonic applications such as imaging, optical bar-
coding, sensing, and optically-active materials.3® The main synthetic problem arising
when attempting the formation of silica nano-particles with a dye (or any other
chemical species) embedded inside the SiO, network, is that the dye will never be
stably trapped inside the silica nano-particle. This problem was clearly defined by van
Blaederen and Vrij. ° A number of failed tests on the absorption of the dye fluorescein
isothiocyanate (FITC) involving systems of growing silica nano-particles, confirmed
the need to conjugate the FITC with the orthosilicate precursors used to generate the
nano-particles: Indeed, only in this case the FITC would be stably and chemically

embedded in the silica network.

In SGM, the conditions of reaction are controlled in order to form an initial and fixed
concentration of silica nuclei in suspension. To this system is then added, under strict
conditions of flow rate the proper amount of alkoxy-silane. In this way, it is possible
to reach the desired nano-particles diameter. In principle, the final products of a
Stober method derived nano-particle and a SGM derived nano-particle are the same.

Nevertheless, what is very interesting in the SGM is the possibility to change the type
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of alkoxy-silane used during the process. This is important to chemically link one of
the 4 sites of an alkoxy-silane with the desired dye molecule enabling to cast dye-
doped silica nano-particles. It also allows using several kinds of dyes or other
molecules during the formation of layers. With SGM it is thus possible to synthesize
multi dye-doped systems with chemically embedded molecules inside the SiO;
network. In particular, it is possible to control the presence of dyes (or others
molecules) in three different nano-particle segments: inside the nucleus, in the
diverse over-imposed shells and on the surface of the nano-particles. Figure 2.3
shows an example of this kind of nano-particles (see Inset A) with FITC and a surface

Ruthenium dye. 1°

TEOS .
Ammonia T shell growth
Water .
Ethanol

® Ru(phen)s2* & FITC

Figure 2.3: Nano-particles (see insert A) with FITC and a surface ruthenium dye. The nano-
systems are compartmentalized in three zones: core, shells and surface. 1!

The SGM is a special technique where the alkoxysilane is added in aliquots and not at
once. There is no new chemical reaction to be examined compared to the SM. The
only difference is in the parameter time and in the lower [TEOS] involved. The
technique is based on the concept of critical condensation concentration . The just-

formed silica nuclei are left stabilizing for 24 hrs and then the time controlled addition
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of successive aliquots of alkoxysilane will determine the increase of the particle
diameter. Two of the main parameters to be considered are the time between each
alkoxysilane aliquot and the concentration of alkoxysilane. Indeed, the time between
each alkoxysilane aliquot must be sufficient for the development of monomers and
theirs condensation, i.e. the concentration of alkoxysilane must be systematically
remain under the critical condensation concentration. A higher concentration of
alkoxysilane would promote the formation of new nuclei and the formation of a new
population of diameters and the suspension would lose its so peculiar (and desired)

mono-dispersity.

The first seminal work on the seed growth method builds on the contrast existing
between of the LaMer model and the Bogush/Zukosky model to depict the

phenomena related to the SM. *?

e The LaMer model defined the picture of a surface reaction-limited particles
growth where the nucleation occurs only within a short time interval at the
beginning of the process and the growth happens by molecular addition of
monomers to the silica nano-particle surface. On this matter very interesting

is the work by Matsoukas and Gulari.'3

e In contrast to this concept, Bogush and Zukoski defined a model based on a
growth driven by the aggregation of small particles continuously generated
and aggregated to form larger nano-particles supported by electrical
measurements during the silica nano-particles formation. ** In this case, self-
sharpening of the size distribution is attributed to a size-dependent
aggregation step. It is worthwhile to note how Bailey and Mecartney?®, using
cryo-TEM technique, detected in a systematic study on SM alcosol
suspensions, the ubiquitous presence of a low density 10-20 nm silica nano-
particles and, above this diameter the presence of high density silica nano-
particles. These experimental observations confirm the Bogush and Zukoski
model meaning that oligomers and nuclei are formed continuously during the

synthesis.
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In this chapter are experiments correlating [NHs] and the diameter/mass content of
the Si-NPs in the context of the Stober method and the seed growth technique are
discribed. Moreover, a model to numerically define the quality of each synthesized
colloids and to implement the strategies to reduce out-of-spec batches is presented.

2.1 Results and Discussion

In Figure 2.4 a graph from a Stoéber’s original work on the synthesis of amorphous

silica nano-particles is shown.2

Figure 2.4: [NHs] and [H20] vs. nano-particles diameter. 2 The X axis goes from 0 to 15 M in
H,0, the Y axis goes from 0 to 8 M in NH3 and the Z axis goes from 0 to 1 um in nano-particles
diameter size. If the region of the space contained in X =0-2.44 M, Y =0-1 M and Z = 0-100
nm is considered (this is the region of formation of silica nano-particles with the diameters
of interest in this work; to be noted, blue arrows indicate the specific points on the pertinent
axes) the possibility to read on the graph the proper [NHs] and [H,0] value to target a nano-
particle diameter from 20 to 80nm is negatively affected by the perspective of the graph. The
three blue arrows (2.44 M in H20 on the OX axes, 1 M in NH3 on the QY axes and 100 nm in
nano-particles diameter on the OZ axes) delimitate the region of the space considered in the
Figure 2.5.

The points of this surface derive from a large number of tests and describe how the
concentration of water and ammonia define the size of the silica nano-particle being
the tetraethyl-orthosilicate (TEOS) concentration constant. In this graph, nano-
particle diameters up to 800-1000 nm are considered. While summarising a number

of facts and data pertinent to this technique, this graph would be not particularly
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handy to be used in the practical laboratory activity as a graphical/numerical tool to
make decisions on the relevant concentrations to target a specific nano-particle
diameter. The use of this graph is in a way questionable if a reliable correlation
between concentrations and diameters is needed in order to plan the nano-particle
synthesis. Indeed, the used perspective deforms the shape of the shown surface and,
moreover, in the diameter range from 0 to 100 (see the lower left corner in Figure
2.4), the readability is actually poor. Moreover, in Stéber’s paper no direct numerical
model or tool it is presented to be used for this purpose.? The first part of the data
presented in this discussion is intended to solve this specific operative problem. In
particular, the region of the graph defined by X=0-2.44 M in H;0,Y=0-1 M in
NHs, Z=0-100 nm is considered (see the Figure 2.5). The plane passing through the
points O Z Z1 Y1 cuts the discussed curve defining a pathway going from O to Z;. The
projection of this curve on the plane passing through X Y1 Z; is the graphical and
numerical model discussed and defined in this study. The red curve XZ; in Figure 2.5

is actually the numerical model under discussion.

=

100 nm

=\
=]

1MNH; L

[o] ]

2.44 MH,0

Figure 2.5: The X=0-2.44 M in H,0,Y=0-1 M in NHs, Z =0 — 100 nm sub-region of the
graph in Figure 2.5 is presented (the surface in Figure 2.5 is actually not explicitly showed).
The black curve O Z; is the intersection of the plane passing in O Z Z; Y; with the curve showed
in the Figure 2.5. The red curve passing in X Z; is the projection of the black curve on the
plane passing in X Z; Y. The angle formed by the plan O Z Z; Y and the axes OX is defined by
the [NHs]/[H,0] ratio (0.41). The value [NH3]/[H.0]= 0.41 is an arbitrary choice hold during
all the discussion.

This curve is statistically defined as the best fit curve of 5 repeated tests. Specifically,
five Stober syntheses were performed varying [NH3] from 0.2 to 1.0 M at fixed
[TEOS]= 0.280 and [NH3]/[H20]= 0.41. For each system, the diameter of the formed
silica nano-particles is measured by dynamic light scattering (DLS). These five

correlated systems under study have been, at the same time, used to measure the
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mass of the silica nano-particles in the final colloidal suspensions (expressed as mg of
nano-particles per mL of alcosol) and the zeta potentials in mV. These two
measurements require specific operative procedures. In order to measure the mass
content, the proper cleaning of the colloidal batches need to be assured so to
eliminate any intermediate TEOS derived oligomer present as this not particle-
correlated mass would give a systematic error on the mass determination as detailed
in the experimental section. On the other hand, monitoring of the zeta potential

implies to work at a well-defined and stable pHs.

Table 2.2 shows the set of data (defined as set SM) deriving from these five systems.
While the corresponding experimental points in Figure 2.6 show the [NHs] vs.
diameter (on the left) and mass content (on the right) correlation graphs derived from
the mentioned statistical regressions (red lines).

For the SGM, similarly, three systems were examined at different tetraethyl
orthosilicate concentrations ([TEOS] = 50, 100 and 150 mM). In each one of these
systems, the ammonia concentration is varied ([NH3] = 0.2, 0.4, 0.6, 0.8 and 1.0 M)
and, as in the SM case, nano-particles diameter, mass content and zeta potential was
measured. This data is defined as SGM1, 2 and 3 for the [TEOS] = 50, 100 and 150
mM respectively. The statistical treatment is the same as in the SM case. In Table 2.3,
there is the experimental data relative to set SGM1, 2, and 3. The error bars definition
is the same as the SM.Figure 2.7-9, similarly to the Figure 2.6, show the experimental
data for the set of data SGM1, SGM2 and SGM3 (black points and error bars) along
with the the [NHs] vs. diameter and mass content correlation graphs derived by the
mentioned statistical regressions (red lines). It is important to clarify here that the
SGM nano-particles display no chemical or physical difference with respect to the SM
nano-particles. The only difference is in the lower concentration of TEOS used during
the synthesis. Indeed, if [TEOS] is no bigger than 0.150 M, the SGM-derived
amorphous silica nano-particles are susceptible of further diameter increment if the
critical silica concentration is not exceeded. The diameters of these nano-particles
can be incremented by adding, at the proper rate, aliquots of fresh TEQS and for this
reason the method is defined as “seeded growth method”. In fact, these SGM-

derived nano-particles are seen as seeds to be grown by superposition of further silica
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shells. These just discussed graphs are intended to be a direct visual tool to define
the experimental parameters in any future SM and SGM test. If, for example, a silica
nano-particle with a diameter of 50 nm is desired, it is now possible to derive from
these graphs the proper [NHs], [TEOS]. In a specific case, from Figure 2.6, a 50 nm
diameter would correspond [NH3] =0.8 and [TEOS] =100 nm. Moreover, the error bar
on the expected diameter populations can be estimated. The same kind of graphical
derivation of experimental parameters is also clearly applicable for the expected
mass content per mL. To be explicitly noted here, the DLS method used, the Contin
algorithm, implies growing error bars for bigger diameters due to the specific
numerical data treatment. It is here important to clarify how, in the set of data SM,
SGM1, 2, and 3 the zeta potentials are all measured under the same conditions (0.1
M Bis-Tris buffer solution at pH 9.0) but, on the other hand, if the specific work up
conditions are considered, the systems differs if different diameters are considered
and for this reason the values are not strictly comparable. Indeed, two different work-
up methods (dialysis for “small” diameters and centrifugation for “large” diameters)
were used. For this reason the small decrease in zeta potentials with the diameter
increase valid for all the four sets of data should not be used to define simplistic
correlation models. Nevertheless, the zeta potential ranges are confirming the good
colloidal stability of the studied systems. These white opaque suspensions were
stable for 1 to 2 years in a well-sealed hydrofluoric acid pre-treated and cleaned
glasses jar with no macroscopic signs of aggregation. Eventually, at the nano-scale,
aggregates are detectable by electron microscopy. The mathematical description of
the graphical modeling is further detailed in Table 2.4, listing coefficients and error
bars for the sets SM, SGM1, 2 and 3. It is worthwhile to note how the adjusted R?
coefficients of determination (see table 2.5) are confirming the quality of the fits on
the statistical point of view (Note: The goodness of fit can be evaluated by coefficient
of determination, R?. See Origin 8® Reference in Polynomial fit). With the analysis of
the statistical models presented in the table 2.4 and 5 is completed the first part of
this critical survey of the Stober and seeded growth methods to synthesize silica
nano-particles. For the first time in the literature, the graph from the seminal Stober
publication? is more easily readable in both graphical way (by visual inspection of the

just furnished graphs) and analytical way (by using the derived statistical models).
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Table 2.2: Experimental data for the Stober Method (Set SM) (Note: Each experimental value
for the diameter and error bar is the mean of 10 repeated tests and each test is based on 270
averaged scans. Similarly, the experimental values of the mass content and error bar
determination are based on the mean of 10 repeated tests on each of the 5 systems. The
error on ammonia and TEOS concentration (kept constant at 0.280 M) is assumed to be null.
In each of these five tests the [NH3]/[H,0] = 0.41 is kept constant as in all the tests discussed
in this study.

Set SM: Stober method derived systems
rest| ML | LS | Maermiof acomy | Zet@potenti
mol/L diameter, nm mg/mL at pH=9.0, mV
1 0.2 10.53%£1.53 22.0£0.05 -42
2 0.4 22.00 +2.93 22.4%0.05 -38
3 0.6 32.67 £5.57 22.7+005 -38
4 0.8 43.07+7.60 22.90%0.05 -40
5 1.0 53.03 +9.93 23.08+0.05 -35
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Figure 2.6: Set SM ([TEOS] = 0.280 M; from the data in Table 2.2). Experimental points and
error bars (in black) for diameter (left-hand side) and mass content (right-hand side) vs. [NH]
(these are the experimental points in Table 2.2). Red lines are the data fitting curves (see
Table 2.4 for details on these curves). The statistically derived red curve in left side graph is
the red curve under study, X Z; in Figure 2.5. To be noted, to a certain extent (mainly
determined by the just discussed value [NH3] / [H,0] = 0.41) the model, valid in the 20-80 nm
diameter range, can be extrapolated up to almost 200 nm diameters. Indeed, as per visual
inspection of Figure 2.4, the just defined mathematical models (a monotone mathematical
function of the second order) will be perfectly valid. Of course, for [NHz] / [H,0] > 0.41 and
diameters bigger than 200 nm other similar models can be derived by a new set of
experiments.

Table 2.3: The experimental data for the Seeded Growth Method (SGM)

Seeded Growth Method: experimental data, [TEOS]=0.050 M (SGM1)

[NHs3], | Nano-particles | Nano-particles mass per | Zeta potential at

Test
es mol/L diameter, nm mL of alcosol, mg/mL pH=9.0, mV
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1 0.2 17.53+2.9 1.0+0.05 -44
2 0.4 28.30+4.67 1.5+0.0.5 -42
3 0.6 36.17+6.13 2.240.05 -42
4 0.8 43.37+7.47 2.79+0.05 -38
5 1.0 49.07+7.93 3.14+0.05 -35
Seeded Growth Method: experimental data, [TEOS]=0.100 M (SGM2)
Test [NHs], | Nano-particles | Nano-particles mass per | Zeta potential at
mol/L | diameter, nm mL of alcosol, mg/mL pH=9.0, mV
6 0.2 17.23+2.57 3.66+0.05 -42
7 0.4 31.4345.13 3.92+0.05 -43
8 0.6 44 .57+7.4 4.24+0.05 -44
9 0.8 5349.37 4.5+0.05 -38
10 1.0 58.93+10.83 4.8+0.05 -34

Seeded Growth Method: experimental data, [TEOS]=0.

150 M (SGM3)

Test [NHs], | Nano-particles | Nano-particles mass per | Zeta potential at
mol/L diameter, nm mL of alcosol, mg/mL pH=9.0, mV
11 0.2 18.93+4.17 7+0.05 -42
12 0.4 37.07£6.33 7.9+£0.05 -45
13 0.6 50.03+8.00 8.7+0.05 -39
14 0.8 59.431+10.1 9.5+0.05 -35
15 1.0 68.47+8.83 10.1£0.05 -34

The second point of this study is the diameter growth trends of the silica nano-

particles. Specifically, if a stable colloidal suspension of amorphous silica nano-

particles is fed with an incremental aliquot of TEOS (without reaching the silica

saturation limit in order to avoid extra-added nucleation and loss of diameter mono-

dispersity). Does the diameter growth feature any specific trend?

The experimental data from the Set SGM1, 2 and 3 (see Table 2.2) allows calculating

the diameters growth trends if the data is re-arranged. In particular, if the test 1, 6

and 11 in Table 2.2 are reviewed, they can be considered as a single experiment at

[NHz]=0.2 M where the [TEOS] is progressively increased from 50 mM to 100 mM up

to 150 mM. The same re-organization can be made in correspondence of the [NH3] =

0.4, 0.6, 0.8 and 1 M and five sets of data is so formed.
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Figure 2.7: Set SGM1 ([TEOS] =50 mM): diameter (left) and mass content vs. [NH3].
Weighed best fit curve in shown in red. (Test 1 to 5 in Table 2.3)
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Figure 2.8: Set SGM2 ([TEOS] =100 mM): diameter (left) and mass content vs. [NHs].
Weighed best fit curve in shown in red. (Test 6 to 10 in Table 2.3)
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Figure 2.9: Set SGM3 ([TEOS] =150 mM): diameter (left) and mass content vs. [NHs].
Weighed best fit curve in shown in red. (Test 11 to 15 in Table 2.3)
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Table 2.4: Mathematical models for diameter/ mass content vs. ammonia concentration
correlations in SM and SGM tests; weighted best fit coefficients are showed.

Mathematical modelling for Mathematical modelling for
diameter growth vs. [NH3] mass content growth vs. [NH3]

Diameter = A+ Be[NH, |+ Ce[NH,]* | Mass=D+E o[NH,]+ Fo[NH,]’

Ain [nm], Din [mg],
B in [L nm/mol], Ein [L nm/mol],
Cin [L2nm/mol?] Fin [L2nm/mol?]
Diameter in [nm] Mass [mg]

Table 2.5: Weighed best fit coefficients for the mathematical models presented in Table 2.4

Coefficients of the weighed best Set Set
fit 30 Set SM SGM1 Set SGM2 SGM3
A, [nm] 0.000 4.961 -0.430 -1.586
oa, [nm] 0.000 8.423 8.369 11.449
§ B,[L nm/mol] 53.788 67.711 95.198 111.756
% < os, [L nm/mol] 1.179 40.284 42.104 52.783
8 'g C, [L>nm/mol?] 0.100 - -35.701 | -42.259
(]
g o¢, [L2nm/mol?] 1.950 36.673 37.324 46.501
S
Goodness of the fit
( adjusted R?) 1.000 1.000 0.999 0.999
D, [mg] 21.548 0.250 3.376 5.928
op, [mg] 0.107 0.107 0.107 0.107
- E, [L mg/mol] 2.487 3.664 1.387 5.239
(=
..E 5 og, [L mg/mol] 0.409 0.409 0.409 0.409
§ g F, [L2mg/mol?] -0.964 | -0.732 0.036 -1.107
(7]
g or, [L2mg/mol?] 0.334 0.334 0.334 0.334
Goodness of the fit 0.998 | 0.994 0.999 0.993

(adjusted R?)

The plots in Figure 2.10 show the particles diameter vs. the TEOS concentration for
the 5 different ammonia concentrations obtained from Table 2.3 and it confirms

graphically how a higher [NHs] implies a higher diameters growth trends (higher
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slopes). Indeed, lower diameter silica nano-particles grow at slower rates as the
direct experimental evidence shows. This trend is numerically expressed by the slope
of the linear fits on the experimental points in Table 2.6. This feature is in total
agreement with the experimental observations, e.g., for the synthesis of 200 nm
diameter silica nano-particles, the final opalescence is reached in 15-20 minutes but
for 25 nm diameter silica nano-particles the final opalescence is reached in 10-15

hours.

Surprisingly, the data from the intercepts confirms that for each [NH3s] there is a
minimum theoretical achievable diameter obtained by extrapolation at [NH3]= 0 M
(see Table 2.6, Intercept). This can be justified by the Bogush and Zukoski*® model,
i.e. the nano-particles grow following a process driven by the aggregation of small
continuously generated particles to form larger nano-particles. Indeed, the first
formed population of nano-particles (at the start of the synthesis) is actually
described in terms of these minimum diameter silica nano-particles. Then, the

growth in diameter is reached by progressive aggregation.

From Figure 2.10 it can also clearly be understood what the impact of an accidentally
inaccurate preparation of a suspension on the final expected diameters would be.
The impact of a deviation in [TEOS] on the final nano-particles diameter grows with
[NHs] while a deviation in [NHs] would have more marked impact at lower diameters

as apparent from Figure 2.7-9.

The final section of this discussion details a possible approach to detect and
remediate eventual problems affecting SM or SGM derived batches. Typically, two
scenarios are possible: Either the monitoring of a SM derived batch before the final
time-consuming work up, or the monitoring of a SGM derived batch to increase the
starting diameter of the nano-particles. In this way, at the same time, a strategy to
monitor the “quality” of a batch is defined and to critically remediate the problems

in future batches in the cases the batch needs to be discarded.
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Figure 2.10: Graph derived from rearranged data in Table 2.3 (weighed linear best fit
regression lines and experimental points as coloured circles)

In a stable colloidal system, the ratio between the total mass of the amorphous silica
nano-particles per mL (m:) and the mass of a single silica nano-particle in the same
system (ms) is the fixed number, n, the number of nano-particles per mL of system.
After simple rearrangements (Note: Mass= Volume X density, so mass= [(4/3) nr3 X
d], being d= 2.65 g/mL, the density of the amorphous silica), it is possible to define

an expression for n:

mass m
P 18 M
T n=5.061110 ? (Eq.2.1)
S

Equation 2.1: the number of nano-particles, n, must be constant in stable SM derived or SGM
derived batch while the analysis of eventual deviations from n will reveal the possible
remediation strategies in future batches. In eq. 2.4 myis in mg and @ is in nm, the constant
is expressed in nm3/mg.

Table 2.6: Weighed linear best fit of the data in Figure 2.11. (Experimental errors are taken
in account) (Note (*): This R? is low: at lower nano-particles diameters the experimental

49



interval of confidence would require a higher number of points to confirm the model;
nevertheless the validity of the general discussion is not affected.

Slope
Intercept, [nm] [nmL /fnr'noI]

[NH3], M | Value err | Value | err Adj. R?
0.200 16.497 | 1.247 0.014 | 0.012 0.190(*)
0.400 23.497 | 1.565 0.088 | 0.014 0.947
0.600 31.063 | 1.210 0.129 | 0.011 0.985
0.800 35.873 | 1.996 0.161 | 0.018 0.974
1.000 39.423 | 0.200 0.194 | 0.002 1.000

The number n must be constant with the time both in stable SM derived bathes and
during a regular nano-particles diameter growth in SGM derived batches while, if this
value changes during time, this is a symptom of possible extra-nucleations or

aggregations as it will be shortly clarified.

Before to start any SM/SGM batch to be monitored, from the just furnished statistical
models (see Tables 2.4-5) and the known value of [NHs], the number n can be
calculated as n expected:

2
]

D+Eo[NH,]+Fe[NH,

m
t 18
:m—=5.0611010 3 (Eq.2.2)

r]expected 9
S (A+Bo[NH3]+Co[NH3] j

Equation 2.2: n expected €XPression

The value n expected is a value derived by the defined statistical models in the Tables
2.4-5, a physical constant (the density d=2.65 g/mL of the amorphous silica) and the
known value of [NHs]. This value is perfectly definable before the nano-particles

synthesis and no other data is needed.

Alternatively, once the colloidal system is stable at the end of the synthesis, the value

n can be derived by experimental measures. In particular, n can be derived from
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experimental values of m  (mass content per mL) and ms (mass of a single nano-
particle calculated by the measure of the diameters by DLS and the value of d, the

density of amorphous silica, 2.65 g/cm?3) from the equation 2.4.

In this case, n is defined as N measured:

My 18 M

n =—=5061110" ——
measured (Eq.2.4)
- M (pA)

Equation 2.4: n measured €Xpression. DLS allows determining only the whole value (¢d+4); the
discrimination between the pure expected diameter ¢ and its parasitic deviation A is the
pivotal parameter for the quantitative measure of the batch quality. The value m; is
expressed in mg while (d+A) is expressed in nm, the constant is expressed in nm3/mg.

The comparison between N expected aNd N measured is the basis for the determination of
the batch quality. It is now easy to monitor if more nuclei are forming during the
growth (N expected™>N measured, as the additional nuclei formed will reduce the average
measured diameter by a factor -A in the equation 2.4) or if particles are aggregating
during the growth (N expected<N measured, @s Undesired aggregations will increase the
average measured diameter by a factor +A in equation 2.4). Figure 2.11 depicts these
two deviation scenarios (red lines): the two zones of the graph are defined by the n
expected (blue line, A=0): zone A (A>0) and zone B (A<0), as indicated. It is here
important do explicitly note the entity of the error bars pertinent to the values n
expected ANA N measured. ThE N expected €Fr0r bars are typically in the order of £ 5% of the
average value as the error propagation theory suggest being the n measured typically in
the same range if enough data is collect on the diameters. Figure 2.11 summarize this
point of the discussion in the case of a SGT but the same is applicable to a SM derived

batch.

The corrective strategies for the two scenarios to avoid out-of-specifications batches
are so defined. In the case of SGM-derived batches, if a systematic trend for extra-
nucleation is present (N expected>N measured), the TEOS dropping rate have been too fast

or, if there are un-desired post aggregations (N expected<N measured), the centrifugation
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times/forces or the batch concentration in [TEOS] have been too high with respect to
the critical silica concentration while, in the case of SM-derived batches, if a
systematic trend for extra-nucleation is present (n expected™>N measured), SOMe residual
TEOS continued to produce new sub-diameter nuclei (this is typically due to a not
accurate work up of a not proper pH storage conditions (see the experimental part
on that matter), or, if there are un-desired post aggregations (n expected<N measured) the
wrong pH, mass content of nano-particles per mL or too much prolonged

centrifugations or ultra-sonication have been applied.

To show a practical working example of this strategy, a SM derived batch was
prepared in ethanol with [TEOS]=0.280 M, [NH3]= 0.8 M and [NH3]/[H20] = 0.41 (see
Table 2.7).

Finally, to conclude this discussion, a second real example, on SGM derived batch,

monitored using this approach is showed in the Table 2.8.

Specifically, a SGM derived batch was done at [TEOQS]= 0.150 M, [NH3]= 0.6 M,
[NH3]/[H20] = 0.41 then, everything left constant, the ammonia concentration was
increased to [NHs]= 0.8 M in order to increase the nano-particles diameter from 50

to 60 nm.

To be noted, in the case of the SGM derived batches, it is possible to compare the
amount of nano-particles obtained by diameter growth during the SGM (conditions:
[TEOS]=0.150 M, [NH3]= 0.6 M (starting conditions) to [NH3]= 0.8 M (end of diameter
growth conditions), [NH3]/[H20] = 0.41) with the amount of directly formed nano-
particles of the same diameter (conditions: [TEOS]= 0.150 M, [NHs3]= 0.8 M {,
[NHs]/[H20] = 0.41).
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Figure 2.11: How to diagnose extra-nuclei formation (see Zone A) or aggregation (see Zone
C) along a set of SGM experiments (n=20 as an example). On the left side of this scheme, the
situation before the synthesis is considered (see the pre-batch zone, yellow frame on top left
side): [NHs] is known, the number n expected is S0 calculable (in this graph n=20 as an example).
On the right side (see the post-batch zone, yellow frame on top right side)of the scheme, at
the end of the SGM derived batch, m ; and (A+@) are measured so, based on this data, n
measured 1S Calculated. If the nuclei growth regularly (see the three blue nano-particles in the
middle at the right side) N expected =N measureds aNd A=0. If the nuclei tends to aggregate (see the
three red nano-particles at low right side) N expected > N measured aNd A>0 as the experimentally
read value (A+@) is bigger than the expected @ due the fact that the experimentally read
values of the diameters are bigger for the aggregation. If the extra-nuclei tends to form (see
the three red nano-particles at high right side) N expected < N measurea and A<O as the
experimentally read value (A+@) is lower than the expected @ due the fact that the
experimentally read values of the diameters are lower for the extra-nucleations. In case of
SM derived batches the approach is the same but the nano-particles at the left and at the
right would have the same diameter as, in this case, the eventual aggregations or extra-
nucleations would happen during the batch shelf life.

The “growth” nano-particles system has a mass content of 15.3 mg/mL while the
directly formed nano-particles batch would have a mass content of 9.5 mg/mL (see
Table 2.3, Test 14). It is evident how the SGM allows higher TEOS consumption and,
more importantly, less free TEOS (and TEOS derived oligomers) in solution if growth
and directly made batches of nano-particles of the same diameter are compared: this
fact has a direct impact on the work-up process. Indeed, to clean a SGM-derived

growth nano-particles batches require less demanding steps if compared to directly
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formed SGM-method nano-particles of the same diameter. These facts have to be
carefully considered if particularly clean stock solutions of low diameter silica nano-

particles are needed.

Table 2.7: A real case example of the diagnosticin a SM-derived batch is shown. In red, there
is the diagnostic input data while in blue there is the output data. On the left side, there are
the pre-batch conditions and the right side there are the post-batch conditions. The
diagnostic allows monitoring the excellent batch stability in the limits of the used error bars
(£ 5% in this case). The batch shelf life is of almost one year. Conditions: [TEOS] = 0.280 M,
[NH3]= 0.8 M and [NHs]/[H.0] = 0.41.

P Batch 12
Pre Batch conditions ost . ?tc 1 day 3 6
conditions months months months
[NH;s] 0,8 M+, mg 23,0 23,1 23,0 23,1
d'a'::er' 42,9 43 43,1 42,9
N expected 1,45E+15
N measured 1,47E+15 1,47E+15 1,45E+15 | 1,48E+15

Table 2.8: A real case example of the diagnostic in a SGM-derived batch is shown. In red,
there is the diagnostic input data while in blue there is the output data. On the left side, there
are the pre-batch conditions and the right side there are the post-batch conditions. The
diagnostic allows monitoring the excellent batch stability in the limits of the used error bars
(£ 5% in this case). The batch shelf life is of almost one year. Conditions: [TEOS]= 0.150 M,
[NHs]= 0.6-0.8 M and [NHs]/[H,0] = 0.41.

P Batch 12
Pre Batch conditions ost . ?tc 1 day 3 6
conditions months months months
[NH3s] 0,6 mt, mg 15.3 15.3 15.4 15.2
diameter, 60.7 61.0 61.2 61.2
N expected 3.46E+14 nm
N measured 3.46el14 3.46el14 3.46el14 3.46e14

2.2 Conclusions

A general model for diameter growth and mass content during the SM and SGM is
presented. The rate of nuclei growth and minimum diameter achievable for given
experimental condition were derived and the impact of the suspension components
discussed in case of accidental man-derived deviations from the ideal process. This

offers a new way to generate diagnostic and corrective strategies and robust
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synthetic protocols for the synthesis of silica nano-particles. The elucidated model for
the synthesis of this silica based colloidal systems has the potential to be automated
with computer controlled reaction processing using automated chemical

injectors/auto-samplers and on-line DLS and titration tools.

2.3 Experimental part

Materials

Absolute ethanol (ACS reagent, 299.5 %, 200 proof), tetraethyl ortho-silicate 299.0 %
(GC) was distilled under vacuum and used immediately, ammonium hydroxide
solution (28% NHs in H20, 299.99% trace metals basis), ammonia solution 7M in
MeOH, distilled water, fluorescein iso-thiocyanate isomer | ~98% (HPLC) (FITC) , THF,
dry Toluene on molecular sieves A4, analytical grade and acetic acid analytical grade.
All chemicals were obtained from Sigma Aldrich and used as received unless

otherwise noted.
Methods

Centrifugation was done using a Hettich Zentrifugen Universal 320 centrifuge
(Relative Centrifugal Force range 100-9000 g (Note: g is the gravitational constant =
6.67384 x 10'* m3 kg? s?) , Beckman Coulter Delsa-Nano 2.21, glass stoppers,
Euthech Instruments PH510 pH meter, WLL 230 LAUDA thermostatic bath, Hitachi
S$3400n SEM microscope , Fe-SEM with proprietary software to measure nano-
particles diameters, TEM, elemental analyzer, Spectrum 100 Beckman Coulter ATR-

IR, regenerated cellulose dialysis membranes from SpectraPore 3.5 kDa MWCO.

Measure of mass content, diameter and zeta potential of silica nano-particles

colloids

To measure the amorphous silica nano-particles content present in each stable
alcosol, two different operative procedures are used. For nano-particles with
diameters lower than 40 nm, a defined volume of the final batch (typically 20 mL) is
diluted 1 to 5 with distilled water and immediately dialyzed using a regenerated

cellulose bag from Spectrum Labs (MWCO: 20kD) being the washing liquid 5% acetic
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acid in distilled water V/V, total volume 5L overnight. For silica nano-particles close
to 40 nm this purification was repeated three times, for silica nano-particles close to
20 nm, this purification was repeated 5 times. Finally, a known volume of the
neutralized suspension is lyophilized and the nano-particles mass content per mL is
calculated. For nano-particles with diameters bigger than 40 nm, a defined volume of
the final batch (typically 20 mL) is centrifuged at the minimum possible RCF (G) and
time (these two parameters have been defined by trials and mistakes by analysing
the eventual residual mass content in the residual supernatant at the rotavapor
equipped with a proper trap for bases (to eliminate the residual ammonia). Typical
values are: 8-10 min. at 9000 rpm in the aforementioned centrifuge for the 45-50 nm
silica nano-particles down to 3-5 min at 9000 rpm for the 75-80 nm silica nano-
particles. This centrifugation is repeated 5 times in 5% acetic acid in distilled water
after proper re-suspension of the decanted mass by shortly ultra-sonication using
Cole-Parmer EW-08891-11. Finally, a known volume of the neutralized suspension is
lyophilized and the nano-particles mass content per mL is calculated. All the mass
determinations values are the average of ten repeated tests on ten separates
batches. Statistical considerations indicate the percent error bar on these measures
in the order of 2 % (so, 0.05 mg/mL) due the use of the volumetric flasks with

comparable error bars and the dilutions involved.

The nano-particles diameter is measured by dynamic light scattering (DLS on the
aforementioned Beckman Coulter Delsa-Nano 2.21) on a sample of suspension
properly diluted 1/5 V/V in ethanol. The machine available Contin algorithm used to
define the diameters distribution profile in the DLS measurements, furnishes as well
the error bars affecting each specific experimental value. The samples are prepared
using ethanol filtered with 200 nm syringe filters in order to minimize dust
contamination. To be noted: with batches of nano-particles 30-20nm in diameter

lower dilutions are used (typically 1 to 1 in ethanol.)

For the measure of the zeta potential, after cleaning cycles as per the mass
determination, the nano-particles are suspended in a buffer a pH=9 (0.1 M in 2,2-

Bis(hydroxymethyl)-2,2',2"-nitrilotriethanol from Sigma Aldrich). A special PP cell for
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zeta potential determination was used in the Beckman Coulter Delsa-Nano 2.21

device).
Synthesis of Si nano-particles by SM
Step 1: Nano particles preparation

This protocol was tested on batches of total volumes ranging from 10 mLto 2 L. A
two-neck glass round bottom flask is cleaned with 2% hydrogen fluoride!” at room
temperature for 30 minutes, rinsed with distilled water (3 times, at RT for 10 minutes
each time) and absolute ethanol (3 times, at room temperature for 10 minutes each
time). The flask is dried in a vacuum oven at 80° C overnight. A dried
polytetrafluoroethylene (PTFE) coated magnetic stir bar (length no more than 1/3 of
the max reactor diameter) is transferred into the flask and is allowed to reach room
temperature attached to a line vacuum just before use (ca. 2 hours). Then, it is
immediately sealed with a rubber stopper (side neck) and the main neck connected
to the vacuum line. The volume of the flask should be no bigger than the 30% of the
total volume of the final alcosol to prevent that the ammonia solution can saturate
the reactor free volume and, in doing so, the effective ammonia concentration in the
incipient suspension would be minor than planned. The alcohols used in the synthesis
are distilled under CaH; (The drying granules should be crushed immediately before
use and residues should be destroyed by careful addition of water) and used
immediately. The proper amount of alcohol and distilled water (conductivity: 18
MQ/cm) are measured by volume and pre-mixed/transferred into the reaction flask
by a still cannula and vacuum. Then, ammonium hydroxide solution is weighted in a
separate rubber sealed glass vial and gently transferred into the flask by a still cannula
and minimum vacuum (this operation has to be as fast as possible). The system is
then transferred to a thermostatic bath and gently magnetically stirred at 25° C for
30 minutes. Actual ammonium contents are measured by withdrawing small samples
(1 -2 % of the total reaction volume) and titrating with 1.000 M HCI. TEOS is distilled
under vacuum and the proper amount cannulated into the reaction flask. The now
complete reaction system is left under gentle stirring at 25° C for 2 hours (for the
bigger nano-particles diameters) to 3 days (for the lower nano-particles diameters).

When the cloudy suspension is stable (visually inspection), the reaction can be
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considered finished. To determine the nano-particle mass content for mL of
suspension, 1.0 mL (by volumetric flask, error bar 0.025 mL) of the alcosol is treated

under freeze-drying tool.

(=

i
.
8

Figure 2.12: A typical batch of silica nano-particles just before the purification steps

As examples of two frequently prepared batches of bare silica nano-particles, the

masses of the involved reactants are here explicitly indicated.

To prepare a 1 L alcosol batch with silica nano-particles 100 nm in diameter, 204 g of
a 7M solution of ammonia in MeOH are weighed and mixed with water (81.5 g) and

TEOS (58.35 g); finally, 591 mL of EtOH are added.

Similarly, to prepare a 1 L alcosol batch with silica nano-particles 200 nm in diameter,
406.5 g of a 7M solution of ammonia in MeOH are weighed and mixed with water

(162.4 g) and TEOS (58.35 g); finally, 247.3 mL of EtOH are added.

Notably, the system contains as main solvent EtOH and a minor aliquot of MeOH
(deriving from the 7M solution of ammonia): this had been demonstrated to be
acceptable and not sensibly affecting the final nano-particles diameter. Indeed, in
principle, as specified in the Stéber paper (see reference Erreur ! Signet non défini.),
a full lower weigh alcohol batch should promote the formation of lower diameters if

compared to higher alcohols but this is not the case in the systems under discussion.

To be here explicitly noted how the diameters here considered are out of the
considered range (20-80 nm) but they are, more precisely, an extrapolation of the

still valid models (see Table 2.3-4, values relative to the SM). The validity of the
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extrapolation is based on the fact that the part of curve here used (in the range 100-
200 nm) is clearly a monotonic function (see left hand down side of Figure 2.5).
Indeed, for bigger diameters the just discussed lows would lose their validity and a
new set of dedicated experiments should be done for the diameter bigger than 200

nm.

Step 2: Preparation of a stock solution for storage and further surface modification

The alcosol is centrifuged at 7690 RCF for 8 to 30 minutes (time varies with particles
diameter, longer for smaller size). The semi-cloudy supernatant solution is discarded
and the white solid is re-suspended in ethanol at ca. half of the starting original
volumes using ultra-sonication in a glass vial for no more than 10 minutes. This
procedure is repeated 3 times. To be noted, in each re-suspension step by ultra-
sonication, a stable (not sedimenting) cloudy white suspension must be obtained in
seconds. If by naked-eye inspection discrete clusters can be seen in the suspension
even after ultra-sonication, the system must be discarded. In general, an easy and

fast re-suspension by ultra-sonication is a sign of a still mono-disperse system.

The sediments at this stage appear as white iridescent solids. Then the sedimented
solid is re-suspended in the half of volume used before with ethanol and then diluted
in water at the same final solid concentration (this is the solvent exchange procedure
to gently change the solvent and avoid aggregation problems during the re-
suspension steps. Indeed, especially for littler nano-particles diameters, a sudden

solvent change can easily promote aggregations).

After centrifugation, the solid is washed five times with water using a volume of ca.
half of the original volume with respect to the starting alcosol. The re-suspension
steps by ultra-sonication must be no more than 5 minutes each time. The
centrifugations times are slightly longer due the higher density of water compared to

the previous solvent.
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Then the decanted is re-suspended in the half of the volume used before with water
and then diluted with THF at the same final solid concentration (this is the second
solvent exchange step). After centrifugation, the solid is washed three times with THF

at the half of the final solid content.

The final iridescent white solid is left overnight at room temperature under a very
gentle steam of nitrogen. The white and fragile solid is then gently grinded with a

spatula to a fine white powder (few seconds are sufficient).

The fine powder is then transferred in a round bottom flask and dry toluene is added

to reach half of the original volume with respect to the original stable alcosol.

Then, 2 hours at 40° C under magnetic stirring is the final conclusive step. A 0.027 %
V/V in acetic acid®** is added under magnetic stirring at room temperature a stable
stock solution is formed. In the case of silica nano-particles with diameters under 60
nm, the centrifugation technique is not possible (the needs of high RCFs imply the
development of aggregation). In these cases a regenerated cellulose dialysis
membrane must be used. First, the ammonia content in the alcosol is eliminated at
the rotary evaporator (high vacuum and water bath no more than 40° C for no more
than 5 minutes). In general, it is sufficient to eliminate 3-5 % of the original volume
and, immediately, to add the same volume of toluene under vigorous stirring. This
system must be dialyzed immediately against toluene (0.027 % V/V Acetic
Acid/Toluene!®). The acidic toluene solution must be changed 3 times every 4 hours
and then 1 time after 24 hours. To be noted, in each purification step a 100-fold
volume excess of Toluene with respect to the dialyzed system must be used. In
research laboratories a reasonable batch would not exceed a volume of ca. 20 mL but

this is adequate for bathes with a nano-particles content of ca. 50 — 100 mg.

Synthesis of amorphous silica nano-particles by the SGT with eventual dye-enriched

core

In the SGM there are two distinct steps: (A) The eventual formation of dye-rich (or
shell rich) silica nuclei and (B) the controlled growth. In this specific work the
conditions reported by A. van Blaaderen and A. Vrij'® are used. In this step of the

protocol, 5 nm dye rich silica nuclei are formed. A classical Stéber system as
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presented in the previous section (see “Step 1: Nano particles preparation” above)
but with no TEOS added is mixed with the FITC-APTES conjugate at a concentration
of 18 uL of conjugate per mL of system. Then TEOS at 11.16 uL per mL of system is
added. This reaction flask is left at room temperature, in the dark (an aluminium foil

to wrap the flask is used), under mild stirring conditions for 24 hours.

Step (B): The controlled growth. To the core rich nuclei 4 uL of TEOS per mL of
suspension is added per hour?® using a syringe pump. The TEOS concentration is
allowed to range up to 0.280 M (the concentration used in the SM) with no loss of
mono-dispersity and colloidal stability. To be noted, in step (A) it is possible to form

nuclei of different diameter and in B it is possible to form shells of different thickness.

Figure 2.13: Left; three batches after the final centrifugation step of dye-core fluorescent
bare silica nano-particles. A (= 30 nm by DLS) , B (=70 nm by DLS), C ($=120 nm by DLS).
The Glass Vials contain the supernatants; the PP plastic centrifuge tubes the wet sedimented
particles. Right: wet core-fluorescent silica nano-particles at the end of the washing steps
(=70 nm by DLS).
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Chapter 3: Stable

poly (methacrylic acid) brush
decorated silica nano-particles
by ARGET ATRP for bio-
conjugation
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3 Introduction: silica nano-particles as a platform for bio-conjugation

The advent of nano-technology and more recently nano-medicine has increased
the demand for well-defined nano-particles (NPs) for example in areas such as
diagnostics, drug delivery, bio-separation among others. 1 Silica nano-particles (Si-
NPs) is among the most widely applied class of nano-particles owing to their well-
documented synthetic accessibility by the base or acid catalyzed condensation of low
molecular weight silicates. This process known as the Stober synthesis (and variations
thereof) allows the synthesis of Si-NPs ranging from 15 to 800 nm 7 with good size
control and, if desired the incorporation of dyes or active molecules®. An increasingly
important aspect in the design of nano-particles is their surface functionalization to
facilitate interaction with the environment, the conjugation of active (bio)-molecules
or simply to enhance their colloidal stability. Very useful in that respect are polymer
brushes, i.e. functional polymers attached to the nano-particle surface, due to their
high functional group density.1%1! We are interested in the decoration of Si-NPs with
poly(methacrylic acid) (PMAA) or poly(acrylic acid) (PAA) as they can easily be
conjugated with bio-molecules by conventional coupling chemistry. 2 Moreover, the
hydrophilic nature of these brushes stabilizes the nano-particle suspension in
aqueous media thereby preventing particle aggregation and ensuring extended shelf

life. 13

The grafting of polymer chains from the surface of the NP is the most widely used
methodology to achieve polymer brush decorated silica nano-particles. Controlled
radical polymerization techniques such as atom transfer radical polymerization
(ATRP) are particularly useful in that respect as they permit the engineering of
polymer brushes of defined length, density, and composition so as to modulate the
surface functionality and properties of the NP. 1420 Although ATRP has been
extensively used for the polymer decoration of various surfaces including few
examples of PAA and PMAA, it has the drawback of high copper catalyst
concentrations. While the catalyst can be removed when micro or macroscopic
substrates are used (e.g. silicon wafers), removal of the catalyst from NP is
challenging. This drawback can be overcome by activator regeneration by electron
transfer (ARGET) ATRP. 2% 22In ARGET ATRP the amount of copper catalyst is
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significantly reduced by a strategy that employs a reducing agent to in-situ
regenerate the active Cu(l) species. This technique has successfully been employed
from surfaces 22327 but to the best of our knowledge there are only very few reports
of ARGET ATRP from Si-NP. In one instance, Wanless published poly(2-
(diethylamino)ethyl methacrylate) brushes from 120 nm diameter silica particles by

this technique. %8

Here we report for the first time the synthesis of PMAA decorated Si-NP by surface
initiated ARGET ATRP of tert-butyl methacrylate (t-BMA). Comparison of polymers
obtained from free sacrificial initiator and surface de-grafted material show good
agreement up to 50 % monomer conversion. Subsequent mild deprotection of the
poly(t-BMA) yielded hydrophilic PAA decorated Si-NP with high colloidal stability. The
feasibility of these nano-particles as a platform for bio-conjugation was shown by the

immobilization of Horseradish Peroxidase (HRP).

3.1 Results and Discussion

The synthesis of the brush decorated Si-NP include the surface decoration of the
bare nano-particles with an ATRP initiator, the polymerization of t-BMA and a final
deprotection step of the poly(t-BMA) to form the PMAA brush. The Si-NPs used in
this work have an average diameter of 200 nm (PDI= 0.014) and were obtained by a
classical Stober synthesis from tetraethyl ortho-silicate (TEQS).7 The introduction of
the initiator groups to the NP surface was achieved using a novel silane coupling
agent employing ‘click’ chemistry (Scheme 3.1). 2% 30 Using the click approach, an
azido-modified silane moiety VI was readily ‘clicked’ on an alkyne-functional
bromoester V (Scheme 1). The initiator VII was obtained as a dark orange oil. The
NMR spectra (Figure 3.1) of VII confirm the successful synthesis, in particular the
singlet d at 8.20 ppm in the aromatic region of the 'H-NMR spectrum due to the

formation of the 1,2,3-triazolic ring.3!
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This multi-step reaction is easy to perform, produces high yields and is robust so
that sufficient amounts of initiator can be synthesized. While only applied for the
synthesis of an ATRP initiator functional silane coupling agent, this strategy would
allow preparing initiators for a number of similar techniques just by changing the final

active initiator group for the desired polymerization.
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Scheme 3.1: Synthetic route to ATRP initiator silane coupling agent by ‘click’ chemistry

The decoration of SI-NPs (diameter 200 nm) was carried out in THF in the presence

of a defined amount of the initiator-functional coupling agent.

Prior to the reaction the Si-NPs were activated under acidic conditions to maximize
the amount of active silanol groups of the surface followed by rigorous drying.

Evidence for a successful process was obtained from TGA (Figure 3.2).

From the comparison of the residual masses at 800 °C of the bare Si-NP (87.3 %)
and the initiator decorated Si-NP (83.8 %) a total mass increase of 3.5 % upon the
reaction was calculated. Considering the surface area of 1 g of 200 nm NPs of 11.34
m? (density 2.648 g/cm?3), this corresponds to an initiator concentration of 3.06

mg/m?2.

It is well known that a silica surface has a maximum of 4.5 silanol groups per nm?,
which equals to 7.47 10® mol of silanols on 1 m2. 32 This value, multiplied by the
initiator molar mass, is a rough estimation of the expected mass of initiator molecules

per m?, in this case 3.07 mg/m?2. This is in perfect agreement with the measured value
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and verifies a monolayer decoration of initiator molecules on the NP surface. It has
to be noted that careful drying of the NP prior to the decoration is crucial to achieve

a monolayer.
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Figure 3.1: 'H/3C-NMR spectra of the reaction intermediates and the final product in initiator
synthesis in Scheme 1. Spectra recorded at 400 MHz in DMSO-ds. Inset 3.b: distortionless
enhancement of polarization transfer (DEPT) *C-NMR of VII.

ARGET ATRP of tBMA was then performed from the surface initiator decorated Si-
NP using CuCl; and tris-[(2-pyridyl)-methyl]-amine (TPMA) as the catalytic system,
and tin(Il)-2-ethylhexanoate as the reducing agent. 33 The polymerizations were
carried out in the presence of a defined amount of free sacrificial initiator (methyl-2-
bromopropionate) to mediate the reaction kinetics as well as the molecular weight

of the polymer brushes. Erreur ! Signet non défini.
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Figure 3.2: Thermo-gravimetric analysis (TGA) results of Si-NP (diameter 200 nm) at
various stages of decoration: (a) bare Si-NP, (b) initiator decorated Si-NP, (c) brush
poly(t-BMA) decorated Si-NP (polymerization time 180 min.), (d) brush PMAA
decorated Si-NP. Note that all samples have been processed under the same
conditions (freeze/drying for 5 days at 0.1 mPa at r.t.)

A known amount of dimethylformamide (DMF) was added to the reaction system
as an internal NMR standard. The ratio of the *H-NMR signal intensity from the DMF
methyl groups and the 'H-NMR signal intensity of the tert-butyl groups of the t-BMA
monomer provide a measure of the consumed monomer during the polymerization.
Fixed aliquots of the reaction mixtures were withdrawn at time intervals of 30

minutes using N2 purged syringes.

The collected samples were immediately exposed to air and cooled to stop the
polymerization. After centrifugation the supernatant was analyzed by *H-NMR to
determine monomer conversion and by GPC to measure the molecular weight of the

free polymer.

The decanted Si NPs were subsequently treated with HF to de-graft the polymer
brushes and analyzed by GPC after precipitation in water/methanol to determine

molecular weight and polydispersity.

It was found that the polymerisation follows expected first order kinetics (Figure

3.3).
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Figure 3.3: The initiator decorated silica nano-particles and the poly (tert-butyl) formation
kinetics. Seven samples were collected from the polymerization system at time t=0 s then 6
samples each 30 min.

More interesting is the comparison between the de-grafted and the free PtBMA. In
Figure 3.4, the normalized gel permeation chromatograms (GPC) of the de-grafted
polymers for the collected samples are presented. A clear shift of the chromatograms
from low to high molecular weights can be seen. It is noticeable, however, that with
increasing reaction time (monomer conversion) the low molecular weight tail of the
traces hardly shifts, which is also manifested in an increasing polydispersity of the
samples (Figure 3.5). This was not observed for the free polymer samples. Figure 3.5
shows a comparison of the molecular weights of the de-grafted and free polymer.
The very good agreement between both polymer molecular weights up to a
monomer conversion of about 55 % suggests that the growth conditions are nearly
identical for the free and the surface grafted polymer. Moreover, the increase of My
with monomer conversion is nearly linear in the 35-55 % monomer conversion range
as would be expected for a controlled polymerization. At conversions higher than 55
%, the measured M, of the surface grafted polymer (156,000 g/mol) is significantly
higher than that of the free polymers (5,500 g/mol). The deviation from the linearity

for the surface polymerization suggests that the requirements for a controlled
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polymerization are not met anymore and uncontrolled growths occurs. As this is not
the case for the free polymer, this must be caused by the specific confined surface
conditions. It can be speculated that polymer end-groups are not assessable anymore
for the catalytic system thus disturbing the delicate balance between dormant and
active species resulting in uncontrolled radical polymerization. This is supported by a
significant increase in the polydispersity of the de-grafted polymers from 1.3 to 3.5
at 75 % monomer conversion (Figure 3.5). The assumption that free and grafted
polymer populations are growing under the same conditions and produce polymers
of comparable molecular weight and polydispersity is indeed not generally valid and
in practice the comparability is strictly dependent on the specific condition used as
the shape of the surface (flat or curved), the presence of confined pores or channels,

the density of the grafted chains and the brush thickness can reverse this trend. 34-3°

TGA analysis (Figure 3.2) revealed a total polymeric brush mass of 17.9 % for the
PBMA decorated Si-NPs at 75 % monomer conversion. Following the successful
grafting of the PBMA brush, the final step was the deprotection of the t-butyl groups
to yield PMAA decorated Si-NP. Numerous methods have been reported for the
deprotection of t-butyl esters, although most involve the use of strong acids such as
CF3COOH, HCI, H2S04, TsOH and MsOH or Lewis acids such as BF3-OEtz, TMSI, TMSOTf,
TiCla, SnCls, AlCl3, Sn(OTf)2, and ZnBr,. % % However, strong acidic conditions and
prolonged reaction times can promote hydrolytic reactions able to de-graft the
polymer chains from the Si-NP surface. Alternatively, the deprotection can also be
achieved under mild acidic conditions by Montmorillonite K10 clay catalyst or silica
gel (low pressure) but this approach would require separating NPs from another solid
phase. 42 Alternatively we investigated aqueous phosphoric acid (85 wt. %) based on
reports that it is an effective, environmentally benign reagent for the de-protection

of t-butyl carbamates, t-butyl esters, and t-butyl ethers. 4344
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Figure 3.4: GPC chromatograms of the de-grafted polymers (normalized curves) at 30
minutes intervals and final sample after 24 h
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Figure 3.5: Molecular weights (M,) and polydispersity (PDI, inset, A) of de-grafted
polymer (M) and free polymer (®) as a function of monomer conversion.

The reaction conditions are mild, high yielding and offer good selectivity in the
presence of other acid-sensitive groups such as cyclic carbamates, lactones, ketals,

acetate esters. Figure 3.6 shows the attenuated total reflectance IR (ATR-IR) spectra
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of PBMA decorated Si-NP before and after treatment with aqueous phosphoric acid.
Notably, the peaks characteristic of PBMA (Figure 3.6, A) and PMAA (Figure 3.6, B)

can be identified and are in agreement with literature data. 4> 46

For example, the C=0 stretching (3) at 1720 cm™ and peaks such as the broad peak
at 1470 cm™ (4), and the doublet at 1390 cm™ (5 and 6) assigned to the t-butyl group.
After the deprotection step, peak 3 remains unchanged while the methacrylic acid

bands appear (7a, 7b, 8 and 9) and peak 2 disappears.

Further evidence for the hydrophilic character of the de-protected Si-NP is their
full dispersability in water as depicted in Figure 3.7. While the hydrophobic PBMA NP
cannot be suspended in water, hydrophilic PMAA NP form a stable, homogeneous
suspension within 5 seconds of ultra-sonication highlighting the change of

hydrophilicity due to the deprotection process.
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Figure 3.6: ATR-IR spectra of PBMA decorated Si-NP before (A) and after de-protection
(B) with aqueous phosphoric acid.
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Figure 3.7: Hydrophobic PBMA decorated Si NPs floating on water (left) and
hydrophilic PMAA Si NP suspended in water.

The deprotection yield for the PMAA Si-NP obtained at 75% monomer conversion
was calculated from TGA analysis (Figure 3.2). A mass loss of 4.4 % compared to the
PBMA NP was measured after the deprotection step. Considering a theoretical
weight loss of 8.6 % at quantitative deprotection for this specific sample this
corresponds to about 50 % deprotection yield after 12 hr of deprotection reaction. It
was found that this is indeed the maximal possible de-protection degree as prolonged
reaction times result in undesired brush and NP hydrolysis (Figure 3.8).

Figure 3.8: brush PBMA Si-NP (200 nm) after a 24 h deprotection. A: Dark Field secondary
electron mode. B: Bright Field standard emission. The presence of the degrafted brush
enveloping the Si-NP can be seen. Moreover, diameter reduction from 200 nm to 150 nm is
evident as well as a less regular shape of the nano-particles compared to the bare Si-NPs due
to the hydrolysis of the brush and of a partial silica re-dissolution.
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The incomplete deprotection is most likely due to a low accessibility of t-BMA
groups close to the silica surface. It is here worthwhile to note, that this is not a
negative feature as a hydrophobic region close to the nano-particles surface provides
a protective barrier against hydrolysis of the polymeric chains. This is highlighted by
the fact that treating the Si-NP suspensions at pH range 2-10 had no detectable

detrimental effect on the suspension stability or particle quality (Figure 3.9).

Moreover, this diffusion barrier is contributing to the stability of these mono-
disperse suspensions in 0.1 M phosphate buffer solution at pH 7.4 (monitored over
one year), a pH of interest as the majority of proteins are stable under these

conditions, which makes these nano-particles directly suitable for bio-conjugation.

Figure 3.10 depicts Field Emission Scanning Electron Microscopy (FE-SEM) image
of Si-NP at different stages of decoration. In particular the brush decorated NP show
a distinct core-shell structure (Figure 3.10 D-F). The denser silica core appears as a
dark gray (or blue in bright filed mode) and the surrounding corona made of less
dense PMAA brush appears as lighter gray or blue. The silica core is perfectly spherical
as evident from the sharp border in the micrograph and the brush thickness of the
surrounding polymeric corona is highly regular. For the 200 nm NP a brush thickness
of 40 nm can be estimated. Generally PBMA brush decorated Si-NP show a higher
tendency to melting under a 30 kV electron beam and the corona shadow
surrounding the nano-particles in this case has a less sharply defined contour if

compared to the de-protected system.
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Averagediameter, nm |  Error bar, nm PDI
Un-treated system 200.8 15.9 0.014
Systemat pH=2, 1day, rt 189 14.8 0.009
Systemat pH=10,1day, rt 204.1 16.5 0.017

Figure 3.9: Three water suspensions of brush PMAA) Si-NPs (polymerization time 180 min.
pertinent to line d in Figure 3.2 (TGA) and to chromatogram at 180 min. in Figure 3.4 (GPC
data)) at 5 mg/mL are tested. The un-treated sample was left un-touched. One sample was
treated at pH=2 (by HCI) at room temperature during 1 day, then centrifuged and re-
suspended in water up to neutrality of the supernatant. The third system had a pH=10.0 (by
NaOH) treatment everything left the same. The three systems (at the same 5 mg/mL brush
p(MAA) Si-NPS, in the same solvent (Water)) are then analyzed by DLS using the Contin
method. The Polydispersity Index (PDI) is the ratio (standard deviation)*2/(weighed
diameters average)”2 calculated using the % Relative intensities signals.

Figure 3.10: FE-SEM images of Si-NP of different size and state of decoration. A and B:
bare Si-NP; C: ATRP initiator decorated NP; D: Pt-BMA brush decorated Si-NP; E and F:
PMAA brush decorated Si-NP.
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Immobilization of bio-molecules, such as proteins, enzymes, or antibodies on solid
substrates has great importance in biosensors and biotechnology applications owing
to their specific affinity for their targets. 4”*8 Due to their robustness and versatility,
functional polymer brushes have been utilized extensively for the immobilization of
bio-molecules. 1% 472 Herein, horseradish Peroxidase (HRP) has been chosen to
conceptually investigate the covalent immobilization through carboxylic acid groups
of PMAA decorated Si-NP. HRP is a a-helical globular protein with an average
diameter of ~ 4.5 nm. %6331t is used extensively in biochemistry applications primarily
for its ability to amplify a weak signal and increase detectability of a target
molecule.>® HRP immobilization was performed using common EDC/sulfo-NHS
coupling chemistry between amino groups of lysine residue of HRP and carboxy
groups of grafted PMAA at pH 7.4. A series of experiments was carried out
systematically varying the weight ratio of HRP to PMAA decorated SI-NPs (diameter
160 nm) from 30, 40, 50, 60 and 70 g HRP solutions (Img/mL) to 1 mg of NP
suspension. The NP were subsequently washed and recovered by centrifugation. The
enzymatic activity of the immobilized HRP was monitored using o-phenylene diamine
dihydrochloride (OPD) as a chromogenic substrate. Upon reaction with HRP in the
presence of hydrogen peroxide the soluble product 2,3-diaminophenazine is formed,
which can be quantified UV spectroscopically at ~ 441 nm. Figure 3.11 shows a linear
dependence of the UV absorbance peak from the HPR immobilised on the NP. When
compared to the UV signal obtained from the free HRP at a concentration that
corresponds to the highest concentration used in the immobilisation protocol, a
relative activity of 93 % was realised. Slight activity loss could be due to inactive HRP
on the surface, non-quantitative immobilisation or slight mosses in the work-up

procedure.
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Figure 3.11: Horseradich peroxidase (HRP) catalysed conversion of o-phenylene diamine
dihydrochloride (OPD) into 2,3-diaminophenazine and significant UV-Vis absorbance peaks
of 2,3-diaminophenazine for reactions catalysed by SI-NP conjugated with HRP at a
concentration of 1 mg/mL NP in PBS at pH 7.4. Experiments 1-5 represent NP with decreasing
amout of conjugated HRP. The reference sample was recorded with free HRP (70 ug/mL),
while the blank contains no HRP.
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3.2 Experimental Section

Chemicals: All chemicals were obtained from Sigma Aldrich and used as received
unless otherwise noted. Triphenylphosphine and CuBr; were obtained from Acros. 1-
Ethyl-3-[3-dimethylaminopropyl] carbodiimid and N-hydroxysulfosuccinimide were
obtained from Thermo Fisher. Cu(PPhs)3Br was synthesized according to a literature
procedure. > Peroxidase from horseradish Type VI, essentially salt-free, lyophilized
powder, 250-330 units/mg solid (using pyrogallol), o-Phenylenediamine tablet (20 mg
substrate per tablet), hydrogen peroxide solution (30 wt.% in H,0), 1M H,SO4 were

obtained from Sigma Aldrich.

Methods: *H and *3C nuclear magnetic resonance (NMR) spectra were recorded at
room temperature on a Bruker Avance 400 (400MHz) and a Bruker Avance
Ultrashield 600 (600 MHz). CDCl; was used as a solvent and the signals were referred
to the signal of residual protonated solvent signals. Thermo-gravimetric analyses
(TGA) were performed on a TGA Q50 from TA Instruments using a temperature ramp
from 20° to 800°C at 20°C/min. under nitrogen atmosphere. All samples were
carefully dried before measurement (3 days at 0.1 mbar at RT). A Perkin-Elmer
Spectrum 100 was used for collecting attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectra in the spectral region of 650-4000 cm™. The spectra were
obtained from 4 scans with a resolution of 2 cm™. A background measurement was
taken before the sample was loaded onto the ATR unit for measurements. To
measure melting points a Gallenkamp melting point apparatus has been used.
Molecular weights of polymer were characterized by gel permeation
chromatography performed on an Agilent 1200 series equipped with two PL Gel 5
micrometer Mixed-C 300 * 7.5 mm? columns at 40°C and a differential refractive
index (DRI) detector. Tetrahydrofuran (THF) was used as an eluent at a flow rate of 1
mL min. Molecular weights were calculated based on poly(methyl methacrylate)
standards. TEM images were obtained using a TITAN microscope at Trinity College
Dublin CRANN (at an accelerating voltage of 200 kV) for samples deposited on

carbon-coated (400 mesh) copper grids. The preparation of samples for transmission
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electron microscopy (TEM) analysis involved depositing a drop (15 mL) of the nano-
particle suspension in toluene of water onto the grids and allowing the solvent to
evaporate prior to imaging. The dynamic light scattering (DLS) experiments of peptide
grafted nano-particles in different pH solutions were performed at 25° C on a
ZetasizerNano ZS particle analyzer (Malvern Instruments) using a detection angle of
173 degree and a 4 mW He—Ne laser operating at a wavelength of 633 nm. Perkin-

Elmer Lambda 900 spectrometer (Foss, Ireland) was used for HRP colorimetric tests.

Prop-2-ynyl 2-bromoisobutyrate (V)>°: A clean round bottom flask (previously dried
1 night in the oven at 140° C) containing 100 mL of anhydrous ether was cooled to 0
°C using an ice/water bath. The solvent was purged 10 minutes with N, before the
addition of 2-bromoisobutryl bromide (20.0 g, 87 mmol) and pyridine (8.3 g, 105
mmol). After 2-3 min. the suspension turned yellow. The mixture was stirred for 5
min. before the drop wise addition of propargyl alcohol (5.87 g, 105 mmol) dissolved
in 50 mL of anhydrous ether over a period of 30 min after which the suspension
turned white. The flask was then removed from the ice bath and the reaction was
allowed to proceed at room temperature for 24 h. The reaction mixture was then
washed with 100 mL of 1 M HCI, 100 mL of 1 M NaOH, and 100 mL of brine, and then
dried over anhydrous MgS0a4. The solvent was removed by rotary evaporation at 35°C
and 0.1 mbar for 1 hour and the alkyne group containing ATRP initiators was obtained
as a white solid (yield: 89%). 'H NMR (CDCls): 6 4.78 (d, 2H, CH,0), 2.55 (t, 1H, C-CH)
and 1.96 (s, 6H, (CH3)2C).

3-Azidopropyltrimethoxysilane (VI)*’: To a 250 mL round bottom flask, 3-
chloropropyltrimethoxysilane lll, (6 mL, 6.80 g, 32 mmol), sodium azide IV (4.2 g, 64
mmol), and N,N-dimethylformamide (DMF) (40 mL) were added. The reaction
mixture was stirred at 100° C for 24 h. After cooling to room temperature, the mixture
was filtered and the filtrate concentrated under reduced pressure by rotary
evaporation at 35°C, 0.1 mbar for 2 hours to yield a yellow liquid as product (yield:
3.1g,95%). *H NMR (CDCls): & 3.57 (s, 9H, O-CH3), 3.27 (dt, J = 2,7 Hz, 2H, N3-CH,),
1.71 (m, 2H, CH;), 0.71 (m, 2H, Si-CH>).
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1-((3-Trimethoxysilyl)propyl))-4-(ylmethyl 2-brono-2-methylpropanate)-1,2,3-
triazole (VII): In a round bottom flask 1.2 mol eq. prop-2-ynyl 2-bromoisobutyrate, 1
mol. eq. 3-azidopropyl trimethoxysilane and 0.5 mol % catalyst Cu(PPhs)3Br in DMF
are stirred for 24 h at room temperature. After centrifugation and removal of the
solvent in a rotary evaporator the product was obtained without further purification
as a dark orange oil (density measured at RT is 1.45 g/mL) and stored under N; at 4°C
(yield: 78%). TH NMR (CDCl3): & 0.52 (m, 2H, -CH2-), 1.91 (s, 8H (6+2), (CH3).C) and —
CH2-), 3.57 (s, 9H, O-CHs), 4.32 (m, 2H, -CH2-), 5.25 (m, 2H, -CH>-0O), 8.20 (s, 1H,
triazolic C(5) proton). 13C-NMR (DEPT) & 5.80 (-CH>-), 23.70 (-CH>-), 30.02 (-CH3), 49.90
(-CHs), 51.70 (-CH2-), 59.10 (-CHj-), 124.35 (C-H) (13C-NMR DEPT assignments
confirmed by Heteronuclear Multiple Bond Correlation (HMQC) NMR 1H-13C

correlation spectrum.).

Synthesis of Si-NP (diameter 200 nm): To prepare a 1 L alcosol batch with Si-NP 200
nm in diameter, 406.5 g of a 7M solution of ammonia in MeOH are weighed and
mixed with water (162.4 g) and TEOS (58.35 g). Finally, 247.3 mL of EtOH were added.
The system was left overnight at room temperature. Subsequently the particles were
recovered by successive centrifugations/decanted re-resuspension cycles in ethanol,

acetone and THF.

Decoration of silica nano-particles with ATRP initiator VII: The concentration of NP
in the decoration suspension can be up to 1 g per 40 mL of solvents (for nano-particles
up to 200 nm or less for smaller diameters). The system must be perfectly
homogenous and mono-disperse and for this reason a 2 mL properly diluted aliquot
of the system at room temperature should be analyzed by DLS at this stage. The acidic
(acetic acid 0.027% V/V) suspension in THF of the bare SI-NP is gently stirred for 2
hours at 35-40°C. Then, 2 % V/V of initiator (diluted in 5 mL of THF) is added drop-
wise during 5 minutes under stirring and the system is refluxed under static N, flow
overnight. As a final step the washed decorated NP are re-suspend in a minimum
amount of THF and left overnight under a very gentle flow of N, to complete the

formation of silanol bonds. The final powder is stored as stock solution in anisole.
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Grafting of tert-butyl methacrylate from ATRP initiator decorated silica nano-
particles: To a 22.5 mL glass vial (cleaned with acetone and dried by flushing N2 for 5
minutes) 100 mg initiator decorated Si-NP were added as an anisole stock suspension
(5 mL of 1g/mL suspension). Then a stirring bar and 15 mL of tert-butyl methacrylate
(92.3 mmol) are charged. Under magnetic stirring, the sacrificial initiator is added
(methyl 2-bromopropionate, 32.80 pL, 0.294 mmol). CuCl; (0.710mg, 0.0053 mmol)
and TPMA ligand (6.50 mg, 0.0224 mmol) are then added. The vial is then sealed with
a rubber septum and the reducing agent is added under stirring (tin (Il) 2-
ethylexanoate, 109 pL, 0.337 mmol). The system is left at 60°C for 4.5 hours. The
work up is based on six centrifugation steps at 9000 rpm (7890 RCF) for 20 minutes
using toluene to wash the decanted particles (in each re-suspension of the decanted
particles 5 minutes of ultra-sonication is applied). The last steps are three washings
in THF and the re-suspended system in THF is left under a mild steam of N, overnight

at room temperature after which a brownish powder (118 mg) was recovered.

Reaction kinetics and de-grafting of polymer from Si-NP: In order to define the
kinetic of the polymer growth, a know amount of DMF was added as an internal (and
not reactive) NMR standard. Aliquots of the reaction mixture were withdrawn at time
intervals with of a N, purged syringe. The samples were immediately exposed to air
and cooled to stop the polymerization. After centrifugation, the supernatant was
analyzed by *H-NMR, while the solid silica nano-particles (properly dried and washed)
were treated with HF to de-graft the polymer from the surface. The supernatant is
then treated with methanol/water 1/1 V/V to precipitate the polymers and

freeze/dried after centrifugation. The resulting powder was analyzed by GPC.

Deprotection of poly(t-butyl methacrylate) grafted Si-NP: In a typical experiment,
aqueous phosphoric acid (85 wt%) was added to a suspension of the brush Si-NP in
THF typically with 1 mL of solvent per gram of brush and 15 equivalents of aqueous
phosphoric acid (85 wt%). The mixture was stirred at room temperature for 12 hours
(this time refers to the system obtained at 75 % monomer conversion). For the
workup water was added to dilute the reaction mixture, and concentrated sodium
hydroxide solution was added to adjust the pH to 7-8. Final centrifugation steps are

repeated up to pH neutrality of the supernatant.
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Bioconjugation with HRP: A 10 mg/mL brush PMAA silica nano-particle suspension
in 0.1 M MES (2-[morpholino] ethanesulfonic acid), 0.5 M NacCl, pH 6.0 buffer was
reacted with 1-ethyl-3-[3-dimethylaminopropyllcarbodiimide (2 mM) and N-
hydroxysulfosuccinimide (5 mM) at room temperature during 15 min. Then, after fast
(2 min.) centrifugation the nano-particles were washed with 0.1 M sodium
phosphate, 0.15 M NaCl, pH 7.2-7.5 two times. After decanting the liquid, the solid
was diluted in 10 mL of 0.1 M sodium phosphate, 0.15 M NaCl, pH 7.2-7.5 and 5 times
1 mL aliquots are centrifuged. These 5 samples of activated silica nano-particles are
re-dissolved in 930, 940, 950, 960, 970 uL of sodium phosphate buffer. The entire
process should be carried as quickly as possible (here 8 min.) and at room
temperature. Then, aliquots of a freshly prepared solution of Peroxidase from
horseradish (HRP) in 0.1 M sodium phosphate, 0.15 M NaCl, pH 7.2-7.5 at 1 mg/mL
in HRP are transferred in the activated NP suspension. In particular, 5 aliquots of 70,
60, 50, 40 and 30 pL of the HRP solution at 1 mg/mL were added to the 1 mg/mL
activated nano-particles suspension to obtain 5 time 1 mL samples with the same
concentrations of nano-particles (1 mg) and different amounts of HRP. The bio-
conjugation reaction was complete within 2 h at room temperature. The work up was
made by centrifugation and two washing/re-suspension steps in PBS buffer
(centrifugation cycles at 6860 Relative Centrifugal Force at 8500 rpm for 3 min). The
final samples were stored in 0.1 M PBS buffer at pH= 6.0 at 4°C for no more than two
weeks, based on the stability of the HRP at concentrations of 1 mg of bio-conjugated
nano-particles per mL of buffer. The specific tests here were carried out with 1 day

to 2 weeks old bio-conjugated NP with no difference in the final colorimetric test.

Colorimetric test: A buffer solution was prepared with 10.19 g of anhydrous citric
acid, 30.90 g of Na;HPO4 12 H,0 (or, as an alternative, 14.60 g of Na;HPO4) at pH=5
in 1L of ultra pure water (18 MW/cm). A 20 mg tablet of o-phenylene diamine is
dissolved in 50 mL of this buffer and left in the dark. Immediately before the
colorimetric test, 20 pL of H.0; (30% vol) were added. To each aliquot of bio-
conjugate at 1 mg/mL, 0.1 mL of this buffer is added. The system is left in the dark at
room temperature during 2 h then 25 pL 1M H;SO4 are added to stop the reaction.

The system is then measured in a UV spectrophotometer at Imax ~ 441 nm.
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3.3 Conclusions

The synthesis of polymer brush decorated silica nano-particles is demonstrated
by ARGET ATRP grafting of poly(t-butyl methacrylate). ATRP initiator decorated silica
nano-particles were obtained using a novel trimethylsiloxane derivatised ATRP
initiator obtained by click chemistry. Comparison of de-grafted polymers with
polymer obtained from a sacrificial initiator demonstrated good agreement up to 55
% monomer conversion. Subsequent mild deprotection of the t-butyl ester groups
using phosphoric acid yielded highly colloidal and pH stable hydrophilic nano-
particles comprising approximately 50 % methacrylic acid groups. The successful bio-
conjugation was achieved by immobilization of Horseradish Peroxidase to the
polymer brush decorated nano-particles and und the enzyme activity demonstrated

in a conversion of o-phenylene diamine dihydrochloride assay.

In conclusion, we have presented a robust protocol for the synthesis of PBMA
polymer brushes on well-defined Si-NP using ARGET ATRP. The mild deprotection
with phosphoric acid provided access to PMAA/PBMA copolymer brushes with high
colloidal and pH stability. The feasibility for conjugation of active bio-molecules to
these particles was demonstrated by immobilization of HRP under retention of high

level of catalytic activity.
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4 Features of porous polymeric glycidyl methacrylate-co-ethylene
dimethacrylate p (GMA-co-EDMA) monolith

Polymeric porous monoliths (PPM) were prepared for the first time in the early
1990’s and used as stationary phases in liquid chromatography.! These polymeric
solid phases were prepared using a number of monomers such as methacrylates,
acrylates, styrene, acrylamides or cyclic monomers. These systems were typically
formed casting a blend of monomers, cross-linking monomer, porogens and a free

radical initiator inside glass capillaries. *

The poly(glycidyl methacrylate-co-ethylene dimethacrylate) (poly(EDMA-co-GMA))
monolith specifically discussed in this work features the presence of the GMA
monomer bearing an epoxy ring, which can be reacted with a range of nucleophiles.??
Applying this chemistry, diol functional groups could be formed on the surface of the
monolith as a result of the epoxy group ring opening catalyzed by sulfuric acid.
Similarly, amine based functionalities can be obtained by simple post-modification
steps following the ring opening reaction with a base such as ethylenediamine or
diethylamine.* Svec was the first to incorporate GMA into a porous polymeric
monolith.> The pioneering work in the preparation of polymeric monolithic columns
was performed by Hjerten® and later by Frechet and Svec, who published studies on

in-situ co-polymerization of GMA and ethylene dimethacrylate.”

The type and the concentration of the cross-linking agent, the porogens, the thermal
radical initiator along with the temperature and the times involved in the casting step
are important parameters impacting the final composition of the polymer monolith.
More cross-linking affects the final morphology with the resulting macro-porous
structure consisting of smaller globules with smaller voids and relatively large surface
areas.® The porogens, as the term suggest, have the function to promote and control
the pore formation. Seidl°, Guyot!?, Kunin!! pioneered the studies on the
mechanisms ruling the pore formation. In this short introduction it is important to

note that the more monomer-incompatible the porogenic solvent is, the larger the
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pore size of the polymer will be.? Thus, the porogens impact the final morphology of

the monolith.

There is a fine balance between obtaining a large number of small pores
(micro/meso-pores) and larger pores (macro-pores). The small pores significantly
increase the overall surface area of the monoliths, and even though the macro-pores
do not contribute significantly to the overall surface area, they are essential in
providing flow through space, which allow the mobile phase to flow at a reasonable
pressure. Both are therefore important to obtain a monolithic column that provides
good separation efficiency and a low resistance to mobile phase flow.!? There is a
range of porogens that can be used as part of the EDMA/GMA co-polymerization
mixture: 1-propanol, 1,4-butandiol, cyclohexanol, 1-decanol, dodecanol, and
dimethylsulfoxide are commonly used. These can be used individually or as a binary
or ternary mixture. Viklund reported the preparation and characterization of
monolithic stationary phases and reported the effect of varying the relative
percentage of porogens/monomers in a co-polymerization mixture.'* The average
pore size can be controlled by at least an order of magnitude by controlling the
porogens/monomers ratio. Similarly, raising polymerization temperature results in a
decrease of the pore size diameter due a faster rate of initiator decomposition with
consequently larger number of precipitating globules in the mixture. > The free
radical initiator half-life is linked to the final porosity of the monolith as well. The
impact on the porosity is the same as described for temperature changes, i.e. the
substitution of azobisisobutyronitrile (AIBN) by benzoyl peroxide causes the
formation of a monolith with higher pore diameters due to a slower decomposition

rate in the case of benzoyl peroxide.

Once the monolith blend recipe is defined, another important aspect of a SPE device
must be considered, i.e. an anchoring system that assures the phases continuity
between the housing and the monolith. Typically, the anchoring system is made by
grafting an EDMA based network of oligomers on the inner housing walls. Once the
housing is modified, the monolith blend is transferred inside the tubing under oxygen

free conditions and the casting process is performed.
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The current poly(EDMA-co-GMA) monolith related literature is typically focused on
expensive computer assisted techniques such as digital micro-fluidics devices?’,
digital micro-fluidic platform?8, solid-phase micro-extraction'?, micro-scale analysis?’,
micro-extraction packed syringe for mass spectrometry?! directly describing the
analytical performances of the separation process. Whilst there is a large body of
literature on SPE devices, most of those focus on separation performance while
materials and detailed manufacturing aspects are receiving less attention. This
approach impacts the extent of production details as well as the effective monitoring
of each single manufacturing step involved. On that matter, sometimes, the
geometry of the housing itself is a problem. Indeed, in the case of micro-capillary
housing having a fraction of millimeter diameter, the use of electron microscopy and
IR techniques is — if possible - time consuming as during the preparation of the sample
the housing, the monolith and the fragile anchoring system tend to break and detach
easily. In other cases, the effectiveness of the EDMA-co-GMA chemical modification
can only be monitored indirectly using the scanning capacitively coupled contactless
conductivity techniques.?? In the majority of cases, the extraction performances are
used to judge the chemical-physical processes involved in the cartridge manufacture.
This approach works well only if the whole process is effective but does not offer any
explanation in the case of failures. In particular, it would not be possible to derive
whether the properly manufactured device is not working per se or if the data is not
as expected due un-monitored problems in the cartridge manufacture. Typically,
problems originate from a non-uniform anchoring system across the monolith length
or from non-effective and inhomogeneous chemical modifications of the porous
polymeric support. For these reasons, in this chapter, the manufacturing steps of a
new readily produced SPEs cartridges made of a polypropylene (PP) housing and a
poly (EDMA) anchored EDMA-co-GMA monolith are detailed. Inexpensive materials
are used and each manufacture step is monitored in detail. This approach has a
number of intriguing features. First of all, the device is inexpensive, so it is possible
to perform a high number of tests and then, once a robust protocol is defined on the
basis of analytical evidences the manufacture parameters can be directly transferred
to automated devices using the same materials. Secondarily, it is well known that the

poly (EDMA-co-GMA) porous monolith surface can be chemically modified at the
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GMA epoxy ring to target a specific property (e.g. to aim at a hydrophobic/hydrophilic
material or to impose permanent electrostatic charges on the monolith surface).?
Inherently, the SPE device in this study allows monitoring reaction yields and the
surface chemical uniformity during these surface-modifying reactions: Indeed, this

possibility is explored in the chapter 5.

4.1 Results and Discussion

The SPE device built in this work is the product of a three-step process featuring the
use of inexpensive polypropylene (PP) tubing as housing material (the Cristal Bic®
pen, mass-produced and sold by Société Bic of Clichy, Hauts-de-Seine, France).?* In
particular, the BIC pen ink-cartridge tubing (made in PP, as per manufacturer
brochure??) is used as a handy housing for this extraction tool (see Figure 4.1, ink-
tubing B). The device manufacture scheme is presented at a glance in Figure 4.2: after
the pre-treatments on the tubing (see products | and Il), a three-step process is
performed. The just cutted PP tubing (see product | in Figure 4.2) is left standing
overnight to let the ink flow out by gravity. The tubing is then washed with acetone
and ethanol and dryed in the oven at 40°C for 1 hour (see product Il in Figure 4.2).
The SPE tool housing is now assembled: The PP tubing ends are equipped with plastic
luer locks made from blade cut disposable steel needles (see Figure 4.12 in the
experimental part). The luer lock polypropylene tubing connection is strong enough
to assure watertight conditions if the plastic connetors are properly cut (see Inset A,
in Figure 4.12 in the experimental part). Moreover, the luer lock-polypropylene

tubing geometry assures the minimum dead volume during the SPE process.

95


http://en.wikipedia.org/wiki/Soci%C3%A9t%C3%A9_Bic
http://en.wikipedia.org/wiki/Clichy,_Hauts-de-Seine
http://en.wikipedia.org/wiki/France

Figure 4.1: Polypropylene ink cartridge (see B) used for the manufacture of an SPE device and
final product (see Inset C). The PP ink cartridge (B) is removed from the polystyrene
hexagonal barrel (A) of a Bic® pen and processed to form the final monolith-filled cartridge.
The final cartridge can be as long as 90 mm and it has an inner diameter of 2 mm.

To prevent the effect of possible heat deformations, the hub-tubing junctions can be

protected with teflon seal tape (see Inset C, Figure 4.12, experimental part).

The presence of these two luer lock hubs, directly pluggable onto syringes tips, allows
oxygen free UV irradiation curing and thermal treatment to mold the monolith (see
steps 1, 2 and 3 in Figure 4.2) as well as the combined use of these home-made
cartridges on syringe pumps during nano-particles decorations/SP chemical

modifications or extractions (see chapter 5).

This cartridge has an inner volume of 3.14 mm3/mm and, in the 3-6 cm length range,
it can feature a solid phase bed length/diameter ratio in the range of 15-30 and more.

In principle longer cartridges can be manufactured up to 90 mm.

In the step 1 of the process under discussion (see Figure 4.2), the cartridge is filled
with a de-oxygenated solution of benzophenone in methanol. The sealed system is
then irradiated in a UV curing station where a speed regulated horizontal belt expose
the cartridge to the emissions of a UV mercury lamp for a time determined by the
selected belt speed (see Figure 4.13 in the experimental section for details). A similar
procedure follows with the EDMA monomer solution in methanol (see Figure 4.2,

step 2). Normally the time between the step 1 and the step 2 is kept to no longer than
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24 hours (the BP-PP surface is chemically stable for almost 3 weeks in dark

Polypropylenetubing STEP3
/ I STEP 2
/- Moulded

anchored
UV-grafted monolith
anchoring

conditions).3>

UV-grafted
surface initiator

Figure 4.2: Processing of an ink cartridge into an SPE device. The ink cartridge (l) is cleaned
(). Subsequently, a three-step process is performed to build an inner tubing surface
anchoring system (steps A, B) and a final molding step completes the manufacture process.
Step A in yellow, is the benzophenone UV grafting step. Step B in red, is the EDMA UV photo-
grafting process to build the anchoring system. The Step C in gray is the polymeric porous
EDMA-co-GMA monolith synthesis by thermally initiated free radical polymerization. The
system C is an EDMA-anchored EDMA-co-GMA porous polymeric monolith.

Typically, these steps are performed on a set of several 90 mm PP cartridges (see
Figure 4.13 in the experimental part) and then, the surface treated tubing can be cut
to the desired length and the step 3 can be performed. Steps 1 and 2 are crucial to
assure the homogeneous anchoring system and avoid a poor separation due the
presence of preferential macroscopic channels in the extraction tool: Indeed, this
three-step process is aimed at the formation of a continuum made of the external PP

housing and the to-be-formed inner monolith.

The grafting of acrylic oligomers onto the inner PP surface of the SPE cartridge is
challenging because, as all polyolefins, PP surfaces are hydrophobic and chemically
inert under ordinary conditions. For these reasons, the PP surface requires chemical
or physical treatment to tailor its properties.?®?° Chemical modification of the

interfacial polymer chains with polar groups such as hydroxyl, carbonyl, and
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carbonylic acid®®, by flame treatment3!, plasma treatment3?33, low-pressure glow
discharges3* has been reported. However, all these methods are expensive and not
routinely performed in research laboratories. The use of UV radiation and photo-
initiators offers an excellent low cost alternative because of its simplicity and
cleanness and for this reason, this is the approach used in this work. The rationale for
the step 1 (see Figure 4.2) relies in the photochemistry of the benzophenone (BP).
Photo-chemically produced triplet states of BP carbonyl group can abstract hydrogen
atoms from almost all polymers, thus generating the fast recombining semi-pinacolic
radicals and surface radicals (see Figure 4.3). >3 The presence of radical species
implies the use of oxygen free solutions and treatments. The inhibition effect of
oxygen in the grafting reaction of BP has been observed.?” The minimum
concentration required to obtain complete surface coverage of the PP tube is
approximately 0.002 wt/wt % of BP in methanol, i.e. the concentration conditions
used in this work (5% wt/wt in methanol) assure a total surface coverage. 3° This
concentration has been experimentally determined in previous papers as a
compromise of lower values (implying longer UV treatments times) and higher values
(implying a fast decrease in the UV radiation intensities during the UV radiation

passage through the solution.®®

HO
H * @ O
H,C
UV IRRADIATION RECOMBINATION

A B C

Figure 4.3: The benzophenone photo-grafting sequence. B: semi-pinacolic radical and surface
radicals. C: recombination molecule termed “surface initiator” because it can re-generate
radicals by exposure to UV light. Note: A, B and C are all part of a one-pot radical-mediated
reaction.

Step 2 (see Figure 4.2 and Figure 4.4) is performed using EDMA solutions in methanol.
The step 1 formed semi-pinacolic surface grafted molecule and then, the step 2 can
re-generate surface radicals and radicals in solution under oxygen free UV light

irradiation. The surface radicals promote a free radical polymerization of the EDMA
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diacrylate in solution and on the inner PP tubing surface. This process results in an
oligomeric cross-linked network chemically linked to the inner PP tubing cartridge

surface (see Figure 4.4).

Steps 1-2 need to be performed sequentially as a UV irradiation process with BP and
EDMA present at the same time would promote the formation of BP-EDMA cross-
products. Indeed, this problem is reduced by the two-step process adopted in this
work as the semi-pinacolic radicals (see B in Figure 4.2) have a very short lifetime and
preferentially recombine or terminate growing chains if the two processes are
sequential. 37 This just formed cross-linked surface polymer will act an intermediate
layer during the generation of the final monolith (see step 3 in Figure 4.2) and will
ensure a uniform chemical adhesion of the EDMA-co-GMA monolith to the PP
surface. In this way, the adhesion between the cast monolith and its housing is
assured. This is the main pre-requisite to eliminate housing-monolith detachment
and the consequent formation of undesired preferential analyte solution flow in the
PP housing-monolith regions, which would negatively impact the performance of the

SPE device.

Attenuated total reflectance infrared spectroscopy (ATR-IR) is based on the
interaction of an evanescent field penetrating the sample surface typically between
0.5 and 2 um.32 For this reason, this technique is particularly suitable to analyze the
success of the surface treatments of step 1 and step 2 (see Figure 4.2). In particular,
it is possible to monitor the impact of UV treatments for different UV irradiation times

for steps 1 and 2 (see Figure 4.2).

For each experiment, after the surface treatment and surface washing/drying at
room temperature with N3, the PP tubing is longitudinally blade cut and flattened
(5000 kg/cm? during 5 min). In this way, a flat sample is formed with two different
faces: one is the tubing inner surface (directly exposed to the BP/EDMA solutions)

and the outer surface.
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Figure 4.4: UV surface grafted BP, under UV irradiation, re-generates surface radicals and
EDMA monomers in solution react in a free radical polymerization process to form a
randomly three dimensional polymer network chemically bond to the PP surface. In this
figure, 4 knots ABCD in a generic point of the polymeric network are exemplified. Length of
the lateral (in red, see m and n numbers) and longitudinal (in blue) lines are statistically
distributed due the nature of the radical process.

In the Inset A of Figure 4.5, four ATR-IR spectra are presented. Each spectrum is the

averaged accumulation of 1024 scans on the same sample.

Repetition of the analysis on different tubing sections from different batches gave
the same results. The black, blue, orange and red lines are relative to four identical
inner PP surfaces exposed to the UV radiation for 5, 10, 15 and 20 minutes
respectively, while the green line is the ATR-IR spectrum of an untreated PP surface
exhibiting the same IR spectrum as the external PP surface irrespective of the UV
exposure. The peak a 703 cm™ is due to the presence of the chemically anchored
semi-pinacolic photo-initiator 2, i.e. the lower the transmittance value, the higher

the density of BP per nm?. In the Inset B of the Figure 4.7, the transmittance minima
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of the ATR-IR spectra peak at 703 cm™ are plotted against time after subtraction of

the signal for the untreated sample.
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Figure 4.5: Inset A: ATR-IR spectra of the inner PP housing surface sections form the Crystal
BIC pen after UV light surface exposure at various times (see Step 1, Figure 4.2, BP 5% wt/wt
in methanol); green line: inner PP-surface before UV irradiation. Inset B: Transmittance
minima from Inset A (colored dots) at 702 cm™ as a function of UV irradiation time after
baseline subtraction (Inset A, green line). The red line in the Inset B is a polynomial best fit
curve. Inset C: ATR-IR spectra of the inner PP surface after UV light surface exposure (see
Step 2, Figure 4.2, EDMA 5% wt/wt in methanol); green line: Inner PP-surface after 15 min
UV treatment (BP 5% wt/wt in methanol). Inset D: Transmittance minima from Inset C
(colored dots) at 1731 cm™ as a function of UV irradiation time after baseline subtraction
(Inset C, green line). The red line is a polynomial best fit curve. The polynomial best fit
y=A+B*time+ C*time? is defined by the following coefficients: for the step 1, A=0.505, B=
0.5918 min?t, C=-0.0206 min%; adj. R’= 0.996; for the step 2, A=18.41, B=- 0.423 min?,
C=0.1122 min=. The polynomial best fit curve derives from the Polyfit routine in Origin 8.5°.
The signal at 702 cm™ is due to the chemically grafted BP while the signal at 1731 cm™ is due
to carboxylic groups in the EDMA anchored oligomeric network.

101



The fact that the number of accessible surface hydrogens is progressively diminishing
with time would suggest that a saturation plateau would be reached with increasing
UV exposure time. The first three experimental points (5, 10 and 15 min. UV
exposition time) in the Inset B, could be part of this model (the increase of surface
decoration decrease with time) but the experimental point at 20 min. shows an
inversion trend probably due to an increasing oxygen concentration. Indeed, possible
mechanical deformations, under this simple experimental set-up, of the tube or
thermal swelling during the UV treatment and the formation of leaks could cause
oxygen to enter the tube. Nevertheless, during the 15 min. of UV irradiation the
device is properly irradiated and sealed under the specific conditions used but

irradiation for longer periods of time are not beneficial.

Insets C and D in Figure 4.5, are pertinent to the step 2 in Figure 4.2 and show results
presented in the same way. In particular, in the Inset C there are three spectra
relative to the inner EDMA treated surface at 5, 10 and 15 min UV exposure time. All
experiments were performed on samples with the same step 1 BP treatment (15 min
UV irradiation time). The band at 1731 cm™ represents the carbonyl due to the
grafted EDMA derived network. Analysis of the IR data shows an increase of EDMA
decoration with irradiation time (within the limits of a 15 min exposure) due to the

formation of a three-dimensional polymer network.

Additional proof of the anchoring system uniformity was obtained from electron
microscopy. In Figures 4.6-7, the morphology of this anchoring layer is presented.
Figure 4.6 shows the systems at the macroscopic scale at the end of step 1 (see Figure
4.6, Inset 1) and step 2 (see Figure 4.6, Inset 2) and a SEM micrograph at 2 mm scale

(see Figure 4.6, Inset 3).

Step 1 does not change the physical appearance of the PP tubing inner wall. Step 2
impacts the physical appearance at the inner surface level. Indeed, after the 5 %
EDMA wt/wt in methanol solution was drained, a dense white skin is left bonded to
the inner surface. The residual white solution is opaque with macroscopic granules in
suspension resulting from unbound polymer formed by the free radical

polymerization.
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Figure 4.6: Inset 1: the just cleaned PP tubing (A) (see Il, Figure 4.4) and the BP treated PP
tubing (B) (see A, Figure 4.4) after the washing/drying step. Inset 2: the just cleaned BP
treated PP tubing (B) and the EDMA treated PP tubing (C) after the washing/drying step. The
inner surface of C shows a visible white layer. Inset 3: SEM micrograph of a longitudinal
section of the C tubing in the Inset 2 (scale 2 mm). The anchoring system covers the inner
wall of the PP tubing. In the SEM micrograph it is interesting to note the contrast between
the smooth untreated PP surface (the dark blade cut areas, see zone marked as “x”) and the
corrugated network polymer layer chemisorbed on the PP inner wall (clearer central zone,
see zone marked as “y”).

In Figure 4.7, the same system as shown in Figure 4.6 is examined at higher
magnification. The presence of a highly corrugated surface is evident at 400 nm scale

(see Figure 4.7, Inset A).

The Insets B, Cand D in Figure 4.7 confirm the presence of a ~ 30 nm globular shaped

EDMA network polymer intimately bonded to the UV BP treated inner PP surface.
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Figure 4.7: Inset A: the same sample in Figure 4.8 (see Inset 3) at a 400 nm scale. The a3 dark
zone is the PP inner wall while the al, a2 zones show the presence of plaques (al) and
corrugated micro-structures. Inset B: the Inset A at 40 nm scale. The nano-globular structure
of the EDMA anchoring system is evident. The b1l zone shows the presence of the naked
nano-zones (the dark PP wall behind the anchoring system). Inset C: Image of the same Inset
B specimen at the PP tubing cutting zone at 50 nm scale. The c1 zone shows the not treated
PP fibers and theirs longitudinal arrangement: This is congenital (deriving from the extrusion
process used to manufacture the PP tubing). The c2 zone is a ~ 15 nm thick area made of
vertical lamellae. The c3 zone shows a perfectly inner surface anchored cluster of network
EDMA polymer.
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Figure 4.8: Inset A: IR spectrum of the poly (EMDA-co-GMA) monolith (see C, Figure 4.4). The
presence of the two bands (see peaks 1 and 2 at 900 and 850 cm™) confirms for the epoxy
ring while the peak 3 at 1735 cm™ derives from the carbonyl stretching. Inset B: The chemical
structure of the EDMA-co-GMA polymeric monolith. In red the polymerized cross-linking
monomer EDMA and in blue the functional polymerized monomer GMA.
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The formation by thermally induced free radical polymerization of the monolith
directly in the PP tube is the aim of step 3 in Figure 4.2: The PP tube is filled with a
solution containing a free radical initiator, the monomers (EDMA and GMA) and the

porogens solvents under N atmosphere.

The sealed system is left at 70°C for 22 hour and then washed with methanol and
acetone. In total accordance with the Seidl*®, Guyot*® and Kunin*! models the
porogens mixture has not only the role to dissolve the EDMA and the GMA monomers

but it rules the delicate and progressive precipitation of the clusters.

With the process progressing, these clusters will dissolve the residual monomers
better than the porogens and, due a concentration effect, the polymerization rate
will be faster inside these clusters than in the bulk. This is the main phenomenon
driving the pore formation as the initial clusters will gradually cross-link in a unique
structure forming the monolith. For this reason it is extremely important to perform
step 3 with the cartridge standing in a vertical position. Indeed, a horizontal position

would form a not uniform monolith around its symmetry axis.

As afinal step, the anchored monolith is washed with methanol, acetone and distilled
water (see experimental section for details). The polymeric porous monolith cast
under these conditions is a white soft material consisting of EDMA bridged GMA as

the ATR-IR spectrum confirms (see Figure 4.8, Inset A and B).

The four micrographs in Figure 4.9 show the just formed polymer under discussion

(see C, Figure 4.2) under progressively increased magnification.

The globules, clusters and pores exhibit a regular morphology in agreement with the
Seidl, Guyot#?, Kunin*®* models. The high surface area of these monoliths (523.9 m?/g)

36js due the presence of these globules.*

To confirm the crucial role of the anchoring system, a monolith was cast in a PP
housing omitting step 1 and step 2 in Figure 4.2. Figure 4.10 shows the monolith

immediately slit out of the housing after a few drops of solvent were pushed through.
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Similarly, at the microscopic scale, Figure 4.11 shows the monolith-housing contact
surface in the case of absent anchoring system (see Inset A) and properly anchored

monolith (see Inset B).
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Figure 4.9: The porous poly (EDMA-co-GMA) monolith (see C, Figure 4.2). Inset A, B, Cand D
are SEM micrographs of the same material at different magnifications. Inset A: Clusters of
polymeric globules are visible along with monolith structural pores (scale 40 nm). Inset B: A
number of pores is clearly visible (scale 20 nm). Inset C: Details of two pores (scale 10 nm).
Inset D: A single cluster of globules is surrounded by pores (scale 5 nm). Sample morphology:
globules (1-4 nm), clusters (5-10 nm) and surrounding pores (10-20 nm).
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Figure 4.10: A non-anchored housing will not hold the cast polymeric monolith
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PP-anchored monolith PP-not-anchored monolith

Figure 4.11: The impact of the anchoring system on the monolith (see 3, Figure 4.2) housing
adhesion. Inset A: anchored PP monolith; Inset B: not anchored PP monolith. In the case of
the non-anchored monolith, there is a large gap between inner PP wall and the monolith due
to the poor compatibility between PP and the organic polymerization solution.

4.2 Conclusions

An in-depth investigation of the synthesis of porous polymeric EDMA-co-GMA
monoliths in an inexpensive PP housing is presented. Special emphasis was given to
the analysis and optimization of the anchoring layer on the PP surface that allows the
formation of homogeneous monoliths fully attached to the PP wall. The SEM analysis
of the final polymeric monolith demonstrated the presence of the expected globules,

clusters and pores in the final monolith.

4.3 Experimental part

Materials

Benzophenone, azobisisobutyronitrile (AIBN), ethylene dimethacrylate, glycidyl
methacrylate, 1-4 butanediol, 1-propanol, penta-methyl-diethylene-triamine
(PMDETA), methanol, acetone, ethanol from Sigma Aldrich were used as received.
Polypropylene tubing is from a Crystal BIC® pen. UV Fusion station is equipped with

bulb H UV lamp. Atmos-bag is from Sigma Aldrich.
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Methods

A Perkin-Elmer Spectrum 100 was used for collecting attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectra in the spectral region of 650—-4000 cm~
1, Hitachi S3400n SEM microscope was used as emission electron microscope. UV

Fusion lamp station
Preparation of the PP tube (see Figure 4.2, steps I-Il)

The PP tubing of a Bic Cristal Pen is removed from the hexagonal barrel. The head is
cut off and the ink is left to drain out overnight. Then the tube is washed several times
with acetone and ethanol and left to dry in an oven at 40°C during 1 hour. The tube
is then capped with luer lock connectors cut from disposable needles. The connection
is sealed with Teflon tape (see Figure 4.12). However, if teflon tape is used in the
steps 1 and 2 (see Figure 4.2), it is important to cut off 2-3 mm of PP tubing not
directly UV light exposed (due the tape light shielding action) as this would result in

an inhomogeneity of the anchoring system.

7\

Figure 4.12: Inset A: blade cut luer lock. Inset B: the housing before treatments. Inset C:
Teflon tape wound housing for oxygen free conditions.

UV treatment with Benzophenone (step 1, Figure 4.2)

A solution of Benzophenone/MeOH 5/95 wt/wt is transferred in a glass vial sealed
with a rubber septum. N; is gently bubbled through the system (the vial is connected
to a Dreschel bottle filled with mineral oil, h=15 cm) during 15 minutes. Then the luer
lock capped tube, the vial, 2X1 mL syringes to be used as stoppers are transferred

inside an AtmosBag® and 3 cycles N2 / Vacuum are applied. Then, the tube is filled
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with the solution using the attached syringes and sealed under inert atmosphere. The
tube is then UV treated with a Fusion UV lamp for a total of 15 minutes of effective
irradiation under oxygen free conditions. When the tubing is exposed to the UV
radiation, a side will be belt-faced and the other side will be direct toward the UV
bulb (See Figure 4.13, upper Inset). To assure uniformity of the radiation, the tubing
is alternatively re-positioned face-up and face-down at each passage. The formation
of bubbles during the irradiation due the handling and the increasing inner
temperature must be avoided using few second delays between each single cycle.
Indeed, the presence of bubbles would be a sign of leaks and possible oxygen
presence inside the tubing. The residual BP solution is drained and the BP-PP treated
tubing is cleaned with MeOH and dried under N». To be noted here, especially after
a 15 min treatment, the 5 % wt/wt solution in Methanol tend to exhibit a pale yellow
color still being clear. It can be speculated that the yellow color is due to the presence

of the BP-BP bi-radicalic termination products.

UV treatment with Ethylene Glycol Dimethylacrylate (EDMA) (step 2, Figure 4.2)

The handling is the same as in step 1 but the solution is Ethylene Glycol
Dimethylacrylate /MeOH 5/95 wt/wt. In general, it is a good practice to substitute

the plastic luer locks between step 1 and step 2.

Casting the porous polymeric EDMA-co-GMA monolith inside the anchoring system

bearing PP tubing (procedure for 10 SPE cartridges, L=2 cm); (step 3, Figure 4.2)

In a glass vial are transferred Azobisisobutyronitrile (AIBN) (3 mg, 1.83 10> mol),
water (70 mg, 3.88 103 mol), ethylene dimethacrylate (75 mg, 3.78 10 mol), glycidyl
methacrylate (225 mg, 1.58 103 mol), 1-4 butanediol (280 mg, 3.11 103 mol), 1-
propanol (350 mg, 5.82 102 mol). The vial is sealed with a rubber septum and well
mixed by a vortexing table and N; is gently bubbled through the system (the vial is
connected to a Dreschel bottle filled with mineral oil, h=15 cm) during 15 minutes.

Then the PP tubes with luer locks at the ends, the septum vial with the
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monomers/porogens pool, 1 mL syringes to be used as stoppers are transferred
inside an AtmosBag® and 3 cycles N, / Vacuum are applied. Then, the tubes are filled
with the solution and sealed under inert atmosphere. The filled cartridges are left
vertically standing in an oven at 70°C for 22 hours and then, at RT, washed with

MeOH.
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Figure 4.13: Upper inset. Experimental set up for the step A to B and step B to C (see Figure
4.2). A set of 6 X 90 mm sealed solution filled PP tubing. A.1 and A.2 black arrows indicate
the horizontally sliding belt. B: aluminum foil to keep the tubing in position. D: the syringes
used to seal the tubing with the solutions. C: the Teflon tape used to seal the tubing. E: The
tubing filled with the oxygen free solutions (BP or EDMA in turn). Lower left-hand inset: Vision
UV curing station. The filled and sealed cartridge is left on the horizontal belt in IN and — after
a time depending on the regulated belt speed — collected in OUT. The cycles are then
manually repeated a number of times. Lower right-hand inset: The emission spectrum of the
contactless H bulb furnished with the Fusion UV Curing station used in this work. Specifically,
it is of particular interest the peak at 360-370 nm in the emission bulb of this lamp. Indeed,
this is the excitation frequency able to promote the photo-excited triplet state of
Benzophenone that is the reactive species for the hydrogen abstraction. 4
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Chapter 5:

Solid phase extractions using
surface nano-brushed
polymeric monoliths:
analytical performances

and brush enhancement factor
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5 Introduction

The last 30 years witnessed a growing permeation of nano-technologies into the field
of the analytical chemistry and inspired numerous developments. This
interdisciplinary research combination featured two parallel approaches. One is
focused on nano-technology for specific analytical applications such as mass
spectroscopy?, sample preparation?, electrochemical sensors3® and diagnostics’. The
second approach is bottom-up and focuses on a particular kind of nano-particles, for
example the integration of magnetic nano-particles for analyte handling, chemical
sensors, and imaging techniques?, as well as gold nano-particles uses and applications

in analytical techniques® and the use of carbon nano-tubes.'%1

On this basis it is not surprising that there are a number of informative reviews and
publications covering analytical chemistry studies on porous polymeric monoliths and
their nano-particles surface decoration for chromatographic applications.?'* The
particular aim of the present work, i.e. the use of nano-particle surface enhanced
porous polymeric monoliths for solid phase extractions of bio-molecules, was
recently reviewed by Blomberg.'®> These open porous polymeric monoliths are easy
to prepare and modify to tailor specific surface chemistry thus making them versatile
substrates to explore nano-particles/surface interactions. Indeed, the resulting
hybrid materials would still retain a convection dominated mass transfer typically
promoted by these monoliths.'® Porous polymeric monoliths decorated with
different types of nano-particles are nowadays a well-established field in material

science with applications in separation science as briefly summarized in the following.

¢ Monoliths modified with metallic nano-particles: This class includes iron oxide

nano-particles with diameters ranging from 50 nm*”18 to 20 nm*® in 10-50 pm
pore size cryogel porous polymeric monoliths for studies on increase of
binding capacity of proteins, 50 nm silver nano-particles on poly(glycidyl
methacrylate—co- trimethylpropane tri-acrylate) monoliths ¢, 20 nm gold
nano-particles, featuring ideal surfaces for protein immobilization, on
poly(butyl methacrylate-co-ethylene dimethacrylate) monolithic phases?®?!

and gold nano-rods??. The use of metallic nano-particles also includes less
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common 10 nm Ni-Co nano-particles on polymeric monoliths?® and titanium
oxide 20 nm particles on EDMA-based monoliths?*.

Monoliths modified with inorganic nano-particles: 20-40 nm silica nano-

particles have been used in the context of the synthesis of cryogels and the
new material tested in lysozyme binding tests?®>, nano-meter scale hydroxyl-
apatite have been incorporated in a poly (2-hydroxyethyl methacrylate-co-
ethylene dimethacrylate) monolith and tested in the separation of Protein
A/IgG2 antibody complex?®.

Monolith modified with carbonaceous nano-particles: The pioneering work

on the study of the interactions between a poly(divinyl benzyl chloride-co-
ethylene dimethacrylate) and single-walled carbon nano-tubes has been
published in 2005 followed by more recent work of the multi-walled carbon
nano-tubes version on an poly(glycidyl methacrylate-co-ethylene
dimethacrylate) monolith.?”-?8 These reports focus on the separation of a
mixture of peptides. Another carbonaceous material, Cso-Fullerene, has been
used in studies on ethylene dimethacrylate based porous monoliths in 2011.%°
The more recent application in this family of nano-objects is the use of
graphene oxide nano-sheets on small organic molecules.3°

Monolith modified with polymer particles: The pioneering work of Hilder

focused on the use of quaternary anime-functionalized 60 nm latex nano-
particles on poly(butyl methacrylate-co-ethylene dimethaxcrylate-co-2-

acrylamido-2-methyl-2-propanesulfonic acid) porous polymeric monoliths.3!

The cited four classes of particle modified porous polymeric monoliths are far from

being a comprehensive list on the topic but give an impression of this extremely

vibrant field of research.

To complete this overview on nano-particle modified monoliths, it is crucial to

provide the most representative approaches used to decorate these systems with the

nano-particles. Due to the large variety of chemistries available, there are a number

of different approaches to synthesize a monolith with a surface decorated by nano-

particles and for reasons of brevity only a few possible approaches will be highlighted:
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Electrostatic post immobilization: In this approach a suitable bare porous

polymeric monolith is treated to introduce chemical groups able to promote
the presence of permanent electrostatic charges used to trap nano-particles
bearing opposite charge. Once the proper monolith is formed, a suspension
of nano-particles bearing the opposite electric charge on the surface is flushed
through and the monolith surface is gradually saturated with a monolayer of
nano-particles. Hilder, the pioneer in this research filed, demonstrated how a
negatively charged co-polymerization agent (2-acrylamido-2-methyl-1-
propanesulfonicacid) used in the synthesis of a methacrylate neutral monolith
is able to enhance the surface coverage by positively charged amino modified
latex nano-particles.??

Encapsulation of the nano-particles within the monolith during casting step:

In this technique the nano-particles are added during the formation of the
monolith. It has to be considered, however, that the delicate equilibria
between the monomers, formed oligomers and the mixture of porogenic
solvents during the monolith casting step are further complicated by the
interactions of the surface of the nano-objects. Consequently, the risk of
nano-particle aggregation and segregation is high. For this reason, a number
of optimized techniques involving the use of monomers bonded to nano-
particles for the monolith casting step is used.3

Formation of nano-particles inside a pre-formed monolith: In this technique,

the nano-particles are actually formed inside the monolith. A classical work
on this approach was published by Xu: an EDMA-co-GMA monolith modified
with thiol groups had been treated with two separate solutions of gold

chloride and sodium citrate to form in situ gold nano-particles. 3*

Currently, nano-particle decorated monoliths are mainly explored in research

laboratories but they hold significant application promise once all technological gaps

have been overcome. This also includes the development of better theoretical

models. For example, the laws of adhesion of a nano-particle on a surface are far

from to being understood as the macroscopic law of friction does not generally apply

to nano-scale contacts.?®
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The work presented in this chapter is dedicated to the use of the brushed p(MAA)
silica nano-particles (presented in the chapter 2 and 3) as nano-systems to decorate
the surface of polymeric porous monolith based solid phase extraction device
(detailed in the chapter 4). As a first step, the advantage to use a brushed nano-
particle to decorate the surface of a solid phase extraction device is discussed as
oppose to using nano-particles bearing just a monolayer of functional group (see
paragraph 3). In the second part of this chapter, there is a section dedicated to the
chemical modifications at the monolith surface to electrostatically trap the negatively
charged brushed p (MAA) silica nano-particles. Under this aspect, the inexpensive
device used in this study can be considered as a model system for solid phase
extraction devices manufacture. Moreover, a new nano-particle encapsulation
approach is detailed as an appealing process able to overcome some of the
manufacture problems affecting the “pure” electrostatic approach. Finally, the solid
phase extraction data forms the third and conclusive part of this study. It describes
the parameters derived from solid phase extraction breakthrough curves confirming
the positive impact on the extraction performances of the brush enhancement factor.
The new material present unprecedented performances even if compared to the

commercial extraction devices as it will be briefly detailed in the discussion.

5.1 Results and Discussion

5.1.1 Geometrical considerations and brush-enhancement factor

There are two main reasons to decorate the surface of a porous polymeric monolith
with nano-particles. On one hand, the resulting monolith total surface is incremented
with respect to the starting monolith. On the other hand, the nano-particle surface
can introduce functional groups over the monolith surface. In the following short
discussion, the geometric nature of this problem is introduced. Moreover, the
advantage in using brush-decorated nano-particles compared to nano-particles just

bearing chemical surface groups is investigated.

118



On the simplifying hypothesis of rigid spheres and a flat square surface portion of the
monolith of X2 nm?surface area, an assemblage of n? spheres of the radius X/(2n) can
be packed in a square matrix-like arrangement of n*n spheres (see Figure 5.1). In this
case, the total surface area of these n? spheres would be n*X? nm2. Therefore, the
sphere-deriving surface area increment with respect to the square surface
considered would be a it time increase. On this basis, a roughly 3 time (i) increase in
the total surface area would be achieved irrespective of the diameter of the
considered nano-particles. This value is not even considering real scenarios of 3-
dimensional surfaces or non-ideal spheres packing efficiency. An enhanced extraction
process based only on the surface area enhancement derived from bare nano-
particles would have, for this reason, only limited impact. However, a brush
surrounding a nano-particle, with its controlled thickness and volume would make a
more important contribution if the amount of the carried functional groups were
considered. For the same nano-particles covered surface in a n*n square matrix
configuration, the situation changes if brushed nano-particles are considered being K
the brush thickness express as a fraction of the total nano-particles radius (ranging
from K=1, in the case of a bare non brush bearing silica nano-particles, to K=0, in the
case of a nano-particles made only of polymeric brush; see Figure 5.2). Simple
mathematical manipulations confirm that the total volume of the polymeric brush
would decrease as — (1/n?) if K is kept constant while, if the diameter n is kept
constant, a variation in K would increase the total brush volume as K3. As a direct
consequence of these trends, a lower nano-particles diameter (if K is fixed) would
negatively impact the amount of functional groups, e.g. methacrylic acid, introduced
to the monolith surface by the nano-particles brush. Conversely, if n is kept constant
and K increased, the amount of methacrylic acid introduced to the monolith surface
would significantly increase (as a power of 3). These considerations are important to
prevent any misunderstanding on the geometric nature of these nano-brushed

systems and to define future comparative experiments in the proper way.
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Figure 5.1: A sphere A of radius X/2 nm has a surface of X2 nm? resulting in a surface n times
bigger than the square surface B of X2 nm?2. This ratio B/A=m remains unmodified if the square
surface B is covered with a (n x n) square collection of spheres of the same radius 1/2n. For
the example of 6X6 spheres, the sum of these 36 spheres will have a surface i times bigger
of the square surface B of X2 nm?).
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Figure 5.2: Inset A and eq.2 in the Inset C: three nano-particles of the same total diameter
(X\n) are depicted, K being the brush thickness increased from the left (K=1, no brush) to the
right (K=0, all brush). The total amount of brush carried functional groups increases with K
decreasing. Inset B and eq. 3 in the Inset C: three nano-particles of the three different
diameters are depicted. In each case, the brush thickness is half of the whole nano-particles
diameters (K=0.5). The total amount of brush carried functional groups decreases with n
increasing.
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5.1.2 Monolith decoration with poly (methacrylic acid) fluorescent

silica nano-particles by electrostatic trapping approach

In Figure 5.3 a negatively charged poly(methacrylic acid) brush nano-particle (see
Inset A) and the positively charged ammonium modified monolith surface (see Inset
B) used in this study are shown. While both electrostatic and frictional forces will
contribute to the nano-particle trapping process, the individual contributions of both
forces are not yet fully understood. For sure, the electrostatic interactions participate
in this process and the fact that the surface and the to-be-trapped nano-particles are
both of hydrophilic nature influence the delicate nano-particles “surface landing
process” when the double layers on the nano-particles and the monolith surface have

to interact. Moreover, frictional forces at the nano-scale might play a significant role.

Figure 5.3: Inset A: Bright Field SEM micrograph at 20.0 kV of a poly (methacrylic acid) brush
decorated core fluorescent silica nano-particle used in this study (diameter: ca. 190 nm;
brush thickness: ca. 40 nm). This system is from the same batch of the Sample No. 4, Table
3.1 Chapter 3 (De-protected version). Inset B: Ammonium modified EDMA-co-GMA porous
polymeric monolith. Monolith length: 15 mm; monolith inner diameter: 2 mm; mass of the
polymeric bead 13.8 mg; monolith surface area from literature data®® for the EDMA-co-GMA
monolith: 7.2 m?; epoxy content, based on the assumption that all the GMA monomer used
to cast the monolith is present in the final monolith 7.21 10™ mol.

Figure 5.4 summarizes the chemical modification steps from the EDMA-co-GMA bare

monolith to the brush nano-particles decorated monolith. The GMA monomer
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possesses an epoxy ring, which is a good reaction site for nucleophiles at the less
sterically hindered epoxy carbon atom. Normally a 2 to 10 fold excess of nucleophiles
is able to promote the reaction with the epoxy group in a reasonable time.?” It is
worthwhile to emphasize that these considerations are valid in the ideal case of a
reaction system in solution. Indeed, in the specific context of the modification of the
EDMA-co-GMA porous monolith, the epoxy rings are part of the less accessible
polymer network and are part of the rigid monolith structure and surface. For this
reason, more drastic reactions conditions are required and the uniformity of the

reaction must be carefully monitored across the monolith length by ATR-IR.

For analysis purposes the monoliths were therefore divided in 5 sections (each one 3
mm long), which were analyzed individually for all the modification steps under
study. Unless specifically noted in the discussion, analysis results were identical for

the sections suggesting homogeneous transformations.

The surface modification of the initial monolith (see Figure 5.4, Conditions a, Inset B)
entails an acid catalyzed nucleophilic bimolecular substitution reaction SN; of the tri-
methylamine hydrochloride (TMA HCI) on the less substituted carbon atom of the
epoxide ring. For this modification step, two experimental approaches were
investigated. In the dynamic approach, the reactants solution is flushed trough the
monolith at a specific flow rate, concentration, times and temperature conditions

(see Figure 5.5).

In the static approach the monolith is filled with the reactant solution, sealed and
placed in a temperature controlled oven for a definite time. In both cases, a total of
7.21 x 10° mol of GMA in the monolith was assumed according to initial
concentration in the formulation used to cast the polymeric monolith. The reactant
solution used is 1.05 M in TMA HCl, i.e. a large molar excess with respect to the GMA
epoxy groups is used (~ 14500 molar equivalents). It was found that prolonged (24 h)

reaction times at 100 °C are necessary to obtain a homogeneous surface treatment.

Figure 5.6 shows the ATR-IR spectra of the initial EDMA-co-GMA monolith (Inset A)

and the ammonium-modified monolith (see system 2, Inset B, Figure 5.4) for one test
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done under dynamic conditions. The epoxy ring signals in the Inset A of Figure 5.6

feature two peaks of the same intensity at 850 (peak 2) and 900 cm™ (peak 1).

Figure 5.4: Inset A: Representation of the initial EDMA-co-GMA monolith network with the
EDMA chains in red and the GMA chains in blue and its simplified representation. Inset B:
Chemical modifications steps from the EDMA-co-GMA monolith (material 1) to the nano-
particle decorated monolith (material 3). Reaction a: TMA HCl, 1.05 M, 100°, 24 hs). Surface
decoration process b: 100 mL of a 0.5 mg/mL brush poly (methacrylic acid) suspension (see
Inset A, Figure 5.3) flushed at flow rate of 2000 pL/h (see details in the experimental section).
Material 3 can be formed by a new encapsulation approach as will be shortly detailed. The
brush poly (MAA) core FITC silica nano-particles specifically used in this study are from the
same batch of the Sample No. 4, Table 3.1 Chapter 3 (De-protected version).
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After the reaction, these two peaks disappeared, suggesting quantitative reaction at
the epoxy ring. If the monolith is treated with a lower concentration of reactant (e.g.
0.5 M in TMA HCl or ~ 5000 molar equivalent with respect to the epoxy ring),
irrespective of whether the static or dynamic approach is used, the reaction time to
reach quantitative and homogenous conversion was prolonged (2 weeks). Finally it is
important to store the modified monolith sealed in a vacuum desiccator to avoid any

device surface doping by volatile nucleophiles, grease, dust, etc.

Figure 5.5: Experimental setup of the monolith surface modification by dynamic approach.
The tubing connected cartridge (1) is sand covered in a sand bath on a heating plate and
connected to a syringe pump (5). The upper sand layer is left wet in order to assure a better
heat transfer to the device. The monolith (1) ends are fixed to two PP tubing. The tubing loop
at the monolith inlet assures the reactants to be at the desired temperature before entering
the monolith. At the end of each treatment, the surface modified monoliths are flushed with
acetone, methanol and water and then stored at RT.
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Figure 5.6: Inset A: ATR-IR spectrum of the EDMA-co-GMA monolith (starting material 1 in
Figure 5.4, Inset B). Peak 1 and 2 are diagnostic for the epoxy ring. Inset B: the ammonium
modified EDMA-co-GMA monolith, dynamic approach (see material 2, Figure 5.4, Inset B).

The reaction b (see Figure 5.4, Inset B) is the monolith surface nano-particles

decoration. Two important aspects for a successful electrostatic nano-particle
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surface decoration of a monolithic material are the suspension flux trough the
modified monolith and the nano-particles mass content in the suspension. Indeed, if
the suspension flux is excessively high, a nano-particles ‘cake’ preferentially forms at
the monolith inlet as the monolith would behave as a filter as observed in initial
experiments. This results in a back pressure increase that can expel the monolith
device from the screw pump piston (to be noticed here that, in no case, the monoliths
have been expelled from their housings and this fact is a further proof of the
anchoring system’s robustness detailed in the Chapter 4). Conversely, if the
suspension flux is excessively slow, the time to decorate the surface would become
impracticably long. Similar problems would arise in the case of suspensions when
high or low concentrations of nano-particles are used. Through a number of tests the
following optimized parameters for a 15 mm long, 2 mm in diameter ammonium
modified EDMA-co-GMA monolith (system b in Figure 5.3) were determined.
Suspension mass content 0.5 mg/mL of brush poly(methacrylic acid) core fluorescent
silica nano-particles, diameter: 200 nm, brush thickness: 40 nm (The system here
considered is from the same batch of the Sample No. 4, Table 3.1. in Chapter 3 (de-
protected version)); solvent: water; flow rate: 2000 pL/h. 100 mL of this suspension
are used to reach the nano-particles decoration saturation conditions. The flow
direction is reversed each 5 mL, to maximize the decoration uniformity. For the last
30 mL of this milky yellowish suspension pumped through the monolith no change in
its cloudiness is observed indicating that surface saturation has been reached. By
comparison with an untreated ammonium modified monolith, the mass increment is
31-32 mg due to the presence of the brush nano-particles (both monoliths were dried

under the same conditions for 5 days at 0.1 mbar at RT).

The uniformity of the nano-particle layer on the monolith surface was monitored by
SEM (see Figure 5.7). On one hand, the brush poly(methacrylic acid) silica nano-
particles (see Inset A, Figure 5.7; nano-particles diameter: 200 nm) and on the other
hand, the 2-3 um sized EDMA-co-GMA monolith globules (see Inset B, Figure 5.7) can
be identified. A rough visual comparison of the relative dimensions of the nano-
particles and the globules suggest space for 4-6 nano-particles per globule as
confirmed by SEM (see, as an example, Figure 5.8, Inset A). The SEM image of the

final nano-particle decorated surface (see Inset D, Figure 5.7) shows a fully
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homogeneous nano-particle monolayer while the porous structure of the monolith is

not affected, as evidenced by the presence of the 5 um channels.

S$3400 30.06V 8 3mm x5 01k SE

Figure 5.7: Inset A: Brush nano-particle at 135 kV at 400 nm scale (the electrons scattering is
evident at these energies, see the intense white shadow surrounding the nano-particle). Inset
B: Bare EDMA-co-GMA porous monolith surface (a globule) at a 1 um scale at 37 kV (see
material 1, Inset B, Figure 5.4). Inset C: Clusters of globules and two channels of a monolith
at a 10 um scale at 5 kV (see material 2, Inset B, Figure 5.4). Inset D: Brush nano-particle
surface decorated monolith at a 10 um scale at 30 kV (see material 3, Inset B, Figure 5.4 and
Sample No. 4, Table 3.1 Chapter 3 (de-protected version)). The SEM samples are gold
sputtered and the gold layer is expected to be ~ 20 nm thick.

A visual inspection of SEM images of the decorated monolith at different positions
showed quite uniform nano-particles decoration, although a higher density of nano-
particle in the centre of the monolith is noticeable (see Figure 5.8). This result is fully
reproducible as evident from the analysis of three monoliths 15 mm long of the same
nature. The monolith surface seems to trap the nano-particles somewhat better at
the centre of the system. It is possible to argue that this subtle difference could be
caused by some local effects on the brush nano-particles kinetic energy spread. The
nano-particles flowing in the monolith, after few initial non-trapping collisions on the

monolith surface/channels would have a more uniform distribution of the kinetic
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energies and so causing a more efficient surface trapping frequency. It is the first
time this trend is documented and it would merit the definition of a quantitative

model in a future work.
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Figure 5.8: SEM images taken at different sections of a nano-particle decorated ammonium
modified monolith (see material 3, Inset B, Figure 5.4). Inset A is the section 2 of 5 and Inset
B isthe section 3 of 5 at a 5 um scale. (Each 15 mm monolith have been cut in 5 equal sections
of 3 mm)

Table 5.1: Five brush nano-particles surface decorated ammonium modified monolith (see
material 3, Inset B, Figure 5.4) are dried 5 days at 0.1 mBar, RT, weighed and then flushed
with solutions of different pH. Flow rate 2000 pL/h. The original monolith weight is ca. 45-46
mg of which ca. 30-32 mg stems from brush nano-particles. Errors are in the order of no more
than 0.3 %.

Solution flushed  Weight loss Weight loss (%) pH

(%) 10 ml 100 ml flushed
flushed
0.1 M PBS 1 3 7.4
HCI 1 2 4.5
HCI 1 3 6.0
NaOH 2 4 8
NaOH 3 4 9.5

Theresultsin Table 5.1 and the SEM images in Figure 5.8 demonstrate the robustness
of the electrostatic nano-particles/surface interactions under a large pH range and

elution volumes. In no case, the mass loss was higher than 4 % of the initial mass.
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This adhesion robustness can be rationalized by the cooperative nature of the
interaction. For each single nano-particle, there is a large number of trapping
electrostatic nano-particle/surface interactions able to prevent the “washing out” of

the nano-particles in the presence of competing ions.

Moreover, it is possible to envisage a more subtle effect of local buffering action from
the remaining free residual methacrylic acid groups. Indeed, if the system is flushed
with HCI, the acid-base equilibrium of a part of the polymerized methacrylic acid is
shifted in favor of the COO groups by the common ion effect.3® The newly generated
protons from the brush can trap the Cl" ions from the flushed HCI solution being in
the same time the electrostatic interaction reinforced by the increment of the COO-
groups. On the contrary, if a NaOH solution is flushed through, for the same reason,
the acid-base equilibrium of a part of the polymerized methacrylic acid is shifted in
favor of the COOH groups. The OH™ in excess would preferentially participate in
nucleophilic reactions on the carbonyl group on the polymer chain. In this way, this
buffering action would be able to explain the suppression of ion-exchange reactions
able to remove the nano-particles from the surface during the extractions. On top of
that, as mentioned in the introduction, frictional forces can complement the

electrostatic interactions.

5.1.3 Monolith decoration with poly(methacrylic acid) fluorescent silica

nano-particles by encapsulation approach

The monolith surface decoration by the electrostatic approach is a robust procedure
but it suffers from some practical drawbacks. In particular, a 100 mL nano-particle
suspension must be flushed through the 15 mm long monolith at 2000 uL/h, i.e. 50
hours of work are required to saturate the monolith surface. Moreover, the flow
direction is reversed every 5 mL (to favorite the decoration uniformity) making this
process labor intensive. The attention for the alternative encapsulation approach

aims at eliminating these problems. In particular, this approach combines the
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advantages of the electrostatic approach (as a uniform and strong nano-particles
surface trapping action) with the advantages of the encapsulation approaches (as a

faster one pot molding process).

Figure 5.9: SEM images of nano-particle decorated monoliths (see material 3, Inset B, Figure
5.4) after being flushed with the solutions in Table 5.1. Inset A: sample directly comparable
with the system in the Inset A of Figure 5.8 (the monolith is cut at the same height, the section
2 of 5), flushed with 100 mL of 0.1 M of PBS (scale 5 um). Inset B: sample flushed with 100
mL of HCl at pH=4.5 (scale 500 nm) (similarly to Inset A, section 2 of 5). (Each 15 mm monolith
has been cut in 5 equal sections of 3 mm).

The encapsulation strategy is very simple: to a standard EDMA—co-GMA monolith
mixture are added brush nano-particles used in this study (see Inset A, Figure 5.3)
and a previously prepared ammonium modified EDMA-co-GMA monolith reduced to
a fine powder (see Inset B, material 2, Figure 5.4). This just formed blend is ultra-
sonicated for 5 minutes and the suspension is transferred into a sealed vial and gently
nitrogen purged for 15 minutes. This oxygen free suspension is then transferred in
the polypropylene housing (as detailed in the Chapter 4) in nitrogen purged
AtmosBag as for a classic bare monolith manufacture. This is a very delicate stage as
great care must be taken in order to avoid the presence of bubbles in the transferred
dense liquid mixture. After attaching syringes at both ends, the mixture is flushed
back and forth through the housing a number of times to assure the absence of such
bubbles. Then the carefully sealed monolith is thermally cured as done for a bare

monolith.

The rationale for this approach is based on the well consolidated literature on the
mechanisms of pore formations in the monoliths.>**! Indeed, the monolith phase is

made of porogenic solvents, structural and function bearing monomers in presence
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of thermal initiators. The mixture is then heated and initiating radicals are generated.
The oligomers formed in the starting phase become insoluble and tend to precipitate
in the continuously changing reaction medium due their lack of solubility in the
porogens: Indeed, the insoluble gel-like polymeric nuclei swell preferentially with the
monomers and the polymerization continues preferentially inside these primary
nuclei. The initially formed globules, enlarged by the progressing polymerization,
cannot interpenetrate due the presence of cross-linking monomers and, on the other
hand, are held together by side polymer chains. In the final stages of the monolith
formation, the interconnected matrix becomes progressively reinforced by the last
residual polymerization products. This process is based on the suspension stability
(almost two hours). Indeed, under poor stability conditions, the sedimentation of the
added brush nano-particles would occur resulting in their non-homogeneous
distribution along the standing monolith (more nano-particles at the monolith

bottom).

The addition of grinded ammonium modified EDMA-co-GMA monolith (see material
2, Inset B, Figure 5.4) to the starting polymeric suspension used to cast the final
monolith is aimed to elicit the electrostatic trapping action on the brushed nano-
particles. This is the first time this kind of procedure is detailed in the literature:
During the monolith formation, the finely grinded ammonium modified EDMA-co-
GMA monolith is electrostatically trapped on the brush nano-particles surface and,
at the same time, inter-penetrated in the cross-linked network forming nuclei of the
incipient EDMA-co-GMA monolith. Arguably, the ammonium modified EDMA-co-
GMA monolith is able to interact hydrophilically with the brush on the nano-particles
and, in some extent, as well with the progressively forming EDMA-co-GMA monolith.
At the end of the casting step the monolith is flushed with distilled water. After 0.5-
1.0 mL of cloudy effluent (after lyophilization of this centrifuged eluate, a residual
mass of 1-2 mg has been collected), a clear colorless solution (15 mL) appears with
no evidence of nano-particles being washed out from the system. The time required
to produce monoliths by this method is 22 hours. Moreover, during the casting-
decorating step the system is left standing vertically undisturbed while, in the
electrostatic approach an active operator is needed to reverse the flush direction

over 50 hours. The drawback of this technique is the need to use larger amounts of
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brush nano-particles to form the monolith. Indeed, in order perform the nitrogen
bubbling step before the casting step, typically a minimum suspension volume of 10
mL is required: For smaller volumes, the even kind bubbling process (typically 1
bubble per s) could result in the volatilization of part of the solvents in the blend and
consequent alteration of the porogens/monomers molar ratio. In a typical blend of
10 mL, 210 mg of brush nano-particles are used. It is here important to note how, no
matter which of the two methods are used, the final concentration of brush nano-

particles is 50 mg for a 15 mm long monolith.

The SEM micrographs in Figure 5.10 confirm that this method is equivalent to the
electrostatic approach clearly showing brush nano-particles on the monolith surface
with a comparable density of brushed nano-particles per nm? (in the limits of the
visual inspection used in this first study). In this case, being 15 mm long monoliths cut
in 3X5 mm long sections, the higher nano-particles surfaces density is at the initial or
terminal sections (sections 1 or 5) while the central section (sections 2 or 3) appears

slightly less populated.

This difference in density is possibly due to the fact that the free radical
polymerization is faster than the nano-particles sedimentation, i.e. the nano-particles
remain in a stable position during the formation of the porous polymeric structure
and only in a final consolidation phase of the casting process, some brush nano-
particles can slightly migrate from the monolith center to its periphery due secondary
changes (excess of porogens in a monomers depleted part of the system) in the
solubility of the components of the system at the end of the monolith formation. The
hydrophilicity of the poly (methacrylic acid) brush arguably plays as well a role in the
fact that the used nano-particles, at the end of this process, are quantitatively on the

monolith surface and not embedded in its inner bulk structure.
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Figure 5.10: SEM images on the systems of monolith from the encapsulation approach. Inset
A: section 1 or 5 (scale 5.00 um). Inset B: section 2 or 3 (scale 3.00 um). Each 15 mm monolith
has been cut in 5X3 mm long sections.

The stability of the nano-particles/monolith surface interactions is similar to the
previous electrostatic approach as shown in Table 5.2. Monoliths prepared without
the addition of the grinded ammonium modified monolith (see 4t column, Table 5.2)
display a much higher total weight loss (ca. 20 %) upon flushing with buffer solutions
providing evidence for the importance of the added grinded ammonium modified

EDMA-co-GMA monolith and its consequent electrostatic trapping effect.

Table 5.2: A nano-encapsulated monolith (dried 5 days at 0.1 mBar, RT and weighed) (see
material 3, Inset B, Figure 5.4) is flushed with the solutions of different pH (dried, 5 days at
0.01 mBar, RT). The flow rate is of 2000 uL/h. PBS is a phosphate buffer saline solution used
typically for most proteins, pH=7.4.

Solution Weight loss Weight loss Weight loss (%) pH
flushed (%), 10 ml (%), 100 mli without grinded
flushed flushed monolith used, 10 mL

0.1 M PBS 1 3 20 7.4
HCl 1 2 22 4.5
HCl 1 3 18 6
NaOH 2 4 21 8

NaOH 3 4 23 9.5
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Figure 5.11-12 show SEM images of the post flushed nano-encapsulated monoliths
obtained with and without addition of grinded ammonium modified monolith
respectively. Figure 5.12 shows a very low number of brush nano-particles in
particular on the more exposed and interstices-free surfaces. This is in agreement
with the weight loss date presented in Table 5.2 and further highlights the

importance of the addition of the ammonium modified monolith.

Figure 5.11: Nano-encapsulated monoliths. Inset A (scale 5.00 nm): monolith washed with
100 mL HCl pH=4.5 (see Table 5.2) (section 3 of 5); Inset B (scale 2.00 nm): monolith washed
with 100 mL NaOH pH=9.5 (see Table 5.2) (section 3 of 5). Each 15 mm monolith has been
cut in 5X3 mm long sections.

Figure 5.12: SEM micrographs of samples from monoliths done by an encapsulation approach
without addition of grinded ammonium modified EDMA-co-GMA monolith. Inset A (scale 1
nm): monolith washed with 10 mL HCI pH=4.5 (see Table 5.2, 5™ column) (section 3 of 5):
Inset B (scale 1 nm): monolith washed with 10 mL NaOH pH=9.5 (see Table 5.2, 5" column)
(section 4 of 5). Both the systems are substantially nano-particles depleted; the red circles
indicate zones where the only trapping forces are arguably of frictional nature. Each 15 mm
monolith has been cut in 5X3 mm long sections.
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5.1.4 Monolith surface decoration with carboxylic acid functions by

click chemistry approach

In order to form a comparison material able to show the brush enhancement factor
expected from the material 3 in Figure 5.4, Inset B, the bare EDMA-co-GMA monolith
is chemically modified at its surface with carboxylic functions. Indeed, in this way,
two materials exposing the same chemical groups are compared. On one hand, a
porous monolith with a nano-brushed poly (methacrylic acid) surface, on the other
hand, a porous monolith with a carboxylic acid covered surface. In Figure 5.13 the

reaction sequence used to form the system 5 is detailed.
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Figure 5.13: Formation of carboxy-modified monolith (see material 5) by click chemistry: The
two step click-chemistry approach is here used to form the material 5 used as reference for
the material 3, Inset B, Figure 5.4.

In Figure 5.14 there is the comparison of the ATR-IR spectra before (see material 1,
Figure 5.13) and after (see material 4, Figure 5.13) the reaction with the sodium azide.
The azido signal at 2100 cm™ (see Figure 5.14, Inset B, peak b.1) at the end of the
reaction is clearly visible. The second step of the sequence is a classic click reaction.
In this case, a suspension of Copper(l) iodide (Cul) and N,N,N’,N”’,N”’-pentam-ethyl-
diethylene-triamine (PMDETA) is used as catalytic system. The experimental set up is
similar the just described dynamic approach (see Figure 5.5) but, to prevent any
abrasion of the porous monolith surface, a low reactants flow rate (500 pL/hour) was

applied.
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Figure 5.14: ATR-IR spectra of bare EDMA-co-GMA monolith (see material 1, Figure 5.13)
before (Inset A; carbonyl signal at 1730 cm™; peak a.1) and after reaction with sodium azide,
(Inset B; azido signal at 2100 cm™; peak b.1).

In Figure 5.15 there is the direct comparison of the azido peak at 2100 cm™ before
and after reaction. The reaction has been performed on three identical monoliths
under identical conditions and it was found that after three days no further reaction
occurred. From the IR spectra a maximum yield of ca. 70 % can be estimated
(Integration of the peak areas using Origin 8.5®). This is probably due to steric

hindrance on the monolith surface.
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Figure 5.15: Black line: ATR-IR peak at 2100 cm-1 (azido signal; see peak b.1, Figure 5.14) of
the azido treated EDMA-co-GMA monolith. Red line: the ATR-IR peak at 2100 cm-1 (azido
signal) of the EDMA-co-GMA monolith after click reaction lasting three days.
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5.2 Comparison of extraction capacity of functional monoliths

The description of the decoration process and its geometrical aspects on one hand
(see the paragraph 5.1.1) and the discussion about the monolith chemical
modifications on the other hand (see the paragraphs 5.1.2-4), naturally drive the
attention on the central point of this paragraph: The measure of the brush

enhancement effect during solid phase extractions.

In this study, four specific SPE tests are considered. Each of the two selected analytes
of interest is tested, one at a time, on two EDMA-co-GMA derived monoliths. The

reasons for choosing these materials are clarified in the following.

The nano-brushed monolith (see material 3, Inset B, Figure 5.4), featuring the
carboxylic groups in the poly(methacrylic acid) brush and the surface carboxy-
decorated monolith (see material 5 in Figure 5.13) are the two SPE devices here
considered. Based on the substantial equivalence of the chemical groups involved in
the materials 3 and 5, the extraction processes will be ruled by the same kind of
analyte-solid phase interactions and the eventual extraction performance
enhancement, due to the presence of the electrostatically trapped nano-brush on the
monolith surface of the material 3, will be easily determined by direct comparison
with material 5. This comparison, of course, relies on the proven stability of the
cooperative nano-brush/monolith electrostatic interactions of the material 3 who
can withstand the presence of charged species, as the data from Table 5.1-2 implies,

without expulsion of brushed nano-particles being the pH ranging from 4.5 to 9.5.

Myoglobin and Blue Dextran are the analytes specifically used in this study. The
rationale for the use of these two analytes is based on the fact that while they have
a large mass difference (Myoglobin 16,951 Da; Blue Dextran 2,000,000 Da), their iso-
electric points are very close (Myoglobin, pl=7.2%%; Blue Dextran, pl=7.1%3). On this
premises, the nature of the analytes-solid phase interactions (typically electrostatic

and permanent/induced dipole-dipole interactions) is directly linked to the mass of
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the analyte if the same buffer solution (i.e., the same pH) is used during the
extractions. The smaller Myoglobin, with weaker solid phase interactions, will tend
to be less strongly retained in the extraction device with respect to the bigger Blue
Dextran, which will be more strongly retained. The evaluation of the brush
enhancement factor will be derived by the comparison of the data obtained from the
two kinds of monoliths. Indeed, these selected “standard” analytes are expected to
have a significantly different behavior during extractions involving materials 3 and 5
if the presence of the polymeric nano-brushes impacts the analyte-solid phase

interactions.

An analysis of the theoretical principles ruling the SPE would be out of the scope of
this discussion and here only the definitions and the laws used to cast the final
conclusions will be detailed. The theoretical principles ruling liquid chromatography
are applicable for the description of the SPE processes and commonly used to
develop methods in this field.***® The data-derived extraction parameters,
breakthrough volume (Vs), number of theoretical plates (N), the retention factor (k)
and the recovery (r), will be here used to quantify the analytes-solid phase

interactions.

e The breakthrough volume (Vs), for a given analyte at known concentration
and extraction flux conditions, is defined as maximum sample volume which
can be loaded in the extraction tool without loss of the analytes.*® The higher
the Vgis, the higher will be the biggest possible concentration of the sample
in the SPE tool.

e The concept of theoretical plate (N) was historically born in the context of the
theory of distillation.”® Indeed, a rectification column used during some
distillation processes is formed by a number of adjacent superimposed and
interconnected chambers where, while the system is boiling, in each chamber
the condensed falling liquid film equilibrates with its ascendant vapors. Due
the equilibration between the liquid phase and the gas phase (Raoult's law,
Dalton's law, and Henry's law are currently used to describe these
interactions), each chamber (or plate) host a vapor richer in compound with

lower boiling point if compared to the directly inferior chamber. A distillation
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column with a higher number of plates would be able to distillate and
separate two liquids featuring closer boiling points. A modified concept of
plates, used for the general theory of the liquid chromatography as well, is
also used in the SPE context. A theoretical plate is the smallest imaginary
portion (disk) of monolith allowing equilibration of the analytes between the
solid phase and liquid phase. In the specific case of the systems under study,
the solid phase is the buffer conditioned monolith surface of the materials 3
and 5 and the liquid phase is the flushed buffer solution. Myoglobin and Blue
Dextran in the flowing solution will participate to equilibria between these
two phases during the extraction process. The number N, in the specific SPE
context, is important to define as it quantifies how the extraction would be
able to purify and/or concentrate a complex matrix. A higher N, SPE can
separate more complex analytical matrixes.

e The retention factor (k) is the ratio of the amount of moles of analyte
adsorbed in the solid phase and the amount of mole present in the mobile
phase. A SPE featuring a bigger retention factor implies stronger interactions
with the solid phase.>!

e The recovery (r) is the amount of the analyte that can be recovered after the
SPE and it is expressed as the percent of analyte amount in the starting

sample.>?

The analyte-solid phase interactions are the element under discussion and, for these
reasons, four distinct SPE tests are here discussed along with the relative extraction
parameters (Vs, N, k and r). The experimental data of these four extractions allows
defining four respective breakthrough curves (BCs). During the extraction process,
the concentration of the analyte in the effluent can be measured by UV spectroscopy.
The dependence between the concentration of the analyte in the effluent at the
monolith outlet and the volume of the sample passed through the monolith gives the

BC curve.>3

Specifically, four buffer pre-conditioned monoliths (see details in the experimental
section), two for material 3 and two for the material 5, are separately flushed with

Myoglobin or Blue Dextran standard solutions at the known concentrations Co(M)
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and Co(BD) respectively. For each of the four SPE tests, a set of 50 effluent samples
(each with a volume of 0.5 mL) is collected, diluted and the respective absorbance
values are read at Amax= 409 nm for Myoglobin or Amax= 619 nm for Blue Dextran.
Each UV derived value is then normalized dividing by the respective absorbance of
the Myoglobin or the Blue Dextran standard solutions at the pertinent Avax. The best
mathematical function used to fit the experimental data is the Boltzmann curve.>* Ay,

A, xoand dx is the set of the four regression parameters pertinent to each BC curve.

In Figure 5.16 there is a theoretical example of BC curve. The values of Vg, Vr and Ve
from the statistically derived curves ideally divide the curve in three zones. From V=0
to V=Vs, the analyte is quantitatively trapped in the monolith, from V=V to bigger
volumes, the analyte is not absorbed at all as the monolith has reached the saturation
conditions and the analyte concentration at the monolith inlet (in this study, Co(M)
or Co(BD)) is the same as at the monolith outlet. The zone between V= Vg and V=V¢
feature the retention volume Vr where the outlet concentration is at 50 % of the inlet

analyte concentration.

The whole upper area of the curve in Figure 5.16 represents the maximum sample
load for each specific SPE test. The Vg, Vr and Ve values and the measured void volume
Vm (the volume of the solvent inside the monoliths during the extractions; see
experimental part for the details), are used to calculate the four values of interest in

this study: Vg, N, k and r. The Table 5.3 briefly details the formulae used in this study.

Table 5.4 shows the normalized experimental data pertinent to the four SPE tests
performed in this study: SPE 1, 2, 3 and 4. Table 5.5 shows the regression parameters
for the four sets of experimental data: the reduced R? close to 1 (see Origin 8.5 Fit
sigmoidal help file), and the close to zero chi-square values confirm the quality of the
fit under the variance null hypothesis (data ruled by Gaussian distribution) being the
four fit curves depicted in Figure 5.17 (Inset A for system 5 SPEs, Inset B for system 3
SPEs).

139



10+— — — — —— — e — — —— — — Y
0.9 4c=0.841 Co a

0.8 4
- Gt

0.6
{c=0.500¢, .
0.5

0.4 S

0.3 4
0.2 ]C=0.159C, 2

0.1
1 \

0.0 4 . o———_ e
1 VB VR VE

Normalized absorbance, pure number

S
—

L L LA L L L L B N BEL BN
-1 0 1 2 3 4 5 6 7 8 9 10 11 12

Volume of the effluent, mL

rrrrr1°
13 14 15

Figure 5.16: Example of a Boltzmann curve used to fit the experimental data; a solution of
the analyte of interest at concentration Cpis flushed in the buffer conditioned monolith and
constant volume effluent samples are collected (e.g., 0.5 mL each). The x scale represents
the cumulative volume of the effluent in mL. Each sample is UV scanned after being diluted
(using the same dilution factor for all the effluent fractions): each respective absorbance
value at a Amax for the specific analyte of interest is divided by the absorbance at the same
Avax of the solution used for the extraction (diluted under the same conditions of the
samples) (this is the normalization respect to Co). The sample dilution is aimed at working in
the linear spectrometer conditions (to read absorbance values between 0.2 and 1.0). The
values Vg, Vr and Vg, are derived from the curve at y=0.159, 0.500 and 0.841 respectively
corresponding to the points 2, 3 and 4 on the curve. A; and A; are parameters deriving from
the statistical fit.
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Table 5.3: Inset A: the Boltzmann function and its four parameters Aj, A;, Xo, xd (eq. 1); the
re-arranged Boltzmann equation in the eq. 1, to calculate points on the x scale (to determine
for example the values Vg, Vk and Ve as detailed in Figure 5.16) in correspondence of y values
of interest. Inset B: the formulae for the determination of the number of theoretical plates
N (see reference 53). Inset C: the determination of the retention factor k; for the
determination of the void volume of the SPE monoliths, see the experimental part.>®Inset D:
the formula for the determination of the retention factor. In this study, the total SPE volume
Vois in each test equal to the Ve value pertinent to each process being the residual volume
(25 —Ve mL) of course not considered to determine the recovery factor.

The nano-brushed surface has a strong impact on the analytical SPE performances as
can be visually seen from the Figure 5.17. As anticipated at the start of this paragraph,
the retention volumes (Vg in correspondence of y=0.5) for both the analytes of the
nano-brushed monolith SPEs (system 3, Inset B, Figure 5.4) increase if compared to
the case of the just surface decorated monolith (system 5, Figure 5.13). Indeed, Vg
for Myoglobin in the SPE 1 is bigger if compared to for Myoglobin in the SPE 2 (see
Figure 5.17) and the same considerations apply in the case of Blue Dextran and SPE 3
and 4. Moreover, it can be noticed how the retention volumes pertinent to this
couple of analytes for the system 3 are more spaced-out if compared to the system

5.
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Table 5.4: Normalized UV data for the 4 sets of samples. 50 samples (V=0.5 mL each) are
collected at the monoliths outlet being the Myoglobin (pink columns) or the Blue Dextran
(blue columns) standard solutions flushed. Experiment SPE1: Material 5 tested on Myoglobin
solution. Experiment SPE2: Material 3 tested on Myoglobin solution. Experiment SPE3:
Material 5 tested on Blue Dextran. Experiment SPE4: Material 3 tested on Blue Dextran
solution. Ivax=409 nm for Myoglobin; Iuax=619 nm for Blue Dextran; CO(M) =CO(BD)= 2
mg/mL. Myoglobin UV sample dilution factor: 1/20 V/V. Blue Dextran UV sample dilution
factor: % V/V. Dilutions, monoliths conditioning and UV blank are in 0.1 M Phosphate Buffer
Saline solution, pH=7.40. The final values of 25 mL have been used as a prudential value in
common for all the four SPE.
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£ 3 3 3 3 £ 2 2 8 8

3 £ £ & s g | 8| 8|8

1 0.500 | 0.092 | 0.022 | 0.041 | 0.001 | 26 | 13.000 | 1.000 | 1.000 | 1.000 | 0.999
2 1.000 | 0.049 | 0.094 | 0.061 | 0.001 | 27 | 13.500 | 1.000 | 1.000 | 1.000 | 1.000
3 1.500 | 0.302 | 0.060 | 0.051 | 0.003 | 28 | 14.000 | 1.000 | 1.000 | 1.000 | 1.000
4 2.000 | 0.679 | 0.050 | 0.004 | 0.003 | 29 | 14.500 | 1.000 | 1.000 | 1.000 | 1.000
5 2.500 | 0.987 | 0.095 | 0.343 | 0.005 | 30 | 15.000 | 1.000 | 1.000 | 1.000 | 1.000
6 3.000 | 0.997 | 0.011 | 0.605 | 0.006 | 31 | 15.500 | 1.000 | 1.000 | 1.000 | 1.000
7 3.500 | 0.998 | 0.043 | 0.954 | 0.005 | 32 | 16.000 | 1.000 | 1.000 | 1.000 | 1.000
8 4.000 | 0.999 | 0.082 | 0.999 | 0.006 | 33 | 16.500 | 1.000 | 1.000 | 1.000 | 1.000
9 4,500 | 1.000 | 0.309 | 1.000 | 0.007 | 34 | 17.000 | 1.000 | 1.000 | 1.000 | 1.000
10 | 5.000 | 1.000 | 0.663 | 1.000 | 0.009 | 35 | 17.500 | 1.000 | 1.000 | 1.000 | 1.000
11 | 5.500 | 1.000 | 0.921 | 1.000 | 0.010 | 36 | 18.000 | 1.000 | 1.000 | 1.000 | 1.000
12 | 6.000 | 1.000 | 0.989 | 1.000 | 0.009 | 37 | 18.500 | 1.000 | 1.000 | 1.000 | 1.000
13 | 6.500 | 1.000 | 0.999 | 1.000 | 0.009 | 38 | 19.000 | 1.000 | 1.000 | 1.000 | 1.000
14 | 7.000 | 1.000 | 1.000 | 1.000 | 0.008 | 39 | 19.500 | 1.000 | 1.000 | 1.000 | 1.000
15 | 7.500 | 1.000 | 1.000 | 1.000 | 0.006 | 40 | 20.000 | 1.000 | 1.000 | 1.000 | 1.000
16 | 8.000 | 1.000 | 1.000 | 1.000 | 0.010 | 41 | 20.500 | 1.000 | 1.000 | 1.000 | 1.000
17 | 8.500 | 1.000 | 1.000 | 1.000 | 0.009 | 42 | 21.000 | 1.000 | 1.000 | 1.000 | 1.000
18 | 9.000 | 1.000 | 1.000 | 1.000 | 0.011 | 43 | 21.500 | 1.000 | 1.000 | 1.000 | 1.000
19 | 9.500 | 1.000 | 1.000 | 1.000 | 0.012 | 44 | 22.000 | 1.000 | 1.000 | 1.000 | 1.000
20 | 10.000 | 1.000 | 1.000 | 1.000 | 0.015 | 45 | 22.500 | 1.000 | 1.000 | 1.000 | 1.000
21 | 10.500 | 1.000 | 1.000 | 1.000 | 0.047 | 46 | 23.000 | 1.000 | 1.000 | 1.000 | 1.000
22 | 11.000 | 1.000 | 1.000 | 1.000 | 0.361 | 47 | 23.500 | 1.000 | 1.000 | 1.000 | 1.000
23 | 11.500 | 1.000 | 1.000 | 1.000 | 0.686 | 48 | 24.000 | 1.000 | 1.000 | 1.000 | 1.000
24 | 12.000 | 1.000 | 1.000 | 1.000 | 0.966 | 49 | 24.500 | 1.000 | 1.000 | 1.000 | 1.000
25 | 12.500 | 1.000 | 1.000 | 1.000 | 0.998 | 50 | 25.000 | 1.000 | 1.000 | 1.000 | 1.000

142



Table 5.5: Regression parameters Ai, A, Xoand dx for the SPE 1, 2, 3 and 4 SPE tests. From
the regression curves it is possible to calculate the values of Vs, Vk and Vg, in correspondence
of y=y=0.159, 0.500 and 0.841 respectively (see Inset A, eq. 2, Table 5.3).

Reduced Adjusted
val E
Test alue | Standard Error Chi-Square | R-Square
Al | 0.00806 0.01478
1 A2 | 1.00092 0.00187
L 1.55E-04 0.9964
3-, Xo | 1.73946 0.01974
dx | 0.34482 0.01545
Al | 0.03104 0.00656
N A2 | 1.00048 0.00280
Lu 3.06E-04 0.99768
3; Xo | 4.75145 0.01709
dx | 0.26061 0.01427
Al | 0.03621 0.01133
™ A2 [ 1.00058 0.00287
L 3.51E-04 0.99524
3; Xo | 2.73857 0.02176
dx | 0.30786 0.01841
Al | 0.00581 0.00176
< | A2 | 1.00109 0.00154
L 6.08E-05 0.99974
3-, Xo | 11.22856 0.00800
dx | 0.31920 0.00693

Table 5.6: The Vg, Vr and Ve values derived from the regression curve (see Inset A, eq. 2, Table
5.3). Using these three values and the formulae in Table 5.4, the N (see Table 5.4, Inset B), k
(see Table 5.4, Inset C) and r (see Table 5.4, Inset D) values are calculated. The monoliths void
volumes (see experimental part for details) Vu are used as well. The Vg, N, k and r values on
each line (SPE 1, 2 for Myoglobin and SPE 3, 4 for Blue Dextran) are used to calculate the
brush enhancement factors as in Table 5.7.

Test Ve Vr Ve N k r
. SPE1 | 1.147 | 1.733 | 2.309 5.911 49110 52.568
Myoglobin
SPE2 | 4.261 | 4.734 | 5.175 | 528.014 | 527.0136 | 79.804
SPE3 | 2.146 2.715 3.237 120.417 119.4166 | 65.749
Blue Dextran
SPE4 | 10.685 | 11.224 | 11.756 | 2289.214 | 2288.2135 | 88.629
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Material 5 (see Figure 5.13)
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Figure 5.17: Inset A: The best fit curves for the SPEs performed using the Myoglobin (in red)
and the Blue Dextran (in blue) for the system 5 (see Figure 5.13). Inset B: The best fit curves
for the SPEs performed using the Myoglobin (in red) and the Blue Dextran (in blue) for the
system 3 (see Inset B, Figure 5.4). The direct visual comparison on Inset A and B allows to see
the effect of the nano-brushed monolith (see Inset B) on the Vg (x values corresponding to
y=0.5). Indeed, for Myoglobin Vg for the test SPE2 is bigger than the Vi for the test SPE1 and,
accordingly, for Blue Dextran Vg for the test SPE4 is bigger than the Vg for the test SPE3. The
beneficial impact of the brushed nano-surface have now been proved and quantified.

The brush enhancement factor (BEF) for each of the SPE parameters (Vg, N, k and r)

pertinent to Myoglobin and Blue Dextran can be numerically expressed as ratio
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Fe SPE parameter, System3
SPE parameter, System5’

as the Table 5.7 shows.

Table 5.7: The brush enhancement effects of the four SPEs studied parameters. Each value
in this table is the ratio of the respective parameters in the Table 5.6 for brushed/not brushed
monoliths (Material 3/Material 5).

VR N k r
Myoglobin 3.72 89.33 107.31 1.52
Blue Dextran 4.98 19.01 19.16 1.35

The data in Table 5.7 shows the impressive impact of the nano-brushed surface on
the SPE relatively to all the four studied parameters. For the first time, it is possible
to see how this enhancement effect is not linear but more pronounced for smaller
Myoglobin (see, for example, the 89.33 times increment in the value of N) being less
pronounced for the bigger Blue Dextran (see, for example, the 19 times increment in
the value N). A similar consideration applies to the retention factor k. This data is
perfectly coherent with the systems under study: the minimum radius of the sphere
containing Myoglobin is ~ 25 nm®® and this value must be compared to the 40 nm
brush thickness. The comparison of these two values indicates that the globular
protein Myoglobin can be totally brush embedded and so it is possible to argue that
the brush enhancement effect is maximized. The same it is not true for the bigger
(and not globular) Blue Dextran where the minimum radius of the containing sphere

is ~ 125 nm.%®

As a concluding remark, it is interesting to position these calculated SPE
performances in the more general SPE performances landscape. The SPE technique
was developed as an ancillary sample pre-treatment step for concentration and
cleaning of complex matrices to be used in HPLC or mass spectrometry tools. Even
the more evolved commercial versions typically features N values from 5 to 20
depending on the analyte, complexity of the starting sample and SPE elution

conditions.”” In this new simple, cheap and easy to manufacture device, the
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increment of the number of theoretical plates increases 20 to 90 times these values

while exhibiting a better recovery of the analyte.

5.3 Conclusions

Detailed and robust protocols for the nano-brushed surface decorated EDMA-co-
GMA porous polymeric monoliths are presented. In particular a new modified
approach for the encapsulation approach is used to mold the monolith. The all-in-
one molding approach produces polymeric porous monoliths with stable
electrostatically trapped brush nano-particles. The positive influence of the nano-
brush decoration on the extraction performances (the brush enhancement factor) is
introduced from geometrical considerations and then measured. A new versatile,

cheap and powerful solid extraction tool is described.
5.4 Experimental procedures

Materials

Raw Materials: Trimethylamine hydrochloride, 98%; Sodium azide, ReagentPlus®,
299.5%, sodium nitrite, ACS reagent, 297.0%; sulphuric acid, ACS reagent, 95.0-
98.0%; 4-pentynoic acid, 95%; copper (l) iodide, 99.999% trace metals basis ;
N,N,N’,N”’,N”’-Pentamethyldiethylenetriamine (PMDETA), 99%; Sodium hydroxide
BioXtra, 298% (acidimetric), pellets (anhydrous); Hydrochloric acid 36.5-38.0%,
BioReagent, for molecular biology ; N,N-Dimethylformamide anhydrous (DMF) ,
99.8%; Phosphate buffered saline (BPS), tablet: One tablet, dissolved in 200 mL of
deionized water, yields 0.01 M phosphate buffer, 0.0027 M potassium chloride and
0.137 M sodium chloride, pH 7.4, at 25 °C. All chemicals were purchased from Sigma-

Aldrich and used without any further purification unless otherwise stated.

In-home prepared materials: Brush poly (MAA) core FITC silica nano-particles from
the same batch of the Sample No. 4, Table 3.1 Chapter 3 (De-protected version);
Standard Bare poly (EDMA-co-GMA) polymeric monolith as described in Chapter 4.
Methods
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A Perkin-Elmer Spectrum 100 was used for collecting attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectra in the spectral region of 650—-4000 cm”
1. The spectra were obtained from 2064 scans with a resolution of 2 cm™. A
background measurement was taken before the sample was loaded onto the ATR
unit for measurements. Spectrometric studies were carried out using a Perkin-Elmer
Lambda 900 spectrometer (Foss, Ireland), Euthech Instruments PH510 pH meter,
Hitachi S3400n SEM microscope, World Precision Instruments (WPI) SP120PZ syringe

pump for laboratory use.

Preparation of the tetra-methyl-ammonium modified EDMA-co-GMA monolith

(material 2, Inset B, Figure 5.4) by static and dynamic approach

Static approach: A poly (EDMA-co-GM) porous polymeric monolith (Length 1.5 cm)
(see in-home prepared material section in Material paragraph of this Chapter) is
washed with distilled water (Volume used: 5 mL) using a 1 mL plastic syringe and a
syringe pump (Flow rate: 2500 pL/hour). A solution of trimethylamine hydrochloride
TMA HCI (0.5 g, 5.23 103 mol) in iPrOH/water 20/1 wt/wt (5 mL) (solution A) is
pumped through the monolith using a 1 mL plastic syringe and a syringe pump (Flow
rate: 2000 pL/hour) and the eluates are discarded. The so formed reactant filled
monolith is then Teflon tape sealed and left standing in a beaker in an oven at 100 °C
during 24 hours. The system is then, at RT and once free of its seals, washed with
distilled water (Volume used: 15 mL) using a 1 mL plastic syringe and a syringe pump
(Flow rate: 2000 pL/hour). The last mL of eluate is monitored to see if it has a neutral
pH. The system is left 3 days in a vacuum desiccator then the cartridge is stored in a
sealed N; purged vial at RT. The dynamic approach is performed by flushing the
solution A at a flow rate of 500 pL/ hour. No other parameter is changed referred to

the static approach.

Preparation of the azido modified EDMA-co-GMA monolith (see material 4, Figure

5.13) under static and dynamic reaction conditions
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A poly (EDMA-co-GMA) porous polymeric monolith (Length 1.5 cm) is washed with
distilled water (Volume used: 5 mL) using a 1 mL plastic syringe and a syringe pump
(Flow rate: 2500 pL/hour). A 5 mL EtOH/Water 10/1 V/V solution of sodium azide
(0.136 g, 2.096 103 mol) and ammonium chloride (0.026 g, 4.82 10-* mol, used as a
reaction catalyst) is flushed trough the monolith using a 1 mL plastic syringe and a
syringe pump (Flow rate: 2000 pL/hour) and the eluates are collected in a recovery
flask. The Teflon tape sealed cartridge is then placed in an open vial and left in an oil
bath at 110 °C during 3 days under an efficient fume hood . The system is then, at RT
and once free of its seals, washed with distilled water (Volume used: 15 mL) using a
1 mL plastic syringe and a syringe pump (Flow rate: 2500 pL/hour) being the exhaust
solution collected in a recovery flask. The system is left 3 days in a vacuum desiccators
then the cartridge is stored in a sealed N2 purged vial at RT. The dynamic approach is
performed by flushing the same solution (EtOH/Water 10/1 V/V solution sodium
azide (0.136 g, 2.096 103 mol) and ammonium chloride (0.026 g, 4.82 10** mol) using
a 1 mL plastic syringe and a syringe pump (Flow rate: 2000 uL/hour) and no other

parameter is modified.

Sodium azide treatment: the sodium azide residual/exhaust solutions collected

during this synthesis, are water diluted at 5% NaNs wt/wt are put into a three-necked
flask equipped with a stirrer, a dropping funnel, and an outlet with plastic tubing to
carry nitrogen oxides to the laboratory chemical fume hood. A 20% aqueous solution
of sodium nitrite containing 1.5 g (about 40% excess) of sodium nitrite per gram of
sodium azide is added with stirring. A 20% aqueous solution of sulphuric acid is then
added gradually until the reaction mixture is acidic to pH paper. The chemical

reactions involved are:

2 NaNO; (I) + H2S04 (1) = 2 HNO2 + NazSO4
2 NaN3 () + 2 HNO2 = 3 N2 (g) +2 NO (g) + 2 NaOH (1)

This order of addition is essential. If the acid is added before the nitrite, poisonous
volatile HN3 will be evolved.) When the evolution of nitrogen oxides is over, the acidic
solution is tested with starch-iodide paper; if it turns blue, an excess nitrite is present
and decomposition is complete. The reaction mixture can safely be washed down the

drain. Note that the solution must be neutralized with dilute NaOH solution to pH 6-
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9 prior to discharge. This simple, safe and green approach to the sodium azide
residuals treatment is adopted to avoid accumulation of potentially dangerous

sodium azide residual solution in the laboratory.

Preparation of the carboxyl modified EDMA-co-GMA monolith by click chemistry

(see material 5, Figure 5.13) under static and dynamic reaction conditions

A suspension in DMF (5 mL) of 4-pentynoic acid (0.174 g, 1.77 103 mol), Cul (61 mg,
3.20 10 mol), PMDETA (1 mL, 0.83 g, 4.79 107 mol) (suspension A) is magnetically
stirred in a rubber septum sealed vial during 15 min. N2 bubbling (a purge outlet
needle is connected to a Dreschel bottle filled with mineral oil (h=10cm)). In an
AtmosBag properly modified to host a syringe pump, a poly(EDMA-co-GMA) porous
polymeric monolith (Length 1.5 cm) is washed with N; purged (15 min.) distilled water
(Volume used: 5 mL) using a 1 mL plastic syringe and a syringe pump (Flow rate: 500
uL/hour). Then the washed device is flushed using a 1 mL plastic syringe and a syringe
pump (Flow rate: 500 uL/hour) with the suspension A. The system is Teflon tape
sealed under Nz in the AtmosBag. The sealed system is left at 85 °C during 3 days.
The system is then, at RT and once free of its seals, washed with 7M NHs in MeOH
(Volume used: 3 mL) using a 1 mL Teflon syringe and a syringe pump (Flow rate: 2000
uL/hour). Then washed with distilled water (Volume used: 15 mL), HCI 0.1 M (Volume
used: 15 mL), distilled water (Volume used: 15 mL) using a 1 mL Teflon syringe and a
syringe pump (Flow rate: 2000 pL/hour). The system is left 3 days in a vacuum

desiccator then the cartridge is stored in a sealed N purged vial at RT.

The equivalent dynamic approach is performed flushing the N; bubbled oxygen free
suspension A in a washed monolith (using N, purged (15 min.) distilled water (Volume
used: 5 mL) -Flow rate: 2000 pL/hour; the outlet tubing is left water flooded to avoid
contact with air). The flow rate during the reaction is 500 pL/hour to avoid damaging

the monolith surface. No other parameter is changed respect the static approach.

The electrostatic trapping technique (see material 3, Inset B, Figure 5.4)
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100 mL of the milky yellowish suspension (0.5 mg/mL of brush poly (methacrylic acid)
core FITC fluorescent silica nano-particles, diameter: 200 nm, brush thickness: 40 nm;
see in-home prepared material section in Material paragraph of this Chapter) are
prepared and flushed in a buffer pre-wetted 15 mm long ammonium modified poly
(EDMA-co-GMA) monolith (10 mL of distilled water at 1000 pL/h using a syringe pump
and a 1 mL syringe as syringes bigger in diameter would generate a lot of back
pressure). Initially, 5 mL of this suspension are flushed at 1000 pL/h, then 70 mL are
flushed at 2000 pL/h. Each 5 mL of flushed suspension, the flux direction is changed
in order to have better decoration uniformity by plaguing the syringe alternatively at
the monolith inlet/outlet. For the first 60 mL, the eluted is just clear colorless water
then, the eluted suspension becomes cloudier. In this phase further 25 mL are
flushed. The end of the process is signaled by the fact that the charged milky
suspension and the eluted suspensions have the same cloudiness (in principle, the
fluorescent intensity or the UV spectrum of an optically matched suspension of the
effluents could be measured as well to monitor this saturation plateau). The 15 mm
washed (15 mL distilled water) and dried nano-particles decorated monolith (5 days
at RT, 0.010 mBar) shows a mass increment respect to the starting ammonium

decorated monolith of 32 mg (15 tests gave the same numbers).

The encapsulation approach with details to prepare the bare EDMA-co-GMA porous

polymeric monolith

The standard EDMA-co-GMA monolith manufacture as detailed in the Chapter 4 is

the following.

In a glass vial are transferred Azobisisobutyronitrile (AIBN) (3 mg, 1.83 10 mol),
water (70 mg, 3.88 103 mol), ethylene dimethacrylate (75 mg, 3.78 10 mol), glycidyl
methacrylate (225 mg, 1.58 103 mol), 1-4 butanediol (280 mg, 3.11 103 mol), 1-
propanol (350 mg, 5.82 103 mol). The vial is sealed with a rubber septum and well
mixed by a vortexing table and N; is gently bubbled through the system (the vial is
connected to a Dreschel bottle filled with mineral oil, h=15 cm) during 15 minutes.

Then the PP tubes with Luer locks at the ends, the septum vial with the
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monomers/porogens pool, 1 mL syringes to be used as stoppers are transferred
inside an AtmosBag® and 3 cycles N, / Vacuum are applied. Then, the tubes are filled
with the solution and sealed under inert atmosphere. The filled cartridges are left

vertically standing in a oven at 70°C for 22 hours and then, at RT, washed with MeOH.

To the standard bare poly (EDMA—-co-GMA) monolith mixture, are added brush nano-
particles used in this study at a final batch concentration of 50 mg for a 15 mm long
monolith. For a final blend volume of 10 mL, 210 mg of nano-particles are needed.
The system is then ultra-sonicated for 5 min to form a stable dense suspension (stable
for 2 hours without any detectable precipitation). Then, a previously prepared
ammonium modified EDMA-co-GMA monolith is grinded to a fine powder and mixed
to this suspension at 50 mg/mL. The system is ultra-sonicated for 5 minutes and the
stable suspension is transferred to a sealed vial and gently nitrogen purged for 15
minutes. This oxygen free suspension is then transferred in the polypropylene
housing (see Chapter 4) in nitrogen purged AtmosBag as for a classic bare monolith
manufacture. This oxygen free suspension is then transferred in the polypropylene
housing (see Chapter 4) in nitrogen purged AtmosBag as for a classic bare monolith
manufacture. This is a very delicate stage as great care must take in order to avoid
the presence of bubbles in the dense liquid mixture. After attaching syringes at both
ends the mixture is moved back and forth a number of times to assure the absence

of voids. Then the monolith is thermally cured as usual.

The solid phase extraction procedure

Monolith conditioning: 5 mL of 0.1M of phosphate buffer saline solution (PBS) at

pH=7.4 are flushed trough the monolith at a flow rate of 1000 uL/hour

Sample flushing: For the Myoglobin: a solution in 0.1 M PBS at pH=7.4 (2mg/mL) is

flushed at a flow rate of 1000 pL/hour; the same conditions apply to the Blue Dextran

solutions.

Sample elution: a water solution of HCl (pH=5.4) is flushed at a flow rate of 1000

uL/hour. The Myoglobin is eluted flushing 1.6 mL while the Blue Dextran is eluted
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flushing 2 mL (the elution completion is signaled by the absence of color inside the

monoliths).

Note: the pH = 5.4 assure the compatibility of the specific proteic material used as

per specifications from the vendor.

Experimental determination of the monoliths void volumes

The determination of the void volume Vum (the volume occupied by the liquid phase

during the SPE), presents both theoretical and practical difficulties and it still remains

an open question in the liquid chromatography field. > >° 60

In this study on SPE, the determination of the void volume is made by flushing ten

previously dried system 3 and ten system 5 monoliths with distilled water over night

(3 days at 0.05 mBar at RT) and tare weighted. The weight of the water full system is

determined (extreme care is used in eliminating residual water in the free Luer Lock

inner space). The difference in weight is expressed in mL (0.001 mL=1mg). In Table

5.5 there are the experimental results.

Table 5.8: the Void Volume determination for system 3 and 5

Sample No. System 3, mg System 5, mg

[

33.010
33.036
33.017
33.035
33.024
33.099
33.020
33.047
33.031
33.011

O 00 NO UL WN

[
o

Mean 33.033
Standard deviation 0.026

33.079
33.047
33.023
33.061
33.028
33.004
33.009
33.063
33.093
33.097

33.050
0.034
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The experimental results are not showing any substantial difference for the two

systems and the void volume is assume to be 0.033 mL .%*
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A general model for diameter growth and mass content during the Stéber and
seed growth methods was presented in the Chapter 2. The rate of nuclei growth
and minimum diameter achievable for given experimental condition were derived
and the impact of operative mistakes on the solution/suspension components
discussed in case of deviations from the ideal process. This offers a new way to
generate diagnostic and corrective strategies and robust synthetic protocols for
the synthesis of silica nano-particles. The elucidated model for the synthesis of
this silica based colloidal systems has the potential to be automated with
computer controlled reaction processing wusing automated chemical
injectors/auto-samplers and on-line DLS and titration tools. The elements of
novelty are the definition of a statistical model to fix reaction parameters of the
Stoéber method in function of the desired diameter and a way to numerically
monitor the quality of the batches. Based on these two tools, the synthesis of
these systems was rationalized during their planning and during the synthesis

itself featuring final stock suspensions (colloid) with a rigorously defined shelf life.

The synthesis of polymer brush decorated silica nano-particles was
demonstrated by ARGET ATRP grafting of poly(t-butyl methacrylate) in the
Chapter 3. ATRP initiator decorated silica nano-particles were obtained using a
novel trimethylsiloxane derivatised ATRP initiator obtained by click chemistry.
This synthesis is fast, cheap and simple to perform and suitable for chemists not
necessarily specialized in organic chemistry. These features, along with the
flexibility of modifications to make other specific initiators, make this strategy
different to all the other silane coupling agents used to promote ATRP processes
from a silica surface. Comparison of de-grafted polymers with polymer obtained
from a sacrificial initiator demonstrated good agreement up to 55 % monomer
conversion. Subsequent mild de-protection of the t-butyl ester groups using
phosphoric acid yielded highly colloidal and pH stable hydrophilic nano-particles
comprising approximately 50 % methacrylic acid groups. The successful bio-
conjugation was achieved by immobilization of Horseradish Peroxidase to the

polymer brush decorated nano-particles and und the enzyme activity
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demonstrated in a conversion of o-phenylene diamine dihydrochloride assay.
This provides a robust protocol for the synthesis of PBMA polymer brushes on

well-defined Si-NP using ARGET ATRP with high colloidal and pH stability.

In Chapter 4 an in-depth investigation of the synthesis of porous polymeric EDMA-
co-GMA monoliths in an inexpensive polypropylene housing was presented.
Special emphasis was given to the analysis and optimization of the anchoring
layer on the PP surface that allows the formation of homogeneous monoliths fully
attached to the PP wall. The SEM analysis of the final polymeric monolith
demonstrated the presence of the expected globules, clusters and pores in the
final monolith. The element of novelty of this chapter is the possibility to build a
solid phase extraction device with simple and chip raw materials. Moreover, this
device allows monitoring very easily, by ATR-IR and electronic microscopy, the
chemical uniformity of the anchored polymeric solid phase and its physical

continuity with the housing.

In Chapter 5, detailed and robust protocols for the synthesis of nano-brushed
surface decorated EDMA-co-GMA porous polymeric monoliths were presented.
In particular, a new modified encapsulation approach was used to mold the
monolith. The all-in-one molding approach produces polymeric porous monoliths
with stable electrostatically trapped brush nano-particles. The positive influence
of the nano-brush decoration on the extraction performances (the brush
enhancement factor) is introduced from geometrical considerations and then
measured. A new versatile, cheap and powerful solid extraction tool is described.
The element of novelty in this chapter is the use of the nano-brushes to decorate

solid phase extraction porous polymeric monoliths.
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