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CHAPTER |

BLOCK COPOLYMERSNANOSTRUCTURES AND DESCRIPTION
OF THE THESISWORK

1.1 Introduction to Chapter 1

Today’s materials science deals increasingly wahastructures,
that is, with structures of characteristic dimensid®etween 1 and 100
nm. Nanostructured materials have proven as ortteoimost powerful
tool in new trend of technology and research duehwr absolutely
peculiar properties at nanometer size scale. Gletré synthesis of new
nanomaterials and the control of their compositisize, shape and
morphology are essential cornerstones for the egpn of
nanomaterials in a new generation of submicronesekldctronic, optical
and sensing devices.

With the *“top-down” methods (lithography and etdhin
processes), solid-state physics and electronics hdvanced towards the
field of nanostructures. These “top-down” approachgermit the
synthesis of pre-set addressable structures whigladegree of structure
control but, as a result of the strong UV absorpbbthe polymer masks,
there is a natural limit at about 100 nm for litheyghic methods which
does not allow the structural elements to be doaedsdeep into the
submicrometer range. One of the great challengemdaphysics,

chemistry, and materials science today is to findvay to structure
1



molecules so as to enable them to build functioaalostructures by self-
organization (“bottom-up” approach). In chemistrgetterm “self-
organization” is used when well-defined structuresult spontaneously
from the components of a system by non-covalemef(self-assembly),
for example, in liquid crystals, micelles, osciltef reactions.

Block copolymers (BCPs) are macromolecules, cangisif two
or more chemically distinct polymer fragments (lde)c covalently
bonded together, which, as a result of self-orgdion, can build up a
wide variety of nanostructures with a typical ldngtale in the range 10-
100 nm. BCPs have attracted much attention becabistheir great
versatility. By tuning molecular parameters (molacu weight,
composition, species, concentration), indeed, natgendomains with a
variety of motifs, chemistries, tailored size andripdicity may be
created. So the spontaneous self-assembly of thaterials can be used
to prepare a large number of tailor-made nanostredt materials, that
can be used as nanoscopic device components plates

For all these reasons, BCPs microphase separaéisrbéen the
focus of intense research activity, both fundameamd applied, spanning
the last 30 years. These efforts have producedlid &mindation of
theoretical and experimental understanding of itte wehaviour of these
systems and provided insight into how this spordaeenanoscopic
pattern formation might be harnessed for use iargety of technological
schemes.

By exploiting the self-assembly properties of these
macromolecules, new frontiers in miniaturizatiord @ntegration at the
nanoscale level, that overcome several of thensiti limitations of

current top-down fabrication technologies, maydsched.



The assembly of nanostructures on common subst(gtass,
silicon, etc.) is the first step for the creatidnimovative Lab-On-Chip
devices, that is a combination and integrationlwfifc elements, sensor
components and detection elements to perform thgplate sequence of
a chemical reaction or analysis, including sampkgparation, reactions,
separation and detection [1].

The aim of this introductive chapter is to givergeboverview of
the different nanostructures that can be obtaineditiblock copolymers
self-assembly (paragraph 1.2) and of the most oettiods to order them
(paragraph 1.3). Some specific BCPs applicatiorlk lvei described in
paragraph 1.4. The attention will be mainly foacusa BCPs thin films.
In particular, attention will be devoted to BCPssd&x nanocomposites
(paragraph 1.4.1) and nanoporous materials (pgragia4.2). In the
paragraph 1.4.3, another BCPs application will befly described, that
is the use of BCPs as additive in resins. Finallythe last paragraph
(1.5), the aim and the organization of presentishegrk will be

illustrated.



1.2 Block Copolymers: general principles and morphlogies

Block copolymers (BCPs) are macromolecules compaded/o
or more chemically distinct polymer blocks covalgritound together.
This thesis will focus only on the simplest and treiadied category: the
A-B diblock copolymer composed of a linear polyrnsechain of type A
bound on one end to a linear polymeric chain oétip(Fig. 1.1A). The
structure of BCP materials leads to a variety @fuisproperties; indeed,
industrial applications for BCPs in thermoplastimsécomers, foams,
adhesives, etc. have been around for decades. Moently, renewed
attention has been directed at these materials afgplications in
nanotechnology because of their capability to fdogn self-assembly
structures with periodicity at nanometric scales]2-This is due to the
thermodynamic incompatibility between the A andIBcks that drives a
collection of A-B diblock molecules to self-orgaeizzia microphase
separation in order to minimize the contact betwdesimilar blocks
(Fig. 1.1A). Phase separation is induced on a gbaleis directly related
to the size of the copolymer chains, which resimtsmorphologies
typified by a pattern of chemically distinct domsiaf periodicity in the
10-100 nm range [2, 6].
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Fig. 1.1 A) The chains of the A-B diblock copolymer, depicesia simple two-color
chain for simplicity, self-organize such that camtaetween the immiscible blocks is
minimized. Thelist of morphologies formed by diblock copolymers the bulk is
reported. The final morphology (spheres, cylindengoid or lamellae) is determined
primarily by the relative lengths of the two polym#ocks ¢, is the volume fraction of
block A). Reproduced from ref. 1 B) Theoretical phase diagram for linear AB diblock
copolymers. Four equilibrium morphologies are pettl: spherical (S), cylindrical (C),
gyroid (G), and lamellar (L), depending on the caosipon f, and combination
parameteryN . y is the Flory-Huggins interaction parameter andsNthe degree of
polymerization. The schematic representation ofefpgilibrium microdomain structures
asf, is increased for fixegN values in reported in A. Reproduced from [7].



The common periodic morphologies for A-B diblockpotymers are
depicted in Fig. 1.1A with the diblock moleculespnesented as
simplified two-color chains. The final morphologyamly depends on the
relative block length, parameterized as the voldiraetion of one of the
constituent blocksf{). The possible morphologies are bodycentered cubic
A spheres in a B matrix (spheres, S), hexagonatked A cylinders in a
B matrix (cylinders, C), bicontinuous gyroid (gypiG), and lamellae
(L). The four theoretical equilibrium morphologieslculated by “self-
consistent mean field” treatments, can be mappedma phase diagram,
as shown in Figure 1.1 B [7]. The phase diagransplwze producgN on
the ordinate versus the volume ratig,, on the independent axig.is
known as the Flory-Huggins interaction parametdrictv quantifies the
relative incompatibility between the polymer blockand is inversely
related to the temperature of the systeM. is the degree of
polymerization, which is the total number of monoseper
macromolecule. The volume fraction is representeth = Na/N, where
Na is the number of A monomers per molecule. For véow
concentrations of A monomer, no phase separatibroegur and the two
polymers will mix homogeneously. However, at slighthigher
compositions, wherg << fg , the A blocks form spherical microdomains
in a matrix of B (S). Increasing the volume frantio fa < fg leads to an
increase in the connectivity of the microdomainggering the spheres to
coalesce into cylinders that arrange on a hexadattade (C). A roughly
equal amount of both A and B blocKs £ fg) will result in the formation
of alternating layered sheets, or lamellae, ofAhend B blocks (L). Any
further increase irfy (fa > fg), will cause the phases to invert, which

means that the B block forms the microdomains énniatrix of A.



Except for some specific instances, the majority bck
copolymers nanostructures applications proposetate rely on the use
of BCPs thin film (thickness in the nanometric rangin thin films, in
addition to composition and molecular weight, tremdin structure is
also dependent on the surface energies of the dlackt on geometrical
constraints introduced by confinement in a thimf{B]. Block copolymer
thin films are usually prepared by the spin-coatehnique, where drops
of a solution of the copolymer in a volatile orgasblvent are deposited
on a spinning solid substrate. The polymer filmespis by centrifugal
forces, and the volatile solvent is rapidly driveff. With care, the
method can give films with a low surface roughnagsr areas of square
millimetres. The film thickness can be controltedough the spin speed,
the concentration of the block copolymer solutiorthe volatility of the

solvent, which also influences the surface rougbif@s In figure 1.2 two

literature examples of BCPs thin films with diffatemorphologies are
reported [10, 11].
A
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cylinder) (A) and of a P&PMMA lamellar forming thin film(B). Two distinct phases
can be identified on the samples surfaces correlpgrto the two phase separated
blocks of the copolymer. Reproduced from ref. 10 &h.

In particular, in Fig. 1.2A an atomic force micropy (AFM) images of a

of a 255 nm thick, spin-coated polystyrdmeckpoly(ethylene oxide)



(PSH-PEO) film is reported [10]. An array of nanoscomiglindrical
domains is seen at the surface of the film, whkeesrinor component,
PEO, forms the cylindrical domains (darker in theage) and PS, the
major component, constitutes the matrix (lightertire image). The
cylindrical PEO domains are oriented normal to skheface of the film
and span the entire film thickness. This orderifigh® copolymer is
induced by controlling the rate of solvent evaporatduring the spin
coating process (this method will be discussedr latethe paragraph
1.3.1). In figure 1.2 B an example of a lamellarniong polystyrene-
blockpoly(methyl methacrylate) (PBPMMA) copolymer is reported
[11]. The film thickness, prepared by spin coatimgm a BCP toluene
solution, is about 20 nm. Defect-free disordereddbar arrangement is
observed. Two distinct phases can be identifiedh@n sample surface
corresponding to the phase separated PMMA and B&kdlof the
copolymer.

From this brief overview it is clear that block cbgmers
represent an extremely versatile class of materfals generating
interesting nanoscopic structures. Modern syntheliemistry provides
virtually limitless possibilities for BCP structueand function. The ability
to design a polymer molecule with a specific lengthle and geometry
affords an opportunity to prepare idealized nammstires for a wide
variety of applications. However, for some spec#igplications, it is
essential that both the orientation and lateralewnd of the BCP
nanoscopic domains be controlled to fully realire potential of these

materials. This aspect will be discussed in the paragraph.



1.3 Orientation of block copolymer morphologies ondng-
range scale

The development of BCPs thin films into practicalites suitable
for industrial applications will only be fully expited when the nontrivial
problem of large area ordering and precise oriemntatf BCPs domains
will be solved. The spatial and orientational cohtf BCP nanodomains
is necessary for a few of the possible applicatmBCPs, such as in the
creation of addressable, high-density informatitoragye media, writing
and replication processes in microelectronics a@fP8Buse as templates
to obtain ordered array of nanoparticles. The loangge alignment of
nanostructures in block copolymer films can be iole using different

strategies, that can be classified into three ffeapproaches [12]:

1. Control of orientation by applying external fisl such as electric [13],
magnetic, thermal [14], mechanical [15] and sol&raporation [16].

2. Modulation of substrate and surface interactioas a result of:
preferential interaction of one block with the swd, neutralization of
attractions to the substrate or to the surface, [@ifaxial crystallization
of domains onto a crystalline substrate, direcli@ugectic crystallization

of a BC solvent, graphoepitaxy and 2-D geometridfioements.

3. Induction of large-area ordering by facilitatitge self-assembly,
generally of thin films, using templates either topographically or

chemically nanopatterneld 8].

Here, we will describe in more detail only the tteehniques used

in the present thesis work that is the control ofvent evaporation
9



(belonging to the first strategy) and the directioeutectic crystallization

(belonging to the second strategy).

1.3.1 Solvent evaporation

The observation of lamellar and cylindrical micratins in thin
films perpendicular to the surface as a resultobfent evaporatiomwas
first reported by Turturro and coworkers [dpand then investigated in
more detail by Kim and Libera for a similar triblocopolymer [16b, d.
They demonstrated that a perpendicular orientadfonylinders can be
obtained for sufficiently high solvent evaporaticates, as previously
showed in Figure 1.2A. A necessary condition todpoe perpendicular
cylinders through solvent evaporation is that adysolvent for both
blocks be used, and that one block only is bel@mvgiiass transition
temperature at room temperature. It was noted #satthe solvent
evaporates, a concentration gradient front progsgatrough the film and
the system passes through a disorder-order tramsifThe structure
formed can be trapped if one block goes througlglass transition. A
schematic representation of the proposed mechasisgported in Figure
1.3.

Solvent
Evaporation

‘ Ordering ' "
Front /Q \ \

substrate 7

[S]

A, \ R
e\ ( !’

Fig. 1.3Schematic of the solvent evaporation in a dibloggatymer thin film [10]. The
diffusion produces a gradient in the concentratibithe solvent, [S], as a function of
depth, d, which induces an ordering front fromfilme surface to the substrate.

10



At the beginning of film deposition the glass titina temperatureT()
of the swollen film is still well below room temgure, thus allowing
free chain mobility. With the decrease in the sotveoncentration, the
BCP undergoes a transition from the disorderedh¢oordered state and,
as the diffusion of the solvent produces a gradiémioncentration along
the thickness of the thin film, the ordering fraapidly propagates from
the air surface to the substrate. The consequentalse offy below room
temperature, for at least one block, locks in tinectures, which, due to
the high directionality of the solvent gradiente daighly oriented normal
to the surface. This behavior has been reportedaisdor films with
thickness less than one-half micron, as for insanc the case of
polystyreneblockpolybutadiene (P$-PB) systems [10, 16 4],
polystyreneblock-poly(ethylene oxide) (P8-PEO) [19] and polystyrene-
b-poly(ferrocenyl dimethylsilane) (P&PFS) [20]. However this
mechanism holds to any BCPs having Teof one block above room
temperature. If both blocks are glassy, as in ppigaeblock
poly(methyl methacrylate) (PSPMMA) diblocks, this effect is not
observed.

1.3.2 Directional eutectic solidification and epitay

The methods of directional eutectic solidificatiand epitaxy to
create large-sized, well-oriented cylindrical aathéllar microdomains of
block copolymers in thin films was proposed by Des& and co-workers
[21]. The method of directional eutectic solidificen is based on the use
of crystalline organic materials, which are solgerfor the block
copolymers above their melting temperatures, ankerwcooled and

directionally crystallized, act as a substrate dmctv thin films of the

11



block copolymers are formed. The aspects of thectional eutectic
solidification can be realized by dividing the pess into three stages
using a hypothetical solvent-polymer phase diagréhe phase diagram
of a system formed by an high molecular madg) (polystyreneblock
poly(L-lactide) (PSs-PLLA) copolymer and an appropriate solvent is
reported in figure 1.4A [22]. An important featwkthe phase diagram is
the presence of an eutectic due to the interseciaie melting-point
depression liquidus curve of the crystallizablevent with the order-
disorder temperature depression liquidus (that he tmicrophase
separation) curve of block copolymer. The corresiomn morphological
evolution, following the stages 1, 2, 3 e 4 of Fagd.4A, is indicated in
Figure 1.4B.

1. Homogeneous mixture of substrate and polymer
>G‘la!s slide
I o
A FAR e
Liquid . Toni l
i 2. Directional crystallization of crystallizable solvent
s
. T &
T 2 ’ fay v Solvent-polymer solutio
e 1 +'3 Crystalline substrate 0 ok
, i iy 7
Glass slide._~
TE
T, pLLa viock
3. Directional eutectic solidification
4 for strongly segregated PS-PLLA
PS
0 0.5 1 PLLA froe
Weight fraction of block copolymer ™ P Eutectic liquid

Crystalline substrate

a: Crystalline substrate “~_ Glass slide
B: PS-PLLA

4. Isothermal crystallization

i)
PLLA
Crystalline substrate

Fig. 1.4 A) Phase diagram of crystallizable solvent-polymertesys for strongly
segregated higiM,, PSbh-PLLA. B) lllustration of morphological evolution for the
oriented microstructures in RSPLLA.
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At high temperature, the solvent-polymer solutigrstem is a
homogeneous liquid (stage 1). When decreasingdmpdrature below
the melting-point depression liquidus curve, sotvstarts to crystallize
and forms an oriented crystalline substrate whilee tpolymer
concentration in the remaining solution increasstage 2). When
temperature reaches the eutectic temperature,olnom with eutectic
composition begins to directionally solidify on thesexisting crystalline
substrate and large-scale lamellar?BLLA microstructures are formed
(stage 3). After directional eutectic solidificatjowell-oriented lamellar
microstructures with an alternation of flat-on dent¢pyers of crystalline
PLLA lamellae and of amorphous layers of PS is fr(stage 4). In this
scenario, the formation of large-sized, oriented -bFHE.LA
microstructures results mainly from directional emtiic solidification. It
has be noted, however, that, when a semicrystatlioek copolymer is
used, also the existence of epitaxial relationSeiffgveen crystalline block
and crystallizable solvent has to be consideredaipis defined as the
oriented growth of a crystal on the surface of st of another
substance (the substrate). The growth of the dsystecurs in one or
more strictly defined crystallographic orientatioshesfined by the crystal
lattice of the crystalline substrate [23]. The tBsg mutual orientation is
due to a 2D or, less frequently, a 1D-structuralagy, with the lattice
matching in the plane of contact of the two spe¢&%al. The term
epitaxy, literally meaning “on surface arrangemenmtas introduced in
the early theory of organized crystal growth basedtructural matching.
Inorganic substrates were first used for the ep@tagrystallization of
polymers [24]. Successive studies demonstrated #@taxial
crystallizations of polyethylene (PE) and lineatyesters onto crystals of

organic substrates, such as condensed aromatic odaytions

13



(naphthalene, anthracene, phenanthrene, etc.)rlipelyphenyls and
aromatic carboxylic acids [25].

When block copolymers containing a crystallizalleck are used
and there is an epitaxial relationship between talyse block and
crystallizable solvent, the lattice matching carpiave the orientation
order of the microdomains. In this case, the p@aegolves two driving
forces, i.e., (1) directional solidification and) (Bpitaxy that together
produce oriented microdomains via crystallizatibrihe crystalline block
onto the surface of the performed crystals of thgawic solvent. The
combination of the two types of interactions deteed the kinetically
driven microstructures [24, b.

Orientation of block copolymer microdomains via ediional
crystallization of a solvent and epitaxy is aneefive way to develop
unidirectional long-range ordering of block copobms The orientation
of microdomains occurs within a few seconds withaay long time
annealing procedures. Depending on the nature rofcsgstalline block
copolymers and on the properties of organic criygtddle solvents
(melting temperature, crystalline structure, thet trowth direction of the
crystals), and on the epitaxial relationship betwerystalline block and

crystallizable solvent, versatile patterned texduran be achieved.

14



1.4 Applications of block copolymers

Until recently, most industrial applications of BERvere as
adhesives or related to their mechanical prope(gegs as thermoplastic
elastomers). Only in the past 20 years researdisars taken BCPs into
the “high-technology” area, to the so-called “na@ubinologies”. An idea
of the wide range of BCPs applications in the nactmologies field is
given in figure 1.5. Self assembled BCP microstrees with 10 to 100
nm dimensions are useful as nanometer scale pomoebranes,
templates for fabrication of nano-objects such ataimceramic nanodots
and wires, as 1-, 2- and 3D photonic crystals, andanopattern masks
for fabrication of high density information storagesdia. One focus of
great interest has been in the patterning of mieob®@nics components

on a length scale inaccessible by optical lithoyap

Nanotechnologies Enabled with BCPs

Photonic band gap Nanostructured Nanocomposite Nanolithographic
BCPs Network Template
]
| | I I 1 —— —1
» Seleytive » Se.lective » Electro- ) Selective » Structure » D'ry
etching etching and less 5 z . etching » Electro
. . 2 5 Blending directing 5
» Sequestering heating deposition Sol-vel » Thermal plating
high index g evaporation
nanoparticle | | | | |
» Nanoporous » Nano- » BCP/clay » Nanoporous » High )
» 1,2 and 3D PBG Polymer/ object membrane density » High
. . Ceramic synthesis » BCP/ magnetic aspect ratio
» Metallodielectric membrane semi- » Nano-object storage media magnetic
PBG conductor storage
» Nanoporous » Nano-
» Tunable PBG » BCP/ waveguides capacitor
oxide/metal

Fig. 1.5 Schematic representation of nanotechnologies edabith BCPs. Reproduced
from ref. 26.
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In particular, block copolymer thin films are ofrpeular interest
because of the possibility of obtaining two-dimensil patterns with very
high registry and regularity. So, although blockpalymers have also
made extensive inroads to bulk applications ranioigy drug delivery to
structural materials, this section will focus mgioh applications of thin
films. In particular, two specific nanotechnolodiegplications enabled
with BCPs thin films will be outlined: the use oCBs as tool to obtain
composites with nanoparticles at surfaces and thierichtion of
nanoporous materials, through the selective remofane block from
self-assembled BCPs. Additionally, in paragraph3l.the use of block

copolymers as additive in photopolymerizable resiiisbe discussed.

1.4.1 Block copolymers based nanocomposites

Nanocomposites represent a class of materials itdest by a
polymeric matrix and nanopatrticles (NPs). Partialehe nanometer size
range (NPs) are attracting increasing attentioih wie growth of interest
in nanotechnological disciplines because they dispinique electronic,
optical and catalytic properties, very differenorfr bulk materials,
originating from their quantum-scale dimensions][2/ order to tailor
new generations of nanodevices and smart matewalgs to organize the
nanoparticles into controlled architectures must foend. So the
construction of nanoparticles ordered arrays orfases has gained
significant attention in the last years and thestBity of building blocks,
architectures, and construction techniques thate Haeen reported is
impressive [27]. To fabricate an ordered array ahaparticles, it is
necessary to deposit them in perfect two-dimensiorder on the solid

substrate from the solution of nanoparticles. Hoavea perfect array of

16



nanoparticles is rarely achieved, particularly owr extended area,
because of uncontrolled formation of defects in Hedf-assembling

process of the nanoparticles induced by the solgeaporation [28]. To

fully exploit the nanoparticles’ functionality, nereffective ways to

organize nanometer-sized particles on the micrahsabmicron scale has
to be found. Effective fabrication of a two-dimemsal array of

nanoparticles on solid substrates has been deratetsioy the utilization

of block copolymers (BCPs) in a self-assembled rgement [29].

Nanodomains of self-assembled BCPs may adtoassfor sequestering
nanofillers producing nanocomposites with differembrphologies [29]

(Fig 1.6). The size and shape of the NPs containargpdomains may be
conveniently tuned by changing the molecular weiginid compositions
of the BCPs [30].

Block copolymer

/\_/_\.r—\/‘

Nanoparticles

@

Lamellae Cylinders Spheres

Fig. 1.6Nanodomains generated from BCPs (lamellae, gyoyiihders or spheres) may
act as hosts for sequestering guest nanopartidieés)( to obtain nanocomposites where
the distribution of the NPs is guided by the ordgmf the BCP matrix.

Usually, two synthetic approaches are used fomptieparation of
nanocomposites based on BCP matrix: @j-situ synthesis of
nanoparticles that are surface-tailored in orderatiow preferential
sequestering within a target domain of the BCP imatb) in-situ
synthesis of inorganic particles within a BCP dam#dat is preloaded
with a suitable precursor, generally a salt of aaien the second
approach, used in the present thesis work, blopllgmer nanodomains

are used as “nanoreactors” for the in situ synshesi inorganic
17



nanoparticles. Cohen and coworkers systematicabbamined the

preparation of diblock copolymer nanoreactors, Whace subsequently
loaded with a salt that is then reduced to formameanodomains. They
demonstrated the patterning of complexes of sif8&f, gold [32] and

zinc [33] using polynorbornene-based block copolgné&n example of
the obtained BCP/Ag NPs composite is reported ig. Ai.7. The

nanoparticles, formed after the reduction of thetamnesalt, result

selectively included in the norbornene-based blofc& lamellar forming

block copolymer.

Fig 1.7 TEM image showing patterning of
silver clusters within a BCP lamellar
microdomain  structure.  The  two
polymeric blocks forming the lamellar
copolymer are a polynorbornene-
derivative polymer and a
methyltetracyclododecene (MTD). The
silver is  dispersed within the
polynorbornene-derivative lamellae; the
other domains (MTD) appears bright in
the TEM image. Reproduced from ref. 31
C.

The employment of nanostructures from block cope@lssris one
of the most promising ways to locate nanopartigtes controlled way on
solid substrates. The key for the engineering es¢hmaterials is the
ability to control the final morphology of BCP natauctures and to
achieve a selective infiltration of nanoparticleghe target nanodomains.
Advantages arising from the possibility of inducilogng range order in
the block copolymers nanostructures and, correspghd in the
positioning of nanoparticles, consist in the fdettthe nanoparticles will
not randomly distribute in the polymeric matrix megquestered in the

ordered microdomains and consequently in an orderadner all over
18



the matrix and they will not form aggregates. Thasgible outlooks
linked to the development of such materials depsndtly on the kind of
new proprieties that could emerge from the presemndeng-range order
of the nanopatrticles, taking advantage of bothphysical properties of
the polymeric matrix and the nano specific charasties of the included

component.

1.4.2 Block copolymers based nanoporous materials

Porosity represents an important structural featafe many
inorganic and organic materials. It may be usedhty important material
properties such as electrical and thermahductivity, refractive index,
density, mechanical strengthnd toughness. Additionally, porosity may
be used for anykind of transport process as well as for molecular
recognition.Both inorganic and organic porous materials, faregle in
the form of membranes [34find broad application in mangreas of
separation science such as membrane filtrationtlier clean up of
biologically relevant compounds and fluids (haerabdiis), for the gas
separation and as ionselectimembranes [35]. Membranes for these
applicationsusually consist of either isolated polymer netwarkgorous
polymer films [36].

Diblock copolymers (BCPs) represent a class of nadsethat
exhibit a great versatility in the creation of npomous materials [37].
They can self-assemble, as previously discussedfomm different
structures in which nanodomains of one polymeriackl alternate to
nanodomains of the other block. By using block d¢pmpers in which one
polymeric component can be selectively removedcgaty, a large variety

of nanoporous organic materials can be obtainegl. (EB). The pores
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morphology and dimensions of the resultant nanagsomaterials can be
precisely tailored by varying the morphology and tholecular weight of
the initial block copolymer.

Block copolymer

Lamellae rol Cylinders Spheres

Selective etching
of one block

Lamellae Gyroid Cylinders Spheres

Fig. 1.8 Nanoporous materials can be generated by seleetimeval of one component
(etching) from a selassembled block copolymer. The resulting porouser@twill
exhibit the pore size and pore topology of therepastructures.

There are two key requirements for preparing narmpo
materials from ordered block copolymers: (i) thehable polymeric
block must be physically accessible to the solveaggent, process
utilized for degradation; and (ii) the matrix maakrmust be able to
support the resultant nanoporous structure. Theee naany possible
degradation techniquidchable blocks (Table 1.1) and a variety of matrix
materials that meet these necessities. As synthetibniques keep
expanding the range of available block copolymercstires, this list will

expand, and new applications will parallel thisvgio.

20



Table 1.1 Most used etchable polymeric blocks and degradagehniques to prepare

nanoporous materials from block copolymers.

Etchable block Degradation tecnniques References
Poly(methyl Photolysis 38
methacrylate) Etch selectivity
Poly(butadiene) Ozonolysis 39
. Reactive ion etching
Poly(isobutylene) Ozonolysis 40
Poly(a-methylstyrene) Heat / Vacuum 41
Poly(L-lactide) Treatment in _baS|c aqueous 42
solutions
Poly(4-vinylpyridina) Reactive ion etching 43
Poly(styrene) Reactive ion etching 44
Poly(perfluoro octyl oo .
ethyl methacrylate) Reactive ion etching 45

Given the range of block copolymer structurevailable,
nanoporous materials with a wide range of tunabtgpgrtiescan be
imagined. Two significant literature examples of BGased nanoporous

materials are reported in figures 1.9 and 1.10.

Fig. 1.9Nanoporous membrane from an etched BCP gyroidtan@icSEM micrographs
showing a bicontinuous nanochannel in the matrix R$ with two different
maghnifications (parts a and b) and computer grapbiche double gyroid networkxc)
a three-dimensional view and (d) a two-dimensian#rsection cut along the [211]
direction. Reproduced from ref. 46.
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Hashimotoet al. [46] employed a blend constituted by a poly(styrbne-
isoprene) (P®-PI) copolymer and an homopolymer (polystyrene)e Th
role of the homopolymer was of tuning the volumecfion of
polystyrene, thus obtaining the desired microstng;tthat is the gyroid
phase (Fig. 1.9). After the achievement of the rédshanostructure, the
domains of polyisoprene were removed by ozonolysieach a structure
formed from nanochannels (Fig. 1.9). The completmaval of the PI
phase resulted in the formation of a three-dimevaip porous
continuous material. The symmetry of the precursaterial was nearly
identical to the resultant porous material.

Another literature example [47], attesting that tomtrol of the

feature pores size is possible by varying BCP mudéscweight, is

67K ' ' (c)

132K

0 10 20 30 S 50!
Pore Diameter (nm)

Fig. 1.10SEM image of nanoporous PS materials resultingr #ifie selectively removal
of PMMA phase from a 67 kg mb{a) and 132 kg ma! (b) PSh-PMMA thin film. (c)
pore diameter histograms. Reprodufredn ref. 47.

The selective etching of a cylinder-forming phasean ordered block
copolymer, polystyrenblockpoly(methyl methacrylate) (PBPMMA),
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resulted in the formation of nanoscopic channebvipged the matrix
material can support such a structure. In partictitee authors examined
the effect of block copolymer molecular weight thee porous structure
resulting from degradation of the cylindrical PMM#fomains. Using a
block copolymer of higher molecular weight (from & mol* to 132 kg
mol?), they reported a variation in the pores dimensibabout 10 nm
(Fig. 1.10 c¢).

Given the numerous successful demonstrations of bloek
copolymer strategy in the design and synthesisaobporous materials,
BCPs holds a great deal of promise for the “bottgh-engineering of
nanostructured materials in a wide range of apgptna. While
nanolithographic applications predominate the apgilbn examples, the
developments in chemistry, block copolymer procegsand degradation
techniques may lead to a significant increase ie tireadth of
applications in membrane separations, nanotemplahiigh-surface-area
catalysis and in photonic research area [37]. Aarging application area
of BCP based porous materials is their use as suppoimmobilize
specific biomolecules for sensing applications. B#3ed nanoporous
materials, in fact, exhibit large surface areastable pore sizes, and
controllable wettability, ideal for biomolecular saiption. This aspect

will be discussed later in Chapter 3.

1.4.3 Block copolymers as additive to create naneosttured
resins

The curing process, that is the polymerizationigpiitl monomers
or oligomers to produce solid densely crosslinketivorks (resins), finds

wide applications in different fields. Epoxy resifigr example, are used
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as structural adhesives, in surface coatings, relattpotting and
insulation, as matrix in fibers reinforced compesijt amongst other
applications [48]. Densely crosslinked networks ul@sg from
polymerization of dimethacrylates find applicationsdentistry such as
dental composites, pit and fissure sealants, derionding agents and
cements [49], dental adhesives [50] and elastonmapcession materials
[51].

Block copolymers modified resins have generatecdifsognt
interest since it was demonstrated that the contibma&an lead, through
self-assembly, to nanostructured systems with ingmomechanical
proprieties and advantageous thermal charactexiskize cured resins, in
fact, tend to be rather brittle due to their ha@bss-link density and are
therefore prone to fracture. Different studies haggablished that the
incorporation of a second phase can improve bdfhests and toughness
in polymer composites [52]. The inclusion of a set@hase offers also
the opportunity to modify the thermal charactecstf epoxy resins such
as increasing thermal conductivity or reducing ¢befficient of thermal
expansion [48].

Two major classes can be derived from the broadjeraof
additives used for resin modification, rigid inonga particles and soft
organic particles. We will focus our attention dre tsecond class of
additives, in particular on block copolymers, as thodifiers to produce
nanostructured inclusions in thermoset resins.driqular, the majority
of literature work is concerned with the charaat&tion of nanostructured
blends of epoxy resins and block copolymers [53].

The formation of nanostructured systems in curetds of epoxy
resin and diblock copolymer was first reported binkyer et al.in 1997

[54]. They demonstrated the formation of hexaggnpficked cylinders
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with diameters on the order of tens of nanomefras. epoxy system was
bisphenol-A diglycidyl ether (BADGE) + phthalic aydride (PA) and the

block copolymer was poly(ethylene oxidepoly(ethyl ethylene) (PEO-
b-PEE). Cylinders with a core-shell morphology cetieg of a non-polar

core surrounded by a corona of PEO were observetasgn in Fig. 1.11

A.
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Fig. 1.11 A) TEM image showing cylinders of PEH®PEE in an epoxy matrix. The
core-shell morphology is clearly visible. Reprodiliéem [54].B) AFM phase image of
20 wt% PEO-PPO-PEO (80% PEO) cured in epoxy r@sia.lighter areas are harder
(epoxy-rich) and the dark areas (copolymer-richjensofter. Reproduced from [55].

Since that initial report, a number of researchugsohave carried
out further investigations into a range of epoxydhl copolymer blend
systems [53]. The results suggest significant patkenfor block
copolymers in epoxy resins, both as toughening tagem epoxy resins
and as templating agents for nanostructured mégefepending on the
matrices, curing agents and block copolymers, bumibrophaseand
macrophaseseparation can occur in resins/block copolymersndbl
systems.Microphase separatioleads to nanostructured systems with
dimensions determined by the size of the individoiacks. The phase

boundaries will coincide (approximately) with thedr-block interfaces
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in the block copolymer. Imacrophase separatigrseparation occurs at
larger length scales by nucleation and growth orcsfal decomposition.

The block copolymers reviewed can be divided intoee
categories. The first type are those that selfrabie in the uncured
epoxy via a resinophilic part (epoxy-miscible blpekd a resinophobic
part (epoxy-immiscible block). The nanoscale stites are formed in the
pre-cure stage and fixed during cure. The secoasksadk formed by the
diblocks where both blocks are miscible but onetligm undergoes
reaction induced microphase separation. In botketleases, the block
copolymer is non-reactive in the resin. The casere/the epoxy-miscible
block is reactive towards the resin or the curiggrd conforms to the
third type. A literature example of the second slaksystems, a reaction
induced microphase separation, is reported in éigufill B [55]. Blends
of poly(ethylene oxideMockpoly(propylene oxideplock-poly(ethylene
oxide) (PEO-PPO-PEO) triblock (80 wt% PEQO) in méthg dianiline
(MDA) cured Bisphenol-A diglycidyl ether (BADGE) we examined. At
20 wt% block copolymer the system shows hierar¢hi@mostructure;
spherical micelles of diameter ~10 nm are dispetsezlighout the resin
phase which is composed of harder, epoxy-rich, softer, copolymer-
rich, regions on the 100 nm scale (figure 1.11 B).

Generally speaking, cross-linked products are farimechemical
reactions that can be initiated by heat (thermeahgy as in the case of the
epoxy resins previously discussed), pressure, eéhangH, or radiation.
The latter case includes electron beam expoftiBe curing), gamma-
radiation and UV light (UV curing). The radiatiomring process shows
different advantages compared to thermal curinghods. The primary
advantage is the speed of which the final prodantlwe obtained. In UV

curing, for example, high intensity ultraviolet Higis used to create a
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photochemical reaction that instantly cures inkiesives and coatings.
UV Curing is adaptable to printing, coating, detioi@ stereolithography
and assembling of a variety of products and madseri®riginally
introduced in the 1960s this technology has streestl and increased
automation in many industries in the manufactursegtor (medical,
automotive, cosmetic, food, scientific, educatiormad art) [56]. In
particular, sterolithographyis one of the most interesting application of
UV curing. It is an additive manufacturing procedsich employs a vat
of liquid ultraviolet curable photopolymer (resiagjd an ultraviolet laser
to build, layer by layer, a complete solid 3-D pditiis process is used in
modern 3D printer and it will be described in pasgip 4.1.

The dominant chemistry for UV curing is the radical
polymerization of unsaturated monomers and oligemktonomers and
oligomers containing acrylate unsaturation are thest commonly
utilized in UV initiated radical polymerization du® their higher
reactivity. One of the most used (especially inrenr commercial dental
composites) is the Bisphenol A bis(2-hydroxy-3-
methacryloxypropyl)ether (Bis-GMA) (Fig. 1.12) [57{ is an ester of an
aromatic dimethacrylate, a long and rigid molecwuitlh reactive carbon-
to-carbon double bonds at both ends. Its high nutdeaveight, relatively
high viscosity, and the presence of aromatic grocgstribute to the
rigidity of the molecular chain. Advantages of ugiBis-GMA include
less shrinkage and higher modulus. These desiatolperties of Bis-
GMA are partially negated by a relatively high wsity. For this reason,
it is common practice to decrease the high visgosit Bis-GMA by
dilution with a monomer of lower molecular, nornyalfiethylene glycol
dimethacrylate (TEGDMA), which is a relatively fible linear molecule
with carbon unsaturated bonds at both ends (Fig2).
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Fig. 1.12 Structure ofBisphenol A bis(2-hydroxy-3-methacryloxypropyl)ethéBis-
GMA) and Triethyleneglycol dimethacrylate (TEGDMA).

Usually, an appropriate photoinitiator is addedhe UV-curable
systems. It absorb the UV light and undergoes atgpbaction that
produces the reactive energetic radical species dn@ capable of
initiating the polymerization of the unsaturatednsiituents in the
formulation. Photoinitiator chemistry is fundamédntéor efficient
polymerization to achieve satisfactory mechanical physical properties
of the final cross-linked copolymer [58].

To our knowledge, there are no literature worksceoning the
addition of block copolymers in UV photopolymeriraldimethacrylate
systems to build nanostructured resins that coudhteally improve the

final properties of these materials.
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1.5 Description of the thesis work

The aim of the present project is the study of mawomaterials,
based on block copolymers (BCPs), able to seldgtireeognize and/or
detect chemical species, with the purpose to desigaracterize and
fabricate functional nanostructures to be used @&ea elements in

selective sensing and/or biosensing devices wgh kensitivity.

The research has been mainly focused on the aneatibvo classes
of BCP based materials: nanocomposite materialgactaized by
selective inclusion of functional nanoparticlessipecific domains, with
potential advantageous properties useful in adwvhnsensing, and
nanoporous materials with functionalized nanochiennable to
immobilize biomolecules. The BCPs unparalleled aglisy in the
creations of these classes of nanostructured raltdrave been widely

discussed in paragraph 1.4.1 and 1.4.2.

The fabrication of the first class of BCP based eamals
(nanocomposites) will be described@mapter 11. BCPs have been used
as hostsfor the selective inclusion of functional inorgamanoparticles
(NPs) in specific nanodomains according to wellirdf geometries
ordered over large area, to build nanostructurdatitiynanocomposites
on solid surfaces. In particular, two different hws have been used to
design nanocomposites based on polystyldaekpoly(ethylene oxide)
copolymers (P®-PEO) matrix and Pd nanoparticles. We report a lemp
method to fabricate ordered arrays of palladium) (Pahoclusters and
palladium oxide (PdO) nanoparticles with tunablmeisions and lateral
spacing by using cylinder forming RSPEO copolymers as both
stabilizers for Pd nanoparticles and templatesrobimyg the distribution
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of them. We were able to modulate the dimensior3dohanoclusters and
PdO NPs and their inter-distance by using as temeo different PS-

PEO copolymers having different molecular mass a@thlPS and PEO
block.

The Chapter Il is devoted to the design, fabrication and
characterization of a nanoporous BCP based maexidé to act as ideal
support for the physical immobilization of specifimomolecules. In
particular, we have designed a nanoporous thin vilith well defined
architecture containing functionalized pores defahi by hydrophilic
walls, exploiting self-assembly of lamellar blockpolymers and the
concept of sacrificial block. We have employed anbl of polystyrene-
blockpoly(L-lactide) (PSs-PLLA) and polystyrendlockpoly(ethylene
oxide) (PSb-PEO) diblock copolymers to generate thin films hwi
single-phase lamellar morphology in which the PE@ &LLA blocks
form lamellae within a PS matrix. Then, by seleetchemical etching of
the PLLA block, the nanoporous thin film, pattern&ith nanometric
channels containing pendant hydrophilic PEO chdias,been generated.
We have studied the physical adsorption onto ouP Bfased porous
surface of two hemoproteins, myoglobin (Mb) and op&tase from
horseradish (HRP), and of the enzyme esterasen2 Alecyclobacillus
acidocaldarius able to act as active element in biosensors e t

detection of specific organophosphate pesticides.

In Chapter IV an explorative studyegarding dimethacrylate based
photopolymeric systems modified with small amounitsa polystyrene-
blockpoly(ethylene oxide) copolymer (RSPEO) is reported. The
studied system is a mixture of Bisphenol A bis(2hioxy-3-
methacryloxypropyl)ether (Bis-GMA) and Triethylemgxpl
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dimethacrylate (TEGDMA), activated for UV light plogpolymerization
by the addition of the photoinitiator = Phenylbis(B4
trimethylbenzoyl)phosphine oxide (Irgacure819). Tdtadied materials

can be used in modern 3D printers.
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CHAPTER ||

NANOCOMPOSITES BASED ON POLYSTYRENE-block-
POLY (ETHYLENE OXIDE ) COPOLYMERS (PS-h-PEQO) AND
PALLADIUM NANOPARTICLES

2.1 Introduction to Chapter Il

Palladium (Pd) and palladium oxide (PdO) nanopagidNPs)
synthesis has gained considerable interest ina$ieféw decades due to
their numerous potential utilizations. Pd NPs shiagh activity and
selectivity in numerous catalytic processes [1]slthe metal of choice
for the catalytic formation of C-C bonds, one ofe timost useful
transformations in organic synthesis. PdO has hsead as catalysts in
catalytic combustion of natural gas (methane)auiti-phase oxidation of
alcohols with oxygen [2]. For these reasons, stheeseventies, a huge
variety of homogeneous catalytic systems baseddgh) or Pd(0) have
been studied and have become a strategic toolrfana transformation
and total synthesis. Because sustainable develdpnmolves the
utilization of reusable catalysts, the search few rcatalytic systems to
replace existing homogeneous ones is one impagsine. In this context,
the immobilization of nanoparticles on a solid sapds an interesting
alternative since the catalyst can be recycled imgple filtration.
Furthermore, immobilizing nanoparticles onto solglpports can
minimize atom/ion leaching from the particlesi13]. Palladium has the

potential to play a major role in virtually evergpeect of the envisioned
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hydrogen economy, including hydrogen purificatistgrage, detection,
and fuel cells [4]. Also, palladium is used as acpating materials for
electronless deposition of copper used for microtacts and many
electronic devices, such as resistors, use conmusitcontaining
palladium.

All these applications may be more suitable withogarticles in
a patterned form and, since the majority of uniquenoparticles
properties are highly microstructure-dependent,faion Pd and PdO
arrays on solid supports with a precise control r@noparticles
dimensions and spacing is a an important propositio

As widely discussed in paragraph 1.4.1, the effectabrication
of two-dimensional arrays of nanoparticles on sdigbstrates is not
simple and the utilization of block copolymers (BSJh a self-assembled
arrangement represents a valid method to this ajmir{ this Chapter, we
report a simple method to fabricate ordered armfypalladium (Pd)
nanoclusters and palladium oxide (PdO) nanopastickéth tunable
dimensions and lateral spacing by using polystyt#oek-poly(ethylene
oxide) copolymers (P8-PEQO) as both stabilizers for Pd nanoparticles
and templates controlling the distribution of thérhe volume fraction of
PEO blocks in the copolymers has been selecteddardo obtain a
cylindrical microphase-separated morphology, inchihe PEO blocks
form a hexagonal array of cylinders in the PS matihin films
characterized by a high degree of perpendiculagntation of PEO
cylinders over large areas have been obtained. cifiedrical self-
assembled nanostructure formed fromPBEO block copolymers has
been used abost for selectively sequestering a nanoparticles psseu
(palladium(ll) acetate) in PEO domains. Then, twiiecent methods

have been used to obtain Pd NPs from the precumspresence of the
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BCPs: electron irradiation of the thin films comiag the BCPs and
palladium precursor, and reduction in solution Imerimal treatment
before thin films preparation. In both cases, highbrdered
nanocomposite thin films based on BHEO matrices and Pd
nanoparticles have been obtained. Furthermore, Ralparticles of
improved stability against aggregation have bedainéd on a solid and
conductive support (silicon wafer) by treating fhes in air at elevated
temperatures. We were able to modulate the dimessiof Pd
nanoclusters and PdO NPs and their inter-distagcesing as template
two different PS3-PEO copolymers having different molecular weights
of both PS and PEO blocks.

2.2 Materials and Methods

Materials. Two kinds of polystyren®&lock-poly(ethylene oxide)
copolymers (P®-PEO) with different molecular mass of both PS and
PEO blocks have been purchased from Polymer Soimce,and used
without further purification. The number-averagelecalar mass of the
BCPs are 43.0 Kg mdl(M,"° = 32.0 Kg mof; M,"5° = 11.0 Kg mot,
polydispersity 1.06) and 136.0 Kg rifo{M,"> = 102.0 Kg mof; M,"5° =
34.0 Kg mot', polydispersity 1.18). The first PSPEO sample with
lower molecular weight will be denoted as SEO; skeond, with higher
molecular weight, will be named HSEO. The charasties of the
samples are reported in table 2.1. Palladium(ligtate (98 %) and
toluene have been purchased from Sigma-Aldrich.

Characterization of as received block copolymeBifferential
scanning calorimetry (DSC) experiments have beenechout using a
calorimeter Mettler Toledo (DSC-822), calibratedthwindium, in a
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flowing N, atmosphere. A scanning rate of 10 °C/min has hesed to
record the first heating, cooling and second hgatoans.

Small- and wide-angle X-ray scattering (SAXS and X&)
experiments have been performed on station BM26BBBLE) at the
European synchrotron radiation facility (ESRF), t&rele, France. A
modified DSC Linkam hot stage has been employed #tlaws the
transmission of X-rays through mica windows. Thengkes have been
heated from -50 to 150 °C, then cooled from 1505@ °C and finally
heated again to 150 °C. A total number of 240 frahmeve been acquired
at a scanning rate of 5 °C/min. Time step/frameakgw 30 s,
corresponding to change of 2.5 °C per step. A vemgth of 1.033 A has
been used to acquire the data. The sample hold¢tesng has been
subtracted from each scan.

Preparation of the nanomaterialSolutions of HSEO and SEO have
been prepared dissolving the copolymers in toluemeyield a total
concentration of 1.5% (w/w) with respect to theveok. Pd(Il) acetate has
been added into BCP solutions to obtain a Pd acetaicentration of
26 or 53 wt% with respect to the BCP, correspondimgPd : PEO
monomeric units mole ratio equal to 0.20 and 043pectively. The
solutions have been stirred at room temperaturatftgast 3h. The Pd(ll)
reduction has been performed by heating the BCRa{pam acetate
solutions in a water bath at 75 °C or 85 °C undgorous, continuous
stirring until the color of the solution becomegkdgray. Thin films of
neat BCPs, BCPs/palladium precursor and BCPs/Pd INRe been
obtained by spin coating (RPM 4000 for 30 s) theesponding toluene
solutions. The oxidative treatments to remove fbekocopolymer matrix
and produce the PdO NPs have been performed bingebe BCP/Pd
NPs thin films in air at 600°C for 4 hours.
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Thin films characterizationTransmission electron microscopy (TEM)
images have been obtained in bright field modeguaifhilips EM 208S
TEM with an accelerating voltage of 100 kV. For THMaracterization,
the thin films have been prepared by spin coatiegsblutions on carbon
coated copper grids. Scanning electron miscros¢SpM) images have
been collected using Zeiss Ultra Plus field emissB8EM (Centro de
Apoyo Cientifico-Tecnologico, Universidade de Sagti de
Compostela), equipped with an Inlens detector an8EaEverhart -
Thornley Secondary Electron Detector, using acagley voltages of 1.0
or 1.5 kV. The samples for SEM observation havenbpepared on
silicon substrates. Grazing incident wide-angle aX-r scattering
(GIWAXS) experiments have been performed at statiBm26B
(DUBBLE) of the European synchrotron radiation liagi (ESRF),
Grenoble, France. The samples for GIWAXS experisidrdve been
prepared on rectangular (5 x 10 mm) silicon substéraThe employed
wavelength and sample-detector distance have b&&3 A and 109.86
mm, respectivelyThe X-ray incident angle has been set to 0.15° and
0.12° in the case of the BCP nanocomposites cantpird NPs and of
the PdO nanoclusters sample, respectively. Thertbgs of films has
been measured with an Alpha-Step 1Q Surface PrdileA TENCOR)
by performing at least 5 independent measuremerdgferent regions of
the same sample and over different samples. Thguwelerror is less than
10%.

UV-Vis spectroscopyJV-Vis spectra of the solution containing the
BCP and palladium precursor before and after differheating times
have been recorded with a JASCO 550 UV-Vis spehttipneter. The
cell with 1.0 cm path length has been used to ceddv-Vis spectra

between 330 and 700 nm. The scan of toluene has swddracted from
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the scan of the sample. 2 mL of toluene have bddedto 1 mL of the
initial solution before recording the UV-Vis spextr

Suzuki cross-coupling reactiohe Pd NPs/block copolymer thin
film (prepared on glass substrates) has been piate@ glass container.
A solution of potassium carbonate (414 mg) in wd&mL) has been
added to a solution of phenylboronic acid (133 ragyl 4-bromanisole
(100 pL) in absolute ethanol (2 mL). The so obtained omet (total
volume 4 mL) has been added to the glass contankrthe NPs/block
copolymer thin film. The system has been heategflax by setting the
hotplate temperature to 120 °C. After 1 h, the pobddhas been extracted
with dichloromethane (3 x 10 mL), dried with anhyds sodium sulfate
and concentrated under vacuum. The obtained sobdupt has been
dissolved in chloroform and analyzed ¥y NMR using CHCJ (6 = 7.26
ppm respect to TMS) as internal standard.

Thermogravimetric analysis (TGAYhe TGA of the HSEO block
copolymer has been performed wusing a TGA Q5000 IR
Thermogravimetric Analyzer of TA Instruments, in180 ml min® N,

flow atmosphere and 10 °C riimeating rate.
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2.3 Results and discussion

2.3.1 Characterization of as received block copolyerns (BCPs)

We have used two polystyrebéeckpoly(ethylene oxide)
copolymers (P®-PEO) block copolymers (BCPs) with different
molecular mass of both PS and PEO blocks (Table ZHe number-
average molecular mass of the BCPs are 43.0 Kg ifhl™> = 32.0 Kg
mol®; M,"5° = 11.0 Kg mot, polydispersity 1.06) and 136.0 Kg rifol
(M,"5 = 102.0 Kg mol; M,"5° = 34.0 Kg mot, polydispersity 1.18). We
will denote the first sample with lower moleculaeight as SEO and the
other one, with higher molecular weight, as HSE@nfles with volume
fraction of PEO blocks around 20% have been putpastected in order
to obtain a cylindrical phase-separeted morphologlge PSbh-PEO
copolymers are semicrystalline, with PEO and P®ido¢he crystalline

and amorphous block, respectively.
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Table 2.1Number average molecular mass,|Myolydispersity index of the molecular masses|(PM,,/M,), volume fraction of the PEO block
(foeo) Of the two block copolymers polystyrebckpoly(ethylene oxide) used in the present work. Tedting (T , Tm') and crystallizationT)
temperatures of the PEO blocks are also indicated.

Sample M x10*@(g/mol) | My/M @ | foeo (%) ® | To' (°C) @ | T (°C)©@ | T, (°C) ©
PSH-PEO GEO) 32b-11 1.06 23 57 51 -26
PSb-PEO HSEO) 102b-34 1.18 23 61 65 -25

(a) Obtained by size exclusion chromatography (SEClyaisa
(b) Calculated by considering that the density BORand PS are 1.064 g/tamd 0.969 g/cr respectively [6].

(c) Determined by DSC analysis at scanning rateDdfC/min and M(g) atmosphereT,, andT,," are the melting temperatures measured in thediitdtsecond heating scans.
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The as received block copolymers (table 2.1) haweenb
characterized by differential scanning calorime{fSC) and X-ray
scattering measurements, both at wide and smalle afWyAXS and
SAXS). SAXS is a powerful technique for examiningnostructures
formed by the self-assembly of block copolymersthia melt, solution
and crystalline state. The main use of SAXS isdteanine morphology.
When semicrystalline block copolymers are studasdin our case, wide-
angle X-ray scattering (WAXS) is a common completagntechnique to

monitor crystallization at the unit cell level [7].

Characterization of SEO block copolymeThe differential
scanning calorimetry (DSC) thermogram of the a®ixed SEO block
copolymer is shown in Fig. 2.1. The first heatilegpling and second

heating scans, acquired using a scanning rate 3CAfin, are reported.

a —»

| Heating
Fig. 2.1 DSC thermogram of
the as received SEblock
-26.4 56.9

«— Cooling copolymer recorded at 10
y\————’-’/ﬁ °C/min. The melting T, ,

. T.') temperatures, recorded

Il Heating during the first and second
heating scans, and the
510 crystallization T,) temperature

of PEO are indicated.

exo .

Heat Flow

-4I10'-2I0' (I) ' 2IO ' 4IO ' 6I0 ' 8IO '1(I)0'1é0'
Temperature (°C)
In the first heating scan of the DSC thermogram @hdothermic peak,
due to the melting of the crystalline PEO, is Misiat 56.9 °C ). The
exothermic peak, due to the crystallization of shaene block, appears in
the cooling scan at -26.4 °@J. It is worth noting that the crystallization

temperature of PEO homopolymer is around 40 °C(8]the other hand,
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it is known that in P®-PEO copolymers the crystallization temperature
can be lower than that of the homopolymer [9]. Efae our result is in
agreement with literature data. Moreover similahdeour was found
also for a symmetric diblock copolymer, poly(etmde oxide)block
poly(1,4-butadiene) (PEG-PB) with PEO and PB being the crystalline
and amorphous blocks, respectively, blended witthoua amount of a
low molecular weight PB homopolymer [10]. Finalthe second PEO
melting peak at a temperature of 51.2 ") is visible in the second
heating DSC scan (Fig. 2.1). The PEO first melticrystallization and
second melting temperature®.( T, and T,,') obtained from the DSC
analysis are reported in Table 2.1.

For wide and small angle X-ray scattering experi®dhVAXS
and SAXS), a total number of 240 frames have beguised while the
sample has been heated from -50 to 150 °C, theled¢dmm 150 to -50
°C and finally heated again to 150 °C, at a scapmate of 5 °C/min.
WAXS and SAXS profiles of the SEO sample at soméscsed
temperatures acquired during the first heating sst@nreported in Fig.
2.2.

The initial WAXS profile at 1.2 °C (curve a of Fig.2 A) shows
two distinct peaks centred & 2 19 and 23°, characteristic of crystalline
polyethylene oxide (PEO) [11], superposed to anrphmmus halo due to
the contribution of amorphous phases of PEO andlB&ks. Increasing
the temperature, the intensity of Bragg peaks @se® due to gradual
melting of PEO crystals. The Bragg peaks completiégappear at ~ 57
°C, indicating the complete PEO melting, in agreemeith DSC data
(curve a of Fig. 2.1).
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Fig. 2.2WAXS profiles(A) and SAXS data in logarithm{®) and linearB’) scale of the as received SEO sample acquiredgithinfirst heating
scan at the indicated temperatures in the case/XS$\profiles and at -48.7af, 1.2 ), 26.2 €), 51.2 (), 56.2 €), 78.7 ), 98.7 ¢), 118.7 h),
131.2 (), 138.7 {) and 148.7K) °C in the case of SAXS profiles. The scanning raas 5 °C/min. The arrows in B’ indicate the peals/q ~ 1,
4Y2 122 typical of the pseudo-hexagonal morphology.
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Small angle X-ray scattering (SAXS) profiles of tBEO sample
acquired simultaneously to the WAXS data are reygbm Fig. 2.2 B. As
discussed in paragraph 1.2, for the simplest abidsilock copolymers,
AB diblocks, the following morphologies are knowo be stable:
lamellar, hexagonal-packed cylinders, body-centatdic spheres, and
bicontinuous cubic gyroid structures [12]. SAXSeigtensively used to
identify morphologies in block copolymers from teequence of Bragg
reflections because there are a number of theatetfproaches that can
be used to calculate structure factors and soddigrthe observed SAXS
peaks positions [7, 13]. Self-consistent mean-figgelory (SCMFT), in
particular, can provide structure factors for ankpck copolymer
microstructure and good agreement with experimevds noted [14].
Table 2.2 lists the positions of peaks for the Hguum structures
observed in diblock copolymer melts [7]. Multipleders of Bragg
reflection are observed for strongly segregated psesn Weakly
segregated samples may only exhibit the lower opgeks, which can
lead to ambiguities in phase identification. Thas de circumvented by
supplementary information from a complementary memphe, for

example, transmission electron microscopy.

Table 2.2 Peak positions (expressed @agq*) of Bragg reflections for various
equilibrium structures of BCPs; lamellar (Lam), hggnal-packed cylinders (Hex),
body-centred cubic spheres (BCC) and bicontinuaiécayroid (Gyr).

Structure Ratio g/g*
Lam 1,2,3,4,5,6, ...
Hex 1, 3% 47 777 9% 122
BCC 1' 2/% 31/5 41/5 51/% 6112,...
Gyr 1, (413§7%, (713)", (8/3)"%, (10/3)%, (11/3)", ...

In the SAXS profile recorded at 48.7 °C of our SE&nple (curve a of

Fig. 2.2 B), the presence of Bragg reflectionsy/at = 1, 4" and 12/*?
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suggests a pseudo-hexagonal arrangements of Ph@ergl in the PS
matrix, in agreement with predictions valid in #teong segregation limit
for BCPs with PEO volume fraction of 20%. The exaeak positions and
the corresponding domains spacings are reportetiable 2.3. Bragg
peaks are visible also after the PEO melting apatures higher than
56 °C (curves f and g of Fig. 2.2 B) indicating hape separated
morphology also in the amorphous. At higher temioees (curves h-k of
Fig. 2.2 B) the peaks disappear indicating a de@d morphology,
probably because the order-disorder transition &atpre (bpr) of the
samples is reached. It is worth noting that theXSAvrofiles recorded at
temperature higher than 56 °C and lower thagrT{curves f, g of Fig. 2.2
B) show only the second order pealgéf = 4 of the main reflection at
q ~ 0.22 nnt probably due to the increase of packing disordethi
arrangements of PEO cylinders. The relative intgredi the Bragg peak
atq ~ 0.20 nmi decreases with increase of temperature especipdig u
melting of PEO crystals due to decrease of con(Fagt 2.2 B’).

WAXS and SAXS profiles of the SEO sample at somecsed
temperatures acquired during cooling scan are tegon Fig. 2.3. From
the WAXS profiles (Fig. 2.3 A) it is possible totdaminate the PEO
crystallization T.) temperature, that results of around -35 °C. This
temperature is ~ 9 °C lower that the temperatuteragened from DSC
experiments (Fig. 2.1). This discrepancy can betdube different to the
intrinsic different sensibility of the two technigsL In the SAXS profiles
acquired during the cooling scan (Fig. 2.3 B) oohe peak afj = 0.18
nm? is observed, indicating that, after the meltingnat well defined
morphology possibly pseudo hexagonal is obtained.

The WAXS and SAXS profiles acquired during the setbeating
scan are reported in Appendix (Fig. A2.1).
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Fig. 2.3WAXS profiles(A) and SAXS data in logarithmic scdR) of the as received SEO sample acquired duringdbéng scan from the melt
at the indicated temperatures. The scanning rasebW&/min.
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Characterization of HSEO block copolymédrhe differential scanning
calorimetry (DSC) thermogram of the as received B3#ock copolymer
is shown in Fig. 2.4. The PEO melting temperat(fa$, T') recorded
during the first and second heating scans and thystatlization
temperature ) are reported in Table 2.1. The valuesTgf and T, are
similar to those of the PEO block in the two diffiet BCPs, while a
difference of ~ 15 °C is observed for the PEO mgltiemperature in the

second heating scafi{').

a -

exo —.

| Heating

Fig. 2.4DSC thermogram of

ﬁ/ﬁ\ the as received HSE®lock
u\ 60.7  ___ Cooling copolymer recorded at 10

> °C/min. The melting Tn
ol T.') temperatures, recorded
':5 Il Heating during the first and second
8 heating scans, and the

T crystallization T
65 temperature of PEO are

indicated.

-40 -2IO (I) 2IO 4IO 6IO 8IO 1(I)0 1I20 1;10
Temperature (°C)

WAXS and SAXS profiles of the HSEO sample at somlected
temperatures during the first heating, cooling aedond heating scans
are reported in Fig. 2.5, 2.6 and A2.2, respectivEhe peak positions
and the corresponding domains spacings are reporieable 2.3.

From the WAXS data acquired during the first hegascan (Fig.
2.5 A), the melting of PEO is observed at ~ 62 °@swobtained, in
agreement with the DSC results (Fig. 2.4 and Taldlg

In the SAXS profiles recorded at lower temperatufesur HSEO
sample (curves a, b and c of Fig. 2.5 B), peakyat= 1 and 72 are
present in agreement with the pseudo hexagonal irgpckf PEO
cylinders in the PS matrix. The peaks of the heragonorphology are
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visible also after the PEO melting at ~ 62 °C (esnd-f of Fig. 2.5 B),
indicating that this morphology is stable also tbe fully amorphous
BCP. It is worth to note that more defined SAXSkseare observed at
temperatures near to the glass transition temgerafuPS blocks (curves
h and i of Fig. 2.5 B), suggesting an improvemehthe hexagonal
morphology in the melt. Moreover also in this cése intensity of the
main Bragg peak (Fig. 2.5 B’) decreases when thgpégature increases,

due to decrease of contrast because of the PE@qelt

52



2
A |
g
131.2 °C
f 66.2 °C
> |2 63.7°C | o
i) £ 2
[ © )
o |d Q c
2 61.2°C | < I
- £
¢ 58.7 °C
56.2 °C
10 15 20 25 30 35 40
-1
26 (deg) q (nm™)

Fig. 2.5 WAXS profiles (A) and SAXS data in logarithmi@B) and linear(B’) scale of the as received HSEO sample acquirechgltinie first
heating scan at the indicated temperatures indbe of WAXS profiles and at -48.&)(26.2 p), 58.7 €), 63.7 ¢l), 66.2 €), 73.7 {), 81.2 @), 98.7
(h), 108.7 {), 118.7 |), 131.2 K) and 148.71§ °C in the case of SAXS profiles. The scanning natis 5 °C/min. The arrows in B’ indicate the
peaks aty/q ~ 1 and 7typical of the pseudo-hexagonal morphology.
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Fig. 2.6 WAXS profiles(A) and SAXS data in logarithmic scgB) of the as received HSEO sample acquired duringtinding scan from the
melt at the indicated temperatures. The scannitggwas 5 °C/min
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The SAXS profiles of the HSEO sample acquired dyrihe
cooling scan (Fig. 2.5 B) only show the first ordeflection peak at 0.12
nm?, indicating, as in the case of the SEO sample. (E® B), that a not
well defined morphology is reached for the sampteally cooled from

the isotropic melt at a cooling rate of 5 °C/min.

Table 2.3SAXS peak positionggj andd-spacingsd;) at the indicated temperaturdy.(
The reported values are obtained from the SAXSilpmfacquired during the first
heating of the SEO (Fig. 2.2 B) and HSEO (Fig.B)Samples.

SEO®@
T (°C) | au (nm?) | gz (nm™) | gz (nmi?) | dy (nm) ©
1.2 0.22 0.45 0.75 28
26.2 0.21 0.44 0.73 30
51.2 0.20 0.43 0.70 31
56.2 0.20 0.43 / 31
78.7 0.22 0.48 / 28
98.7 0.22 0.45 / 28
HSEO ®
T (°C) | au (nm?) | gz (nm™) | gz (nmi?) | dy (nm) ©
26.2 0.12 0.32 / 52
58.7 0.12 0.30 / 52
66.2 0.12 0.30 / 52
81.2 0.12 0.31 / 52
98.7 0.12 0.30 / 52
108.7 0.12 0.29 / 52
118.7 0.12 0.27 / 52

@ @=4"qandg=12"%q (b) ¢=7"q
(c) Evaluated from the first order reflection peak.

From thed-spacings values obtained from SAXS data acquitethg the
first heating scan (Table 2.3) it is possible tdedmine the center-to-
center distance between the PEO cylinddiiccds30°), that results of
35 nm in the case of SEO copolymer and 60 nm inctse of HSEO

sample in the hypothesis of hexagonal morphology. eXpected, an
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higher value is obtained in the case of the HSE®p$a according to the
higher copolymer molecular mass.
From the SAXS data of Fig. 2.2, 2.3, A2.1, 2.5 and A2.2 we

have evaluated the reduced scattering invariargf@et as:

Q=5 [, 1(9)9%dq (Eq. 2.1)

T 2m2

41 sin 6
A

and gmax the minimum and maximum values scanned at lowearkgr a

with 1(q) the scattered intensity, = the scattering vector amghin

biphasic system this parameter is proportionah® dontrast and to the
product of the volume fraction of the two phaseke o obtained Q
values as a function of the temperature and coorelipg first derivative
are reported in Fig. 2.7 A, B and A’ and B’, regpesly. A drop of Q
during the first heating (curves a and d of Fid@) 2s observed at ~ 60 °C
both for SEO and HSEO confirming that the decreafséntensity in
SAXS profiles is due to the PEO melting. Similadysteep increase of Q
occurs during cooling at T ~ -30 °C (curves b anaf &ig. 2.7) due to
PEO crystallization, followed by a new steep deseeduring second
heating at T ~ 40 °C (curves ¢ and f of Fig. 2.de do PEO second

melting.
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Fig. 2.7Reduced scattering invariant (Q) as a functioreafgeratur€A, B) and corresponding first derivatiya’, B’) for the SEO4, b, c, a’, b’,
c’) and HSEO(, e, f, d’, €', f) block copolymers calculated according to the ZEd.from the SAXS profiles at different temperatuszquired
during the first heatinga( d), the cooling §, & and the second heating, ) scans. Values 0fjmi, andgmax equal to 0.052 nthand 1 nrit have
been used, respectively. In the case of cbrgg,, = 0.5 nni.
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2.3.2 Preparation and characterization of thin films of neat

BCPs and BCP nanocomposites containing Pd precursor

Thin films of SEO and HSEO have been prepared byapating
dilute solutions of block copolymers (BCPs) in the. The spin-coating
process to prepare BCPs thin films has been destcrédt the end of
paragraph 1.2. Drops of diluted copolymers soli¢h.5 wt%) in the
volatile organic solvent (toluene) have been depdsin a solid substrate
(silicon). Then, by using an high rotational spg@PM 4000), the
polymer films spread by centrifugal forces and la same time the
volatile solvent rapidly drives off.

Representative SEM images of the so obtained nE&a &nd
HSEO thin films are reported in figure 2.8 A andrBspectively. In the
SEM images, the dark regions correspond to PEOdmmnains and the
bright regions to the PS phase. The images exlaibiim structure
corresponding to the presence of a well-definedelsgparation in which
the PEO blocks form a hexagonal array of perpetatiaylinders in the
PS matrix.

The distributions of diameter®) and centre-to-centre distances
(dc-¢) of PEO cylinders in neat BCPs thin films are méd in the figure
2.8 C and D, respectively. We notice that the SHGrkb copolymer
shows narrower distributions for the size of botBCPcylinders and
centre-to-centre distances than HSEO copolymer. ER). The average
cylinders diameteb is ~ 16 + 5 nm and ~ 36 £ 9 nm for SEO and HSEO,
respectively (Fig. 2.8 C). The average cylindercsppd.c is= 37 + 4 nm
for SEO anc= 74 + 10 nm for HSEO (Fig. 2.8 D), in good agreeten
with thed values estimated for bulk samples from SAXS dakeerefore

the use of the two different block copolymers wilifferent molecular
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mass allows controlling the size of the cylindrid@imains and domain
spacing.
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Fig. 2.8 SEM images of a SEQA) and HSEO(B) thin films. The films have been
prepared by spin coating toluene solutions of blookolymers (1.5wt%) on silicon
wafers. The film thickness is ~ 47 nm in both cagastribution of (C) diameters D)

and (D) centre-to-centre distanced:. {) of PEO cylinders in the thin films of neat SEO
and HSEO.

The perpendicular orientation of PEO cylindershie HSEO and
SEO thin films (Fig. 2.8) is due both to the higlivent evaporation rate
used during the spin-coating process (the mechah&srbeen described
in paragraph 1.3.1) and to the comparable thickok#® thin films (~ 47
nm) with the domain spacing of both SE@Q.{~ 37 £ 4 nm) and HSEO
(dec ~ 74 £ 10 nm) copolymers (Fig. 2.8 D) b

BCPs based nanocomposites containing palladium paaticles
(Pd NPs) have been prepared by using a suitableA2dprecursor, the
salt Pd(ll) acetate. In order to evaluate the mudispersion in the
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phase separated BCPs, we have studied the morgholdbe thin films
obtained by spin-coating solutions containing tli&PB and the palladium
precursor. The salt Pd(Ad)as been added into BCPs solutions at room
temperature and, after vigorous stirring, thin &limve been prepared by
spin-coating. We have used two different Pd(ll)taf=e concentrations
(26 and 53 wt% with respect to the block copolymems order to
evaluate the effect of increasing the loading r&ub: BCPs. In Fig. 2.9
representative TEM images of the thin films obtdineom toluene
solutions containing the SEO (A) and HSEO (B) bladpolymer (1.5
wt%) including Pd(Ac) in concentration with 26 wt% respect to the
BCPs are reported. TEM grids have been observdwbutitany staining
procedure. Therefore the high contrast betweerddrk PEO cylinders
and the light PS matrix indicates that the palladiprecursor is not
uniformly dispersed in the whole BCP, but it iseséively included in the
PEO domains. Furthermore whereas PEO cylindersetbadith Pd
derivatives are oriented vertically to the substriat HSEO (Fig. 2.9 B),
they are oriented both vertically and parallelie substrate in SEO (Fig.
2.9A).

Flg 29 Brlght -field TEM images of thin films prepared Igpin- coatlng toluene
solutions containing the block copolymers and tldepPecursor at a concentration of
26wWt% with respect to the BCPs in the case of §EDand HSEQ(B). No staining
procedure was employed on the films before of thMTobservation.
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In Fig 2.10 representative TEM and SEM images ef fiims obtained
from toluene solutions containing the SEO (A, A)daHSEO (B, B’)
block copolymer and Pd(Ag)n a concentration 53 wt% with respect to
the BCPs are reported. The phase separated mogyhisl@mbserved for
both block copolymers. Also in this case, TEM imageithout any
staining (Fig. 2.10 A, B) show a high contrast afldPEO cylinders with
respect to PS matrix, indicating that the palladpnecursor is selectively
included in the PEO cylinders. Moreover, as in Eig 2.8, whereas in
SEO the PEO cylinders are randomly oriented, in 8Skey keep the
vertical orientation. This is confirmed by SEM inesg(Fig. 2.9 A',B’)
where the palladium precursor, selectively includedPEO domains,
appears bright. The palladium precursor, indee@, tuits hydrophilic
nature, preferentially interacts with hydrophiliE® blocks of the BCPs.
The diameteiD and the centre-to-centre distancks of PEO cylinders
loaded with Pd species of Fig. 2.9 and 2.100arel7 + 5andd...= 35 +
9 nm for SEO (Fig. 2.9A, 2.10 A, A’), arld = 37 + 4andd..= 75 + 10
nm for HSEO (Fig. 2.9 B, 2.10 B, B’).

The thickness of the films containing the palladiprecursor (~
50 nm) (Fig. 2.10) is comparable with the domaiacepg of both HSEO
and SEO copolymed{. =35+ 9 and 75 + 10 nm, respectively). In this
case a perpendicular orientation of PEO cylindersexpected [5 a].
Anyway, it is worth to note that the filling of PE€ylinders with the
palladium precursor can lead to a break-out ofhtlegphology in the case
of the SEO copolymer because of the presence wideys with a smaller
diameter compared to HSEO copolymer< 16 + 5 nm and ~ 36 + 9 nm
for SEO and HSEO, respectively) (Fig. 2.8 C).
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Fig. 2.10Bright-field TEM (A) and SEM(A’) images of thin films prepared by spin-
coating toluene solutions of SEO (1.5 wt%) and Retprsor (52 wt% with respect to
the BCP). Bright-field TEM(B) and SEM(B’) images of thin films prepared by spin-
coating toluene solutions of HSEO (1.5 wt%) andpRetursor (54 wt% with respect to
the BCP). No staining procedure was employed bafbtke TEM observation. The film
thickness is ~ 50 nm in both cases.

We further investigated the orientation of PEO ruyérs by
preparing an HSEO thin films lpastingprocess, that is the deposition of
solutions drops on a solid substrate and the ssis@eslow solvent
evaporation at room temperature. With this mettidbas with an higher
thickness are obtained. A TEM image of the thimfil(thickness ~ 0.95
pm) is reported in Fig. 2.11. PEO cylinders oridnit®th perpendicular
and parallel to the substrate are observed. Alstgan be noted from the
TEM image in Fig. 2.11 that the PEO cylinders padieular to the

62



surface (prevalently present at the right parthef image) appear bright,
that is not filled with the Pd precursor. Therefotsing thecasting
procedure, only some PEO cylinders result filledhwihe palladium

precursor.

Fig. 2.11 Bright-field TEM images of thin film prepared byasting (slow solvent
evaporation) toluene solutions containing the bledpolymers HSEO and the Pd
precursor at a concentration of 26wt% with respedhe BCP. No staining procedure
has been employed on the film before of the TEMeoleion. The film thickness is ~
0.95 pm.

It is worth noting that the electron-irradiationrohg TEM and
SEM observations can induce the reduction of Pd&dl) into Pd(0) and
possibly consequent formation of Pd nanopartidieghis way, Pd NPs
are obtained in the films but only in a very smaiea (the observed
region). Therefore a facile route to synthesize B@Bed nanocomposites
characterized by selective inclusion of Pd NPspacdic domains has
been identified, consisting in the dispersion dPdsalt in a solution in
presence of BCPs, preparation of the thin films ancdcessive electron

irradiation.
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2.3.3 BCP-based nanocomposites with Pd nanopartisle
prepared in solution

An alternative route for preparation of BCP basadatomposites
containing Pd NPs has been also used. After addafoPd(ll) acetate
into BCPs solutions, the mixtures have been heatedwater bath under
vigorous, continuous stirring. During this stadgee tyellow color of the
solution turns brown and finally to gray dark, icaking the formation of
Pd NPs (Fig. 2.12). The required reduction time etels on the
temperature, as demonstrated in Fig. 2.12, shopigographs of the
initial solutions, containing the HSEO block copolr and the palladium
precursor, and of the same solutions after heating °C (A) and 85 (B)
for the indicated times. Higher reduction times r@guired when a lower
temperature is used, to reduce the Pd(Il) species.

ISOCI I I I

Initial 2 h 30 min
Initial 10 min 30 min

Fig. 2.12 Photographs of the initial toluene solution comitaj HSEO (1.5 wt%) and
Pd(Ac) (26wt% with respect to the BCP) and of the samatism after heating at 75
°C (A) and 85 °QB) for the indicated times.

To check the reduction of Pd(Il) ions to Pd(0), Wigible spectra of the
solution before and after heating at different sniave been measured
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(Fig. 2.13). To this aim, the initial toluene sidm containing the BCP
(1.5 wt%) and the palladium precursor (26 wt% widispect to BCP)
(total volume 1 mL) has been diluted by adding 2 ahtoluene and then
UV-Vis spectra of Fig. 2.13 have been recordedoBethermal treatment
the solution shows absorption maximum at around d@0) which is
characteristic of Pd(ll) ions (curve a of Fig. 2.1¥he peak starts to
disappear heating the solution until, after ~ 5k @urve d of Fig 2.13),
the peak completely disappears, indicating the d¢etmpconversion of
Pd(Il) to Pd(0) species. Therefore the heatinghef golution containing
the BCP and the palladium precursor results indinect formation of
Pd(0) species in presence of BCP before thin fiteparation. According
to the literature [15], the reduction of Pd(ll) spes to Pd(0) in presence
of PEO leads to formation of nanoparticles and pincecess is assisted by
PEO chains, which, in absence of other chemicahtagenay act both as

reducing agent and stabilizer, preventing aggregati

Fig. 2.13 UV-visible
spectrum of a toluene

(€) 4h BCP) @) and of the same
solution after heating at
75°C for 2h 30 minlf), 4h

(c) and 5h 30 mind). 2

mL of toluene have been
added to 1 mL of the initial
350 400 450 500 550 600 650 700 750 solution before recording

A (nm) the UV-Vis spectra.

(d) 5h 30min

g solution containing HSEO
2 (1.5 wt%) and the
Q’ .

2 (a) initial a/?g}adlu_m precurtsotr Erzms
8 (b) 2h 30min o with respect to the
o]

(D]

o)

<

Thin films have been prepared by spin coating swigt containing the
BCPs and the Pd NPs produced by heat treatme#t 4t 8r at least 3 h

in order to achieve full reduction of Pd(ll) speciand the morphology
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has been studied by TEM (Fig. 2.14 A, B) and SENM.(2.14 A’, B).
Although some palladium aggregates are presentdisated by black
spots in the TEM images (Fig. 2.14 A, B) and wlipsts in the SEM
images (Fig. 2.14 A’, B’), due to the formationfd aggregates too large
to be included in PEO domains, part of Pd NPs tesuifined in PEO
cylinders. The microphase separation of thebHE=O directs the spatial
distribution of nanoparticles, which result confine narrow regions and
periodically distributed within the microstructure.

To confirm the BCPs role in directing the distriloat of NPs, we
also have repeated the same procedure for preparaif BCP
nanocomposites of Fig. 2.14 using as polymeric imatnstead of the
block copolymers, a simple PEO homopolymer (molkecaotass 20000).
In this case, only large Pd aggregates are forrmgdndicated by TEM
image of Fig. 2.15.

The distribution of diameterdD] and centre-to-centre distances
(dc-¢) of PEO domains, evaluated from SEM images of Eig4 A’ and
B’, are reported in Fig. 2.14 C and D, respectivdlile average PEO
cylinder diameteD is= 17 £ 4 andc 40 = 10 nm in the case of SEO and
HSEO composites, respectively (Fig. 2.14 C). Thedees are similar to
those obtained in the case of neat BCPs (Fig. 2.9 average values
of the centre-to-centre distanced.{) of PEO domains in the
nanocomposites, 35 = 5 nm aad’5 + 10 nm in the case of SEO and
HSEO, respectively (Fig. 2.8 D), are also very &Emito the
corresponding average values obtained in the daseab BCPs (Fig. 2.8
D). In the case of HSEO BCP, larger distributions abtained for both
the diameters) and centre-to-centre distancdsd (Fig. 2.14 C, D).
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Fig. 2.14TEM (A, B) and SEM(A’, B’) images of thin films prepared by spin-coating a
solution of Pd NPs and the block copolymer SBQA") and HSEQ(B, B’). The NPs
have been prepared by heating at 85°C a 1.5 wt@enel solution of SEO (A, A’) and
HSEO (B, B’) containing Pd(Ag)(~ 50 wt% with respect to the BCP). No staining
procedure has been employed on the films beforth@fTEM observation. The film
thickness is ~ 60 nm in all cases. Distribution(©j diameters @) and (D) centre-to-
centre distanced{, of PEO cylinders in the BCPs based nanocompositesining

Pd NPs prepared by reduction in solution.
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The use of the BCPs with different chain lengths &ldowed us to
control the dimensions and the distances betweed B#inders and,
consequently, to obtain nanocomposites charactebyePd nanoclusters
placed in domains of average size and at gap dssasimilar to those of

parent BCP nanostructures.

Fig. 2.15TEM image of thin films prepared by spin-coatingalution of Pd NPs and
the hompolymer PEO. The NPs were prepared by lgeatir85°C a 1.5wt% toluene
solution of PEO and Pd(Ac)~ 26 wt% with respect to BCP). No staining praged

was employed on the films before of the TEM obskowa

We have tested the ability of our BCPs based nanposites
containing solution reduced Pd NPs (substrates shoviigure 2.14) to
act as catalyst for a palladium-catalyzed Suzutssicoupling reaction of
an aryl halide (4-bromoanisole) with phenylboroamd (Fig. 2.16 A).
Palladium-catalyzed Suzuki cross-coupling reactbraryl halides with
aryl boronic derivatives is a very suitable andeestvely studied
approach to C-C bond formation. This reaction igpontant because
biaryl moiety is present in natural products, phaceuticals, and
herbicides [16] and metallic palladium and pallawliicomplexes are
widely used as catalysts for coupling reactionsabse of high activity
and selectivity [17]. We have performed the reac8ohematized in Fig.
2.15 A placing the Pd NPs/block copolymers thimfi(prepared on a
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glass substrate) into a container containing tteesb ethanol/water and
the others reagents (4-bromoanisole, phenylboranid and the base
potassium carbonate). ThiH NMR spectrum of the solid product
obtained after 1 h reaction is reported in Fig62B1 The NMR signal at
6.9 ppm confirms the presence of the Suzuki reagir@duct. Therefore
our nanocomposites show catalytic activity for gdillim-catalyzed
Suzuki cross-coupling reaction of the 4-bromoamiseith phenylboronic

acid, confirming the presence of Pd NPs in our fitrins.

A

H.,
| _OCHs B(OH),
@ . ©/ _PANPs, kcO, @ Gkl
Br H., Ethanol/HO Reflux

It

9.5 9.0 85 80 7.5 7.0 6.5 6.0 55 50 45 40 35 3.0
ppm

Fig. 2.16 A)Scheme of theeaction between the 4-bromoanisole and the pherytic
acid, catalyzed by Pd NPs in the presence of a (pasassium carbonate3) *H NMR

spectrum of the mixture obtained after 1 h reactiorefluxing conditionsThe signal at
6.9 ppm (H) confirms the presence of the Suzuki reaction pcadCHC} (0 = 7.26
ppm respect to TMS) has been used as internalatznd

The presence of metallic Pd in our nanocomposites &lso
confirmed by grazing incidence wide angle scatteri(GIWAXS)
experiments. With GIWAXS technique, the Ilimitationsf the

conventional X-ray scattering with respect to extedy small sample
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volumes in the thin-film geometry are overcome [I8je Fig. 2.17 gives
a schematic drawing of the basic set-up used in @I&VAXS
experiments. The transmission geometry is repldged reflection one.
This yields a surface sensitivity, which enables thvestigation of
surfaces and thin films. With a two dimensionalegétr, the scattering
intensity is recorded at one fixed angle of inckerg;) of the X-ray

beam onto the sample surface.

Z

www.gisaxs.de

Fig. 2.17Schematic drawing of the experimental GIWAXS set-Tipe incident angle
is denotedo; and the exit anglen;. g, and g, are the wavevector components
perpendicular and parallel to the sample surfacesspectively. From
http://www.gisaxs.de/theory.html

Instead of handling the complete two-dimension&nasity distribution,
the analysis of the scattering data can be reditweédo distinct cuts: a
horizontal cut at constary, value and a vertical cut at constamt
intersecting at}, = gy =0 corresponding to the direction of direct beam.
In Fig. 2.18 A the GIWAXS two dimensional data afrdHSEO based
nanocomposite (shown in Fig. 2.14 B and B’) is reggmh The
corresponding intensity along a vertical cut isoregd in Fig. 2.18 B. The
200 reflection peak of metallic Pd is visible at & [19]. It appears as a
Debye Sherrer ring in the 2D image (Fig. 2.18 Adligating that Pd

nanocrystals are randomly oriented in the PEO namadhs.
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Fig. 2.18 A)Two dimensional GIWAXS pattern of our HSEO basedatmmposites filled with Pd NPB) Intensity profile read along the vertical
cut indicated in red in the inset B’
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2.3.4 Preparation of PdO nanoparticles on siliconubstrates

The thin films containing the block copolymers (SBOHSEQO)
and the Pd nanoparticles (shown in Fig. 2.14), gmegpp on silicon
substrates, have been heated at 600 °C in airlfor 4

In figure 2.19, the thermogravimetric analysis (T\GAthe HSEO
block copolymer is reported. It is apparent thatat60 °C the weight
loss of the BCP is almost complete. This indicated the 600°C heat
treatment performed on thin film our nanocompositexiuces complete
removal of the polymeric matrix. At this tempera&tuthe formation of

PdO nanoparticles is expected [20].

100+
90-
80-
70
60-
50+ T(50%) = 408 °C ——
40
30-
20-
10-
0

Weight (%)

T (< 1%) = 458 °C

100 200 300 400 500 600
T (°C)

Fig 2.19TGA curve of the HSEO block copolymer recordedNin(g) atmosphere. The
temperatures corresponding to 50% arib % weight loss are indicated

Therefore the treatment of our BCP/Pd NPs compmosik elevated
temperatures in air leads to the simultaneous raimofvthe polymeric
matrix and the formation of PdO nanoparticles om tolid and
conductive support. SEM images of the obtained 3 on silicon

supports are reported in Fig. 2.20.
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Fig. 2.20 SEM images of PdO nanoparticles on silicon wafebsained after the
oxidative treatment of the films containing Pd N&sd SEO(A) and HSEO(B).
Distribution of the(C) size § and (D) centre-to-centre distancd.() of the obtained
PdO NPs using SEO and HSEO as template.

The presence of PdO nanoparticles has been al$ionced by GIWAXS
experiments (Fig. 2.21). In the GIWAXS profile (Fig.21 B), the 101,
002, 110 and 112 reflection peaks of PdO are glegmparent [21].
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Fig. 2.21 A)Two dimensional GIWAXS pattern of the PdO NPs asiliaon substrateB) Intensity profile read along the vertical cut icatied in

red in the inset B'.
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The distribution of the sizeS( and centre-to-centre distanak.d)
of the so obtained PdO NPs are reported in Fig0 22 and D,
respectively. The PdO NPs average §£Eig. 2.20 C) is= 17 + 5 nm for
the PdO nanoparticles obtained after the removéte@polymeric matrix
SEO and= 34 + 9 nm for the PdO nanopatrticles obtained ugiegHSEO
block copolymer as template. The obtained valudsmatch the average
diameters of the corresponding PEO cylinders in B@&Ps used as
template (Fig. 2.8 C). The PdO NPs average ceotoeiitre distance s
37 £ 9 for the PdO nanoparticles obtained after imoval of the
polymeric matrix SEO ané 74 + 12 nm for the PdO nanoparticles
obtained using the HSEO block copolymer as temgligg 2.20 D), in
good agreement with the values of the center-teecatistance of PEO
domains in the corresponding nanocomposites (Fig4 2D). This
indicates that after the polymer removal the rasglPdO NPs maintain
the same size and spacing of the PEO cylindershénparent block
copolymers.

The use of the two BCPs with different chain lesgétiowed us
to control the dimensions and the distances betweerodomains and,
consequently, to obtain arrays of PdO NPs on thkd ssupport
characterized by different diameter and gap digamarroring the pattern
and the characteristic nanodimensions of the pabéotk copolymer

template.
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2.4 Conclusions to Chapter Il

In this Chapter we have reported a simple and edffsictive
process for tuning the characteristic size (diamatel lateral spacing) of
palladium (Pd) nanoclusters and palladium oxide>)Pdanoparticles on
solid supports, by using two polystyrebeckpoly(ethylene oxide)
copolymers (P®-PEO) having different molecular mass as templates.
We have selected RSPEO as block copolymers because of the
favorable interaction of PEO blocks with the usedtah nanoparticles
precursor (palladium(ll) acetate) and we have gardrPd nanoparticles
by reduction of Pd(ll) ion in the presence of BCRihout disturbing the
regular microdomain structure of block copolymeihe resulting
nanocomposite thin films show the metal Pd nanapest selectively
included in cylindrical PEO nanodomains, with a ecosters average
diameter and gap distance mirroring the parent BE&d as template.
The treatment of the nanocomposites at elevategdeatures in air leads
to the formation of PAO NPs on the solid suppohte &verage diameter
and the centre-to-centre spacing are still maiethirThis part of the
thesis work is an example confirming that the &pid control the length
and the spatial and orientational organization ddclo-copolymer
morphologies makes these materials particularhactitze as scaffolds for
engineering of ordered nanocomposites in whichdis&ibution of the
guest particles is guided by the ordering of thst moatrix.The ability to
create morphologically and dimensionally controlléd and PdO
nanoparticles would be the key point in the proaddsansforming these
systems from promising materials into integratedvicks and the
compatibility of these systems with the existingcen-based technology

makes them even more attractive. Also, due toRtieand PdO high
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capability to absorb large amounts of hydrogengragting recent
examples of hydrogen sensing devices based ondpatiahave been
reported [4a-c, 22]. This could be expand the possible scientiinzl
technological applications of our materials as iwrative materials for the

construction of new hydrogen sensing devices.
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CHAPTER |11

BLOCK COPOLYMERSBASED NANOPOROUS MATERIALSFOR
BIOMOLECULESIMMOBILIZATION

3.1 Introduction to Chapter Ili

3.1.1 Biosensors: general principles

In the last decades sensor-related research hasriexged
explosive growth, due to the necessity to detedteilective way and at
low cost an increasing number of analytes in défifiérareas such as health
care, food safety, environmental monitoring andusgc controls [1].
According to the common nomenclature proposal (IGPA2], a
chemical sensor is a device that transforms a atemnformation,
ranging from the concentration of a specific samg@enponent to total
composition analysis, into an analytically usefod aneasurable signal. It
is formed by two integrated parts: a receptor elmg@nolecular
recognition material), that selectively binds aadagnises the compound
to be detected (target molecule), and a transdubet, converts the
chemical information into a physically measurabgmnal. Biosensors are
a subgroup of chemical sensors in which the recepkement is an
immobilized biological sensing element (enzymestibaxlies, nucleic
acids, receptors), able to bind the target molefaile 3] (Fig. 3.1). The

biological recognition system, usually a receptoot@n, antibody or
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enzyme, translates the information from the biodbahdomain into a

chemical or physical output signal.

Biomolecule

@
L 4

Analyte binding to .
generate sensor

signal. ® .

Signal

RANSDUCER

S

Analyte Detector

(Amplification and

ACTIVE LAYER Data Processing)

(Analyte Recognition)

Fig. 3.1 Scheme of a biosensor. It consists of three diffebrit strictly connected

elements:1) the selector (biomolecules), immobilized on thévaclayer, binds and

recognizes the compound to be detected (anal)e)he transducer transforms the
signal from the output domain of the recognitiorsteyn to a physically measurable
signal and3) the detector permits to amplify, process and digfthe chemical-physical

signal into a suitable form.

Due to the intrinsic, highly selective properties ¢he
biomolecular species in comparison to the inorgaatalysts, biosensors
can measure compounds in a very selective way mpeoed with
traditional analytical techniques [4]. Furthermoldpsensors possess
many unique features such as compact size, sitypbfiuse, one-step
reagentless analysis, absence of radioactivity, #tat make them very
attractive alternatives to conventional analytazhtaques.

The development of new biomaterials and fabricatemhniques
has given rise to biosensors that can sensitivedyacterize and quantify
biological reactions [5]. Nowadays some interestimgmmercial
biosensors are available for detecting differerfistnates like glucose,

lactate, urea and penicillin [6], but their numherstill relatively very
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small in comparison to the large theoretical effart their design and
development. Several drawbacks have impeded biosenarge-scale
application and performance as reliable analyticsiruments [7]. They
normally suffer from one severe drawback, namelstahbility of the
biological receptor molecules, that are subjeaddpaturation. Increasing
the stability of the biomolecule is one of the mmagsues in biosensor
research. Biological activity can be preserved toyirsg the biosensor
under the right conditions, e.g., buffer, pH, lo@mperature. This may
give long off-line lifetimes, improving the so-oadl shelf-stability The
stability of the biological element can be alsoamted by immobilizing
the biomolecules on appropriate solid supports.tkigr reason, one key
factor in biosensor construction is the developmeanimmobilization
technologies for stabilizing biomolecules and tatigethem to surfaces.
This aspect will be discussed in the next paragraple usual aim is to
produce a thin film of immobilized biologically as¢ material on or near
the transducer surface which responds only to tkeemce of one or a
group of materials or substances requiring detectio

Also, the immobilization of biomolecules on surfage becoming
a significant part of biochemistry and moleculapblbgy [8] due to
multiple applications in DNA microarray constructi§®] and detection

of proteins involved in signaling networks in ddl0].

3.1.2 Immobilization of the biological element

Biosensors require proteins and enzymes, which rteedbe
stabilized in their natural conformation. The opersal and storage
stabilities of the biosensor is the most criticgue, since controlling the

stability of the biological recognition element Very difficult. The
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biological recognizing systems are from their natoot very stable in a
biosensor membrane environment, since they ardtisert® denaturation
or inactivation by either fluctuations in the pHettemperature, as well in
the presence of organic solvents and detergentlysamployed for the
construction of a biosensor [11].

Different approaches have been utilized to impremezyme
stability, including genetic engineering [12], cheat modification [13],
inclusion of additives [14] and immobilization t@anous matrices. In
particular, the immobilization of enzymes on inarga organic or
polymeric matrices have shown to be an efficieabiization method
that increases the enzyme rigidity preventing thesgbility to unfold and
deactivate [15].

There are a number of requirements that an efficien
immobilization technique must satisfy: (i) the lmgical component must
retain substantial biological activity when attagtie the sensor surface;
(i) the biological film must remain tightly assated with the sensor
surface whilst retaining its structure and functi@n) the immobilized
biological film needs to have long-term stabilitydadurability; and (iv)
the biological material needs to have a high degrfespecificity to a
particular compound.

A number of methods have been described for theobilmation
of enzymes and proteins on surfaces and withinouarimatrices (Fig.
3.2):

(1) adsorption at a solid surface;

(2) covalent binding to a surface;

(3) entrapment within a membrane, surfactant matprlymer or
microcapsule;

(4) cross-linking between molecules.
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Fig. 3.2Principal methods of biomolecules immobilizatiaaisorption at a solid support
(1, covalent binding to a surfa¢®), entrapment within a membrane or microcapsule
(3) and cross-linking between molecu(@3.

1) Adsorption of biomolecules from solution onto dokurfaces can
proceed via physical interactions (van der Waalsef®, ionic binding or
hydrophobic forces). Protein adsorption at solighid interfaces has been
widely studied using a variety of experimental t@gnes such as
ellipsometry, Surface Plasmon Resonance (SPR), tQuérystal
Microbalance (QCM), radiolabeling, fluorescence noscopy, neutron
reflection, circular dichroism and infrared spestropy [16]. Although
SPR, QCM and radiolabeling allow determining thetg@in adsorbed
amount, they cannot establish the structure ofatteorbed layer. On the
reverse, circular dichroism and infrared spectrpgcallow probing the
change of secondary and ternary structure of theejor upon adsorption
but they do not give information on the adsorbedwam [17]. Neutron
reflectivity is a powerful technique, which allon@multaneously to
determine the thickness and the volume fractiothefadsorbed protein
layers leading to the adsorbed amount and alstetatify if the adsorbed
proteins retain their native structure or are deraaéd at interfaces [18].
The main advantage associated with direct adsormigo solid
surfaces is that it is a simple method which capdréormed under mild

conditions. The direct adsorption of proteins orygiyrene microtiter
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wells for use in enzyme linked immunosorbent asggy$SA) has over
the years become a common immobilization methodtduts simplicity

and low cost. Several research groups have shoatrditect adsorption
to polystyrene surfaces can lead to conformatiam@nges within the
protein molecule and hence a loss in functionaitguch molecules [19
a]. Despite such problems, the simple adsorptiomyassmains a major
clinical assay system in use today. There haventicbheen a number of
investigations into the effects of different pregtaon methods on the

functionality of proteins adsorbed onto polystyrenefaces [1D].

2) An alternative approach to the attachment of biecwes to sensor
surfaces is through covalent binding, where biocuks are
immobilized on solid surfaces through the formatadrdefined linkages
(Fig. 3.2). Procedures resulting in minimal lossbadmolecule activity
have been employed [20]. Biomolecules have manygtiomal groups
present for covalent immobilization onto surfacégse include amino-
acid side chains (e.g. amino groups of lysine)pb@ayl groups (aspartate
and glutamate), sulfhydryl groups (cysteine), phienothiol and

imidazole groups. Covalent coupling between theyergzor protein and
the solid support is best achieved through funefiogroups on the
biomolecule which are not required for its biolaji@activity. Covalent
binding has the advantage that the biomoleculeeiselly strongly
immobilized on the surface and therefore unlikedydetach from the
surface during use. Suitable functional groups Wwhace available for
covalent attachment are also present on some traasdmaterials
(hydroxyl groups on silica). Most surfaces, howeveve to be modified
in order to introduce a functionality which may beupled with the

enzyme or protein.
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3) The procedure of entrapping biological componentpolymer gels,
membranes or surfactant matrices has been usedsudtiess in the past
(Fig. 3.2) [21]. It is a relatively straightforwangrocess. A number of
polymers have been used for the inclusion of ensynmeells and
organelles. These include polyvinyl alcohol, pohgti chloride,
polycarbonate, polyacrylamide and cellulose acetsliethods used for
the entrapment of biological components, howeverffes from the
drawback of leakage of the biological species duuse, resulting in a

loss of activity.

4) Cross-linking entrapped enzymes or proteins caenoélleviate the
problem of biomolecule leakage. Cross-linking ajlbgical components
by means of a multifunctional reagent affords ewbdnstability of the
adsorbed enzymes or proteins that are covalentindonto the support.
Gluteraldehyde, which couples with the lysine angnoups of enzymes,
is by far the most common cross-linking agent iosbnsor applications
[22]. There are a number of disadvantages assdardth this method: (i)
it is difficult to control the reaction; (ii) therptein/enzyme layer formed
is usually gelatinous and not rigid; (iii) large ammts of biological

material are required; (iv) cross-linking can résual the formation of
multilayers of protein/enzyme, resulting in low igity of the

immobilized layers; (v) large diffusional barriets the transport of the

biological species may result, leading to retaridéeractions.

Although stabilization of enzymes has been of sgefor many
years, new opportunities for stabilizing enzymethwinproved intrinsic

and operational stabilities have arisen with thevettgpment of
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nanomaterials and nanostructured materials. Inicpéat, nanoporous

materials are exciting candidates for enzyme imivaation compared

with conventional materials due to their large acef area and opened
pore structure that allows high enzyme loadingsdR3t has been found

that porous materials can act as stabilization ioesrto protect the

biomolecule from irreversible unfolding, enhancisgnsor performance,
and this concept has been applied to the designbio$ensors.

Experimental studies point to the stability of emzg immobilized in

various porous matrices, such as carbon, silicd,amminosilicates [23

a, b. On the other hand, if biomolecules are depdsute a relatively flat

surface, they are likely to undergo a conformatiochange or

denaturation [28 - 4.

The final performance of a biosensor is inextrigabbbund with
the immobilization technique employed. Most of tmemobilization
techniques used to date are far from giving repeiode results, and many
of the procedures still in use have evolved fronal tand error
experimentation. Although current immobilization theds allow
preparation of thin biological films which have igtly specific attraction
to certain species of molecule, these techniquesaksult in a loss in
the native conformation and hence in the activifytloe biological
material. If a breakthrough could be achieved inmuwbilization
technologies, in which the loss of activity of thiached biological film
is limited, many of the present disadvantages ofdmsors would be
overcome. Since the immobilization technique used attach the
biological material to the sensor surface is clutiathe operational
behavior of the biosensor, realistic strategiesttierdevelopment of new
supports able to efficiently immobilize biomolecallare essential for

practically useful biosensors.
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3.1.3 Description of the chapter work

As widely discussed in paragraph 1.4.2, block cgpers (BCPs)
represent a class of materials that exhibit unfgeal versatility in the
creation of nanoporous materials, that can be gésrby selective
removal of one component from a self-assembled B&®. 1.8). The
obtained materials will exhibit the pore size aradeptopology of their
parent structures and can be used as nanolithagrapsks, separation
membranes, nanomaterial template [24]. To our kadge, very few
examples are reported in literature about the pogito use BCP based
nanoporous thin films as supports to physicallyoabsproteins and
enzymes [25]. The nano porosity could enhance mheuat of absorbed
molecules and could facilitate the retention of tiaive structure of an
enzyme and its activity; thus making these materaiitable as a novel
biosensing platform. The controlled introduction afspecific chemical
functionality within the pore space is anothericait issue to design a
porous material useful for biosensing applicatiols. particular, the
presence of a specific pore wall functionality ilCB based porous
materials is important to regulate the hydrophyicof the resulting
material and to design protocols to covalently limkmolecules at the
obtained porous materials.

In this chapter, we report the fabrication of paoblock
copolymer thin films able to act as ideal suppdds the physical
immobilization of specific biomolecules. In partiayy we have designed
a nanoporous thin film with well-defined archite&u containing
functionalized pores delimited by hydrophilic wallexploiting self-
assembly of lamellar block copolymers and the cphad sacrificial
block. The strategy is reported in Fig. 3.3. Exirhgy the partial
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miscibility of polyethylene oxide (PEO) and polylaetide) (PLLA)
[26], we have employed a blend of polystyrdneck-poly(L-lactide) (PS-
b-PLLA) and polystyrendslock-poly(ethylene oxide) (P8-PEO) diblock
copolymers to generate thin films with a singlegshalamellar
morphology in which the PEO and PLLA blocks forrmkllae within a
PS matrix (Fig. 3.3 a). Then, by selective chematahing of the PLLA
blocks, the nanoporous thin film, patterned witmaraetric channels
containing pendant hydrophilic PEO chains, has lygrerated (Fig. 3.3
b). This strategy has allowed as to control therdgililicity of the final
material by controlling the PBPEO amount in the blend and, also,
permits to obtain a porous material with suitablenctional groups
(terminal hydroxyl group on PEO) which could be mually used to
design protocols for the covalent attachment ofmulecules. We have
used the obtained porous materials to physicallgodd specific
biomolecules (Fig. 3.3 c¢) that can eventually rexpbg an analyte of

interest for applications in biosensors field (Bd d).

Fig. 3.3 Strategy to obtain the functionalized nanoporougen; a) the starting
material is a lamellar self-organised, multi-compaihcomposite (blend) containing two
block copolymers: polystyrene-block-poly(L-lactid€¢lPSb-PLLA) and polystyrene-
block-poly(ethylene oxide) (PBPEO);b) the selective removal of PLLA results in the
formation of a nanoporous material that is pattérngith nanometric channels
containing pendant hydrophilic PEO chair3;the porous material can be used to
immobilize biomoleculesg) biomolecules are able to bind and recognize tladytan of
interest.
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The preparation and characterization of the narmmsothin films are
reported in paragraph 3.3. We have studied theigdlyabsorption of
different biomolecules on the designed nanoporoatenals and we have
compared the results with that obtained in the cdsemobilization on
flat and no porous supports. We have tested theglolgm (Mb) protein
(paragraph 3.4) and two enzymes, peroxidase frorsehadish (HRP)
(paragraph 3.5) and the esterase 2 (EST2) framcyclobacillus
acidocaldariug(paragraph 3.6).

Immobilized hemoproteins (like Mb and HRP) are &ygused in
electrochemical [27] and optical sensing devices8].[2 For
electrochemical applications, direct electron tfans between
hemoproteins and electrodes is accomplished byirtberporation of
proteins into films (surfactant films, polyion-sactant or clay-surfactant
composite films, and amphiphilic polymers) [Bf, SP Sephadex [2{]
and gold nanoparticles [2d]. Moreover, hemoproteins are also well
known for their optical properties, which changeing the binding of the
corresponding ligands [2&]. These optical characteristics can be
exploited for the development of optical biosenstrsletect dissolved
oxygen (DO), nitric oxide (NO), and carbon monox{@®©) [28b, c].

The EST2 enzyme can act as active element in sosgffior the
detection of specific organophosphate pesticidéxsj@29]. In particular,
EST2 have raised interest as part of biosensorsnmronmental
monitoring because it is irreversibly inhibited loyfferent OPs, like
paraoxon, that is one of the most used pesticidesyriculture and also
widely studied for its neurotoxic, cancerous, agdtogenic effects [30].
The inhibition mechanism will be described in paggdy 3.6. In the same
paragraph, the optimization of the experimentalddions to physically

absorb the enzyme EST2 on our nanoporous thin fienseported
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together with some experiments for the determimatid paraoxon by
immobilized EST2.

The block copolymers based approach described enptksent
chapter for building nanopouros patterned surfaisesa robust and
versatile tool useful not only in applicative resdafor fabrication of lab-
on-chip biosensors, but also in basic researchtudysthe adsorbtion
mechanism of proteins in constrained environmenth weontrolled

geometry at fundamental level.
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3.2 Materials and Methods

3.2.1 Materials

Polystyrene (PS), Polystyretnckpoly(L-lactide) (PSh-PLLA)
and polystyrendlockpoly(ethylene oxide) (P8-PEO) with number
average molecular magd{in Kg mol?) of 83.5, 21.0-24.3 and 22.0-21.5
and polydispersities of 1.05, 1.14 and 1.09, respdyg, have been
purchased from Polymer Source Inc. and used asveeceMethanol
(99.8%), sodium acetate (99.0%), sodium hydroxig@%), hydrogen
peroxide solution (Fluka, >30% RT), 2,2Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammoniunit $ABTS) (98.0%)
and p-nitrophenyl butyrate (p-NPC4»(98%) have been purchased from
Sigma-Aldrich. The proteins myoglobin from equinkelgtal muscle
(molecular weight 17600 g ml 95-100%, essentially salt-free,
lyophilized powder) and peroxidase from horserad{$tRP) (total
molecular mass 44000 g riol Type VI-A, essentially salt-free,
lyophilized powder) have been also purchased fragm&-Aldrich. All
these products have been used without furtheripatibn. The enzyme
esterase fromAlicyclobacillus acidocaldariugEST2) has been kindly
provided by Dr. Manco’'s research group, Instituté Brotein
Biochemistry, National Research Council of ItaljheTenzyme has been
overexpressed in the mesophilic hdst coli strain BL21 (DE3) and
purified as described in ref. 31. Silicon (100) goips (thickness 525 pm)
have been purchased from Spi Supplies/StructurbePlric. The solvent
1,2-dichloroethane (99.8%) (DCE) and glass supfsit® 24x24 mm or
10x10 mm, thickness 0.13 + 0.16 mhave been purchased from Carlo
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Erba Reagents. Silicon and glass supports have ddeaned with optical

tissue and ethanol before use.

3.2.2 Preparation and characterization of the nanomiterials

Preparation of thin films and PLLA hydrolysiSolutions of PS,
PSb-PLLA and mixtures of P®-PLLA and PSh-PEO have been
prepared dissolving the polymers in 1,2-dichloraath to yield a total
concentration of 0.5% and 1% (w/w) with respectthie solvent. In
particular, the P®-PLLA/PSH-PEO blend has been prepared through
co-dissolution of the two block copolymers in tlaio 90/10 or 80/20
(w/w). Thin films have been obtained by drop casgtor spin coating
(RPM 3000 for 30 s) the polymers and blend sol@tion silicon or glass
supports. To improve the solid-state morphologyg fims containing
poly(L-lactide) (PLLA) have been recrystallizedrimanelt on a hot bench
at the maximum temperature of 200°C. The PLLA reahdvas been
performed placing the thin films into a 0.5 M sadiuhydroxide
water/methanol (60:40 by volume) solution at 65°@ bne minute
(etching procedure). After removing from the solution, thiens have
been washed twice with a water/methanol (60:40 diyanae) solution,
and then dried at room temperature overnight.

Directional eutectic solidification. PSb-PLLA and PSk-
PLLA/PS+H-PEO thin films have been prepared on glass shgesasting
from a DCE solution (0.5 wt % of PSPLLA or PSh-PLLA+PSb-
PEQO) at a temperature of around 40 °C. Hexamethyhiee (HMB) in
powder form has been then spread onto the polyitres fand a nude
glass coverslip has been placed on the so presamghles to form a
sandwich. Theassembly has been heated at 180-200 °C; at this
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temperature the molten HMB dissolves the block toper (T pws =
168 °C; T pLa = 170°C).The assembly has been then slowly cooled to
room temperature on a hot platerystallization of the HMB produces
large, elongated crystalgith the b axis parallel to the growth-front, and
the concomitantcrystallization of the PLLA. After cooling to room
temperaturethe glass slide and coverslip have been separatetithe
crystalline HMBsubstrate have been removed by sublimation.

Transmission and scanning electron microscopyansmission
electron microscopy (TEM) images have been obtainebright field
mode using a Philips EM 208S TEM with an accelagatioltage of 100
kV. For TEM characterization, the thin films haveeb backed with a
carbon film, floated on water with the help of alygacrylic acid)
backing, and mounted on copper grids. In ordectoese a good contrast
between the different BCP domains, some films Hasen stained with
RuQ, by exposition of the TEM grids to Ru®apors for 7 minutes at
room temperature. Scanning electron miscroscopyjSEages of the
blend PSs-PLLA/PSH-PEO 90/10 (w/w) have been performed on a
Zeiss Ultra Plus field emission SEM (Centro de Apogientifico-
Tecnoldgico, Universidade de Santiago de Compgstetmipped with a
Inlens detector and a SE Everhart-Thornley Secongkectron Detector,
using accelerating voltages of 1.0 or 1.5 kV. TEMImage of the P®-
PLLA thin films and of the blend PBPLLA/PSH-PEO 80/20 (w/w)
have been acquired with a FEI Nova NanoSEM 650.

Thickness measurement3he thickness of films has been
measured with an Alpha-Step 1Q Surface Profiler AKLENCOR) by
performing at least 5 independent measurementsffereht regions of
the same sample and over different samples. Thguwelerror is less than
10%.
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Raman microspectroscopjRaman spectra have been acquired
with a micro-Raman system Witec Alpha 300, endoweih a
spectrometer equipped with two diffraction gratin@@0 and 1800
g/mm). Backscattering collection and detection hdezn recorded,
respectively, through a 60x dry objective and a CCinera (1024
pixels) operating at -60 °C. The 532 nm line hagnbeised as an
excitation source for the Raman spectra. The expadasme is 5 s. Laser
power at a sample surface is ca. 27 mW. The sarmples been scanned
at least in three different locations of the film.

Contact angle measurementBhe optical contact angle (CA)
measuring instrument to characterize the sampfases has been the
OCA 20 from Data-Physics Instruments GmbH with SEDAsoftware.
The sessile drop method has been utilized, andhdesurements have
been taken at room temperature. The volume of ppéeal droplets of
distilled water is 1.0 pL (rate drop 0.5 pl*)sContact angles have
been measured on at ledise independentocations of the samples
surfaceand three different independent specimens. Théacbmngles
have been computed using Laplace-Young fitting ahd values
measured on different locations of the sample sarfand on different
samples have been averaged.

3.2.3 Experiments of myoglobin adsorption

All the samples for protein absorption experimehtsre been
prepared on a glass support.

For the adsorption isotherms, solutions of myogiaibi water at
different concentrations (8.62, 5.35, 3.44 and22n2g/L) have been
prepared. A 500 pL aliguot of the protein solutitias been deposited on
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our nanoporous film surface and incubated for adikme (30 minutes).
During the incubation time the samples have beaogdl on an oscillating
stirrer at the temperature of 10 °C, to avoid th®ten solution
evaporation. After 30 minutes, the protein solutised for incubation
has been removed from films and the myoglobin cotmagon of
recovered solution has been determined by UV-Viecspmeter. In
particular, the concentration of myoglobin haverbdetermined by UV-
Vis adsorption measurements a 408 nm using a mekinction
coefficient value of 188000 M cm® [32]. The amount of adsorbed
myoglobin on our nanoporous films has been estichdtem the
difference in the myoglobin concentration in theaeered solutions and
in the solutions initially deposited on the filmEhe samples have been
rinsed one time with distilled water to remove pitmolecules that are
eventually weakly adsorbed on the surface. Theraldesef protein in the
rinsing water has been confirmed by UV-Vis spedopy and HPLC.
The same experiments have been also performed diin®Sand bare
glass supports to compare the protein adsorptipadiy of the different
supports.

For myoglobin adsorption kinetics experiments, g&0aliquot of
solutions of myoglobin with a fixed concentration.95, 6.39, 4.03 or
3,75 mg/L) have been placed on the etched blenusféind recovered
after different incubation times (from 5 to 75 ntes). The amount of the
absorbed myoglobin at each incubation time has Hearmined by UV-
visible spectrometer with the same procedure desdrabove. All the
myoglobin adsorption kinetics experiments have geformed at 5 °C.
The adsorption kinetics experiments using myoglamiutions of 7.95
and 4.03 mg/L have been performed also on a PSilttnis.
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All UV-Vis spectra have been recorded with a Ca@ysV-Vis
spectrophotometer equipped with a Cary single Pelltier accessory
(Agilent Technologies). The concentration of mydio has been
determined by UV-Vis adsorption measurements af@&ising molar
extinction coefficient values of 188000 Mem™ (e40snn) [32]. The cell
with 1.0 cm path length has been used to recordMi$Vspectra between
250 and 800 nm. The scan of distilled water has Isebtracted from the

scan of each sample.

3.2.4 Experiments of peroxidase activity

Step 1.Enzyme immobilizationThe enzyme peroxidase from
horseradish (HRP) has been physically absorbeduomanostructured
films with a procedure similar to that describedabfor the myoglobin.
In particular, HRP has been dissolved in distilleter at a concentration
of 18 mg/L. A 500 pL aliquot of the enzyme solutioas been deposited
to the our nanoporous film surface and incubatadiig the incubation
time, the samples have been placed on an osajlatimrer at 10 °C.
Then, the enzyme solution has been removed fransfdnd the samples
have been rinsed with distilled water to removeyarz molecules that
are weakly adsorbed on the surface. Experiments baen performed
varying the time of contact between the enzyme tgols and our
surfaces. In particular, we have used three difteirecubation times (30,
90 and 150 min).

Step 2 Test activity of immobilized HRFhe ability of absorbed
HRP to catalyze one-electron oxidation byO4l of the dye 2,2Azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid) diamruon salt (ABTS)
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into the corresponding radical cation ABT®as been tested. For this
purpose, a solution of ABTS (2.45 mM) has been ameg in a 50mM
phosphate buffer at pH 4.6. Few microliters of amse hydrogen
peroxide has been added to the solution at a ctratem of 9.75 mM. A
500 pL aliquot of the so prepared solution contgnABTS and HO,
has been deposited on our nanostructured films abgorbed HRP. We
have determined the amount of the formed radididmaABTS™ (Amax=
420 nm) recording the UV-Vis spectra of these sohg after 5 minutes
of contact with the immobilized enzyme.

To evaluate the stability of the immobilized enzyover the time,
we have also performed enzymatic activity testsraftand 18 days from
immobilization. During this time the samples haeeib dry stored at 4°C
without particular precautions.

The same experiments have been conducted also émi3Sand
bare glass supports to compare the catalytic pedoce of HRP
absorbed on the different supports.

All UV-Vis spectra have been recorded with a Ca@ysVv-Vis
spectrophotometer equipped with a Cary single Pelltier accessory
(Agilent Technologies). The concentration of HRR Ih@en determined
by UV-Vis adsorption measurements at 25 °C usindamextinction
coefficient values of 1 x POM™ cm™ (e403nn) [33]. The cell with 1.0 cm
path length has been used to record UV-Vis spédaraeen 250 and 800
nm. The scan of distilled water has been subtrafcted the scan of each
sample. Also, the formation of radical cation ABTBas been monitored
by UV-Vis measurementso nm= 3.6 x 16 M™* cmi?) [34]. In this case,
a cell with 0.1 cm path length has been used tordedV-Vis spectra in
the range 400-800 nm. A scan speed of 600 nm/msnbegn used to
acquire the data.
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3.2.5 Experiments of esterase 2 activity

a) Activity of immobilized esterase 2 (EST2)

Step 1.Enzyme immobilizationThe EST2 enzyme has been
dissolved in 25 mM HEPES buffer, pH 7.1, at a cotragion of 0.3 pM.
The enzyme has been physically absorbed on oumuuparanostructured
films (etched blend) and on glass slides by pladihg pL of the EST2
solution on the surfaces (size 10 mm x 10 mm)ifed incubation times.
In particular, incubation times of 90 min and 2ari3 6 days have been
used. During the incubation times, the samples baea placed, at room
temperature, under atmosphere with a controlled idityn(80%). The
humidity has been controlled by placing the sampies close container
containing a KCI saturated solution. The controlleanidity avoids the
complete drying of the enzyme solutions in the aafseong incubation
times, favoring the enzyme diffusion in the nan@saof the etched blend.
After the incubation time, the samples have beesed with 25 mM
HEPES buffer (pH 7.1) to remove enzyme moleculeg dre weakly
adsorbed on the surface.

Step 2. Test activity of immobilized ESTRe ability of absorbed
EST2 to catalyze the hydrolysis of the substpat&rophenyl butyratept
NP-C4) has been tested by monitoring, using a p&dder, the increase
of absorbance at 405 nm due to the relegsegtrophenol p-NP) (Fig.
3.23). For this purpose, the samples containingirtimaobilized EST2
(dimensions 10 x 10 mm) have been placed in théswdiameter ~ 15
mm) of a 24-well plate. A solution gb-NP-C4 (20 puM) has been
prepared in 25 mM HEPES buffer, pH 7.1, 4% (v/\@taaitrile and a 1

mL aliquot of the so prepared solution has beerosiggd in each well
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containing the surfaces with immobilized EST2. Hiesorbance at 405
nm has been recorded every 110 s. During the erpats the plate
reader has been kept under stirring between cotigecabsorbance

measurements.

b) EST2 residual activity after contact with paraoxon

Step 1 The EST2 enzyme has been physically absorbeduon o
porous nanostructured films (etched blend), onf&fiims and on glass
slides, by using the same procedure described enstep 1 of the
paragraph 3.2.5. For this set of experiments, tB&ZEenzyme has been
dissolved in 20 mM phosphate buffer, pH 7.1, atcemtration of 0.5 p.
An incubation time of 6 days has been used durggimmobilization
step.

Step 2.Paraoxon solutions at different concentrationsgea.02 -
0.5 uM) have been prepared in 20 mM phosphate ib{gfé¢ 7.1). 110 pL
of the so prepared paraoxon solutions have beaeglan the different
surfaces containing the immobilized EST2. The sasmphve been placed
on an oscillating stirrer for 20 h. During thisstthe paraoxon covalently
links to the active site of the immobilized enzyrmAéter that, the samples
have been rinsed with water in order to ensureréh®oval of paraoxon
molecules that are not covalently linked to theyaemz.

Step 3 The EST2 activity has been tested usipgNP-C4 as
substrate, adopting the same procedure describedtep 2 of the
paragraph 3.2.5. In this case the kinetic of tlaetien has been followed
by measuring the absorbance at 405 nm every 130 s.
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3.3 Preparation and characterization of the nanopavus

material

a) Preparation of PS-b-PLLA and PS-b-PLLA/PS-b-PBD films (step
a of Fig. 3.3)

We have used a polystyrebckpoly(L-lactide) (PSs-PLLA) block
copolymer with molecular massbg, of PS and PLLA equal to 21.0 and
24.3 Kg mol', respectively, and polydispersity indik,/M,, = 1.05. The
volume fraction of the PS block of 0.53 has bedecsed to 0.53 in order
to obtain a lamellar phase-separated morphologyn fims of PSh-
PLLA have been prepared by drop casting or spitingalilute solutions
of PSh-PLLA in 1,2-dichloroethane (concentration of 0.5%d 1% w/w
with respect to the solvent). Representative biigihd TEM and SEM
images of the so obtained thin films are reportedigure 3.4A and A’,

respectively.

VAN t y},h..j,‘;' ACS e—
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Fig. 3.4 Bright-field TEM (A) and SEM(A") image of a P®-PLLA thin film. The film

in (A) has been prepared by drop casting a solytidn wt% in DCE) of P®-PLLA on

a glass slide, then the film has been transferred 3EM grid and stained with RyO
before observation. The film in (A’) has been pirepla by spin coating a solution (1wt%
in DCE) of PSb-PLLA (A’) on a silicon wafer. The typical thickne®f these films is
80-110 nm.
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The images correspond to a well-defined disordemeetllar morphology.
In the TEM image (Fig. 3.4 A) contrast is providbyg staining with
RuQy, which selectively marks the aromatic rings in thaystyrene
blocks. For this reason, the dark regions corregporstained PS lamellar
nanodomains and the bright regions to the PLLA eh#s contrast, the
PS domains appear bright in the SEM image (Fig.A3)4The average
lamellar spacing is estimated to &8 + 3 and= 20 £ 3 nm for PS and
PLLA, respectively.

In order to obtain a functionalized and more hypthitic
nanomaterial, P8-PLLA has been blended with a polystyrdreek
poly(ethylene oxide) (P8-PEO) copolymer NI, 22.0-21.5 Kg mot,
Mw/M, = 1.14). PSQ-PEO has been selected due to the presence of the
protein-compatible poly(ethylene oxide) block; tREO microdomains
may provide hydrophilic microenvironment able tccilitate proteins
adsorption and to maintain their functions. Morapike -OH terminals
of PEO blocks can provide suitable sites to couftdimk biomolecules
in the final material. The PBPLLA/PSH-PEO blend has been prepared
by dissolving in 1,2-dichloroethane the two blodpaolymers to yield a
total concentration of 0.5% or 1% (w/w) with resptxrthe solvent. Thin
films have been obtained by drop casting or spiating the blend
solutions (step a in Fig. 3.1). RepresentativeHriggld TEM and SEM
images of thin films of the blend are reportedigufe 3.5. In order to
control the final hydrophilicity of the material,enhave employed two
different PSb-PLLA/PSHh-PEO ratios, 90/10 w/w (A, A’) and 80/20 w/w
(B, B).
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Fig. 3.5Bright-field TEM (A, B) and SEM(A’, B') images of thin films of the blend
PSb-PLLA/PSH-PEO with 10 (A, A’) and 20 (B, B’) wt% PBPEO at different
magnifications. The films have been prepared frodC& solution of P&-PLLA/PSH-
PEO 90/10 wiw (A, A’) or 80/20 w/w (B, B’). The TEMFrids have been stained with
RuQ, before observation.

There are no significant differences in morpholagynpared to the thin
films of neat P$-PLLA (Fig. 3.4). The addition of the RSPEO block
copolymer does not alter the lamellar morphologywéll-defined phase
separation with a disordered lamellar morphologghserved also in the
case of the blend PBPLLA/PSH-PEO. Moreover, also in this case, in
the TEM image (Fig. 3.5 A and B) the contrast ievided by staining
with RuQy in order to mark selectively the PS lamellar namodins. In
the TEM images (Fig. 3.5 A, B), due to the panimas$cibility of PEO and
PLLA [26], it is reasonable to suppose that thetrilamellar domains
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correspond to mixed PEO and PLLA component. Theamee lamellar
spacing of PS and PEO/PLLA domains is estimatdaetsimilar to that
observed in neat PIBPLLA thin films. No significant differences in
morphology and lamellar spacing are observed im filins obtained by
solutions of the blend containing lower (Fig. 3.5A8) or higher (Fig. 3.5
B, B’) amount of P$-PEO. In the case of the TEM image of the blend
with higher amount of P8-PEO (Fig. 3.5 B), the lamellar morphology is
less defined, presenting dot-like entities, propadhlie to the complex
protocol in TEM grids preparation. In particulamee the thin films are
floated on water in order to facilitate the fishwgh a grid, in the case of
the sample with 20 wt% PISPEO the higher hydrophilicity alters in
somehow the lamellar morphology that is instead kephe sample used

for SEM observation.

b) Obtainment of ordered nanostructures by direwilo eutectic

solidification

As discussed in paragraph 1.3, the spatial andhtatienal control of
BCP nanodomains is necessary for specific poteramlications of
BCPs. Our P®-PLLA and PSk-PLLA/PS$-PEO thin films (Fig. 3.4
and 3.5) are very interesting due to the posgybittinduce long-range
alignment of the lamellar nanostructures by dim@l eutectic
solidification. This technique has been descrilvegharagraph 1.3.2.

In figure 3.6 TEM images of PBPLLA (A) and of the blend P8&-
PLLA/PSH-PEO (B) thin films afterdirectional eutectic solidification
with hexamethylbenzene (HMB) are reported.
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PEO @) thin films obtained by directional solidificatiowith HMB. 7 min RuQ
staining has been applied before TEM observatidme TEM images of the same
samples with no directional solidification with HM&e reported in figures 3.4 A and
3.5A.

Large-sized, well-oriented lamellar microstructuces be observed for
both samples. In particular ordered lamellar nanwalos of PS (dark in
the images) alternate to ordered lamellar nanodasnai PLLA (A) or
PLLA/PEO (B) blocks. The procedure employed to prepthe samples
has been described in paragraph 3.2.2. Brieflyymthe molten assembly
of block copolymers and HMB is cooled to room tenapere,
crystallization of HMB produced large, elongategstalswith theb axis
parallel to the growth-front, with concomitamtrystallization of the
PLLA. The PLLA solidification in contact with thergrexisting oriented
HMB crystals produces the microstructure orientataver the whole
contact area with HMBThe average lamellar spacing<29 + 3 and=
18 + 2 nm for PS and PLLA, respectively. The saakes were found
in the case of the disordered thin film (with needtional solidification
with HMB) (Fig. 3.4 A).
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c) Obtainment of the nanoporous material by selectemoval of PLLA
blocks (step of Fig. 3.3)

Thin films of the blend (Fig. 3.5) have been imneersnto a 0.5 M
sodium hydroxide water/methanol solution at 65°C dme minute to
remove the poly(L-lactide) blocks. We name the @&teatmenetching
and the so treated films are indicated etshed. During the basic
hydrolysis treatment the temperature has beenataliély held just above
the Ty of PLLA. SEM images of the etched blends are regbm figure
3.7. The images are tilted in order to better Jigaathe pores. The
samples have been obtained after the PLLA remawah the blend thin
films containing 10 (A) and 20 (B) wt% HRSPEO copolymer. The
etching treatment does not alter the initial laarethorphology, as we can
see by the comparison with the SEM images of theessamples before
the etching treatment (Fig. 3.5 A’ and B’). Thehatg treatment results
in porous thin films with nanochannels of width @ delimited by PS

lamellar domains containing functional hydroph®EO walls (Fig. 3.7).
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Fig. 3.7 Tilted SEM images of etched blends thin films cariteg 10 (A) and 20(B)
wt% PSh-PEO. The porous thin films have been obtainednmyérsion of the blends
thin films, prepared from DCE solutions of BS2LLA/PSH-PEO 90/10 (A) and 80/20
w/w (B), into a basic solution to selectivly remoR&LA blocks. Tilt angles: 66° (A)
and 40 ° (B).

The thin film of the etched blend has been alsorexed by TEMwithout
any staining procedurvith RuQ (Fig. 3.8A). A remarkable contrast is
present in the TEM micrographs of the etched filitheut any chemical
staining demonstrating the effective removal of #leLA blocks and
consequent formation of nanopores. The contratanmage of the Fig.
3.8A is pronounced as in the case of the stained (irig. 3.5 A, B),
demonstrating that the PLLA blocks have been remipweaking the
channels where the electron beam is freely tramsthitegions with

minimal scattering and/or adsorption. No contrastfact, is obtained
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when we analyze a blend film before the removalPalLA without

resorting to a staining procedure (Fig. 3.8 B).

Fig. 3.8Bright-field TEM image of a thin film of the etchdadend(A). The thin films
have been prepared by spin coating a solution (@%w DCE) of PS-PLLA and PS-
b-PEO (90/10 w/w) and then immersed into a basiat&oi to selectivly remove PLLA
blocks. No staining procedure has been employedhenfiim before of the TEM
observation. TEM image of the blend thin film be&foetching procedure, without
staining.

It is worth noting that the etching treatment perfed on the neat
PSh-PLLA thin films results in a remarkable breaking the initial
lamellar morphology (Figure A3.1 in appendix).

The removal of PLLA blocks after etching has bedsoa
confirmed by Raman measurements. In figure 3.9ARAman spectra,
acquired in the range 750-1800 tnof a blend thin film before (curve a
of Fig. 3.9 A) and after (curve b of Fig. 3.9 Bethtching procedure are
reported. The main bands of polystyrene are locatet000 crit (C-C
ring breathing mode), 1034 ¢hand 1602 cil (tangential ring stretching
mode). These bands are the most intense signata@apg in the Raman
spectra. As expected, the PS signals are preséutinthe spectra of the
etched and non etched blend.
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Fig. 3.9Raman spectra of a thin film of the blend BELLA/PSb-PEO befored) and afterIf) etching procedure in the range 750-1800" ¢#).
Zooms of the region 900-850 &mand 1800-1700 cthare reported iB andC, respectively.

110



The relevant PLLA bands appear at 870 and 1776amd are attributed
to the C-COO and C=0 stretching mode, respectivalyig. 3.9 B and

C, zooms of the regions 900-850 trand 1800-1700 cthare reported.

The PLLA signals are present in the spectrum ofblead before etching
(curves a of Fig. 3.9) and disappear after theimgcprocedure (curves b
of Fig. 3.9), confirming the removal of PLLA blocks

Quartz microbalance measurements (QCM) indicate+th#Z0 %
of the initially present PLLA is removed by etchitngatment.

The wettability is an important factor for the aqgs@mn of
biomolecules on the surfaces from aqueous solutighglrophobic
surfaces have scarce affinity with water making phnecess of protein
adsorption difficult for biomolecules dissolved wmater. We have
investigated the wettability of the thin films tlugh the measurement of
the contact angle (CA) of a water droplet placedrensurfaces (Figure
3.10). Representative images of the profile of iydter droplets placed
on films of PEO (Fig. 3.10 A), PBPLLA before (Fig. 3.10 B) and after
etching (Fig. 3.10 D - D”), and blends before (F10 C) and after
etching (Fig. 3.10 E - E”) are reported. It is apgnt that the water
droplets have different shapes on the differenttases due to the
different degree of hydrophilicity of the thin fisnWe notice that water
droplets are almost flat on PEO (Fig. 3.10 A) aather rounded in the
case of films before etching (Fig. 3.10 B, C). Muver the water droplets
appear to have a shape in between in the caseeddtthed films (Fig.
3.10 D - D” and E - E”). The average values oétbontact angle (CA)
measured on at least 5 independent locations ofdh#ple surface and

three different independent specimens are repantédble 3.1.
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Fig. 3.10Images of the profile of 1uL water droplets orhi tfilm of PEO(A), non
etched P$®-PLLA (B), non etched blen¢C), etched P®-PLLA (D - D”) and etched
blend(E - E”). The images D - D” and E - E” are acquired ifffelient locations of the
films. The films have been prepared by spin coating glass slide 1 wt% solutions of
PEO, PS-PLLA and blend P®-PLLA/PSHh-PEO (90/10 w/w) in DCE. The PLLA
has been removed by basic hydrolysis as previaedgribed.

Table 3.1Contact angle (CA) values determined on the varibimsfilms using
Laplace-Young approach.

Sample <CA>

No etched P®-PLLA | 93° £ 0.1
No etched Blend 84° + 0.1
Etched P9-PLLA | 62°+0.3
Etched Blend 28°+0.2
PEO 6°

As expectable, non etched BELLA film (Fig. 3.10 B) shows an
hydrophobic surface with a CA value of 93° £ Qritroducing the P$®-
PEO copolymer in the film, the CA value slightlycdeases to 84° + 0.1,
due to the hydrophilicity of PEO blocks (Fig. 3.C). The etched P5-
PLLA film (Fig. 3.10 D — D”) exhibits a CA of 62% 0.3, confirming the
selective removal of PLLA. Notably, the CA value time case of our

nanoporous material (Fig. 3.10 E - E”) of 28° 2@ lower than those of
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both the non etched samples and the etcheb-PI3-A. This indicates
that upon PLLA removal our porous materials bectrygrophilic due to
the presence of PEO blocks pendants in the poreimel The
incorporation of PEO polyether into the pore spatmmatically
influences the wettability of the resulting nanapes material. It is
expected that this characteristic of our matertabrgly affects the
adsorption of biomolecules from aqueous soluti@ssshown in the next
paragraphs. Furthermore, as previously shown @B, B’ and Fig. 3.7
B), we have been also able to prepare thin filmghefblend containing
different amount of the hydrophilic PEO blocks, derstrating the
possibility to control the hydrophilicity of our paus materials by simply
changing the initial composition of the blends. iHfere, using our
protocol, porous materials of tailored pore sizd agdrophilicity can be

easily prepared with high level of reproducibility.
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3.4 Experiments of myoglobin adsorption

This paragraph is focused on the study of our poroaterial as
support for the physical immobilization of myoglol{Mb). Mb is a small
heme protein with a molecular weight of 17600 Dal anolecular
dimensions of 4.5 nm x 3.5 nm x 2.5 nm [85h. It contains a single
polypeptide chain of 153 amino acid residues ofvkm@equence and a
single iron protoporphrin IX as prosthetic groupaimydrophobic pocket
[35 ¢, d. Myoglobin belongs to the globin superfamily abteins, and as
with other globins, consists of eight alpha helicesminected by loops
(Fig. 3.11). As discussed in paragraph 3.1.3, imhzell hemoproteins,
like Mb and horseradish peroxidase (HRP), are lgrgesed in
electrochemical [27] and optical sensing devicég.[2

Fig. 3.110verall fold of myoglobin. The prosthetic groupaiso reported [38].

The experiments of myoglobin adsorption on theedédht surfaces
have been conducted by placing water Mb solutiomghe top of the
surfaces for a certain incubation time. Then, thatgin solutions have
been removed from surfaces and the amount of mpogladsorbed has

been estimated from the differences in protein eotration in the
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solutions before and after adsorption, measuretdyis spectroscopy

at 408 nm, according to the equation 3.1.

=00 (Eq. 3.1)

wherel is the adsorbed amount of protein per unit surtaea (surface
density coverage), £is the myoglobin concentration in the initial
solution, C is the myoglobin concentration in th@uion after any
selected incubation time,o\is the volume of the initial protein solution
and A is the area of the solid surface equal tosw6 (= 24 mnt) and
corresponding to the area of the glass supporeeddve have checked
that the glass support is uniformly covered bygblmer (PS) and BCP
thin films, taking SEM images of different quadmnof the glass
specimens in regions both close to the boundanidsrathe center.

Experiments have been carried out on our poroupastigetched
blend), on non porous thin films (PS) and on flataces (glass slides).

We have performed different experiments by chandioth the
concentration of the initial Mb solutions and tineubation time (time of
contact between the myoglobin solutions and therdiht surfaces).

Figure 3.12 shows the isotherms of myoglobin adswrpon the
etched blend (curves a, a’ of Fig. 3.12), a PS fitim (curve b of Fig.
3.12) and a glass slide (curve c of Fig. 3.12),amed fixing the
incubation time to 30 minutes at the temperaturel0f °C, using
myoglobin solutions of different initial conceniat (G,). The
corresponding values of surface density coverBjgaré reported in Table
3.2. It is worth noting that the adsorption isotheiof Fig. 3.12

determined by fixing the incubation time to 30 nsrwell representative
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of adsorption behavior of our blend, as demongsirdig adsorption

kinetics experiments of Fig.3.18ide infra).

3.0
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Fig. 3.12Myoglobin adsorption isotherms on a thin film of the etchézhd @, a’, =), a
PS thin film(b, *) and a glass slidec,(e). The initial concentrations of the myoglobin
solutions are 2.22, 3.44, 5.35 and 8.62 mg/is.the surface density coverage calculated
with Eq. 3.1. Incubation is performed for 30 min,18°C. The solid lines a, b and c are
the fit to the data with the Langmuir equation (BR). The solid line a’ shows the
deviation from the Langmuir fit in the case of #tehed blend.

It is worth noting that the surface density coveraf myoglobin
(I) in the case of our nanoporous surface (curves af Fig. 3.12) is
higher than both the PS thin film (curve b of RBdl2) and the glass slide
(curve c of Fig. 3.12), for all the examined Mktiali concentrations ().
The myoglobin amounts adsorbed on the PS thin dia the glass slide
are similar each other (curves b and c of Fig.)3.12

We have found that the amount of adsorbed protareases with
increasing the protein concentration in the inigalutions. This can be
explained by the existence of the concentratioredéent process named
“spreading”. The area which a protein occupieshmadsorbent surface
is called the footprint of the protein. Usuallygtfootprint increases with
the residence time of the protein on the sorbehts Pprocess is called

spreading. The spreading process is influencedhéytotein and surface
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properties as by the presence of neighboring mtdscuAt high
concentrations of the initial solution, the surfag#l be occupied in a
shorter time and so the time for spreading wilsherter. This results in a
smaller average footprint of protein molecules. A€onsequence, the
adsorbed concentration will be larger. In other dgprwhen the supply
rate is high (higher protein concentration in thi¢tial solution) the time
for spreading is small. As a consequence, moresjoraian be adsorbed.
This explains why the protein density on the swefawreases with the

initial concentration of the protein in the solutio
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Table 3.2Surface density coveragé myoglobin(I') on the etched blend, the PS thin film and a gitide for different initial concentrations of the
protein in the solutions (¢ at 30 min. Monolayer adsorption densify,j and Langmuir binding constant (K) calculated ity the adsorption
isotherms with Eq. 3.2.

I (ng/mm?) ©

F\, (ng/mm?) ® | np (units/nm?) © K ®
Cin2.22 (mg/L) | Ci,3.44 (mg/L) | C,5.35 (mg/L) | C, 8.62 (mg/L)
Etched Blend 1.5+0.1 2.0+0.2 2.1+0.2 25%20.2 2.7%+0.2 (9.2+0.7) 10° 1.0+0.5
PS 0.7+£0.1 1.1+£0.1 1.0+£0.1 1.4+0.1 1.7+0.5 (5.8 £0.2) 10° 0.3+0.2
Glass slide 1.0+0.1 1.1+£0.1 1.1+£0.1 1.4 +0.1 1.7 £0.2 (5.8 £0.1) 10° 0.5+0.2

(c) Number of protein molecules per hAoalculated as

(&) Maximum relative errors calculated considering anreof 10% in the volumes of the retrieved Mb sialns.

17600

-21
m 10 ° Ny , with 17600 the molecular mass of myoglobin Aladhe Avogadro number.

(b) Absolute errors calculated by propagation of th&imam error. Results are averaged over at leasetimdependent experiments.
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All isotherms in Fig. 3.12 show an initial increaaad then reach a
plateau. In the hypothesis that under the expetiaheronditions the
proteins form a monolayer, the presence of a plaseggests that these
isotherms can be fitted to the Langmuir isothermagign (Eq. 3.2).

O (Eq. 3.2)

I'm  1+KC

wherel is the protein surface density coveragg,is the maximum value
of protein surface density coverage (full coverage surface, or
monolayer adsorption density) and indicates the afayer adsorption
ability on the surface, C is the protein concemdrgtK is the adsorption-
to-desorption ratio, or Langmuir binding constaont the adsorption
process.

The values of the monolayer adsorption dendity) (and of the
Langmuir binding constant (K) calculated by fittinhe adsorption
isotherms with Eq. (3.2) are reported in table 8@m the calculateti,
and K values it is evident that our porous supod better candidate for
biomolecule adsorption than the PS thin film and tilass slide. In
particular, the number of myoglobin biomolecules@btied per nfon
our supports (i , see table 3.2) is ~ 9 x 10nits/nnf in the case of the
nanoporous support (etched blend) arg A 6 x 10° units/nnf in the
case of non porous supports (PS and glass), cormdsm to a single Mb
biomolecule adsorbed on an akeaf ~ 11 nmi in the case of the porous
support and ~ 17 nfrin the case of the non porous supports. This é du
to the large surface area and opened pore struthateallows high
protein loadings in the case of the etched blerte Tesults that our
support exhibits an increased adsorption abilithhwespect to both a flat
and hydrophilic surface (glass slide) and a flad agdrophobic surface
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(PS) indicates the importance of the nanochanneld af their
hydrophilic nature due to the PEO presence.

It is worth noting that in the case of our porougface (curves a,
a’ of Fig. 3.12) a deviation from the Langmuir (fturve a of Fig. 3.12) is
observed (curve a’ of Fig. 3.12) [36].

To further evaluate the ability of our nanoporouport to absorb
the myoglobin we have performed adsorption kinetegperiments
(Figure 3.13). To this aim 750 uL of myoglobin d@mus with a fixed
concentration (7.95, 6.39, 4.03 or 3.75 mg/L) hheen placed on the
films of the etched blend and retrieved after défé incubation times
(ranging from 5 to 75 min). The surface densityerage of Mb [) for
each incubation time has been determined by U\BMsspectrometry
using the same procedure previously described 8ED. Two kinetic
regimes are identified depending on the initial @artration of Mb used

for incubation (curves a and b of Fig. 3.13).

b =6.39 mg/L

a < 4.03mg/L

0 10 20 30 40 50 60 70 80 90

Time (min)
Fig. 3.13 Adsorption kinetics experiments of myoglobin on taehed blend. The
surface density coverage of Mt) have been determined after different incubatiores

(ranging from 5 to 75 min) for different concenioats of the initial solutions of Mb;
3.75 (), 4.03 6), 6.39 €) and 7.95%) mg/L.
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The Langmuir isotherm (Eq. 3.2) has been usedttthé experimental
data of Fig. 3.13 after linearization of kinetictalaas reported in the
appendix (A.3.2). From Fig. A3.2 it is apparentttfa incubation time
less than 15 min no regular behavior is observeahably because the
equilibrium surface coverage is not reached. Howefa incubation
times higher than 15 min the adsorption kinetias loa described in terms
of an equilibrium Langmuir behavior, with paramsetét = 1 andl,, =
2.7 (see table 3.2), due to the formation of a neay®y. This result
confirms that the isothermal adsorption kineticsMi§ reported in Fig.
3.12 for an incubation time of 30 min as an exanpdd describes the
adsorption behavior of the etched blend in the &rom of a monolayer.

We have performed Mb adsorption kinetics experimeiso on
PS thin films. A comparison between the kineticdgrened on PS and on
etched blend is reported in Fig. 3.14 for two d#f& initial Mb
concentrations, 7.95 (A) and 4.03 (B) mg/L. Theulssconfirmed that
our porous meterial is able to absorb higher ansahMb.
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Fig. 3.14Comparison between the Mb adsorption kinetics enetiched blendaj and on a PS thin filmbj for an initial Mb concentration of 7.95
(A) and 4.03B) mg/L.
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In order to confirm the ability of our porous suéato absorb Mb
we have also determined the amount of absorbed dmmes using
guartz crystal microbalance (QCM) measurements, ed-egtablished
technique for monitoring mass depositions via cleanigp the resonant
frequency of an AT-cut piezoelectric quartz crystith metal electrodes
deposited on its two faces [37]. To perform QCM suwaments we have
prepared our porous thin films on the gold workelgctrode of an AT-
cut crystals with a fundamental resonant frequesfc}y0 MHz. We have
verified that the lamellar morphology is retained a gold surface (Fig.
A3.3 in the appendix). Then, Mb has been physicallgorbed on our
support following the same procedure previouslycdbed. In particular,
we have determined the dry mass of absorbed Mburiegshe resonant
frequency of the crystal after washing the quaristal with water in
order to remove loosely bound proteins and sucoesdiying at room
temperature overnight. A comparison between thealBorption kinetics
obtained using QCM and UV-visible technique isomtgd in Fig. 3.15.

r (ng/mm?)

0 10 20 30 40 50 60 70 80 90
Time (min)

Fig. 3.15 Adsorption kinetics experiments of myoglobin or thtched blend obtained
using the QCM &) and UV-Vis p) technique.l is the surface density coverage of
protein. Incubation temperature: 5 °C. The initiahcentrations of the Mb solutions are
6.6 mg/L and 6.4 mg/L in the case of the kineticamged with QCM and UV-Vis
technique, respectively.
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Qualitatively, the general shapes and time-scdi¢iseoadsorption curves
resulted similar for the UV-Vis and QCM techniquast the measured
mass of adsorbed protein determined with QCM igédarthan that
measured with the UV-visible technique. This istgubvious because
the mass obtained via the measured frequency shifte QCM also
includes water coupled to the protein and watgapted in the hydrophilic
cavities of our film. Also, the underlying surfaedifferent for the two
experiments; the films have been prepared on & glbde for UV-Vis
measurements and on gold for QCM experiments. Tdreredue to the
intrinsic differences in the experimental set-upthed two techniques and
the different nature of supports (glass Au), a direct comparison
between the amounts of adsorbed Mb determined @@M and by UV-
Vis measurements is quite hazardous. However ih bases a quasi-
plateau regime in protein surface density coveiageached after ~ 30
min.

We also have studied the myoglobin adsorption wnsoipports,
both before and after the pores formation, by meutreflectivity.
Preliminary results, reported in Fig. A3.4 in thgpandix, clearly show
differences between the non porous and porousdagethe mechanisms
of myoglobin adsorption to the interface.

As a general remark, it is of great interest toarathnd protein
adsorption from an aqueous environment to a salifiase and many
authors have investigated adsorption of protegotm surfaces in the last
decade. However identification of general statesieior describing
protein adsorption on solid surfaces is still allemge. Biomolecules
adsorption is a very complex process that deperadsonly on the
chemical and physical characteristic of the surflagealso by different

protein-surface forces, including van der Waalsdrbghobic and
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electrostatic forces. Attention has to be also paithe sub processes like
structural rearrangements in the protein, dehyoinatif the protein and
parts of the surfaces and redistribution of chaigedips in the interfacial
layer. The effect of many variables like pH, tengtere, the ionic
strength, and the nature of the solvent proteimgdi®n have to be taken

also into account.
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3.5 Catalytic performance of immobilized horseradig
peroxidase (HRP)

For biosensing applications, maintenance of stractand
functions of immobilized proteins is of primary ionance. Non-porous
materials, to which enzymes are attached to tHaes, are subjected to
minimum diffusion limitation while enzyme loadingeip unit mass of
support is usually low. On the other hand, porowemals can afford
high enzyme loading, but usually suffer a much grealiffusional
limitation of substrate. For these reasons theuati@n of the catalytic
performance of immobilized enzymes is a criticalies.

In this paragraph, we evaluate the catalytic peréorce of the
enzyme horseradish peroxidase (HRP) immobilized com porous
surfaces and we compare it with the enzyme imnmdglion PS thin
films and glass slides.

HRP is an important heme-containing enzyme that basn
studied for more than a century [88 It is a single chain polypeptide
containing four disulfide bridges. It is a glycof@m containing 18%
carbohydrate and has a total molecular mass of G140 [38 b] and
dimensions of 4.0 nm x 6.7 nm x 11.7 nm (Fig. 3[B8)c].
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Fig. 3.160verall fold of EST2f Horseradish Peroxidase (HRP) [§8

HRP readily combines with hydrogen peroxide@) and the resultant
[HRP-HO;] complex can oxidize a wide variety of substratds.
evaluate the activity of immobilized HRP, we haeéested a well-known
peroxidase-catalyzed reaction, the one-electrodabixin of 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) intlee corresponding
radical-cation, ABTS (Fig. 3.17). The radical-cation ABTShas an
absorption maximum at 420 nrx4=3.6 x 1M~ cm™); it absorbs also
at 340 nmdzs=5.4 x 1M~ cm?) and 740 nm [34].

& HRP &
e ——— = _
055 S SO;  H,0, 055 S S SO,

ABTS ABTS®"

Fig. 3.17 One-electron oxidation of 2,2’-azino-bis(3-ethylkethiazoline-6-sulfonate)
(ABTS) into the corresponding radical-cation (ABTScatalyzed by the enzyme
horseradish peroxidase (HRP) angDhl

The activity of the immobilized HRP on the diffetesurfaces has been
analyzed by Visible spectrometry. Infiast stepthe enzyme HRP has
been physically absorbed on the various surfacdsraasecond stephe
activity of the enzyme has been evaluated by pipeinfresh prepared
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solution of ABTS and kD, on the surfaces containing immobilized HRP
(see Paragraph 3.2.4 for details about the expatah@rocedure). The
formation of the reaction product (ABT$ resulting from the catalysis
of ABTS by the immobilized HRP, has been verifiedhovisually, due to

a color change in the solution from clear to gréawior of the radical-
cation ABTS"), and quantitatively by recording the UV-Vis speat of
the solutions.

We have performed different experiments by varytimg time of
contact between the enzyme solutions and the ssfaturing the
immobilization phasestep 1. In particular, we have used three different
incubation times (30, 90 and 150 min). The enzyn@ut®n
concentration irstep land the experimental conditions during ghep 2
to verify the enzyme activity, instead, have beeptkdentical in the three
experiments. In particular we have deposited onstivéaces (containing
immobilized HRP) 500 pL of a phosphate buffer golut(pH 4.6)
containing ABTS and O, in the concentrations 2.45 mM and 9.75 mM,
respectively. In a few minutes, we have observelamge in color of the

ABTS/H,O, solutions deposited on the surfaces. The colorthef
solutions becomes green, indicating ABT®rmation. The UV-Vis
spectra of the solutions acquired after 5 minutesontact between the
ABTS/H,0, solutions and the etched blend, PS and glass slidaces
containing immobilized HRP are reported in figurd8A-C, for three

different incubation time.

128



© o ©o o o o o
S S s LI N

Adsorbance (a. u.)

0.1

0.0

400 410 420 430 440 450 460 470 480 490 500

A (nm)

Adsorbance (a. u)

.
[N
)

g
=}
I

o
Y
)

o
o
)

o
S
|

o
N
)

0.0

400 410 420 430 440 450 460 470 480 490 500

A (nm)

Adsorbance (a. u.)

3.5

3.0

2.5

2.0

1.5

1.0

0.54

0.0
400 410 420 430 440 450 460 470 480 490 500

A (nm)

Fig. 3.18A-C UV-Visible spectra of the ABTS/ABTS solutions retrieved after 5 minutes of contadhwihe HRP enzyme immobilized on the
etched blendd), PS p) and the glass slide)(for different HRP incubation times; 38), 90 8) and 150 C) min.
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All the profiles of Fig. 3.18 show the absorptiorag at 420,
indicating the presence of ABT the solutions. However, the intensity
of the peak, proportional to the amount of the tieacproduct and
therefore indicative of the catalytic efficiencytbe immobilized enzyme,
is different for the solutions retrieved from téferent surfaces. In all
the spectra of the Fig. 3.18 A-C the absorbandabhefsolutions exposed
to the glass slide (curves c of Fig. 3.18) is ks the solutions exposed
to etched blend (curves a of Fig. 3.18) and PSvéxub of Fig. 3.18)
indicating a lower activity of the enzyme immobdd on the glass. Using
an incubation time of 30 min, no appreciable ddferes have been
observed in the spectra of the solutions retridvath PS (curve b of Fig.
3.18A) and etched blend (curve a of Fig. 3.18A)tdkty, using longer
incubation time (Fig. 3.18 B and C), the intensiy the ABTS'
characteristic peaks in the solution retrieved froor porous support
(curves a of Fig. 3.18 B and C) sensibly increasgl respect to the
solution deposited on the PS surface (curves bigf 18 B and C).
Using an incubation time of 150 min, the peak & #4# in the case of
the etched blend is so intense that is out of caiere a of Fig. 3.18 C).
The results of Fig. 3.18 indicate that using a sleubation time the
guantity of the HRP immobilized on the PS film adthe etched blend
is approximately the same but using longer incuipatimes the quantity
of enzyme that is able to absorb on our porous @auipp higher. This is
reasonable considering that a longer time is redquito allow the

penetration of the enzyme in the pores of our stppo
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: AR
Fig. 3.19Photographs of the ABTS/ABTSsolutions retrieved from the etched blend
(a), the PSIf) and glass slidec] in the case of the experiment reported in Fig8X

(A) and in the case of the experiment reported inF20 C B).

The development of the reaction product ABT8an be also
visually verified. As example, in figure 3.19 A tiphotographs of the
solutions retrieved from the etched blend (a), A& thin film (b) and
glass slide (c) in the case of the experiment @f 3.18 C are reported.
The intensity of the color solution, proportional the concentration of
the radical-cation, is higher in the solution mted from our porous
support. The obtained concentrations of ABBESe reported in table 3.3

Table 3.3concentrations of ABTSin the retrieved solutionafter 5 minutes of contact
with the HRP enzyme immobilized on the etched bleéRh8 and the glass slide for
different incubation times (IT) of the enzyme oe tfifferent supports. In the case of IT
30 min, the activity tests have been performed idiately after the enzyme
immobilization @) and after 7 B) and 18 C) days from the immobilization. The
activity tests for IT 90 and 150 min have been ganed immediately after the enzyme
immobilization. For all the tests we have usedrtial ABTS and HO, concentration
of 2.45 and 9.75 mM, respectively.

C ABTS+e (mg/mL)
IT 30 min . .
A Bl C IT9Omin | IT 150 min
Etched blend | 102 | 48| 17 176 (a)
PS 99 | 20| 4 97 60
Glass slide 41 | 16| 1 38 23

(@) The absorbance is out of scale.

All the data suggest that the enzyme retained itfvity after
immobilization on the different surfaces and thashows an increased

activity when immobilized on our porous supporthi€é incubation time is
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long enough. The result that the incubation prdt@édhe HRP on our

porous surfaces entails a threshold time to sicgnfily differentiate the

enzymatic activity of HRP adsorbed on the flat sarfgpsuggests that the
immobilization process is diffusion limited. In tliase of PS and glass
supports, indeed, HRP is adsorbed on a flat syr&awd only the specific

balance of hydrophobic/hydrophilic interactionshwilhe plays a key role.

In the case of the porous surface of our etcheddblenstead, also the
diffusion of HRP inside the pores comes into plaince the pore

dimensions are comparable with the average dimessib the enzyme

molecules.

We also have studied the enzyme activity by varyihg
concentrations of hydrogen peroxide and ABTS (F@®.5 in the
Appendix). The enzyme immobilized on our porouspsup shows an
increased activity with respect to the enzyme imiieddl on a glass and
PS thin film in all the performed experiments. Tth&al activity is much
greater for immobilization onto the porous suppastexpected as a result
of its much greater surface area, provided thatiticebation time is
higher than a threshold.

Stability of the immobilized enzyme with aging i@ critical.
Therefore we have characterized the surfaces imstesf long term
stability of enzyme activity by measuring the aityiwof the enzyme upon
aging the supports for 7 and 18 days after immzddilon, using a fixed
incubation time (30 min). The experimental procedto test the HRP
catalytic performance is the same previously dbsd:i The recorded UV-
Visible spectra of the ABTS/ABTSsolutions and the amount of ABTS
obtained in the different activity tests are repdrin Fig. 3.20 and table
3.3, respectively. The photographs of the solutiohghe experiment
reported in Fig. 3.20 C are reported in Fig. 3.19 B
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Fig. 3.20A-C UV-Visible spectra of the ABTS/ABTS solutions retrieved after 5 minutes of contaghwihe HRP enzyme immobilized on the
etched blendd), PS p) and the glass slide)( immediately after the enzyme immobilizatiok) @nd after 7B) and 18 C) aging. The incubation
time is 30 minutes for all the tests.
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As previously discussed (Fig. 3.18 A), when we @enf the
activity test immediately after the enzyme immdaation after 30 min
incubation time, the HRP over the glass slide aihithe lowest activity
while the HRP immobilized on our porous supportvehiaan activity
similar to that immobilized on PS thin film (curvasand b of Fig. 3.20
A). The absorbance intensities decrease with iseredaging time for all
the surfaces (Fig. 3.20 B, C) indicating that thdity of the HRP to
catalyze the ABTS oxidation progressively decreasesr the time.
However, for the enzyme immobilized on our poroupp®rt there is a
less pronounced loss in enzyme activity with adingg (curves a of Fig.
3.20 B, C). In particular, after 7 days, the lo$sadtivity is 53% in the
case of the etched blend and 80% and 61% in tleeafabe PS thin film
and the glass slide, respectively. Therefore for-porous supports there
is significant activity loss. After 18 days (Fig.28 C), the HRP
immobilized on our porous support shows a resicagivity of 17%
while almost a total absence of activity is obsdrer the HRP
immobilized on PS and glass slide. HRP immobilized non-porous
support displays a more significant decrease iryraezactivity. In other
words, enzyme immobilized on non-porous supportdeiactivated at a
higher rate and our porous matrix is significarsiyperior in maintaining
enzyme activity. It is possible that the porousudiire provides an
environment that protects enzyme from deactivafidrerefore the use of
porous supports not only yields greater enzymatitvigy, but also
significantly improves its long term stability. it worth noting that these
results have been obtained after storage the daetbles for 7 or 18 days
at 4 °C without particular precautions. Probablynajor control of the
storage conditions could possibly lead to betterfopmances of

immobilized enzyme upon aging with use of our namops support.

134



3.6 Immobilized Esterase 2 (EST2) as biosensor fdhe

detection of specific organophosphate pesticides

The phosphorus-based compounds, known as orgarpipies
(OPs), have become the most diffuse neurotoxic at@mompounds [39
al. The general structure of these molecules is shmwFigure 3.21 A.
The mechanism of action of these neurotoxic comg@gswoncerns mainly
the irreversible inhibition of acetylcholinesterasekey enzyme for the
correct activity of the nervous system [38]. Among the
organophosphates compounds, paraoxon (Fig. 3.24 @)e of the most
used pesticide in agriculture [34]. It is also widely studied for its
neurotoxic, cancerous, and teratogenic effectsghvhave been observed
even at very low concentrations [3f) c]. The compound is slowly
degraded in the environment, allowing frequentyrécovery in the food

chain [40].
Ra R, = -CH:CH, -CH;
R1o_ P—OR3 Ri= O S
OR, R,= alkyl, alkoxy, :l.lk_\'llhm, aryl, heterocyclic,
aryloxy and arylthio groups

0
CH,CH-O
3CH; \!! ‘
. —0 NO,
CHyCH,O
Paraoxon

Fig. 3.21 General molecular formulas of organophosphatgsafd paraoxon structure

(B).

Because of toxicity to humans, the removal of exced
organophosphates compounds from the environmemargdatory, but a

preliminary action of detection and monitoring iscarequired. At the
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present, the classical methods of pesticide deteatiakes use of gas
chromatography (GC), high pressure liquid chromaplgy (HPLC), and

recently mass spectrometry (MS) approaches [41¢s&Hechniques are
very powerful tools for monitoring toxic analytésjt they are expensive,
time-consuming, and sometimes are not adapt faitin and real-time

detection. In contrast, the easy handling of aigédst biosensor would

make possible carrying out the analysis also froant @f untrained

people, suggesting a future diffusion of such dewvin the domestic
market. Pesticides biosensors have the potent@rgplement or replace
the classical analytical methods by simplifying eliminating sample

preparation protocols and making the testing infidld easier and faster
with a significant decrease of the analysis costs.

In this paragraph we describe the possibility te ttee enzyme
Esterase 2 fronAlicyclobacillus acidocaldariu¢EST?2), immobilized on
our block-copolymer based porous support (etcheddylFig. 3.7 A and
3.8 A), as biosensor for the detection of paraoéig. 3.21 B). The
detection strategy is based on the fact that paracan covalently link to
the EST2 active site irreversibly inhibiting thezgme hydrolase activity.
In paragraph 3.6.1 we evaluate the hydrolase ¢atgdgrformance of the
immobilized EST2 enzyme usingnitrophenyl butyrate fcNP-C4) as
substrate (Fig. 3.23). In paragraph 3.6.2 wettestEST2 inhibition by
paraoxon. In particular, we have measured residgvity of the
immobilized enzyme after the contact with paraoxorgrder to evaluate
the capability of the immobilized enzyme to detabis specific

organophosphate compound.
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3.6.1 Catalytic performance of immobilized EST2

EST2 is a thermophilic carboxylesterase isolatetl daned from
Alicyclobacillus acidocaldariuslt is a monomeric protein of about 34
KDa and its structural model [42] revealed a roygéllipsoidal shape
with approximate dimensions of 4.4 nm x 4.7 nm .4 Bm. Its structure
shows the typical features of theép-hydrolase fold; in particular, it
consists of a central eight-stranded miXedheet surrounded by five
helices (Fig. 3.22).

Fig. 3.220verall fold of EST2: helices are shown in r@estrands in green and others in
blue. The residues of the catalytic triad are showeyan. Reproduced from ref. 42.

EST2 hydrolyses monoacyl esters of different adir lengths
and different compounds of pharmacological and stvil interest [31].
The enzyme displays maximum activity pmitrophenyl pNP) esters
characterized by an acyl chain length of 6-8 cartmms, at an optimum
temperature of 70 °C and shows a discrete actigigo at room
temperature. The three-dimensional structure of ZSHows that its
catalytic triad consists of the three residues1S®rHis282 and Asp252,
all located on the C-terminal side of the mixedtcap-sheet (Fig. 3.22).
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In the following, we compare the catalytic performa of the
EST2 immobilized on our BCP based porous surfaeehéd blend, Fig.
3.7 A and 3.8 A) and on a glass slide, usingptimétrophenyl butyratep-
NP-C4) as substrate. The relevant reaction is tegon Figure 3.23. The
released-nitrophenol p-NP) shows an absorption maximum at 405 nm,
therefore its formation can be monitored by followithe increase of the
absorbance at this wavelength. We have selectedutbstrategp-NP-C4,
containing an acyl chain length of 4 carbon atobes;ause of the poor

water solubility of the substrates containing langgrbon chains.

/@,Om/\/of‘ia E> /@/OH HOm/\,CHs
02N o O.N & ]

p-nitrophenyl butyrate p-nitrophenol  butyric acid

Fig. 3.23EST2-catalyzed hydrolysis @fnitrophenyl butyrateg-NP-C4). The reaction
products arg-nitrophenol p-NP) and butyric acid. Thp-nitrophenol formation can be
followed by visible spectrometry monitoring the agstion peak at 405 nm.

In afirst stepthe EST2 enzyme has been physically absorbed on
the surfaces by placing 110 pL of the enzyme smiuith contact with the
surfaces for a fixed time (incubation time).

In a second stepve have evaluated the catalytic performance of
the immobilized enzyme at room temperature by ptaca freshly
prepared solution op-nitrophenyl butyrate cNP-C4) on the surfaces
containing the immobilized EST2 and by monitorifge tabsorbance
increment at 405 nm, due to the formation of thactien productp-
nitrophenol p-NP) (Fig. 3.23). See pard in paragraph 3.2.5 for

experimental details.
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Fig. 3.23 Absorbance at 405 nm pfnitrophenol p-NP) produced in the reaction between the substraftrophenyl butyrateg-NP-C4) and the
EST2 enzyme immobilized on the etched bledjidnd a glass sliddj for different enzyme incubation time; 90 may,(2 days i§), 3 days ¢) and

6 days ().
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We have performed different experiments by usinffedint
incubation time, that is the time of contact betwdlee enzyme and the
surfaces during the immobilization stegtep 3. In particular, we have
used the following incubation times: 90 min and3Zand 6 days. After
these incubation times, the samples have beendrimseemove enzyme
molecules that are weakly adsorbed on the surfack the enzyme
activity has been tested as previously descrilsep(2,part a of the
paragraph 3.2.5). The results are reported in &&B in the case of the
enzyme immobilized on our porous support (etchedd) (A) and a glass
slide (B). An increase in the absorbance at 405 doe to thep-
nitrophenol p-NP) released by the reaction between the subgirhite-
C4 and the immobilized EST2 enzyme, is observedbtith the etched
blend (Fig. 3.23 A) and the glass slide (Fig. 38)3 demonstrating that
the immobilized enzyme retains its activity on betlrfaces. In the case
of the glass slides, the maximum enzyme activiglisady reached using
the lowest explored incubation time (90 min) (cuavef Fig. 3.23 B); no
significant increments in enzyme activity are olkiedrby further increase
of the incubation time (curves b-d of Fig. 3.23 Bn the contrary, the
activity of the enzyme immobilized on our poroupport increases by
using longer incubation time (Fig. 3.23 A). Thigémsonable considering
that a longer time is required to allow the pengireof the enzyme in the
porous of our material. The slopes of the kinetigssres obtained by the
linear fitting of the initial kinetic data of Fid.23 are reported in Fig.
3.24. It is apparent that after ~ 120 h incubatiore the activity of the
EST2 immobilized on the glass and porous suppoetsoines almost
identical.

We also have verified the morphology of our etchézhd after

the enzyme immobilization step and subsequentigctiest with p-NP-
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C4 (Fig. A3.6 in the Appendix). Notably, our thentHilm retains its
lamellar porous structure also after the contath @wgueous solutions for
long time (6 days), the rinsing, and the activiégtt demonstrating the

high potential of our support to fabricate actiggdrs in biosensors.
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Fig. 3.24 Slopes obtained by the linear fit of the initiadimts of the kinetics data
reported in Fig. 3.23 in function of the incubatithime (IT) in the case of the enzyme
immobilized on the etched blend, @) and on the glass slidb, (©).
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Fig. 3.25 Absorbance at 405 nm gd-nitrophenol p-NP) obtained by the reaction
between the substratp-nitrophenyl butyrate ftNP-C4) and the EST2 enzyme
immobilized on the etched blend after aging the ohitived enzyme for 1ha( m), 3
days b, o) and 7 daysq, A). The enzyme incubation time during the immobtiza
step is fixed at 90 min.

To evaluate the stability over the time of the eneyimmobilized

on the etched blend, we have performed enzymatiitgdests after 1h,
141



3 days and 7 days from immobilization, using adixecubation time (90
min). The results are reported in Fig. 3.25. Notablo activity loss is
observed even by aging the immobilized enzyme fdays with the time
(curve c of Fig. 3.25), demonstrating the high iitgbof the EST2

enzyme.
3.6.2 EST2 residual activity after contact with paaoxon

It has been demonstrated that the EST2 enzyme earsdd as a
biosensor for the detection of specific organophasp pesticides
because its activity is highly sensible to orgaragphates (OP) inhibition
[29 b] . The inhibition mechanism by paraoxon is reparie Fig. 3.26.
Paraoxon, one of the most used pesticide in agmeulnd also widely
studied for its neurotoxic, cancerous, and teratmgeeffects [30],
covalently links to the Ser 155 residue of the E&tRve site, inhibiting

the carboxylesterase activity of the enzyme.

Ser 155 Ser 155

o}
CH,CH,O |

)
OCH,CH
N I 2y
/P—:)—@—Nuz — o—p< + HO—@—NO:
CH(CH,0 OCH,CH,

Paraoxon p-nitrophenal

OH +

Fig. 3.26Inhibition mechanism of EST2 by paraoxdrhe paraoxon covalently links to
the Ser 155 residue of the EST2 active site, itihdpithe carboxylesterase activity of the
enzymep-nitrophenol p-NP) is released after the covalent binding.

The evidence that carboxylesterase activities agasible to the
organophosphates inhibition, dates back to thee§Gand was associated
to the pesticide resistance in aphids and mosqu[é®] but only recently
these enzymes have raised interest as part ofrtsiosein environmental
monitoring [44].

142



The direct monitoring of EST2 inhibition by paraoxcould be
possible by measuring the releasg-ofitrophenol p-NP) from paraoxon
hydrolysis, as the consequence of covalent bindinghosphoryl group
to serine 155 in the catalytic site of EST2 (Fi®263. However the signal
at 405 nm (maximum of absorbance f®NP) monitored in this way
results low due to the poor level pfNP generated in the assay. Better
results in the paraoxon detection can obtained byitoring the EST2
residual activity after inactivation by paraoxorhefefore we have used
this strategy to test the ability of the enzyme iohitized on our porous
supports, on PS thin films and on glass slidegjdi@ct paraoxon. The
experimental procedure has been described inlkpaftparagraph 3.2.5.
We have tested the -catalytic performance of the ZEShzyme
immobilized on the different supports before anttrathe contact with
paraoxon solutions at different concentrations dea0.02 — 0.50 uM).
The substrat@-nitrophenyl butyratepgtNP-C4) has been used to test the
enzyme activity, as described in the previous pagy Typical results,
obtained in the case of the etched blend and bygusdncentrations of
paraoxon solutions in the range 0.04 — 0.5 uMreperted in Fig. 3.27 as
example. The EST2 activity in absence of paraoxoralso reported
(curve a of Fig. 3.27). After the contact with paran, a remarkable
decrease in enzyme activity is observed. In pddicthe enzyme activity
is reduced by more than 60% already for the lowegbrted paraoxon
concentration (curve b of Fig. 3.27). This concatidn corresponds to
0.04 uM that is ~ 4 pmol of paraoxon in 110 pL ofusion, indicating
that the immobilized enzyme can be used to detacagxon in the
pmoles range. These results confirm that our posuyport containing
the immobilized EST2 enzyme can be used as actad for the

construction of a biosensor for the paraoxon detect
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Fig. 3.27 Residua activity of EST2 immobilized on the etchHaddnd in absence of
paraoxon &, =) and after contact with paraoxon solutions atedéht concentrations in
the range 0.04 — 0.50 uM. In particular, the pasacconcentrations are 0.04, @), 0.14
(c, =), 0.23 @, m), 0.32 €, =), 0.41 €, =) and 0.50 ¢, =) pM. These concentrations
correspond to ~ 4, 15, 25, 35, 45 and 55 pmol ag&gen in 110 pL of solution,
respectively.

Similar kinetic curves for the determination ofidesl activity of
EST2 have been measured also using PS and glasgpsrts. In Fig.
3.28 the slope of the kinetic curves describing riesidual activity of
EST2 immobilized on the different supports as acfom of the
concentration of paraoxon solutions, used as itdribiis compared.
Roughly a unique behavior is identified, showingttlthe rate of the
hydrolysis reaction op-NP-C4 with residual EST2 decays by addition of
inhibitor identically, with the advantage that @®€P based nanoporous
surface can be finely tuned for the pore size aydtdphilicity, and can

be also used as coating over different materials.
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Fig. 3.28 Slope of the kinetic curves describing the redidaetivity of EST2
immobilized on the different supports as a functafnthe concentration of paraoxon
solutions; etched blena)( PS () and glassd). Paraoxon solutions with concentrations
ranging between 0.02 and 0.5 pM have been used.

The value of adsorbance at 100 min reaction timeeath
paraoxon (inhibitor) concentration C {#®mi{C)) and in absence of
inhibitor (A100miA0)) have been used to calculate the relative dnop

absorbance at 100 min as:

A min(O)_A min(C)
AAjgomin = = A100min1(000) (Eq. 3.3)

where the values of absorbance have been corrmtéide spontaneous
hydrolysis of paraoxon at 100 min. The value of te&tive drop in
absorbanc€AA;oomin) UNndergoes a linear increase with concentration of

inhibitor, up to reach a value of 1 when all EST2\e sites have been

inhibited by paraoxon.
The values ofAA,yomin @S a function of the concentration of

paraoxon in the case of our porous support arategm Fig. 3.29.
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Fig. 3.29Relative drop in absorbancAA;qomin) ,» Calculated according to the Eq. 3.3,
vs the concentration of paraoxon in the case of ooroys supports. The linear
extrapolation used to evaluating the equivalenibitbr concentration is also reported.

The linear extrapolation of the relative drop insatbance, due to
addition of paraoxon, allows evaluating the equwmal inhibitor

concentration needed for full inhibition, equal @®4 uM (Fig. 3.29).
Since the ratio between active sites in EST2 tageon is 1:1, the
number of active EST2 molecules present on ourtgtbss 4.4 pmol (=
0.04 uM x 110 pL, with 110 pL the volume of paraosmlutions used

for each measurements).
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3.7 Conclusions to Chapter Il

Exploiting the partial miscibility of polyethylenexide (PEO) and
poly(L-lactide) (PLLA), and the possibility to ebsiremove PLLA
blocks by basic hydrolysis, we have set up a praeedhat allows
building nanostructured membranes with well definactthitecture
containing pores ( ~ 20 nm in width) delimited Hy® hydrophilic walls.
The large surface area, the tailored pore sizestlamdunctionalization
with hydrophilic PEO blocks make the designed namotured material
suitable supports for the immobilization of spexcifbiomolecules
(myoglobin, HRP and EST2). The porous structurbeseficial for the
loading of large amount of myoglobin, moreover tise of our porous
supports as confining agent for the HRP improves tatalytic
performance of the enzyme without mass-transfeitdinons. The total
activity of HRP immobilized onto porous supportgieater than that of
HRP immobilized onto flat hydrophilic (glass) angdnophobic (PS)
surfaces and the presence of pores makes the ®ny gtability of
immobilized enzyme high. Finally, we have also destmted that the
EST2 immobilized on our porous support can act es/e layer in

biosensors for the detection of the organophosptatgound paraoxon.
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CHAPTER |V

DIMETHACRYLATE BASED PHOTOPOLYMERIC SYSTEMS
MODIFIED WITH A POLYSTYRENE -BLOCK-POLY (ETHYLENE
OXIDE ) COPOLYMER FOR 3D PRINTING

4.1 Introduction to Chapter IV

3D printing is one of the possible routes for mgkia three-
dimensional object from a 3D model or other elautodata source
primarily through additive processesn which successive layers of
material are laid down under computer control. 3Beprinter used in the
present work is the FreeForm Pico (Asiga) (Figwk A and B). With
native XY pixel resolutions down to 27 microns a2®D nanometer Z-
axis servo resolution, the Pico is the highest lem 3D printer
available today. The Pico 3D printer uses a sdiadesUV LED light
source and UV curable resin precursors to constivete-dimensional
(3D) objects based on computer-designed models. @iy C). The
employed manufacturing process, named stereoliipby; is
schematized in Fig. 4.1 D. Stereolithography (atsmwn as optical
fabrication, photo-solidification, solid free-fornfabrication, solid
imaging and Resin printing) was invented by Chuall kh 1986 who
patented it as a method for making solid objects dogcessively
“printing” thin layers of an ultraviolet curable tesial one on top of the
other [1].
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Layers of solidified resin

Liquid resin

Platform and piston

Fig. 4.1 FreeForm Pico Asiga 3D print¢A) and its opened top-viedB) showing the tray containing the liquid photopolyirable resin
precursors and the elevator platform on which tiel ®bject is constructedC) Example of computer-designed model that can be asédput in
Asiga 3D printerD) Scheme of the stereolithography process (desciibta text).
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The process (Fig. 4.1 D) employs a vat of liquicbtplpolymerizable
materials and an ultraviolet laser to build solattp layer by layer. For
each layer, the laser beam traces a cross-sedtibie part pattern on the
surface of the liquid materials. Exposure to the ldser light cures and
solidifies the pattern traced and joins it to tlager below. After the
pattern has been traced, the elevator platformeteisc by a distance
equal to the thickness of a single layer, typic&l95 mm to 0.15 mm.
Then, a resin-filled blade sweeps across the @esson of the part, re-
coating it with fresh material. On this new liqusdrface, the subsequent
layer pattern is traced, joining the previous layecomplete 3D part is
formed by this processTherefore the involved chemistry is the UV
curing of a liquid formulation, containing photogolerizable monomers
and/or oligomers, to produce solid densely crokslinnetworks (resins)
(see paragraph 1.4.3). The formulation also costan appropriate
photoinitiator. It absorbs the UV light and undezg@ photoreaction that
produces the reactive energetic species capablenighting the
polymerization of the constituents in the formuwati We have used the
commercial formulation by Asiga (PlasClear) (of evealed chemical
composition) to construct different 3D objects wilie Asiga 3D printer
(Fig. 4.2 A and B).
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Fig. 4.2 Photographs of a bust of Linco{A) and a model of the Eiffel TowdB) printed with Asiga 3D printer. The inse@andD are
magnifications, acquired with an optical microscopfesome parts of the printed object (scale birem).
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In the present thesis work, we have used a formoulatontaining
acrylate unsaturations, in particular a mixture Bi§phenol A bis(2-
hydroxy-3-methacryloxypropyl)ether (Bis-GMA) andethylene glycol
dimethacrylate (TEGDMA) (Fig. 4.3 A and B). Bis-GMkig. 4.3 A) is
a dimethacrylates ester of Bisphenol A, a long agdl molecule with
reactive carbon-to-carbon double bonds at both.disiiigh molecular
weight, relatively high viscosity, and the presemearomatic groups
contribute to the rigidity of the molecular chaifhe high viscosity of
Bis-GMA is lowered by dilution with TEGDMA (Fig. 8.B), a monomer
of lower molecular weight; a relatively flexiblengar molecule with
carbon unsaturated bonds at both ends of lower

The molecule Phenylbis(2,4,6-trimethylbenzoyl)phiosp oxide
(Irgacure819) has been used as photoinitiator &R C). It is a versatile
photoinitiator for radical polymerization of unsedted resins upon UV
light exposure. The mechanism of the reaction, ha tase of 1,6-
hexanediol diacrylate (HDDA) as diacrylate substrat reported in Fig.
4.4 A [2]. We have selected Irgacure819 as phdiator because its
absorption spectrum (with maxima at 365 and 400 rimy. 4.4 B) well
overlaps with the emission spectrum of the irradrasource used in this
work (irradiation wavelength 365 nm) [3]. This olegr is fundamental to
the improvement of photochemical reaction efficienthe formulation
we have selected can be used in the 3D printer AS&8er 1 min curing
in the 3D printer, in fact, the solid cross-linkpbduct is obtained (Fig.
4.4 C).
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Fig. 4.3 Structure of the materials employed in the presemrk. The two acrylate monomers: Bisphenol A bikg@oxy-3-
methacryloxypropyl)ether (Bis-GMA)(A) and Triethyleneglycol dimethacrylate (TEGDMA)B). The photoinitiator Phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (Irgacure8{8) and the block copolymer polystyrebésckpoly(ethylene oxide) (PB-PEO)(D).
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Fig. 4.4 A) Reaction scheme for the phopolymerization of atylate oligomer, 1,6-
Hexanediol Diacrylate (HDDA), initiated by Irgac8®9. When the photoinitiator
absorbs photons of UV wavelengths, species with faglicals are produced. These free
radicals react with the HDDA monomers to initiatypnerization, until the final solid
cross-linked product is formed. Reproduced from B)]Extinction coefficients of some
commercial photoinitiators; 2,4,6-trimethylbenzalyphenylphosphine oxide (Lucirin),
dl-2,3-diketo-1,7,7-trimethylnorcamphane (CQ), 1-pHeh2-propanedione (PPD) and
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxidegélcure). Reproduced from [3].)
Solid product obtained after 1 min curing of oumfmilation in ASIGA 3D printer.

We have added small amounts of a block copolymeZPBin the
photopolymerizable formulation in order to evaluabe possibilty to
induce the formation of nanostructures in the sgstgithout altering the
capability of the components to photopolymerizepérticular, we have
used a polystyrenklockpoly(ethylene oxide) (P8-PEO) copolymer
(Fig. 4.3 D) because of its structural analogy, tretefore miscibility, of
one block (PEO) with one component of the resircymsors (TEGDMA)
(compare the structures in Fig. 4.3 B and D). Déf¢ experimental
techniques have been used to characterize thensydiefore and after

UV curing. Fourier transform infrared spectroscoflyT-IR) and
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differential scanning calorimetry (DSC) have besedito determine the
levels of conversion and to study the thermal dttarsstics of the
formulations, respectively. Small-angle X-ray seattg (SAXS)
experiments have been conducted to underline tesepce of a phase
separation at nanometer length scale and, finally)smission electron
microscopy (TEM) has been used to study the moggyobf some cured
samples.

4.2 Materials and methods

Materials. Bisphenol A bis(2-hydroxy-3-
methacryloxypropyl)ether (Bis-GMA), Triethylenegblcdimethacrylate
(TEGDMA) and the photoinitiator Phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (Irgacure819) hawen purchased
from Sigma-Aldrich. The block copolymer polystyrebleck
poly(ethylene oxide) (P8-PEO) with number average molecular mass
(M, in Kg mol?) of 22.0-21.5 and polydispersity of 1.09 has been
purchased from Polymer Source Inc. The volume ifvacof the two
blocks is ~ 50%. At this value of fraction the bBKP is able to give rise
to a lamellar morphology by self-assembly [4]. Themical structures of
the materials are reported in figure 4.3. All thatenials have been used
as received without further purification. Four nuseés of these materials
have been prepared, the composition of which isveha Table 4.1. Bis-
GMA and TEGDMA have been always used in a ratio 50 by weight.
They have been vigorously stirred for few minutesar@mund 60 °C and
then at room temperature until the mixture appearedr. The block
copolymer PS$-PEO has been added in the mixture BisGMA/TEGDMA

and the resulting system vigorously stirred at 65fGr at least 7 hours.
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Using this procedure, samples without block cop@ymand samples
containing 1, 3 and 6 wt% of BCP have been preparkdn, in order to
make the samples light curable, a fixed amounthef photoinitiator
Irgacure819 (0.5 wit% with respect to the photoclgraibsin precursors,
that is the total Bis-GMA and TEGDMA) has been atitteeach sample.
Also in this case magnetic stirring has been usei homogenous, clear

yellow systems have been obtained.

Table 4.1 Names and compositions of the samples used instbidy. Bis-GMA and
TEGDMA have been always used in a ratio 50 : 50wmyght. The amount of the
photoinitiator (Irgacure819) is the same in all Hamples, that is 0.5 wt% with respect
to the photocurable resin precursors (total of BMA and TEGDMA).

Sample composition (wt%)

Sample name—;
BisGMA + TEGDMA | PSb-PEO
Neat resin 100 0
Resin + BCP1| 99 1
Resin + BCP3 97 3
Resin + BCP6 94 6

Photopolymerization has been performed by placihgdamples in the
ASIGA pico flash, that is equipped with an UV lighburce with a
maximum emission wavelength at 365 nm. The sourcadiation

wavelength is appropriate for the Irgacure819 pindtator, that exhibits

an absorption maximum at 365 nm (Fig. 4.4 B).

Fourier transform infrared spectroscopy (FT-IR) meeements.
The degree of photopolymerization of a very thimfiformed by the
curable samples has been determined by FT-IR nmasuts, using a
Thermo Scientific Nicolet iS5 FT-IR Spectrometersiall drop of each
sample has been placed between two translucenetpglgne strips,
which have been pressed between two ,Gaffstals to produce a very

thin layer. Polyethylene film has been used matolyavoid adhesion of
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the cured resin on Calerystals and also to prevent oxygen inhibition of
polymerization. The samples have been irradiatedstmcessive short
periods of time. The FT-IR spectra have been rebrdt zero time
(before curing) and immediately after each peridédexposure to UV-
light, in transmission with 128 scans at a resotutof 4 cmt. All
experiments have been carried out in triplicate @nedresults have been
averaged.

Differential scanning calorimetry (DSC) experimenBBSC has
been carried out using a TA Instruments DSC Q20®@rument in a
flowing N, atmosphere. DSC thermograms have been acquir#uecas
received BCP and on the four samples reported bieTé4.1. For these
four samples, DSC thermograms have been acquitiddefore and after
UV curing for ~ 5 min. A scanning rate of 10 °C/ntias been used to
acquire the first heating, cooling and second hgaicans in the range of
temperature -90 — 150 °C.

Small-Angle X-ray Scattering (SAXS) measuremdrits. SAXS
measurements have been performed at room temperatuream line
BM26B (DUBBLE) located at the European SynchrotrBadiation
Facility (ESRF) in Grenoble, France. A sample-distedistance of 2 m
and a wavelength of 1.033 A have been employeddaiee the data. The
sample holder scattering has been subtracted famm measurement.

Transmission electron microscopy (TEM) analy3da\V analysis
has been carried out in bright field mode usinghdigd EM 208S TEM
with an accelerating voltage of 100 kV. 70 nm thigtcathin sections of
the cured samples have been obtained at room tatoperusing a
Reichert-Jung Ultracut E Ultramicrotome equippethvei diamond knife.
The thin sections have been picked up on carbotedo@u grid and

stained with uranyl acetate.
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4.3 Results and discussion

4.3.1 Fourier transform infrared spectroscopy (FT-R)

measurements

The majority of analyses done to assign conversian
methacrylate resins are based on the use of idfrgwectroscopy, which
provides a direct measure of unreacted methacrgtaigps [4]. Therefore
we have used Fourier transform infrared spectroscdpT-IR)
measurements to determine the degree of photopadlemien of the
samples shown in Table 4.1. We have prepared, @diocprio the
procedure described in paragraph 4.2, four diftesamples. The first of
them, named “neat resin”, contains only the aceylatonomers (Bis-
GMA and TEGMA). The other samples contain alsolileek copolymer
(BCP) at different concentrations, that is 1, 3 &mnt%. These samples
are named ‘resin + BCP1", “resin + BCP3” and “resinBCP6”,
respectively. Obviously, all the samples contaire tphhotoinitiator,
Irgacure819, at a fixed concentration (0.5 wt% webpect to the total of
photopolymerizable resin precursors).

FT-IR spectra have been recorded for each sampkerat time
(before curing) and immediately after a fixed tiofeexposition to UV-
light (curing time). The obtained spectra in theecaf the neat resin and
of the sample containing 3 wt% of BCP (RESIN + BCB& reported in

figure 4.5 as an example.
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Fig. 4.5FT-IR spectra of the Neat Regis, A’) and of the samples containing 3 wt% block copoly(Be B’), before curingd) and after curing
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for the indicates times. 1A’ andB’ the magnifications of the 1800-1550 tnegion in the case of the samples before cuguid after curing

for 10 min €) are reported.
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Table 4.2Positions and assignments of relevant peaks prasém FT-IR spectra.

Peak position (cn) Peak assignment
945
1045 C-O stretching
1133
1170 CHbending
1250 C-O stretching and Gkbck
1297
1319
1456 CH and CH deformation
1608 aromatic C=C bond
1637 aliphatic C=C stretching
1720 C=0 stretching
3500 OH stretching

The assignments of main FTIR peaks are reportedainle 4.2. The
spectra at low wavenumbers, in the region 1500-@03 (fingerprint
region) are quite complex and this makes difficidt assign all the
absorption bands. The most significant signalsun siudy occur in the
range 1800-1550 cM In Fig. 4.5 A", B’, magnifications of this regidn
the case of the samples before curing (curves Bigf4.5) and after
curing for 10 min (curves e of Fig. 4.5) are repdrtThe relevant signals
are the aromatic C=C bond (1608 Ymnthe aliphatic C=C stretching
(1637 cnt) and the carbonyl stretching vibration (1720°%min Figure
4.6 the chemical structure of one of the comporermulation (Bis-
GMA) is reported, together with the absorption IBwenumbers of these

relevant groups.

1637 cm” 1608 cm - 3500 cm ™
C lL“Hg (‘)H — CHy , - / 'OH ({ H,
CH;— C—C—O—CH,~CH—CHy~0— |

L

‘ cHy, — 0
1720 cm™*

Bis-GMA molecule

Fig. 4.6 Structure of Bisphenol A bis(2-hydroxy-3-methacwypropyl)ether (Bis-
GMA) with indicated the absorption IR wavenumbefrsame relevant groups.
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The amount of double vinyl bonds remaining in thenple exposed to
irradiation is shown by the intensity of the pe&kl&37 cn relative to
the C=C stretching. The intensity of this peakfdaot, decreases during
the photopolymerization (Fig. 4.5 A, B’). Thereéorthe degree of
conversion DC) is directly related to the decrease of 1637'cm
absorption band and has been calculated, as aidonot curing time,

using the equation 4.1:

DC(%) = (1-@}@00 where R= M (Eq. 4.1)

ncured 60&cm™*

whereAsgs7 om’ is the absorption value at 1637 trand Aygos o is the
absorption at 1608 cm The peak at 1608 chis used as internal
standard [4d] as this adsorption band, assigned to aromaticd$otdoes
not change as a consequence of polymerization &g A’, B’). It is
worth noting that during the photopolymerizatioscathe position and
the intensity of the peak at 1720 ¢rassigned to the carbonyl stretching
vibration) changes [6]. In the uncured state thebamayl group is
conjugated with the C=C bond (see Fig. 4.6) andnuparing this
conjugation is lost. This results in a slight shiftthe carbonyl peak to
higher wavenumbers in the cured state, as the lbesdmes stronger,
owing to the fact that the electrons are no londetocalized. A
simultaneous decrease of this peak is also obsémnbeé cured state.

The degree of conversioDC) calculated as a function of curing
time for all the samples is shown in Fig. 4.7 aadorted in Table 4.3.
These data are the averaged over at least threpandent measurements
experiments. The lowest explored curing time in¢hee of the samples
containing 1 and 3 wt% BCP has been 2 min (curvasdc of Fig. 4.7,

respectively). In the case of the neat resin (carve Fig. 4.7) and of the
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sample containing 6 wt% BCP (curve d of Fig. 4.Wjirny times lower

than 2 min have been also explored.

55 a
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'1'2'3'4'5 6'7'8'9'10'
Curing time (min)
Fig 4.7 Degrees of conversioDC) vs curing time for the neat resia,(squarey and

the samples containing b,(circleg, 3 (c, opened circlésand 6 ¢, triangleg wt%
BCP. The curing times for each sample are repant¢able 4.3.

From Fig. 4.7 it is evident that the photopolymatian, under the
employed experimental conditions, is a quite fasicess, since the
degree of conversion reaches already a plateau afteshort UV
irradiation time, corresponding to 5 s in the ca$te¢he neat resin and
sample containing 6 wt% BCP (curves a and d of #ig). In particular,
after 5 s of polymerization, 48.7% and 42.4% of twble bonds is
reacted in the case of neat resin and of the sacopli@aining 6 wt% BCP
and, after 2 min of polymerization, a degree ofvassion of 42.5 and
44.3 % is reached in the case of the samples comgal and 3 wt% BCP,
respectively (table 4.3). The neat resin showshigbestDC (average
value 49.6%). The introduction of the block copogrmdoesn’t
significantly influence the degree of conversioheDC average values
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are, in fact, 43.9, 46.1 and 44.2 % in the cagsbekamples containing 1,

3 and 6 wt% of BCP, respectively.

Table 4.3 Degrees of conversiorDC) observed at different curing time for all the

samples.
Curing time DC (%)
Neat resin | Resin + BCP1| Resin + BCP3| Resin + BCP6

5s 48.7 / / 42.4
20s 51.5 / / 44.2
35s 51.7 / / /
50s / / / 43.5

1 min 51.6 / / /

2 min 49.4 42.5 44.3 44.4

4 min 48.3 44.2 46.1 44.6

6 min 47.9 45.0 46.9 45.2

10 min 47.4 / 47.3 45

The room-temperature polymerization of dimethadedaisually leads to
glassy resins in which only a part of the availadtuble bonds are
reacted. This is due to the fact that the mobiitythe reacting medium
decreases as the polymerization proceeds. In pktjcas the degree of
cross-linking increases, the propagation step, wimgolves the reaction
of small monomer molecules with macroradicals, bee® more difficult
because unreacted pendant double bonds, macrdsadical free
monomer become trapped among network units and lebehp
immobilized. As a consequence, these system areaatieazed by a
maximum limiting conversion, which is significantlgss than unity, in
spite of the presence of unreacted double bonddrapded radicals. On
the basis of literature data, the limiting degréeanversion, calculated
for a system with a composition similar to our ness 60.9 % [4a]. This
indicates that th®C values achieved by our systems (about 50% in the
case of the neat resin and 45% in the case ofd$ias containing the

BCP) may be considered good.
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4.3.2 Differential scanning calorimetry (DSC) expements

Differential scanning calorimetry (DSC) experimemi@ve been
carried out on the as received block copolymer (B&®d on the four
mixtures reported in Table 4.1. For these four dam@SC thermograms
have been acquired both before and after UV cdang 5 min.

The DSC analysis (first heating, cooling and sedogating scans)
of the as received BCP, polystyrebleckpoly(ethylene oxide) (P$§-
PEO), is reported in figure 4.8. The B$EO copolymer is
semicrystalline, with PEO and PS being the crysilbnd amorphous
blocks, respectively, as confirmed by the wide angtray scattering
(WAXS) profile reported in Fig. A4.1 of the appexrdin the first heating
scan (curve a of Fig. 4.8) the endothermic peak,tdithe melting of the
crystalline PEO, is present at 65.0 °C. The exotiempeak due to the
crystallization of the PEO block appears in theliogoscan at 37.5 °C
(curve b of Fig. 4.8), in agreement with literatwlata [7]. Finally, the
melting peak in the second heating scan occuré.a8t® (curve c of Fig.
4.8). The glass transition temperaturdg) (of PS and PEO domains,
expected at 107 and -65 °C, respectively, are mdt discernible in Fig.
4.8.
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Figure 4.9 shows the first heating (A), cooling é)d second heating (C)
DSC scans of the four samples reported in Tablebdfare curing. All
the samples display a glass transition temperdfigeof about — 65 °C,
typical of TEGDMA/Bis-GMA uncured mixture [5a], and no
endothermic or exothermic peaks. As previously uised, PEO is a
semicrystalline polymer with a melting point of 86 (Fig. 4.8). The
absence of melting and crystallization peaks inDIsC thermograms of
samples containing the BCP (curves b-d of Fig. 418)gests that the
PEO block is unable to crystallize because PEOnshaie well dispersed

in the acrylate formulations.
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Fig. 4.9First heating(A), cooling (B) and second heatin@) DSC scans of the samples before curing; neat (eyiand samples containing the
BCP (-d). The concentrations of the BCP ared}, 8 () and 6 @) wt%. Scanning rate, 10°C/min.
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The samples have been cured at room temperatuexgmsition
to UV-light for ~ 5 min and the DSC thermogramstioé cured samples
have been acquired (Fig. 4.10). As expected, th€ D8rmograms
dramatically change after the curing of the sampgMisspecimens show a
broad endotherm, centred at around 80 °C, in tisé Hieating scans (Fig.
4.10 A) that can be due either to the occurrenagads-linking reactions
activated by the increase of mobility during hegtand/or to the large
heterogeneities segmental dynamics at the glassiticm temperature
(Tg) of the partially cross-linked networks. Thig, in fact, is usually not
easily detectable by DSC in the case of cured diaveylates, due to the
intrinsic broadness of the transition region [8[he Ty is an important
physical property of cured matrices [9]. The polyiration of
multifunctional monomers produces network polymevih highly
heterogeneous environments as they contain deosmyg-linked regions
alternate to less densely cross linked regionss aterogeneity results in
a broad distribution of motilities or relaxationmis [10]. No relevant
transition is detected in the cooling (Fig. 4.10aBy second heating (Fig.
4.10 C) scans, confirming that the heating of thé tured samples
increases the cross-linking density of the network.
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Fig. 4.10First Heating(A), cooling (B) and second heatin@) DSC scans of the samples after curing for ~ 5 mégt resind) and samples
containing the BCPb{d). The concentrations of the BCP aréb}, 8 (¢) and 6 ¢l) wt%. Scanning rate, 10°C/min.
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4.3.3 Small-Angle X-ray Scattering (SAXS) and transmission
electron microscopy (TEM) experiments

Small-Angle X-ray Scattering (SAXS) measurementgehbeen
performed to characterize the microphase structofeke samples. The
room temperature SAXS profile of the as receivedbHFFEO BCP is
reported in figure 4.11A. Multiple orders of Braggflection are
observed, indicating a phase separated morpholdgganoscale. In
particular, the first (1), third (3) and fifth (5rder reflections of the
lamellar (Lam) morphology appear (see table 2.2)gxpected for a BCP
with volume fraction of blocks around 50 % [11].eTBAXS positions of
the peaks and the lamellar periodicity are repartietable 4.4.

SAXS experiments have been conducted also on #ieresin and
on the samples containing 1 and 3 wt% BCP, befodeadter UV curing.
The room temperature SAXS profiles acquired betomeng are reported
in figure Fig. 4.11 B. No peaks appear in the SAXS6file of the neat
resin (curve a of Fig. 4.11 B), indicating the atzseof a phase separation
at nanoscale due to complete miscibility betweendbmponents of the
resin (BisGMA and TEGDMA). Scattering peaks ardeas observed for
the samples containing the BCP, indicating the gores of a phase
separation at nanometer length scale. In particidae broad peak
centered at 0.23 rimis observed in the case of the sample containing 1
wt% BCP (curve b of Fig. 4.11 B) whereas two peedstered at 0.14
and 0.24 nnf are present in the SAXS profile of the sample aiminng 3
wt% BCP (curve c of Fig. 4.11 B). The SAXS posisarf the peaks and
the domain spacing corresponding to the pedlsafe reported in Table
4.4,

174



Intensity
Intensity
Intensity

0.1

,ll
q (nm~)

q (nm™)

Fig. 4.11Room temperature SAXS profiles in logarithmic scafl the as received BGR) and of the samples befaf®) and afte(C) curing in the
case of the neat resin)(and the samples containing ) @nd 3 ¢) wt% BCP. In A the peakat g, = 3 q; andgs = 5 g, typical of the lamellar

morphology are indicated.
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Table 4.4SAXS peak positiongjf andd-spacingsd) for the indicated samples. Values
obtained from the SAXS profiles of Fig 4.11.

Sample qu (nm™) 0 (nm™) s (nm™) | dy, dy, ds (NM)
Neat BCP® 0.19 0.56 0.95 33,11, 7
Resin + BCP1 before curing 0.23 / / 27
Resin + BCP3 before curing 0.14 0.24 / 45, 26
Resin + BCP1 after curing 0.27 / / 23
Resin + BCP3 after curing 0.21 0.37 (shoulder) / 30

(@ ®=3qandgz=5aq

Since the mixtures of photopolimerizable resin preors and P$-PEO
BCP are transparent at room temperature, no plegsgation occurs at
macroscopic scale. However, at nanometric lengthlescthe good
miscibility of PEO with Bis-GMA and TEGDMA and thecarce affinity
of PS with the mixture probably leads to formatammicellar aggregates
characterized by a PS core covalently linked to RB&Ins placed at the
interface with the not cured photopolimerizable poments.

The SAXS profiles acquired after UV curing are neéed in figure
Fig. 4.11 C. Again, no scattering peaks are obsemethe case of the
neat resin (curve a of Fig. 4.11 C) indicating ttis cured system in
absence of BCP remains isotropic at nanometerhestgile. Broad peaks
appear in the profiles of the samples containirgBEP (curves b and ¢
of Fig. 4.11 C) indicating that the nanoscale strrecformed in the pre-
cure stage (Fig. 4.11 B) is roughly retained aftez UV curing. In
particular, a broad peak, corresponding to a sgaafr23 nm, is present
in the sample containing 1 wt% BCP (curve b of Hd.1 C) as in the
case of the profile acquired before curing (curvaf Big. 4.11 B). In the
case of the sample containing 3 wt% BCP (curve &igf 4.11 C), a
broad peak at 0.21 rntmand a faint shoulder at ~ 0.37 Hnappear.
Therefore the morphology of the corresponding uadumixture (curve c

of Fig. 4.11 B) is only partly retained in the adirgystem probably
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because the cross-linking reaction induces a boeakef the initial
nanostructure.

The presence of a phase separation at nanometerirs¢he case
of the sample containing the BCP has been confirtnedransmission
electron microscopy (TEM). TEM images of 70 nm tkections of the
neat resin and of sample containing 3 wt% BCP dftemin UV curing
are reported in Fig. 4.12 A and B, respectivelyolder to achieve a good
contrast between the different components of tkarehe thin sections

have been stained with uranyl acetate.
A

Fig. 4.12TEM images of 70 thin sections of the neat rggi) and of the sample
containing 3 wt% BCRB). Both samples have been subjected to 10 hcuring.
Staining with uranyl acetate has been performedrbehe TEM observation.

No phase separation is observed in the case oigderesin (Fig. 4.12 A),
whereas the nano phase separation is evident icabe of the sample
containing the BCP (Fig. 4.12 B). In this case lhrigseudo-spherical
domains with diameters ranging from 10 to 25 nmsintigely due to PS
aggregates, appear in a dark matrix. The centeetder distance
between the bright domains obtained from TEM imab€ig. 4.12 B (~
30 nm) well agrees with the dimension of the naapgcphase separation
resulting from SAXS data (Table 4.4), confirming thypothesis that PS
domains tend to form micellar aggregates fringetth WEO chains.
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4.4 Conclusions to Chapter IV

An investigation of acrylate photopolymerizable niations
modified with small amounts of PBSPEO block copolymer (BCP) has
been conducted. The influence of the BCP additiorihe chemical and
thermal properties of the formulations has beertuatad both before and
after UV curing by different techniques (FT-IR, DSCNotably,
nanostructured systems have been obtained by addend3CP in the
formulations, without strong alteration in the daitity of the resin to
photopolymerize. The nanoscale organization isgoieboth before and
after the UV induced photopolymerization, as conéd by SAXS and
TEM experiments. A new effect has been identifrethe use of a BCP
as additive in photopolymerizable resin precursamgplving a phase
separation at nanometric length scale via micelten&tion before cross-
linking, followed by partial break out of the natrosture upon
irradiation and consequent formation of the glasstyvork.

Our experimental findings are interesting for theidg of
processing-morphology-property relationships instheomplex systems,
to develop new principles for creating structurdéscontrolled length
scales that would result in novel materials witktidct (and unusual)

properties.
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CONCLUSIONS

In the present thesis different classes of nanamatgdased on di-
block copolymers (BCPs) have been studied, withpilmgpose to design,
characterize and fabricate functional nanostrusttioebe used as active
elements in selective sensing and/or biosensingce®vwith high
sensitivity.

The work has been mainly focused on the creationvofclasses
of BCP based materials: nanocomposite materials;ackerized by the
selective inclusion of functional nanoparticles JRn specific BCP
nanodomanins, and nanoporous materials able tasaicteal support for
the physical immobilization of specific biomolecsile Also, an
explorative study regarding the use of BCPs as tiaddi in
photopolymerizable resins has been conducted.

Regarding the first class of material€h@pter 1), we have
reported a simple method to fabricate ordered ardypalladium (Pd)
nanoclusters and palladium oxide (PdO) nanopasticleth tunable
dimensions and lateral spacing by using cylindemfng polystyrene-
blockpoly(ethylene oxide) copolymers (RSPEO) as both stabilizers for
Pd nanoparticles and templates controlling theridigion of them. The
cylindrical self-assembled nanostructure formednfreSb-PEO block
copolymers has been used asst for selectively sequestering a
nanoparticles precursor (palladium(ll) acetate)PlBO domains. Then,
two different methods have been used to obtain P Nom the
precursor in presence of the BCPs: electron irtexhaof the thin films
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containing the BCPs and palladium precursor, aratisa reduction by

thermal treatment before thin films preparation.both cases, highly
ordered nanocomposite thin films containing Pd N&lsctively included
in hexagonally packed cylinders of PEO blocks haéeen obtained.
Then, PdO nanoparticles of improved stability aglaggregation have
been obtained on a solid and conductive suppolicdsi wafer) by

treating the films in air at elevated temperaturédtée were able to
modulate the dimensions of Pd nanoclusters and¥éi©and their inter-
distance by using as template two differenttPSEO copolymers having
different molecular mass of both PS and PEO block.

This part of the thesis work is an example confignthat the
ability to control the length and the spatial amigbitational organization
of block-copolymer morphologies makes these madsergarticularly
attractive as scaffolds for engineering of orderexhocomposites in
which the distribution of the guest particles isdgal by the ordering of
the host matrixThe ability to create morphologically and dimensilby
controlled Pd and PdO nanoparticles would be thg peint in the
process of transforming these systems from progpisimaterials into
integrated devices and the compatibility of thesgesns with the existing

silicon-based technology makes them even morectttea

Regarding the second class of materi@bapter Il ), we have
optimized a procedure that allows building nanoperehin film with
well-defined architecture containing functionalizedres delimited by
hydrophilic walls, exploiting self-assembly of laltae block copolymers
and the concept of sacrificial block. We have emgtb a blend of
polystyreneblock-poly(L-lactide) (PSs-PLLA) and polystyrendlock
poly(ethylene oxide) (P8-PEO) diblock copolymers to generate thin
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films with lamellar morphology in which the PEO aRULA blocks form
lamellae within a PS matrix. Then, by selectivernaloal etching of the
PLLA block, the nanoporous thin film, patterned twihanometric
channels containing pendant hydrophilic PEO chdias,been generated.
We have demonstrated that our nanoporous surfanestittite the ideal
support for the physical absorption of proteinshsas myoglobin (Mb)
and peroxidase from horseradish (HRP), largely useslectrochemical
and optical sensing devices. The porous structsirbeneficial for the
loading of a large amount of myoglobin and HRP emzyln the case of
HRP we have demonstrated that confinement resuttea noticeable
improvement of its catalytic performance and lorggnt stability.
Furthermore, we have evaluated the possibility 4@ our nanoporous
materials as support to immobilize esterase 2 (EST@m
Alicyclobacillus acidocaldarius able to act as active element in
biosensors for the detection of specific organophate pesticides (OPs)
like paraoxon, that is one of the most used pel&gcin agriculture and
also widely studied for its neurotoxic, canceroarsd teratogenic effects.
After optimizing the experimental conditions to gloally absorb the
enzyme EST2 on our nanoporous thin films withoueaoessive loss of
its hydrolytic activity, we have performed some enments for the
determination of paraoxon by immobilized EST2. ianglary results are
quite promising and suggest that the enzyme imnzelilon our porous
support could be used as active layer of a biogeilosdhe detection of
organophosphate compounds.

The developed BCPs-based approach for building panos
patterned surfaces is a robust and versatile tseful not only in
applicative research for fabrication of lab-on-chipsensors, but also in

basic research to study the adsorbtion mechanismprofeins in
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constrained environment with controlled geometryuaidamental level.
Therefore a new research line has been initiatetediat the use of
neutron reflectivity to understand the process rotgn adsorption onto
porous surfaces with tailored pores geometry.

Finally, in Chapter IV we have studied a photopolymerizable
formulation containing acrylate unsaturations, artigular a mixture of
Bisphenol A bis(2-hydroxy-3-methacryloxypropyl)eth@is-GMA) and
triethylene glycol dimethacrylate (TEGDMA) and wavie added small
amount of a P®-PEO block copolymer to the formulation in order to
evaluate the possibilty to induce a nanostructoimatin the system.
Different experimental techniques have been usedhtracterize the
systems before and after UV curing. We have founad the introduction
of the block copolymer induces a phase separatiothé system at
nanometer lenght scale both before and after UVhgukVe successfully
have tested the developed formulations in a higlolaéion commercial
3D printer. A new effect has been identified in thee of a BCP as
additive in photopolymerizable resin precursorsyolming a phase
separation at nanometric length scale via miceltenation before cross-
linking, followed by partial break out of the natrosture upon
irradiation and consequent formation of the glassgvork. These results
suggest significant potential for the use of blookolymers as additives
in photopolymerizable acrylate formulations, in @rdto build
nanostructured resins that could eventually imprbeefinal properties of

these materials and their range of application.

In conclusion, the present thesis work has confirthat the self-
organization of block copolymers offers a wideiegr of methods for

structuring and functionalizing materials on thexmdength scale. The
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spontaneous self-assembly of BCPs has been usedepare a large
number of tailor-made nanostructured materialst ten be used as
nanoscopic device components, templates or aciyers in biosensors,
demonstrating the unparalleled versatility of thesaterials in the
creation of nanostructured materials that couldrawae several of the

intrinsic limitations of current top-down fabricati technologies.

184



APPENDI X

185



) \
131.2 °C
N B
I~
I~
> I
‘0 o ‘0 e 131.2°C
: £ 5
Q @ 9 o
€ o < 56.2 °C
a
1.2°C

L g emY

26 (deg)

Fig. A2.1 WAXS profiles (A) and SAXS data in logarithmic #&4B) of the as received SEO sample acquired dutlie second heating scan at the indicated tempesat

(scanning rate, 5 °C/min).
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Fig. A2.2 WAXS profiles (A) and SAXS data in logarithmic &4B) of the as received HSEO sample acquirednduttie second heating scan at the indicated teropesa

(scanning rate, 5 °C/min).
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Fig. A3.1 SEM image of an etched RSPLLA thin film. The film has been prepared by
spin coating a solution (1wt% in DCE) of BSRLLA on a silicon wafer and then by
immersing the so prepared thin film into a 0.5 Mlison hydroxide water/methanol
solution (60:40 by volumegt 65°C for 30 seconds.
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A 3.2 Linearization of the kinetics data of Myoglolin adsorption

The linearized Langmuir equation (Eq.3.2) is

Im 1
Z=—+1 (Eq.Al)

that can be transformed into

-l

1 C
= X + o (Eq. A.2)

m

Eq. A.2 suggests that the kinetic adsorption ddt&ig. 3.13 can be
linearized by plottingC /T’ vs C, as shown in Fig. A3.3. For incubation
time less than 15 min no regular behavior is olegrprobably because
the equilibrium surface coverage is not reachedveéver, for incubation
times higher than 15 min the adsorption kinetics5(and 10 °C) can be
described in terms of an equilibrium Langmuir babawith parameters

K =1 andl,,, = 2.7 due to the formation of a monolayer.
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Fig. A3.2 Fit of Mb kinetic adsorption data on nanoporouspsufs of Fig. 3.13 using
the linear form of the Langmuir equation (Eq. A.Zhe solid line corresponds g, =
2.7 and K = 1 as indicated in Table 3.2. The dataetbeen obtained at 5 °C, except for
the incubation time 30 min where a temperature ®C has been used. Incubation
times: 5 &), 15 (), 30 @), 45 (@), 60 () and 75 &) min.
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Fig. A3.3 Bright-field TEM image of a thin film of the blenBSh-PLLA/PSh-PEO
prepared on a gold support. The film has been pegphy spin coating a solution (1
wt% in DCE) of P®-PLLA/PSH-PEO (90/10 w/w) on a gold support, then the filas h
been transferred on a TEM grid and stained with Fagdore observation.
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Fig. A3.4 Reflectivity profiles of the non etched blerd, @’) and etched blend( b’)
before &, b) and after &', b’) after adsorption of Mb from a 0.23 pM solutiorhel
profiles have been acquired in® contrast. The measurements have been performed a
the Institut Laue-Langevin (ILL, Grenoble, Franas)ng the FIGARO reflectometer.
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Fig. A3.5UV-Visible spectra of the ABTS/ABTSsolutions retrieved after 5 minutes of contachwite HRP enzyme immobilized on the etched
blend @), PS ) and the glass slide)( A) The activity test has been performed using an ABi&HO, concentration of 0.245 mM and 9.75 mM,
respectively. The enzyme incubation time is 150.M)nT he activity test has been performed using an ABA& HO, concentration of 2.45 and
0.0975 mM, respectively. The enzyme incubation tisn@0 min.
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Fig. A3.6 SEM image of the etched blend after the EST2 eezynmobilization using
an incubation time of 6 days and subsequent téisitgavith p-NP-C4.
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Fig. A4.1 Wide angle X-ray scattering (WAXS) profile of tlas received P8-PEO
copolymer. The diffraction pattern shows two distipeaks centred at2: 19 and 23°,
characteristic of PEO. These peaks are superpaseth tamorphous halo due to the
contribution of amorphous phases of PEO and P&kéloc
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