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of ternary NP1/NP2/BCP composites.

Figure 4.57 TEM image of citric acid stabilized MNP6 preparég co-
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Chapter 1: Introduction and motivation

Chapter 1 Introduction and motivation

1.1 Introduction

From the invention of first transistor in 1947, tiécroelectronics and integrated
circuits (IC) industry started its intensive grovgiving the driving force to continuous
development of new technologies intended for fathion of systems and devices with
new dimensional limits. As a result, size of mamyides used in a modern industry has
already approached a nanometer scale. For thB0agtars such minimization well fits
famous Moore’s law which predicts a doubling of thenber of transistors could be
placed into silicon IC within a period of approxitaly every two years.[Moo065]

From the other side, the interest in nanomateesdsised also from the fact that
new properties are acquired by the matter at thgthescale between 1 and 100 nm?(10
to 10 atoms). For example, as noble metals particlesredaced in size to tens of
nanometers, strong absorption band is observeesast rof collective oscillation of
electrons within conduction band from one sidehef particle surface to another. This
oscillation has a frequency comparable with théblaslight and induces phenomenon
called “surface plasmon resonance”. Another exangfldundamental changes of
properties could be observed in magnetic matermalsere the superparamagnetic
properties become evident if lateral dimension$eafo- or ferrimagnetic particles are
reduced below certain critical value. Magnetic mmies of such small particles are
strongly influenced by thermal energy fluctuationshich lead to their spins
disorientation. Therefore, they demonstrate magaetin behaviour whereas neither
remanence nor coercivity exists.

The mentioned above and a number of other aspéatsodern technological
requirements gave a powerful stimulus to fast gnowt scientific effort toward
synthetic approaches of fabrication of nanomatetia¢mselves as well as of methods
of their organisation into the nanoscale perioditctures. As a logical result, this
exertion finally developed into a solitary scieiatif discipline known as
“nanotechnology”, which, in recent years, has bexdhe hottest pursued technology
over the world.

There are many subject areas under the banner ahotachnology”

nanoelectronics, nanomechanics, nanophotonics,bi@ogy, nanomedicine, ect. Yet
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what is common for the vast variety of nanotechggldisciplines is a dimensional

scale. Among other, fabrication of nanoobjects gdoto the one of the most important
technological aspects, aiming the building of naates structures, which can act as
components, devices or even whole systems in gearexas of engineering and science.

Thus, lithographic techniques (i.e. “top-down” apgeh) enable producing of
periodic and irregular features with high accurdoywn 20 nm.[Gri09] However, these
methods, often restricted to 2D fabrication, alequire expensive and sophisticated
instrumentation with long processing times. Consedly, such limitations pushed
scientists and manufacturers to search for annaltiee, more effortless and reasonably
cheap ways to produce devices in hanodimensioa#d.sc

The alternative way which could be also appliedoier to produce the
nanometer scale structures is so called “bottomapgroach. The main attraction of
this method lies in its simplicity in structuresriftation, based on self-assembling
behaviour of variety of materials. The approachl@sp natural tendency of matter to
minimize its energy and, in case of two-compongstesn, due to the balance between
attractive and repulsive forces within a systenfpton most favourable arrangement of
components with separated well-ordered domains. dgmathers, block copolymers
(BCP) have attract much attention as a powerful @odhising tool for the fabrication
of such nanoscale ordered structures.[Kim10a,Baklf]er certain conditions BCPs
can self-assemble to form various periodic stresuuilt of phase separated polymer
blocks, called microdomains. The microdomain spgdm such structures primary
depends on molecular weight, segment size andttéegsh of interaction between the
blocks and typically varies in the range of 10-10@.[Bat90]

The self-assembling ability of BCP behaviour offarsimple and cost efficient
way to create a periodic surfaces or matrices, sivhihe additional selective
incorporation of specific nanoadditives (e.g. metal semiconductor nanoparticles
(NPs), nanorods (NRs), quantum dots (QDs) or car@mtubes (CNTSs) into the one
of BCP phases leads to the formation of polymer pmusiies with discrete target
properties. Such BCP templates with ordered arafysanoadditives are attractive
features for potential application in high-dengigta storage, optoelectronic materials
and sensor devices.[For98,Ham03a,Boc05,Har06,Han®refore, a numerous
experimental and theoretical works published rdgentre dedicated to attempts of

realization and investigation of various NP/BCP posites.
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1.2 Goal of the work

In present work our attention was focused on fabioo of functional BCP-based
composites containing nanopatrticles, selectivepemmbled within one of the blocks of
BCP matrix.

Magnetic nanoparticles (MNPs) were selected amadhgre since, as for today,
there is the least number of successful resulterteg in literature on their selective
incorporation into one of the phases of a BCP mugaitni contrast, for example, to noble
metals NPs or QDs. From the application point efwfabrication of periodic arrays of
“magnetic domains” with periodicity on nanometealscis also of interest for potential
use in high-density magnetic data storage devitherefore, one part of the present
work was dedicated to a fabrication of nhanocompssidf BCP and pre-synthesized
magnetic nanoparticles (&, CoFeQ,), selectively incorporated into one of the BCP
domains. Magnetic nanoparticles, having apparefitgf toward polyvinylpyridine
(PVP) phase were prepared using one-pot synthedislid not required any additional
surface modification. Highly selective nanopartickegregation into PVP domain of
microphase segregated polystyrdieckpolyvinylpyridine (PSb-PVP) BCP was
achieved upon owing to the presence of sparse ligtagi organic shell on the
nanoparticles surface, maintaining at the same timag sufficient dispersive stability
during the processing. Experiments were performigtl thin films samples.

The second task of present work was fabricatiotewfary NP1/NP2/BCP hybrid
composites with two different types of nanoparscleshich were selectively localized
in different microdomains of phase segregated btmsolymer matrix. So far as only
few studies have been reported on developing ofroagpes toward ternary
composites,[Boc03,Soh03,Ach09,Kan10,Koh10] creatbran alternative and more
straight forward routes toward such systems ikastihallenge.

Silver nanopatrticles (AgNPs) covered with polysiyeshell were prepared in the
frame of this work with the purpose to be incorpedainto PS-PVP matrix as a
second additive, which would be selectively loaadizn the polystyrene block.

Two different approaches were tested to achieveetethree-component system.
First, supposed simple blending of block copolyraad two kinds of nanoparticles
having specific affinity toward different blocks &CP in common solvent. After
preparation of MNP/AgNP/BCP composite thin film asdbsequent solvent vapour
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annealing, different domains of microphase segeshRtSb-PVP BCP were filled with
different type of nanoparticles.

Alternatively, step-wise approach for nanopartiaglesorporation was developed
and implemented for successful selective nanopestincorporation. For this purpose
polystyrene stabilized AgNPs were initially mixedtiwPSh-PVP BCP to produce
composite thin films having nanoparticles seledyivecated within PS microdomains,
while second type nanoparticles were deposited fiteir aqueous solutions into PVP
domains of AgNP/P®-PVP composites. By partition of nanoparticles npooation
procedure into two distinct steps it was also gmssio increase effective loading of
each type of NPs into BCP matrix.

1.3 Thesis outline

Chapter 1 (current) includes an overall introduttio the topic of the thesis,
highlights the aim of the work and briefly preseotg achievements, giving also an
idea about thesis content and structure.

Chapter 2 contains theoretical overview of propsrbf magnetic and noble metal
nanoparticles, summarizes synthetic methods of §va@paration, details theoretical
background of phase behaviour of block copolymeusd gives a short introduction to
the methods of fabrication of BCP-based nanocongmslescribed in literature.

Chapter 3 presents main experimental techniquesl @ge preparation and
characterisation of pre-synthesized nanopartiches MP/BCP composites and denotes
main characteristics of materials used duringwosk.

Chapter 4 is basically referred to experimentalltss including analysis and
discussion: It is subdivided into several partscemtrating separately on nanoparticles
syntheses, fabrication of composites and investigatf their morphologies. Results on
preparation and characterisation of ternary NP1/REP composites are also presented
in this part.

Chapter 5 presents the summary of the present wodk outlook of further
research. The list of references and list of paltlbms and contributions to the

conferences are given in Chapter 6, at the enlkeothtesis.
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Chapter 2 Theoretical background and
literature overview

2.1 Magnetic nanoparticles

Magnetic nanoparticles (MNPs) are of great intefessresearchers from a wide
range of disciplines, including magnetic fluids,gDd] catalysis,[Tsa04] magnetic
resonance imaging,[LiZ05] biotechnology/biomedicji@aip05] data storage[Hon10] or
environmental remediation.[Tak04]

In order to design nanopatrticles for specific aggilon one has to consider many
factors, such as size, size distribution, surfagectionality, magnetic properties,
chemical and dispersion stability, etc. Among otfaetors, which should be taken into
account during MNPs preparation, are their magr@tperties since they significantly
differ from that of bulk material having the samigemical composition and crystal
structure. These properties are size-dependant thactkfore, could be tuned during
particles preparation.

An unavoidable problem associated with particleshanometer size is their
intrinsic dispersion instability over longer persodf time. Such small particles tend to
form agglomerates to reduce the energy associatedive high surface area to volume
ratio of the nanosized particles. In addition, rhkeetallic nanoparticles are chemically
highly active and easily oxidize in air, resultiggnerally in loss of magnetism and
dispersibility. In most of cases, it is very crddi@ protect and stabilize them against
degradation during or after the synthesis.

For certain applications small magnetic particlesfgrm best when their size is
below a critical value, which is dependent on tregemal but is typically in a range of
10 to 20 nm. Below this critical size the nanomdes behave as superparamagnetic.
Such individual nanoparticles have a large constagnetic moment and behave like a
giant paramagnetic atom with a fast response tbepmagnetic fields with negligible
remanent magnetization and coercivity. These featunake SPM nanoparticles very
attractive for a broad range of biomedical appiwe, such as magnetic resonance
imaging or controlled drug delivery.

On the other hand, the superparamagnetic behavf@mall MNPs is a challenge

in the current design of magnetic data storage.riéatibpn of MNPs with high
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anisotropy constants[Wan07] or with magnetic exgearoupling effects [Sku03]
represent some of the possible ways to circumvestproblem. It is also thought that
fabrication of small MNPs with high coercivity aadisotropy could lead to significant

improvements for the next generation of permaneagmats.[Zen08]

2.1.1 Magnetism of materials. Superparamagnetism

The response of a material to an applied exterrsgnetic field is quantified by

two parameters: theusceptibilityy,,, e.9. the variation of magnetisatiod with

applied field,H:

(Eq. 2.1)

y =M
" H

and thepermeabilityu, the variation of magnetic inductioB, with applied field

H:
B H+M
M= = ,UO( ) (EqQ. 2.2)
H H
Where,uo=471><10’7N/A2 iS magnetic constant or magnetic permeability of
vacuum.

The relative permeability, is the ratio of the permeability of a specific mad

to the permeability of vacuum. The relation betweeagnetic susceptibility and
relative permeability is expressed by

X = -1 (Eq. 2.3)

When a material is placed within a magnetic fighd, materials’ atomic magnetic
moments will be affected. This effect is known awdéay's the Law of Magnetic
Induction. However, materials can behave quiteed#ftly in the presence of an
external magnetic field. This behaviour is dependena number of factors, such as the
atomic and molecular structure of the material, #r& net magnetic field associated
with the atoms. The magnetic moments associated atibms originate from three
different sources. These are the electron orbitaion, the change in orbital motion

caused by an external magnetic field, and the aipihe electrons.
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In many substances electrons occur in pairs onlyclwtspin in opposite
directions. So, when electrons are paired togettheriy opposite spins cause their
magnetic fields to cancel each other. Thereforenhab magnetic field exists. Such
materials are known adiamagnetic This is a type of magnetism occurring in

substances with a small negative magnetic susdéptil{ ) and a relative

permeability (, ) of less than unity. In this case, the individuatluced magnetic

moments oppose the external field, so there is merall magnetic moment.
Diamagnetic materials are very weakly repelled ktemal magnetic field and the
material does not retain the magnetic propertieenmie external field is removed.
Examples of diagmagnetic materials include elemetits filled electron shell (i.e., all
noble gases), molecular hydrogen, copper, bisnwater, sodium chloride, and all ions
of alkali metals or halogens. Magnetic susceptipilif diamagnetics remains constant
with changes of temperature.

Alternatively, materials having unpaired electrgngssess a certain magnetic
moment and, therefore, stronger react to an extenagnetic field. Most of materials
with at least one unpaired electron can be claskifisparamagnetic having a small
and positive susceptibility to magnetic fields. $aenaterials are slightly attracted by a
magnetic field and do not retain the magnetic prioge when the external field is
removed.

The magnetic susceptibility for paramagnetic materis small and positive. It is

inversely related to the temperature and foll@usie’s law (Eg. 2.4):

c
=

X (Eq. 2.4)

where C is a material specific Curie constant &ris the absolute temperature.
Curie's law is valid under the commonly encounteredditions of low magnetisation,
but does not obey in the high-field/low-temperatusgime where saturation of
magnetisation occurs and magnetic dipoles are lghed with the applied field.
Examples of paramagnetic materials at room temgeratnclude aluminium,
manganese, platinum, oxygen (gas and liquid), arelegarth ions.

In contrast to dia- and paramagnetitexyyomagneticmaterials possess a large
positive susceptibility with respect to external gnetic field. Similarly to

paramagnetics, ferromagnetic materials have sorpairgd electrons so their atoms
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have a net magnetic moment. However, they get gtiging magnetic properties due to

the presence ahagnetic domainfKit46] In these domains, large numbers of atom's
moments (1& to 13°) are aligned parallel so that the magnetic foritimthe domain

is strong. When a ferromagnetic material is indhenagnetized state, the domains are
nearly randomly organized and the net magnetid fiet the part as a whole is zero.

When a external magnetc field is applied, the domdiecome aligned to produce a
strong magnetic field within the bulk of ferromatge

Even though electronic exchange forces in ferrorategare very large, thermal
energy eventually overcomes the exchange and pesdacrandomizing effect. This
occurs at a particular temperature knowrnCasie temperaturgTc). Thus, below the
Curie temperature, the ferromagnet is ordered, ewvl@bove T¢c the material is
paramagnetic so that magnetic moments are in aletehpdisordered state.

Antiferromagneticmaterials, such as chromium, CoO or FeO, are ainii
ferromagnetics, but the exchange interaction betwesghbouring atoms leads to the
anti-parallel alignment of the atomic magnetic matse Therefore, the magnetic field
cancels out and the material appears to behaveeisame way as a paramagnetic. Like
ferromagnetic materials antiferromagnetics beconsampagnetic only above a
transition temperature, known as théel temperaturely.

Ferrimagnetismis usually observed in compounds, which have nuan@plex
crystal structures than pure elements. Within threagerials the exchange interactions
lead to parallel alignment of magnetic momentsame of the crystal sites and anti-
parallel alignment in others. The material breagml into magnetic domains, just like
a ferromagnetics so that magnetic behaviour is\asp similar.

At an atomic level the magnetic properties depepohuinteraction between the
electrons associated with the metal ions. Hereacadjt atomic magnetic moments
appear locked in anti-parallel with their neighlsuHowever, the magnitude in one
direction is weaker than in opposite, leading ttmuan overall magnetic moment. Thus,
ferrimagnetic materials usually have lower satoratmagnetisations compared to a
ferromagnetics. An examples are most of ferriteel®r (M=Fe, Co, Mg) with the unit
cell containing metal ions at different crystaesit

The relationshigy,, =T for ferro-, ferri- and antiferromagnetic materiais

described by th€urie-Weiss law
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C

=-_ — (Eq. 2.5)
T-0

/Ym
whereO represent3 ¢ or Ty, respectively.

Magnetic hysteresis loops are commonly used to riesdhe properties of
ferromagnetic and ferrimagnetic materials. Figuré Bustrates a typical hysteresis
loop in which the magnetization of the materhl, is measured relative to the applied
magnetic field H. When a sufficiently large field is applied, thajority of magnetic
domains within the material align with the fieldhd magnetization in this state is
described by the saturation magnetizatida,

As the field is reduced, the

domains in the material no longe M Saturation

L Magnetization, M,

align perfectly, however, they will Mag‘l‘l‘;g‘:;f:;% -
partially remain aligned even whe | — hl
external field approaches zero. Tt Coercivity, H,
magnetization at that point is denote - /
as the remanent magnetizatiovg. / /

When the field is further decrease

H—»

until a point when the magnetizatio

becomes zero, that point is denoted ... v
Figure 2.1 Typical hysteresis loop of
ferromagnetic material illustrating saturation

magnitude of the field which must b« magnetizatiorMs, remanent magnetizatidvir
and coercivityHc. Reproduced from [Kla01].

the coercive field,H¢, that is the

applied to bring the net moment of th
sample to zero.[Get08]

Depending on &lc, ferro- and ferrimagnectic materials are subdidid@o two
groups, so called ‘hard magnets’ having relativalyh Hc values and, therefore, wide
hysteresis loop, and ‘soft magnets’ with low codtgiand negligible or no hysteresis.

Another factor strongly affecting the shape of thaterials’ M—H curve (i.e.
shape of hysteresis loop) msagnetic anisotropyThis term means that the magnetic
properties of the material depend on the direcirowhich they are measured. When
magnetic anisotropy exists the total magnetisatioa ferromagneils will prefer to lie
along one direction, calleshsy axis
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The energy per unit volume, associated with thignalent (i.e. anisotropy

energy) is given by:

E.(0)=K,sin’@8 (Eq. 2.6)

whereK, is the anisotropy constant, adds the angle betwedws and easy axes.
There are several causes of magnetic anisotropychwtould be pointed out, in
particular, magnetocrystalline, shape, exchangesotmipy [Mei56] or anisotropy
induced by magnetic annealing, irradiation or ptagéformation.

Magnetocrystallineanisotropy is an intrinsic property of a materiatjependent
of grain size and shape. It could be determinedthyying magnetization behaviour
along different crystallographic axes. Dependingttma crystallographic orientation of
the sample in the magnetic field, the magnetizateathes saturation at different field
strengths, defining in such a way easy and hard akenagnetisation. For example, for
bcc Fe crystals the easy magnetisation directionpeasllel to {100} crystallographic
axis, forfcc Ni it is oriented along {111} direction, while fdrexagonak-Co crystals
are magnetisation easiest in direction, that ialfgrto {0001} axis.

If the magnetized sample is none-spherical thenanmore specific directions
occur which also represent easy magnetization @odsly caused by the crystal shape.
This phenomenon is known @&hape anisotropywhich is an extrinsic property of
material (e.g. history dependant). Its existenceaissed by the presence of magnetic
charges or poles at the surface of magnetized nljbese surface charges themselves,
acting in isolation, create induced demagnetizimgdfin direction opposite to the
magnetization that produces them. Such demagnetisild is stronger along a short
axis, resulting, thus, in an easy magnetisatiogection along the long anisotropic axis.

The arrangements of aligned spins in unmagnetizz-f or ferrimagnetic
materials are subdivided into domains throughoet rtmaterial volume. The driving
force for the formation of magnetic domains is ti@ed to minimize the field energy of
a magnetized material. The boundary between twghbeuring domains, thdomain
wall, suggests a smooth gradual rotation of the ventwnent between domains in the
absence of applied magnetic field.[Get08] Typicalthe domain wall ranges in
thickness from few to few hundreds of nanometresrfost of the materials.[Den02]

The balance of the energy necessary to form a domwall and the energy
conserved by the existence of domains definesdherl limit of a domain size and,

therefore, the formation of domains is a finite g@es. Frenkel and Dorfman first

10



Chapter 2: Theoretical background and literaturespxew

theorized the single-domain nature of particlewetertain critical size.[Fre30] In a
large particles, energetic considerations favow ftrmation of domain walls and

magnetization reversal, occurs through

- % Single-domain particles Multi-domain
the nucleation and motion of thes@gf‘;
walls. As a particle size decreases, th§'g ° ° ° ° o
number of magnetic domains pef &
particle decreases down to the limit E_, a
where it is energetically unfavourableg-:_%‘o o o 0 @
for a domain wall to exist.[Kit46] < %

Starting from certain critical size  [__Single-domain Multi-domain

(dso) magnetic materials exist asc b
sinlge-domain particlesThus, changes j‘%
in the magnetization can no longeid Super- _
occur through domain wall motion buto0 paramagnetic
via the coherent rotation of spins (Fig. Ferro-/ferrimagnetic
2.2a) resulting in larger coercivity dgr d=s|: particles size

compared to multi-domain particles Figure 2.2 Schematic representations of
_ _ single-domain and multi-domain particles (a)
Due to the high magnetic moment « gnq coercivityHc as a function of particle size

each single domain particle compare (b)- Reproduced from [Kla01]

to that of individual atoms, saturation magnetmatis reached at significantly lower
strengths of an applied magnetic fields and, whée field is decreased,
demagnetization is only dependent on coherentiootadif the spins, which results in
large coercive forces.[St048]

The critical size for a magnetic particle to re#oh single domain limit is defined

dSD — 18\/ AK a (Eq. 2.7)

oM ¢

as:

whereA is the exchange constaH, is the effective anisotropy constant avigdis
the saturation magnetization.[Fre09] For most magmeaterials, this diameter is in the
range 10-200 nm, though for some high-anisotroptenads the single domain limit
can be several hundred nanometres (Table 2.1).

The amount of energy required to reverse the mamgtien of single domain

particle over the energy barrier from one stablgme#ic configuration to the other is

11
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proportional toKV/kgT whereV is the particle volumekg an T are the Boltzmann’s
constant and temperature, respectively.[Nee49] ;Tasighe particle size continues to
decrease below the single domain dimensiya)( the spins are increasingly affected
by thermal fluctuations lowering remanent magnéitra and coercivity gradually
(Fig.2.2b).

Table 2.1 Summary of magnetic parameters of differet materials[Kla01, Lac05]

Substance Bulk saturation Tc (K) | Effective anisotropy | Single domain limit
magnetization (M) at 298| [Lac05] constantK, (dsp) for spherical
K (emu/cm®) [Cul09] (kJ cm®) [Lac05] | particles, nm [Kla01]
Co (hcp) 1370[Lac05] 1394 530 70
Fe (bcc) 1714 1043 48 14
Ni 485 [Lac05] 631 -4.5 55
v-Fe,03 364 [Tar03] 948 4.7 [Tar03] 166
Fe;0, 480 858 -13 128
CoFe0, 425 793 180 70[Chi03]
MnFe,0, 400 [ci7|039] 2.5 [Ron01]
NiFe,O4 270 858 -6.9

If the thermal energy is large enough to comple®hgrcome the anisotropy
energy, the magnetization approaches zero, angéddicles with size below certain

limit (dsp) No remanent magnetisatio M
¢ !

and coercivity is observed whe

Saturation
Magnetization, M,

external magnetic field is remove

. . . No Observed Remanent
(Fig. 2.3). Such behaviour is referre| Magnetization or Coercivity

assuperparamagnetidt is analogous
to conventional paramagnetisn
individua
thie
the

however, instead of

electronic spins displaying

\ 4

fluctuating response, it is

Figure 2.2 Typical magnetization curve
of the entire of superparamagnetic material with no
coercivity and remanent magnetization.
Reproduced from [Kla01].

collective moment

particle, hence IS termed

superparamagnetisiiideas5]

12
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The temperature at which the thermal energy canrcowee the particles
anisotropy energy is referred to as the blockimgperatureT's.[Nee49] For an array of
particles with a distribution in volumeJg represents an average characteristic
temperature and can be affected by inter-partiteractions as well as by timescale
over which the measurement is performed due to niagnetic relaxation of the
particles.[Maj06] Thus, in addition talsp, the blocking temperature defines the
conditions for transition from ferromagnetism tgetparamagnetism and ascribes the

magnetic behaviour of an assembly of magnetic @astin nanometer length scale.

2.1.2 Synthetic routes for preparation of MNPs

Magnetic nanoparticles have been synthesized witlvagety of different
shape,[Par00] and composition, including pure metabuch as Fe and
Co,[Sus96,Pun01] iron oxides,[Sun02,Bee95] spirelitts MFgO, (M = Mn, Co,
Ni)[Sun04,Che01] as well as alloys, such as gaRt FePt,[Par01,Sun00] ranging in
size typically from 1 to 100 nm.

The pure metals, such as Fe and Co, have the higgieisation magnetisation and
magnetic susceptibility (Table 2.1). The same ferred to the magnetic properties of
these materials existing as nanoparticles. Howdkege transition metal nanoparticles
are extremely sensitive to oxidation enhanced Ilgyr tlarge surface area and under
atmospheric conditions readily oxidize to form moxides, which are
antiferromagnetic.[Rot58] Currently, a lot of resda effort is directed on the
developing of ways to prevent oxidation of metalsNfr instance, by covering them
with inert toward oxidation shells.[Wan05a] Themefoiron oxides (botly-FeO; and
Fe;0,4) as well as other ferrites M@y, despite their initial lower magnetization, are of
great potential as stable to oxidation nanomagmatterials with diverse application
possibilities in oxygen rich environments.

During the last decades, many studies have beeedaut to establish efficient
chemical synthetic routes toward highly monodispersomposition- and shape-
controlled magnetic nanoparticles. Several methadsluding co-precipitation,
hydrothermal synthesis, microemulsion approach lwrmal decomposition were

applied to synthesize high-quality magnetic nanigaes.

13
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One of the oldest techniques for the synthesisaabpatrticles is the precipitation
from solution. Classical aqueous precipitationvaidhe preparation of various oxide-
based magnetic nanoparticles. The major advanthgeegipitation methods is that
large quantities of particles can be synthesizealvery simple way. The first controlled
synthesis of magnetic nanoparticles based on akalrecipitation of iron precursors
was presented by Massart in 1981.[Mas8k[Ckaanoparticles were precipitated from
FeCk and Fed solution at basic pH using this synthetic proceddhe particles were
roughly spherical, 10 nm in diameter, but showeghhdegree of polydispersity (more
than 50% size distribution). Applying size seleetitration it was possible to reduce
the size distribution down to 5%.[Mas95] Later atkaline precipitation was also
extended for preparation of other ferrite nanoplsi MFeO, where
M=Co,Mn,[Tou90] (Mn,Zn) [Auz99] or (Zn,Ni).[ZIN99]

Main characteristics (e.g. size, composition ostalstructure) of co-precipitated
MNPs are strongly dependent on the reaction terperapH value, the type of
precursor salts used and ionic strength of the apedi well as on the reactants ratio. An
application of surfactants, such as fatty acids§Sher polymeric materials[Lee96] as
stabilizing (and/or reducing) agents, have beemvaho be an efficient method to better
control over the particles size distribution durimgecipitation, protecting them at the
same time from oxidation. Nevertheless, co-pregifgh methods do not ensure perfect
control over the particle size distribution andpexsally, particles shape if compared
with other methods.

With the hydrothermal (or solvometal) approach @adrrange of uniformly sized
nanocrystals can be successfully produced, incfudioble metal, fluorescent,
magnetic, semiconductor materials.[Wan05b] Thiategly is based on phase transfer
and separation mechanism occurring at the soliddignterface present during the
synthesis. Hydrothermal reactions are typicallyriedr out in reactors or autoclaves
under high temperature and pressure and belorgetorte of the efficient ways to grow
dislocation free single crystal particles of diéfat size. For examples, using solvometal
approach, Li and coworkers were able to succegsfainthesize both ferrite
nanoparticles (ME®,, M=Fe,Co) of 9-12 nm in diameter and single-criista
microparticle with tunable size of 200-8Qdn.[SiS05,Den05] However, although
hydrothermal technique is very versatile, the mdrawbacks are the complicated

equipment required and slow reaction kinetics.
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Using the microemulsion technique metallic or metikbys [Cap04] as well as
iron oxide and ferrite-type magnetic nanopartiadésarious size and shape have been
synthesized.[Con99,Liu00a,Liu00b,W0003] An invergater-in-oil microemulsion is
often used to run this type of synthesis wherentieelles formed act as nanoreactors
for particle formation. By mixing of two water-intanicroemulsions each containing
the one of the reactants, the reaction between theaomes possible and nanoparticles
are formed inside the micelles. The size and shajpeanicelles, and, thus, of
nanoparticles, can be controlled through variawbrihe surfactant and the water-to-
surfactant molar ratio.[Cap04,Gan10] The inversero@mulsion method has been also
proved as a robust one to produce core-shell pestitaving magnetic core and non-
magnetic protective shell.[Lop03]

Although many types of magnetic nanoparticles haeen synthesized in a
controlled manner using the microemulsion methbd, particle size and shape were
still varying over a relative wide range. The dsigyr of compounds that could be
synthesized in microemulsions is quite narrow amel yield of nanoparticles is low
compared to other methods. Large amounts of saveam¢ usually necessary to
synthesize appreciable amounts of material, this method is not a very efficient one
and also a rather difficult to scale-up.

Thermal decomposition of organometallic complexethe next technique, which
is widely used for the preparation of magnetic meambicles. Colloidal suspensions of
metallic Co and Fe particles were prepared for ftret time by decomposition of
Co(CO)y and Fe(CQ) at elevated temperature in the presence of
surfactants.[Tho66,Hes66] Decomposition of orgaraiitecomplexes accompanied by
nanoparticles formation could be driven not onlytémperature (thermolysis), but also
by light (photolysis), or sound (sonolysis). Altlgtuacoustic cavitations applied to a
metal precursor or their organic solutions typicatiduce formation of amorphous and
porous nanomaterials, they could be further anddaléorm crystalline phases.[Sus96]
Trough the years carbonyl decomposition was exténder fabrication of
nanorods,[Pun01] alloy- and core-shell nanopadiffRarO1] This method appears as
extremely attractive due to its simplicity, repreodility and scaling up potential.
However, thermal decomposition of carbonyls hassar®us drawback compared with
other methods, namely, extremely high toxicityedation by-products.

Recently, S.Sun and co-workers have demonstrateditrmal decomposition of

iron(lll) acetylacetonate (Fe(acgc)n the presence of stabilizers, such as oleid and
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oleylamine, leads to the formation of magnetite apamticles with narrow size
distribution.[Sun02] This route also provides a d@ogontrol over the shape,
composition and crystallinity of produced nanopmdes. This procedure exhibits
flexibility in the choice of metal precursor, enialgl different NP compositions such as
Fe;04, CoFeO, MnFeQ, etc., to be synthesized starting from a stoicleiim
mixture Fe(acag) Co(acac) and Mn(acag) precursorgSun04] Decomposition of
metal acetylacetonates and metal carbonyls mixtwmas also used to synthesize an
alloy-type MNPs such as FePt,[Sun00] CoPt,[Che02$-shell nanoparticles [Wan05a]
and nanorods with tuneable size and aspect rabud¥®)

In most cases thermal decomposition of precursorgaming cationic metal
centers (e.g. metal acetylacetonates or carboxylateplexes [Jan04,Par04]) leads
directly to the metal oxides, while, if the metalthe precursor is zero-valent, such as in
carbonyls, pure metal nanocrystals are initiallyrfed. In this case two-step procedure
can be used to produce high-quality oxide nanapastias well.[Hye01] The ratio of
the starting reagents including organometallic coomals, surfactant and solvent during
thermal decomposition syntheses are the decisikamders for the control of the size
and morphology of magnetic nanopatrticles. The r@eademperature, reaction time, as
well as aging period may also be crucial for thecpme control of size and morphology.

The advantages and disadvantages of the abovemedtsynthetic methods are
briefly summarized in Table 2.2. It is obvious,tti@terms of composition, particles’
size and morphology control, thermal decompositmries seem to be the best methods
developed to produce high quality MNPs with suéitiyield.

Table 2.2 Summary comparison of synthetic method®f preparation of MNPs

Synthetic Synthetic Reaction| Reaction Size Shape Yield
method conditions time medium distribution control
co- ambient minutes water relatively relatively high
precipitation 20-90°C narrow poor scalable
hydrothermal high T hours — water very very .
. medium
synthesis and pressure| days /ethanol narrow good
. : ambient organic relatively
microemulsion hours good low
solvents narrow
thermal inert hours — organic very very high
decomposition| 100-350°C days solvents narrow good scalable

In present work ferrite-type MNPs (¥ and CoFgO,) were prepared using
thermal decomposition of metal acetylacetonate yssers.[Sun02,Sun04] Synthetic
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approach was modified in order to achieve affimtyas-prepared nanoparticles toward
polyvinylpyridine domain of P®-PVP block copolymers.

2.2 Silver nanoparticles

Noble-metal nanoparticles have fascinated scientigcause of their colorful
colloidal solutions long before semiconductors Hredr applications became an integral
part of modern technology. It is well known, thaldycolloids were used as a pigment
of ruby-colored stained glass dating back to theh l1@entury.[Tur85] Faraday
recognized that the red color is due to metallicl go colloidal form.[Far57] The strong
color of small particle colloidal solutions, whi@) undoubtedly, the main characteristic
feature of noble metal NPs, is caused by the phenamknown as surface plasmon
resonance (SPR).

SPR characteristics of metal nanoparticles arerm@ted by a set of physical
parameters that are particles size, compositiongctsire (e.g., solid or hollow) and
dielectric constant of the surrounding medium. Meer, anisotropic shaped NPs have
SPR intensity that is stronger compared with na@mpic ones. In principle one can
tailor and fine-tune the properties of metal nagstals by controlling any one of these
parameters, but the flexibility and scope of chaage highly sensitive to the specific
parameter. Thus, the examination of the surfacenpd& resonance absorption is part of
a large ongoing research field to investigate proge on the nanometer
scale.[Eus06,LuX09]

Of the three metals (Ag, Au, Cu) that display plasmesonances in the visible
spectrum, silver exhibits the highest efficiency pphsmon excitation.[Tan07] Silver
nanoparticles interact with light more efficientlyan particles of the same dimension
composed of any known organic or inorganic chronooph Silver is also the only
material whose plasmon resonance can be tuned ytowamelength in the visible
spectrum.[Eva05] The light-interaction cross-setfior Ag can be about ten times that
of the geometric cross-section, which indicated tha particles capture much more
light than is physically incident on them.[Eva04]

Plasmonic materials are emerging as key platfomnsapplications that rely on

the manipulation of light at small length scalestd nanoparticles generate enhanced
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electromagnetic fields that affect the local enniment. These electromagnetic fields
are significantly stronger than observed from thékbmaterial. Therefore, rough
metallic surfaces or metal nanoparticles undempdasc excitation can act as antennae
achieving scattering cross section enhancements seiveral orders of
magnitude.[Cam98] This field enhancement is resiptengor the host of extraordinary
optical phenomena exhibited by metal nanostructugsh as surface-enhanced Raman
scattering,[Kne97,Nie97,Cam98] superlensing,[Fan0b]light transmission through
optically thick films.[Ebb04] Apart of material ctecteristics, also particle spatial
arrangement determine the profile and intensity thfe observed optical
response.[Gao06,Mol04,Koe04] Nevertheless, explpithe field enhancement offered
by plasmonic materials for practical applicatiossiill limited by lack of methods that
can generate these nanostructures with geometnitcot@nd regularity in simple and
reproducible manner. Therefore, a part of presemk\wg concerned with the fabrication
of ordered AgNPs arrays by exploiting block copodyraelf-assembly (Chapter 4.6).

2.2.1 Origin of surface plasmon resonance (SPR)

Plasmon resonances an optical phenomenon arising from the colexcti
oscillation of conduction electrons in metals whiea electrons are disturbed from their
equilibrium positions. Such a disturbance can lmiged by an electromagnetic wave
(light), in which the free electrons of a metal dreven by the alternating electric field
to coherently oscillate relative to the latticepokitive ions.

For a bulk metal of infinite size, the frequencyostillatione, is defined as:
2 _ 2
w’ =N .e*/g,m, (Eq. 2.8)

where Ne is the number density of conduction electroas,is the dielectric
constant of vacuune is the charge of an electron, andg is the effective mass of an
electron.[Moo06] Thus, the bulk plasmon frequentyagoarticular material depends
only on its free electron density and for most nsetacurs in the UV range, while
alkali and some transition metals such as Cu, Ad,Au exhibit plasmon frequencies

in the visible region.
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Because the penetration depth of an electromagmetie inside of metal is
limited (typically less than 50 nm), only plasmocaused by surface electrons are
significant and are commonly referred tosasface plasmondf a surface plasmon is
associated with an extended metal surface, itllscca propagating surface plasmon

The frequency of a propagating surface plasmoavigt than the bulk frequency, with
the theoretical frequency value ojp/\/i for the metal-vacuum interface boundary
conditions.[LuX09]

If the collective oscillation of free electronsdsnfined to a finite volume as with

small metal particle, the corresponding plasmonaided alocalized surface plasmon
with the theoretical frequency @b, / /3 for a metal sphere placed in vacuum.[Mo006]

Figure 2.4 shows the interaction between the atefitd of incident light and the
free electrons of a metal sphere whose size islenthbn the wavelength of light. The
electric field of incident light displaces partislelectrons from equilibrium in one
direction, creating a dipoles, that can

Electric fisld

switch direction with the change ir
electric field. Generated restoring forc
tend to recombine charges, resultir
thus in oscillatory motion of electrons:cien ciows = ;

When the frequency of the dipole
oy Figure 2.4 Schematic illustration of a
oscillation approaches that of a |ocalized surface plasmon of a metal sphere.

incident light, a resonance condition Reproduced from [Wil07].
reached, leading to constructiv.
interference and the strongest signal for the ptasrBuch a condition is referred to as
surface plasmon resonan@&PR), or localized surface plasmon resonance (L.SPR
Surface polarization (e.g. charge separation) &s rtfost important factor that
determines the frequency and intensity of plasmeakdor a given metal because it
provides the main restoring force for electron kesttdon. Thus, exact position and shape
of SPR peak are primary defined by the materiap@ries, namely, by materials
electron density and dielectric constant.
Indeed, any variation in particle size, shape,ieledtric environment will change
the surface polarization and, thus, position ofon@sice peak. Polarisation of the
surrounding medium, which is induced by oscillat@mnmetal electrons, reduces the

restoring force for the electrons thereby shifting SPR to a lower frequency. Thus, by
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controlling the dielectric constant of

the surrounding medium,
wavelength of the SPR can be fine
tuned to a desired position.

With increasing of particles Figure 2.5 Diagrams depicting the electric
field lines for the (a) dipole, (b) quadrupole and
(c) octupole resonances. Reproduced from

shifts towards the red region of th [Eva05].

size, plasmonic peak maximur

visible spectrum. Moreover, for larger particleggher order peaks (i.equadrupole,
octupole SPR) become noticeable, arising from the existeatetwo or more
polarization directions (Fig. 2.5).

Gustav Mie [Mie08] was the first who theoreticalgxplained the palsmon
properties of metal colloids by solving Maxwell'guation for an electromagnetic light
wave interacting with small spheres having the sémguency dependent dielectric
constant as the bulk metal. The solution of thiecteb-dynamic calculation with
appropriate boundary conditions for a sphericakdbjeads to a series of multipole

oscillations for the extinction cross-section oé tparticles &,

o). FOr nanoparticles
with radiusr much smaller than the wavelength of light< A ), where only the dipole
oscillation dominatesdfpole approximatio)) the solution of Maxwell equations results

in the following relationship:

12mor® s, & (w)

(Eq. 2.9)
" e, (@) +ke, [ + £ (w)

aext (a)) =

wherer is the particle radiugy is the angular frequency of the exciting lighis
the speed of lighteg, is dielectric constant of surrounding medium. Whiheg, is
assumed to be frequency independent, the dielefiriction of material itself is
complex and dependent on energy (i.e. frequency) iatident light:
fw)=¢ (w)+i€ (w), whereeg, and g are the real and imaginary parts of dielectric
function of material, respectively. Thie factor is related to the particles shape

anisotropy: it takes on a value of 2 for the caisa sphere, but increases to as large as
20 for the particle geometries with high aspecbsaflLin99]
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For spherical particles the resonance conditidaligled when ¢, (w) = —2¢,, and

& is small or weakly dependent an

127mwr *’:
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electric field that includes
Figure 2.€ Calculated UV-VIS spectra for
silver nanocrystals of various shapes: black —

and every other dipole in the array. extinction, red - absorption, blue -

i , scattering. Reproduced from [Wil06].
Wiley and coworkers provided a

contributions from the incident light

detailed overview of effect of particles
shape on SPR.[Wil06] They applied Mie and DDA apprations to estimate SPR
peaks of water dispersed silver nanoparticles lgagimilar size but different shapes
(Fig. 2.6). Calculations showed that 40 nm sphbepsd silver particles primarily
absorb blue light),a=410 nm), letting the red and green wavelengthshioento give
silver sols their characteristic yellow color (F&6 a).

In contrast, for a 40-nm cube (Fig. 2.6 b) DDA cédted spectra exhibits more
peaks due to the several distinct symmetries fpoldiresonance conditions compared
with only one for the sphere.[Fuc75] Similar trevdsre observed for the tetrahedron

(Fig. 2.6 ¢) and octahedron (Fig. 2.6 d), althotigy have reduced scattering cross-
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sections because of different symmetries and smadlemes. The tendency of surface
charges to accumulate at sharp corners increasgsstparation distance and thereby
reduces the restoring force for electron oscillafidiz05] The weaker restoring force in
turn manifests itself in a red-shift of the resorempeak compared with that of the
sphere.

The calculated resonance peak of hollow spheresi{ells) is also red-shifted
relative to that of a sphere (Fig. 2.6 e). In ttése the incident electric field induces
surface charges both inside and outside the dbwetler electromagnetic excitation it is
energetically more favorable for charges to haeestime sign on both inner and outer
particles surface.[Pro03] As a consequence, fonn#n shells, stronger coupling
between charges inside and outside of the shellesagreater charge separation and
further red-shift (Fig. 2.6 f).

The behaviour of metal/dielectric composite matsriavhere particles are
embedded in an inert host medium and isolated &aoh other, could be ascribed with
the Maxwell-Garnett theory (effective-medium coriggpin99] The particle dimension
and interparticle distances are considered to fieitely small compared with the
wavelength of the interacting light. The relatioipsbetween dielectric constants of host
mediume, , metal particles , and composite itsedf could be presented as:

£~ Em _ ¢ EpEn

L (Eq. 2.11)
E. +KE £, tKE,

wheref jis the volume fraction of the metal nanoparticlestine composite

material. Screening parameters also related to the shape of the nanopartisles|ar
to Mie theory and has a value of 2 for sphericatiglas. For long nanorods oriented
with their axes of revolution parallel to the diiea of the incident light = 1, while
for flat discs oriented with their axes of revotutiperpendicular to the incident light its

value approaches infinity. However, in contrasthwihe Mie theory, &, is also a

complex function depending on the frequency oftligh
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2.2.2 Synthetic routes for preparation of silver NB

Synthesis of noble metal nanoparticles can be padd using several methods,
including reactions in microemulsions,[Pil00] satvetal synthesis,[Wan05b] thermal
decomposition [Hir04] or reduction of metal preanfBru94] which are commonly
used also for fabrication of other types of colfid

One of the most established methods involves agueeduction of Au or Ag
salts in the presence of citrate anions.[KimO6a{@@nResulting colloids appear
electrostatically stabilized due to the adsorptidrritric ions to the particle surfaces
during growth. Particles size distribution and shapuld be tuned by gentle adjustment
of reaction pH.[Pat08] However, since the flocdakatof such colloids is irreversible,
an application of chemisorbed organic ligands see8al to permit further handling.

A two-phase method, developed by Brust and co-wsrkeased on reduction of
metal precursors, allows the preparation of matgémosols directly from water-soluble
metal salts.[Bru94,HeS01] By stirring aqueous sohg metal salts (e.g. Haufl
AgNO; AgCIOs) with toluene containing phase transfer agent, hsuas
tetraoctylammonium bromide (TOAB), a two-phase aystis initially formed,
containing metal precursors on organic phase. Nexheasured quantity of capping
agent, typically a long-chain alkanethiol, is adtiethe solution while stirring, and then
a reducing agent (e.g. NaBHor hydrazine) is rapidly introduced to nucleate
nanocrystals. The average particles size is coanseéable by adjusting the ratio of the
stabilizing agents to metal salt, whereas sizectete precipitation is employed to
narrow the initial size distribution.

Similar to the magnetic nanoparticles synthesis¢croeimulsion [PilO0] and
solvometal [Wan05b] approaches have been usecepape silver NPs. The advantages
and disadvantages of these methods are the sammecase of MNPs (discussed in
Chapter 2.1.2).

High temperature decomposition of metal precursothe presence of stabilizing
agents has been widely used to produce noble niRd.[ParO7a] In general,
preparation scheme involves injection of metal prears in high-boiling point inert
solvents along with a combination of stabilizingginds, such as alkanethiols, amines or

carboxylic acids, at elevated temperature. Simdanther synthetic methods, NPs size
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can be coarsely tuned by the ratio of capping ggdopmetal salt, while size-selective
precipitation yields particles with polydispersaly~5%.

Recently, Hiramatsu and Osterloh reported on siraptklarge-scale synthesis of
gold and silver nanocrystals through mild reductodmetal precursors in the presence
of oleylamine at elevated temperature.[Hir0O4] Timsthod has been proved to produce
nearly monodisperse particles with no need of tiraed solvent-consuming size-
selective precipitation steps. Here, oleylaminese®ra function of both reducing and
stabilizing agents, simplifying, thus, optimisatiohreaction conditions significantly if
compared to more complex multicomponent systemsicks size and distribution
could be tuned either by variation of reaction temagure (e.g. type of solvent) and/or
by metal precursor/oleylamine ratio. Our experimkwobservation show, that apart of
reaction temperature and components ratio, theopobtof precursor addition also
significantly affects on particles size. Importgnths-prepared nanoparticles could be
easily modified with various thiol-containing molges, including end-functionalized
polymers, via ligand-exchange procedure due tongap affinity of thiol moieties
toward noble metal surfaces compared to amino @grodjaking into account all
advantages, this method with some modifications usedd in present work for the
fabrication of polymer-coated silver nanopatrticles.
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2.3 Phase behaviour of block copolymers

Block copolymers (BCP) represent an important clasgolymeric materials,
consisting of two or more chemically dissimilar yoler subunits (blocks), covalently
bond to each other.[Ham98] Depending on the nundieblocks, they could be
classified asdiblock diBCP), triblock copolymerst(iBCP), etc. The blocks can be
connected in a variety of ways (linear, star-shamtd). For example, if one of the
constituting (blocks?\) is bonded with either one or several types oé sidains (block
B), it is defined as of comb-shaped or graft-blodpaymer. Examples oA-b-B
diblock, A-b-B-b-A triblock and graft-BCP A-g-(B), structures are schematically

shown on Figure 2.7:

A-b-B A-b-B-b-A A-g-(B),

M~ T

Figure 2.7 Selected architectures of block copolymers.

The development in synthesis of block copolymergimates from the discovery
of termination-free anionic polymerization, whiclade possible the sequential addition
of monomers to various “living” polymer chains.[S&8} As a consequence of the
“living” nature of these reactions, the resultintpdk and overall molecular weight
distributions are nearly ideal, i#,/M is close to 1.0, whenfd,, andM , represent the
weight and number-average molecular weight, regpygt Since the original studies of
anionic block copolymerization in the 1950s, vayietf new polymerization methods
(e.g. condensation, Ziegler-Natta, RAFT, ATRP,)etave contributed to an expanding
number of block copolymer classes (e.g. ABC) andrehoarchitectures (e.g.
graftBCP).[Had02]

2.3.1 Microphase separation of block copolymers. Rise diagram

A combination of two different homopolymers to fonpolymer blends is the

simplest way to tune and improve desired propertasd characteristic of
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material.[YuLO06, Bre04, Sie08] However, even a velightly unfavourable interaction
causes polymers to phase separate. The reasontl® iantropy of mixing. Mixed
polymers undergo phase separation by the same menig as small molecule
mixtures, that is, by nucleation and growth or kpinedal decomposition. Small
molecule mixtures can have an unfavourable energegraction, but still mix, because
their entropy of mixing overcomes it. In contrgsbJymers are much larger molecules,
and their entropy of mixing is correspondingly skealtherefore most of the polymers
do not mix. Thus, some additives, such as compiaes or plastisizers usually must
be introduced in order to prevent undesired polydasnixing.

In this aspect BCPs are much attractive for mdtengineering purposes because
of a presence of covalent linkage between blockehJoint between blocks create
significant difference in behaviour of polymer bdsnand BCPs. Owing to their mutual
repulsion but restricted by a covalent linkage,sidnslar blocks self-assemble into
separate domains in such a way, that minimize gacbarea of unlike components and
form a periodic structure of defined morphology atichensions, when oppositely
acting driving forces are balanced. This is in casttto macrophase separation process
typically observed for immiscible homopolymer blendAs a consequence, a wide
range of equilibrium morphologies are observed GPHFre96]

The resulting BCP morphology and symmetry are degenon architecture,
molecular weight and temperature, as well as onvillame fraction and chemical
nature of individual blocks. Characteristic dim@ms of domains are primary defined
by R, of corresponding individual blocks and lie in aga of 10-100 nm for most of
BCP having molecular weight ranging 20-200 kg T@at90]

Phase behaviour of BCPs in bulk was systematidaihgstigated in numerous
experimental [Haj94,Bat94,Kha95,Sch96,Flo01] arebthtical [Mat94,Mat96,Gro98]
works and could be ascribed by a Flory-Huggins mhfelo41,Flo42,Hug41]

Undisturbed polymer chain is characterized by Gansghain conformation

having a radius of gyratiorR, ~N*?. However, when a covalently linked second
block is introduced to a system, two competing psses simultaneously contribute to

the equilibrium chain conformation. First of alhcompatibility of individual blocks

drives them to phase separate and increase domasizé (positive enthalpy of

demixing AH ). This results in non-uniform density distributiomithin domain,

lowered toward domain center. Therefore, stretcloihthe polymer chains takes place
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to fulfil density fluctuations. Such stretching wéis in reduced number of possible
chain conformations compared to unstretched onesuch a way decreasing the

conformational entropyS,. The covalent junctions between individual blocks,
localised within domain interface, additionally vee entropy of the systef®, . Thus,

the Gibbs free energy of demixiAg, , could be represented as:

AG, =AH, -TAS, - TAS, (Eq. 2.12)

The sign ofAG, indicates if the transition from homogeneous nax{disordered

state) to a microphase separated structures (ordtate) is favourable or not. Thus,

such transition occursAG, > )0wvhen enthalpy contribution dominated over entopi
one. For simplestdiBCP, demixing enthalpfH , is defined as a function of Flory-

Huggins segmental interaction paramegter
= 1 Eq. 2.13
X = | € _E(EAA+€BB) (Eq.2.13)

whereeag, €aa andegg represent segmental interaction energies (i.&agny) for
A-B, A-A, and B-B monomer units, respectively. For most pairs of amers the
interaction parameter is positive and small, tyjpycgy = 0.001 — 0.1. By introducing
entropic contribution dimensionless Flory-Huggimseraction parametey could be

presented in a form, which describes following temapure dependence:
X =C, /T +C, (Eq. 2.14)

where C; and C, are BCP specific parameters, representing an potrand
enthalpic terms, respectively.

Entropy change is inversely proportional to thaltalegree of polymerisation of
BCP N =N, + N;, whereN , andN ; are degree of polymerisation of bloocksandB,
respectively. On the other hand, it is also depehde volume fractiorf of each block
in BCP:

f,=N,/N,fy =N, /N (Eq. 2.15)
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Thus, in terms of parameteysand f, the Gibbs free energy of demixingG,,

for diBCP could be presented as follows:

AGy _ Ta ot yete
KT ~ N, N,

In(fz;)+ xyUf, f;  (Eq. 2.16)

The ability of BCP to microphase separate is primaetermined by a
productyN : an increasing oN or reducing of temperature (and thus increasing)in

results in transfer from disordered to orderedes{at vice versa). This transition is
known asorder-disorder transitio{(ODT) (Fig. 2.8).

At values of : %L:'&f. i
XN <105 BCPs exist in AL D
disordered state with nc ;[
Ir‘:."' 2l v I
interface between individua ’*(sz
[
segments (Fig.2.9 a).[Lei80 "J?
Apart of small-chain BCP

(low N), disordered state i Figure 2.€ Schematic representation of ODT induced by
i . the change of temperature.

also realized at sufficiently

high  temperatures, fol

example in polymer melt, where an entropic contidyu overcome an enthalpic one.

The absence of composition gradients and yovalues result in essentially unperturbed

Gaussian coils with radius of gyration that scaléRg ~ N*.

For smallyN, close to the order—disorder transition (ugytd=12 for symmetric
diblocks), the composition profile (density of eitheomponent) is approximately
sinusoidal. Such conditions are definedvesk segregation regin(®/SR) (Fig. 2.9 b).
At the region of high valuesy\ >> 1Q5trong segregation regim@&SR) occurs and
is characterized by the presence of sharp interfaesveen individual domains
(Fig. 2.9 ¢).[Ham98]

Equilibrium is governed by a compromise betweenimizing both interfacial
area and colil stretching, while maintaining a canstdensity. The resulting ordered
microstructures (microdomains) are characterized peyiodicities that scale as
D ~ N 2. Ordered-state symmetry, interfacial curvature aridrodomain shape are
primarily dictated by the BCP composition.
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Finally, the region of a

XN between 10.5 and ~5( MA ’\/V\w_rv-\/

AN N
is considered as the /"'\/\r”g’ N VAV VI
intermediate segregatior p} P 04 ® A 8

regime (ISR).[Ham98] In
this state phase behaviour

Position g Position i Position
more complicated compare:

to WSR and SSR. Here, . Increasing XagN

delicate balance betweer Figure 2.€ Concentration profiles oA andB blocks
at different conditions: disordered (a), WSR (b)dan
entropic and  enthalpic SSR (c). Reproduced from [Ham98].

A 4

contributions to the overall
free energy controls the phase behaviour. In addiid classical translational entropy,
internal chain-stretching effects, that can be asgtncally distributed within the
microstructure are important.[Bat94]

The effect of block volume fractiofi on the equilibrium morphology can be
understood by considering the preferred curvatdreamnain interfaces. Figure 2.10
schematically shows an asymmetric block copolynfer= 0.25, fg = 0.75) with flat
and curved domain interfaces. If the interfacelas Fig. 2.10a), the thickness of the
each of two domain is proportional to their volufreections and the thickness of tBe
part Og) is three times that of th& one D). Curving the domain interface towards
the smalleA phase (Fig. 2.10 b) reduces chain stretchingeiBtdomain but increases
chain stretching in thé. Thus, the compromise between stretching inAhand B
domains leads to an optimal

. . a
interfacial curvature that depenc

on the block volume fractions an . 3

packing lengths. In the absence

segment asymmetry the optimi D, ) Ds

interface curves toward the smalle  Figure 2.1 Schematics of domain size

. versus interface curvature.
block and the curvature increast

as the block volume fraction
decreases.[Mat02,Gra06]
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This trend in preferred domain curvature is re@dctin the succession of
“classical” diblock copolymer bulk morphologies. Phase diagramg.(F2.11)
graphically represent a variety of possible eqriiiim phase morphologies for bulk
diBCP, where the combination of two parameteydl @nd f) determines equilibrium
phase morphology of BCP at certain conditions.[Mavat96]

In the simplest case of non-crystalline flexiblel aiblock copolymers lamellar,
gyroid, cylindrical or spherical phases are formajending on the volume fractions of
each block f, degree of polymerisationN and Flory-Huggins interaction

parametey .[Ham98,Had02]

A in B matrix B in A matrix

N=10.5

hexagonal ol . .y .., ., dsordered hexagonal
cylinrical 00 01 02 03 04 05 06 07 08 09 10  cylindrical

Volume fraction of block A (fa)

/

bicontinuous
gyroid lamellar gyroid

bicontinuous

Figure 2.11 Calculated phase diagram and equilibrium phasehwbogies for bulk
diblock copolymerL — lamellaeC — cylinders,S— spheresi — gyroid,S;, — closely
packed spheres. Modified from [Mat96].

For equal or nearly equal volume fractiorfa € fg), the A andB blocks form
lamellar €) domains with flat interfaces. Af decreases, the morphologies with the
minimum interfacial free energy changes from laarel(0.34 < f < 0.50) to
bicontinuous double gyroid (0.28 £ < 0.34) to cylindrical (0.13 <f < 0.28) to
sphericalf < 0.13).[Liu94]
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The double gyroid@) morphology [Haj94] is consistent with trend irefarred
interfacial curvature. In this three-dimensionatdmtinuous network structure, the
minority block forms tube-like struts that conndogether at 3-fold nodes with an
average curvature less than cylindrical and grehger lamellar domains.

At lower volume fractions of either A or B blocke minor block forms curved
cylindrical (C) domains and for the lowest volume fractions thaamty block forms
even more tightly curved sphericab)(domains. Thus, the preferred curvature of
domain interfaces is useful for a qualitative ustkmnding the equilibrium morphologies
formed in block copolymers.

As could be seen from Figure 2.11, phase boundamesvertical in strong
segregation regime, but become curved with loweohgN . This assumes that for
BCPs with volume fractions near the phase boundeatyveen two morphologies,
thermally induced order-to-order transition (OOTaymalso occur since the Flory-
Huggins interaction parametgwraries as the temperature changes.

Experimentally obtaineddiBCP phase diagrams, indeed, display certain
dissimilarities compared to theoretically predic[Bdt94,Kha95,Sch96,Flo01] These
differences could be explained by effect of addgilgparameters that are not considered
in theoretical simulations.

For example, phase diagrams, constructed by Batak[Bat94] for a series of
different lineardiBCPs show analogous shifts of morphologies symmaitly respect
to f = 1/2 axis. Such shifts, in particular, are atitddl to a segment conformational
asymmetry parameteg;, which gauges differences in the space-fillingrahteristics

between blocks:

2
£ = r”%}z (Eq. 2.17)
B
2
5 :% _ 2_2 (Eq. 2.18)
\'/

wherea is statistical segment length, and segment volume.

In addition to composition axis asymmetry, othenrphologies, theoretically not
predicted, were observed experimentally. For examgh intermediate betweénand
C perforated-lamellarRL) phase similar to the classidalphase, but with a hexagonal
arrangement of perforations in the thinner minoléyers through which the majority
layers are connected was found experimentally &1 [Kha95] and P®-P2VP
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[Sch96]diBCP. Interestingly, for P$-PI stability of G phase was observed only near

the ODT with its further transformation toRL at higher values ofyN . In contrast,

Hajduk et al. reported th&®L phase was only metastable and eventually conteettse
G phase after sufficient annealing.[Haj97,Vig98]

Hexagonally modulated lamell&lIL ) and layered hexagonally packed channels
(HPC) as additional intermediate phases have been \@abein asymmetric
poly(ethylenepropylendrpoly(ethylethylene) (PEB-PEE) diblock copolymer near
the order-disorder transition.[Ham93,Ham94] Phasansitions between ordered
morphologies were indicated by the temperature midgece of the dynamic shear
modulus and identified using small angle neutrattecng experiments.

The transition from amorphous to crystalline lamédll ;=L ) with increasing

of YN was reported by Floudast al for Pl-b-PEO diblock copolymer system.[Flo01]

Another structure observed fstarBCP is the double-diamon®) phase similar td@s,
but where the interweaving lattices are four-fobdrmlinated. However, this structure is
absent for @iBCP systems.[Haj97]

For lineartriBCPs, in particular, for ABC types, the variety pdssible bulk
morphologies becomes much wider compareddi®CPs. Here, in addition to all
‘classical’ diBCP

symmetries, a reach variet

of morphologies that ofter
combine individual ones
from diBCP systems, are
observed.

An  example of
resumptive phase diagrar
for PSb-PB-b-PMMA
triBCP  with  schematic

@
representation of differen

experimentally ~ observec 77

morphologies is presente

on Figure 2.12.[Abe00] If Figure 2.1z Resumptive phase diagram and equilibrium
. phase morphologies for bulk BRSPB-b-PMMA triBCP.
the volume fractions of all Reproduced from [Abe00].

three components ar
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nearly the same, alternating or modulated lameéd@med i, ml). On the other hand,
if two blocks dominate over the third one, theynfodamella with interfacial
arrangement of minor-block cylinders or sphetdesafdls). However, if one of the
blocks dominates, it typically forms a matrix pebed by spheres, cylinders or even
helixes composed of minor blocks, combined in d&f¢ manner dc, ss sc hel ),
depending on the ratio of the volume fractionsnalividual blocks.

2.3.2 BCP morphology in thin films

Ordering in block copolymers induced by the preseota surface has been of
considerable interest both theoretically and expentally. In contrast to a bulk
behaviour, BCP thin films have an advantage of #sneous microphase separation
and domain orientation with respect to the solidbsstate.[Rus89] Besides BCP
composition and molecular weight, domain structame orientation in thin films are
dependent on the surface energies of the blocks andyeometrical constraints
introduced by the confinement in a thin film.[Hamh@bnsequently, the presence of a
substrate and/or a free surface introduces additidnving forces for morphological
development due to preferential segregation of dheck to the substrate or
surface.[Fas01]

For a lamellae-formingliblock copolymer confined in a thin film, some okth
possible configurations are shown in Figure 2.18.cBnvention, if the same block is
found at each boundary, the BCP is said to haverstnic ‘wetting’. However, if one

block preferentially ‘wets’ the interface with tisebstrate or air, ‘wetting’ is described

t=nD, t=(n+1/2)D, D,

(a) symmetric wetting (b) asymmetric wetting (c) neutral surface

Figure 2.1% Possible configurations of lamellae ordering infBféms confined at one
surface: parallel lamellae with symmetric (a) andymametric wetting (b) and
perpendicular lamellae (neutral surface) (c).
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as asymmetric. At equilibrium, symmetric films atable at a total film thickness
t =nDy, whereas symmetric films are stable tat (n+1/2)Do, wheren is integer
(n=1,2,3,4..)andDy is the lamellae domain spacing of BCP. When tlektiess of the
film is not commensurate to the equilibrium lame#pacing, either holes or islands are
nucleated on the film surface to adjust the lotad thickness to the preferred quantized
values.[Maa92]

The influence of the confinement and the interfadisteractions on the
morphology of diblock copolymers in thin films have been extensivetudied
theoretically within mean field theories [Pic97,M&fHui00] and Monte Carlo
simulations.[Gei99a,Gei99b,Wan00] The films areuassd to be confined between two
surfaces thus, preventing formation of terrace® Gdlculations suggest that if there is
no preference for blocks to wet the confining stefa (neutral surface), the
microdomains adopt perpendicular orientation havavger free energy, independently
of gap between the confining surfaces.[Hui00]

However, for diBCP thin films an appearance of more complex (laybri
morphologies was experimentally observed [Mor97MBas and predicted
theoretically.[Mat97,Fas00] Using self-consistergam-field (SCF) calculations applied
to the two-dimensional model (e.g. substrate-supgorfiims) phase diagram of
symmetric diBCP thin film morphologies was constructed by Fesolnd co-
workers.[Fas00, Fas01] Stable morphologies caledlat these studies, assigned to the
regions of their appearance on phase diagram &erstically presented on Figure

2.14. The ordinate gives the reduced film thickne$®, , while abscissa represents the

measure of the asymmetry of the surface energRs:SP/S°. The sign ofR
distinguish symmetricH) or asymmetric-{) boundary conditions.

Compositionally symmetriaiblock copolymers were modelled on a lattice as
chainsN statistical segments in length, each segment oaegmne lattice space, with
anA/B segmental repulsion quantified by the Flory-Huggimeraction parametgr,; .
The substrate boundaryj was energetically selective of tlie segments with an
interaction energy ofS?, whereas the (impenetrable) free surface boun¢@ywas
selective for eitherB (symmetric boundary conditior8’ =S?) or A segments

(asymmetric boundary conditior; =-S? ), but always with an interaction energy of

lower magnitude than the substrate interactiofjSje> |S,|.
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For symmetric surface energié® € 1) a single morphological transition occurs
from FL (symmetric surface-parallel full lamella) RL (perpendicular lamella) when

film thickness decreases belawD, = 0.3

A block

= B block
0.85 .
e FL HY metastable
~ region
07 | e
=
=
045 |
HL
0.4
Iy H? : el )
i . : - <l ) (0 )

-1 0 1
R

Figure 2.1< Theoretical phase diagram and predicted morphedofpr diBCP
films confined between two surfaces: FL — symmesticface-parallel full lamella,
AFL — asymmetric surface-parallel full lamella, PLsurface-perpendicular lamella,
HL — half lamella, HY — symmetric hybrid structurBHY — asymmetric hybrid
structure. Adopted from [Fas01].

With increasing energetic asymmetry (R< 1), thePL phase field splits, giving
way first to a region in which the symmetric hybsiolucture 1Y) gains stability, then
to another new phase field, the surface-parallélamella morphology IL). Thus as
the surface interactions become more asymmetricpmotogies that lack a horizontal
plane of symmetry (i.eHY andHL ) are favoured. On the whole, the system behaviour
can be divided into two regimes based upon thetendge of a stablélL phase. For
more asymmetric values & a stabldHL phase intervenes in the transition fr&in to
the perpendicular structurddY andPL). AsR becomes larger, a direct transition from
FL to HY (or PL) occurs. ThedY phase field is typically situated between the auef
parallel morphologiesHL or HL) and thePL phase. With both surface-parallel and
surface-perpendicular elements, this structure nb@y seen as a compromise

morphology that serves as an intermediate betwadty fparallel and fully
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perpendicular states. Moreover, the metastabletezxie of theHY morphology
between theFL and HL phase fields suggests that such hybrids are pessib
intermediates between parallel-symmetric and asynicraorphologies as well.
Different behaviour was noted for the asymmetic { 0) part of the phase
diagram. Here, no perpendicular phases were fauldel subDg = 2 thickness region.
Indeed, thinner films were all predicted to havekth. morphology, consistent with the
classical view of asymmetric systems. Overall, ¢hregimes of behaviour were
observed in the morphology of the film ndag, which were based on the degree of
surface-energy asymmetry, i.e., the magnitude.dfor nearly equal A and B affinities
for the surface and substrate, respectivey=(-1), the asymmetric surface-parallel
full-lamella morphology AFL) is stable. WherR is negative but small, there exists a

region of FL stability for t/D, = 05. In this case, the entropic drive towal

periodicity overcomes the penalty of localizilgy segments at th&, surface. For
intermediate values oR, a window of stability appears for the asymmetnidorid
structure AHY). Similarities exist between this morphology an@ thY structure
found for R>0. First, theAHY appears, like thélY, to be dependent upon boundary
condition asymmetry. Also, like thélY, the AHY morphology seems to be an
energetic compromise but between surface-paratles The presence &HY
morphology bound above asymmetric surface-paralietlla AFL ) was also predicted
for thicker films (e.gt > Do) by Matsen et al.[Mat97] Furthermore, the positajrthe
AHY phase field between tig=L andFL indicates its status as intermediary between
asymmetric and symmetric structuresRags changed. Indeed, the mixed composition
of AHY at the free surfaceSf) provides a plausible transition between the serfa
wetting withB block FL) andA block wetting AFL).

Theoretical predictions of Fasolka et al. were carmag with experimental
observations on a series of Bpoly(n-alkyl methacrylate) BCPs supported on eitic
substrates.[Fas00] AFM studies of BCP morphologiese performed at the edges of
microdroplets, formed after thermal annealing stap to the film quantisation effect.
These microdroplets exhibit a profile of film thigdss (from 0 nm at the edges to 200
nm at the apex) which allowed to chart the thicknelependence of copolymer
morphology in a precise manner via AFM. Investigiasi revealed gradual transitigh

= HY = HL = FL with increasing of film thickness. However, for BE containing
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methacrylates blocks with longer side alkyl chang¢h as poly(hexyl methacrylate) or

poly(lauryl methacrylate), the presenceHtf morphology was not observed.
Co-existence of different theoretically predictedrphologies was experimentally

observed by Morkved and Jaeger for gradient thimsfiof symmetric P&PMMA on

silicon nitride substrate.[Mor97] Film thicknessswaaried in a rangé;, D, <t < ¥ D,.

Applying different thermal annealing conditions lauts were able to change BCP
morphology from parallel lamella (annealed at higteenperatures) to BL andHY

structures (annealed at lower temperature).

2.3.3 Long range ordering of BCPs

The BCP microphase separation results in a regniarodomain structures, but
the size of the pattern with high regularity is elegent on both thermodynamic and
kinetics parameters of the system. Usually, BCR®alkeregions calledyrains that
typically have dimensions from tens of nanometerdetwv microns in size and are
randomly oriented with respect to each other. lidial grains are separated by
different types ofgrain boundariesthat are formed during sample preparation and/or
treatment. For example, for lamella-forming bloakpaclymerstilt and twist types of
grain boundaries are typically observed,[Gid93,@i@d97] while in cylinder-forming
6-fold symmetry structures defects occur when thalmer of neighbours surrounding
each microdomain differs from six.

Well-ordered structures, especially for high molacweight BCP, are difficult to
obtain directly or by application of thermal annegl This is mainly due to kinetic and
thermodynamic barriers (chain entanglements, ddfusrestrictions), therefore,
unassisted BCP self-assembly is not sufficientfiosst of nanofabrication. However, a
combination of self-assembly with long-range ondgrmethods could potentially lead
to the nanostructures possessing sufficiently kiggree of order over the macroscopic
lateral scale. Thus, in recent years a lot of &ftvas been done on development so-
called field-assisted alignment methods, that cdddapplied to a block copolymer
systems.[Ham09,Dar07] Among of others flow (or sheaignment, alignment in
external electric field and surface field alignmbetong to the most intensively studied
and widely used approaches.
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2.3.3.1 Effect of surface field. Solvent vapor aratieg

In case of BCP thin films, the interfacial inteiaos of the blocks with free
surface and the underlying substrate play cruaéd.rThe surface energies of the
blocks, and the commensurability between the fititkness and the BCP equilibrium
periodicity  dictate the BCP  morphology and orieotat of the
microdomains,[Hua98,Fas01] as was discussed in t€hdh3.2. In general, such
physicochemical constraints conditioned by the gmes of interfaces are categorically
referred to assurface fields that imply control over the microdomain orientati
through controlling a substrate property or/anéemosphere.

Introduction of lithographic techniques to modifhetsubstrate surface properties
provides the way to better control the BCP microdomorientation and order.[Che06]
The placement of microdomains has so far been altedr by pre-patterning the
substrate  with  either  topographical guiding patern (graphoepitaxy)
[Seg01,Sund02,Sund04,Par07b] or surface chemicalterpa (chemoepitaxy)
[Hie97,Yan00,Rok01] combining in such a way ‘topwao (lithography) and ‘bottom—
up’ (BCP self assembly) approaches.

Graphoepitaxy has been successfully employed tectdithe self-assembly of
microdomains of various morphologies. As one ofwlag, a pair of ridges is prepared
by the lithography and surface energy of the sidleveand bottom surface is carefully
controlled before coating with the block copolynfien. Segalman et al. [SegO%jere
the first to apply this technique to spherical ghbkck copolymers. In this study, the
substrate was pre-patterned with drb square-wave channels that effectively directed
the long-range ordering of 27 nm polystyrdaseek-poly(2-vinylpyridine) (PSh-P2VP)
spheres. For lamella-forming polystyrebleckpoly(methyl methacrylate) (P
PMMA) BCP, microdomains were found to align padalte the sidewalls, thus
subdividing the distance between the ridges, whea s$idewalls had selective
interaction with one phase of the block copolymdrilev the bottom surface was
nonselective.[Par07b] In contrast, the alignmentlarhellae perpendicular to the
sidewalls has been realized when the surfaces f the sidewalls and the bottom
surface were modified with brush layer of randomrAHSVIMA to be nonselective for

both BCP components.[Par09a] Under topographicalfimement conditions also
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cylinder-forming block copolymers have been aligdnmoth perpendicular[Sund02]
and parallel[Sund04] to the sidewall of silicorricié gratings.

The effect of a chemically-patterned surface on dhientation of microphase
separatedliblock copolymer was first reported by Rockford efRoc99] The surface
pattern, composed of an alternating stripes of,S@d Au, induced normal to the
substrate orientation of ABPMMA lamellae due to selective wetting of gold B
and silicon oxide by PMMA, respectively. The comm@mbility window for ultrathin
films was found as much as 25%, while for thicknsl (>500nm) a mismatch in length
scale of only 10% was sufficient to lose control eovthe microdomain
orientation.[Roc01] Later, Nealey et al. have sastdly directed the assembly of PS-
b-PMMA BCPs of various compositions on chemicallytpaned striped substrates to
fabricate defect-free arrays of either perpendicldmella [Kim03,Edw04] or surface-
parallel cylinders [Edw06] when the stripes periogsere commensurate or near
commensurate with the bulk block copolymer intarggr repeat periodo.

The solvent vapour annealingg one of the most effective ways for fabricating
both highly ordered structures and vertically oéeh lamellar and cylindrical
microdomains in thin BCP films. Because solvent eacape from a polymer film only
at the surface, solvent evaporation is a strong higtly directional field. The
concentration of solvent through the film thicknessnot uniform, with the solvent
concentration being lowest at the surface and Isiginethe interior of the film (solvent
concentration gradient). With time, as solvent evafes, this gradient solvent field
propagates into the film until the solvent has evaped (Fig. 2.15).

Evaporation

Despite a lack of complete  ggent
understanding of mechanisrr l

underlying StrUCtUre  oerngsron: |

development during solven— i

annealing step, certain aspects
solvent effect are discusse

below. The presence of solver

DISORDERED ORDERED

in a block copolymer films
Figure 2.1 Schematic representation of the
solvent evaporation rate effect on the ordering of

performs  several importan

and lateral ordering of the

microdomains are of interest:
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1) The presence of solvent mediates surface erseagid, hence, tends to orient
the microdomains normal to the surface, as longhase is no strong preferential
interaction of the solvent with one of the blocKghis is the case, the solvent will tend
to orient the domains parallel to the surface.[X4]a0

2) Solvent affects the interactions between bloeksl the relative volume
fractions, potentially leading to changes in motphgg.

3) In solution block copolymer is dissolved with aalering while, in the solid
state the BCPs microphase separate. Consequehdy,gtadient in the solvent
concentration corresponds to a gradient in the rorgeof the BCP with phase
separation occurring initially at the film surfad&s the solvent evaporates, subsequent
microphase separation of the BCP is templated &ytHered structure at the surface of
the film.

4) The presence of solvent imparts significant ditgbito the BCP chains,
remarkably reducing the glass transition tempeegiMiar0O3] Consequently, the grains
of the microdomains formed initially can rapidlyazeen.

Thus, during solvent evaporation, multiple processecur simultaneously and
the resultant order and orientation of the BCP thm will depend upon a balance of
the kinetics associated with each process. As setprence, the morphology of the film
generated by solvent casting or solvent anneadinip igeneral, far from the equilibrium
morphology of the BCP in the bulk.

Kim et al. first reported that solvent evaporatiate could be used to induce the
ordering and orientation of BCP microdomains.[Kirh@g/lindrical PS microdomains
of PSh-PB--PS triblock copolymer were vertically aligned with respedo the
substrate at low evaporation rates (5 nl/s) bueuandnt in-plane orientation at solvent
evaporation as high as 200 nl/s. The same effestal@ observed for polystyrene-
blockpoly(ethylene oxide) (P$-PEO) [Lin02] and polystyrenblockpoly(L-lactide)
[HoRO5] BCP thin films. This orientation was foutwlbe independent of the substrate
and was attributed to a copolymer/solvent concaatragradient normal to the film
surface as discussed above. However, the laterdériog of the cylindrical
microdomains was poor. Hahm et al. and later, Kinale showed that evaporation-
induced flow in solvent cast BCP films producedagsr of nanoscopic cylinders
oriented normal to the surface with a high degfemraering.[Hah00, Kim04]

Fukunaga et al. studied the effect of the solventaval speed on the resulting

microdomain morphology of lamella-forming BSP2VPH-PtBA triblock copolymer
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films supported by a solid substrate.[FukOO] Sloslvent extraction rates led to a
parallel alignment of lamellar microphases withine plane of the film, while on fast
drying, a perpendicular orientation of the lamellsses found.

By controlling the rate of solvent evaporation asmlvent annealing time of
PSH-PEO thin films, Kim et al. achieved nearly deféete arrays of cylindrical
microdomains oriented normal to the film surfacat thpanned from the surface to the
substrate.[Kim04] Moreover, the use of a co-solvemabled further control over the
length scale of lateral ordering. More recent rasssihow that cylindrical microdomains
oriented normal to the film surface could be oladindirectly by spin-coating
PSbhb-P4VP BCPs from a mixture of toluene and THF oftipalar volume ratio and
arrays of highly ordered cylindrical microdomain® dormed over large areas after
exposing the films to vapor of a toluene/THF migtufhis process was independent on
substrate, but strongly dependent on the qualitthefsolvents for each block and the
solvent evaporation rate.[Par07c]

Harant et al. demonstrated that vapour annealing polystyreneblock
polyisoprene (P®-PI) block copolymer thin film in different solventleads to a
different domain orientation, maintaining substijpéependicular hexagonal structure in
methyl ethyl ketone (MEK) atmosphere, while yielglia fingerprint texture (in-plane
orientation) after vapor treatment with toluene bt Moreover, it was demonstrated,
that the solvent choice for spin coating dramadijcahanges the initial thin film
morphology: MEK provides a useful hexagonal strietwithout annealing, while
toluene yields a disordered morphology.

The effect of the initial morphology on the evotutiof topographical structures at
the free surface of an asymmetric BE2VP block copolymer upon solvent vapour
annealing in chloroform was also investigated.[LTXGor a micellar film of the block
copolymer prepared from toluene solution, the s@faenorphology developed via a
nucleation and growth mechanism, while it evolvedspinodal and dewetting route for
thin films prepared from THF solution. However, rdieal final morphologies were
observed for the both kinds of the films after agdime solvent vapour annealing.
These results reveal that the initial morphologpahfluences the process of the pattern
evolution that develops at the free surface of BGIR films during solvent vapour

annealing.
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2.3.3.2 Shear- and electric-field induced orderin§block copolymers

An application of shear field, in particuldgrge amplitude oscillation shear
(LAOS) has been widely used to obtain uniaxial don@ientation either for BCP
melts or solutions, allowing to control and switchientation direction by means of
variation experimental parameters, such as temperfop92] shearing frequency
[Zha96] or amplitude.[Gup96] For lamellae-formingCBs three possible domain
orientations are distinguished with respect to #pplied shear direction: parallel,
perpendicular and transverse, as shown on Figle 2.

Parallel and perpendicular orientations are faiolyservable experimentally.
Koppi et al. observed both of them in dynamicalyared poly(ethylene-propylene)-
blockpoly(ethylethylene) (PEB-PEE) BCP melts using small-angle neutron scatierin
(SANS).[Kop92] Near theTopr and at low shear frequenciegy), the lamellae
arrangement adopted parallel orientation (Fig. 2a)6 while at higher processing
frequencies and at temperatures further away fleenQDT T<<Topr) lamellae with
unit normal perpendicular to both the flow and wélp gradient directions was
observed (perpendicular orientation, Fig. 2.16 ®)e crossover from low to high
frequency behaviour occurred @ close tot, wheret is the relaxation time for local

domain deformations.

a) Parallel b) Perpendicular c¢) Transverse
y (Ov)
; £ e
L A ; A7

TRy
— 3 ..r_,.:_._ }
A
v

Lt g X () -' 41/ [ :
Z z (vxOv) / z (vxOv) / z (vxOv)
Figure 2.1¢ Schematics of orientation of lamellar microdomainsthe orthogonal
coordination with velocity ) (or shear) direction along axis, velocity gradient[{v)
direction alongy axis and vorticity {x[v) direction alongz axis. The BCP domain
orientation with the lamellar normal parallelyas referred to as “parallel” orientation (a),

parallel toz — as “perpendicular” orientation (b), and parallelx — as “transverse”
orientation (c). Adopted from [Gup96].

X (V)
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Regarding transverse orientation (Fig. 2.16 c),isitmuch less favourable
compared to parallel and perpendicular ones. Howd&Ykamoto et al. have reported
co-existence of parallel and transverse orientatiomder LAOS conditions for
polyethyleneblock-poly(ethylene-propylene) (PBPEP),[Oka94] while Pople et
al.[Pop99] found it for concentrated aqueous sotutiof poly(oxyethylends-
oxybutylene) BCP under steady shear flow. The dat@se involved transition to
perpendicular orientation by increasing the shat. r

The potential of electric fields for microdomaingalment has attracted interest in
the recent past as it may also be of considerablenical interest.[Thu00Oa] The driving
force for the reorientation of microdomain struetuirunder an electric field is the
electrostatic free energy penalty associated vigéhdielectric interfaces, which are not
parallel to the field vector. This force is proponal to (AeE)? [Mor96] whereAe is the
differences in the dielectric constants of the kéoandE is the strength of electric field.
Thus, the microdomains tend to orient parallel he €lectric field vector, thereby
lowering the free energy of the system.

It has been shown that both lamellar and cylindistauctures could be oriented
macroscopically with an application of electriddigAmu93,Amu94,Mor96,Thu00a] In
lamellar structures all microdomain orientationsitaiing the electric field vector
within the lamellar planes are energetically egi@na Therefore, the applied electric
field induces domain alignment in such a way, thamellar normal appear
perpendicular to the field direction.[Amu93,Amu94]

Instead, cylindrical microdomains can be alignezhglthe field vector, resulting
in a single domain (i.e. a block copolymer “singlgystal”). For example, Thurn-
Albrecht et al. achieved orientation of PMMA cylerd of asymmetric PB-EPMMA
BCP along the direction of applied electric fielthat was oriented normal to the
surface.[ThuOOa] An existence of electric fieldesgth thresholds;, that allows to
overcome interfacial interactions, was denoted:valdy complete orientation of the
cylindrical domains was achieved, while at fielcteagths belovE; a coexistence of the
domains parallel and perpendicular to the electsagttace was observed.

Boker et al. have shown that concentrated bloclolyoper solutions can also be
aligned indc electric fields during solvent evaporation, legdin a highly anisotropic
microdomain structures in the resulting films.[B&@&) In contrast to melt alignment,
the method is applicable to polymers with higherltmascosities such as high

molecular weight copolymers and copolymers of mooenplex architectures, which
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cannot be aligned by electric field in molten stadth in-situ SAXS measurements
authors were able to distinguish between two dfferunderlying mechanisms,

dominating in orientation process at different ekpental conditions.[Bok02b] Close

to the ODT, (e.g. at low concentrations and/or heghperatures) aligned parallel to the
electric field microdomains grown at the expensetladse aligned parallel to the

electrodes, while intermediate orientations wereabserved.

Such behaviour was attributed to the migration m@iirgboundaries mechanism,
that was previously assigned for microdomain alignmunder shear [Pol99] and
assumed to play predominant role in previous etefld alignment
experiments.[Amu94] In contrast, for high concetitwas and low temperatures (e.qg.
further away from the ODT) the scattering pattenese found preserved and merely
shifted into the new orientation, pointing out thatation of entire grains as an
alternative orientation mechanism.

Another interesting aspect of electric field apgiion is concerned phase
behaviour of BPCs having cubic symmetry morphol¢gyg. gyroid and spheres). As
was mentioned above, when electric field is applethmellar or hexagonal phases, it
exerts a torque which approaches zero when thelllemer cylinders are oriented
parallel to the field. However, the free energy gigncannot be eliminated in cubic
phases, such as the gyroid or BCC, which alwayse kigelectric interfaces that are not
parallel to the field, and their free energy unttex influence of the electric field is
higher than without. Nevertheless, it can be redubg distorting the phase: the
structures elongate in the applied field directimnan extent at which electrostatic and
elastic forces are in equilibrium. The free enenjydistorted phase with reduced
symmetry, increases with respect to the other ghas®d, thus can lead to arder-
order transition(OOT).[Ts003,Ts006]

The mechanism of electric-field induced order-orplease transition was studied
theoretically[LyD07,Pin08] and experimentally.[Xud,XuTO05] For example, Xu et al.
found that the spherical microdomains of an asymimaetiblock copolymer were
deformed into ellipsoids under an electric fielddamvith time, interconnected to
cylindrical microdomains oriented in the directiohthe applied electric field.[XuT04]
Moreover, it was demonstrated that under effeatlettric field the reorganization of
cylindrical domains from surface-parallel to sudgmerpendicular orientation is
realized via electric field induced cylinder-to-gpé-to-cylinder transitions.[XuTO05]

Starting from an ordered state with cylinders palab the surface, the applied electric
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field enhanced fluctuations at the interfaces @& mhicrodomains. The growth of the
fluctuations continued until the cylindrical micimdains broke up into spherical
microdomains. With time, the spheres were defornmed ellipsoidal domains that
reconnected into tilted with respect to the applietectric field cylindrical
microdomains. Further annealing aligned the tilegtinders along the applied field
direction. Recently, gyroid-to-cylinder transitiomas also reported for concentrated
BCP solutions.[Sch10]

2.4 Block copolymers as templates for patterning

of nanomaterials

Modern lithographic techniques, for example extreaiaviolet interference
lithography (EUVIL) or electron beam lithographyBE) enable processing of periodic
and aperiodic features with high accuracy below ri2b.[Fuk10] However, these
methods are often restricted to 2D fabricationunexjcomplicated instrumentation or
long processing time, and thus increase cost effacy dramatically with lowering of
the feature size.

In this aspect BCPs have been recognized as actate systems for pattern
fabrication, in particular, for patterning of vau® types of nanomaterials, e.g.
nanoparticles, nanorods, etc.[Har06] offering achewariety of morphologies with a
widely tuned periodicities,[Bat90] comparable wihrrent lithographic requirements.
In addition, fabrication of 3D-ordered hybrid orgamorganic nanostructured materials
become possible in a relatively simple and costatiffe way.[Cro09] Thus, much
attention has been paid toward developing of methfodl selective incorporation
nanoadditives into one of the BCP domains.

Depending on the final application, BCP-based nghotis could be prepared
either as thin films or bulk samples, while theival target properties, arising from the
presence of nanoadditives, could be tuned via réiffe methods available for their
incorporation. An “in-situ” and “ex-situ” approachare the two most established up to
now. However, some recent achievements in this gaga rise to development of more
advanced and sophisticated routes to produce nteaopa and nanohybrids with

complex and multifunctional properties.
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The chemical nature of constituent blocks ofteryplerucial role on a possibility
to specifically incorporate inorganic additivesanbne of the BCP microdomains.
Consequently, block copolymers comprised of cerative’ blocks, which are able to
directly interact (or complex) with a guest inorgamaterial (either pre-synthesized
nanoparticles or precursors) via hydrogen bondfegtrostatic interaction, metallocene
complexation, etc., are the most attractive onesnorg of other, BCPs containing
blocks of poly(vinylpyridine) (either P2VP or P4V/Ppoly(ethylenoxide) (PEO),
poly(methacrylic acid) (PMMA), poly(acrylic acidPAA), poly(styrenesulphonic acid)
(PSSA), etc., are widely explored for fabricatidraovariety of nanocomposites.

24.1 In-situ approach

“In-situ” approach toward polymer-based nanocompessis being in focus of
many research groups for several last decays ofyktamplies formation of inorganic
particles within the host BCP matrix starting froine polymeric materials consisting of
monomer units bearing metal-functionalized courgdgy Such functionalization could
be achieved either by polymerization of organonetalonomers or by complexing of
appropriate inorganic precursors (e.g., salts) wehctive polymer moieties (e.g.
functional groups, backbone polymer chains or paldr blocks in BCPs). In latter case
the mutual affinity between nanoparticles precuraod polymer functionality is
desired.

Applied to the block copolymers, this method wastfdemonstrated by R.Cohen
group.[Cha92a,Cha92b] They prepared functional lblompolymers containing noble
metal nanoparticles polymerizing norborene-derxatmonomers, complexed with
appropriate organometalic compounds. Afterwardsysers were reduced under mild
conditions by treatment with molecular hydrogeadieg to the formation of NPs/BCP
composites with selective localization of metalstéus within BCP microdomain.

Later on, BCP-templated in-situ synthesis of naniigdas has been extended for
many other types of inorganic materials, includi@dps,[Zha01,Leel0] magnetic
nanoparticles,[Yun05,Abe03a] or intermetallic aldpabe03b]

Since controlled polymerization of monomers cooatl with metal ions is
rather hardly achievable, for “in-situ” NPs syntise# is more common to bind
precursors to preformed block copolymers. Such atktias been widely explored for
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different NPs/BCP systems and has been proved gidyhefficient, especially for
fabrication of hybrids with high NPs loading ratios

Fabrication of highly oriented 3D-periodic arraylsgold nanopatrticles in block
copolymer bulk matrix starting from symmetric B$4VP BCP pre-loaded with gold
precursor (HAuCJ)) was reported.[Men08] In addition to a highly stlke
nanoparticles localization within P4VP domains, thacroscopic uniaxial orientation
of the BCP lamellae was achieved by applicationsloéar alignment under LAOS
conditions.

Cobalt nanocrystals, selectively located in P2Vifndios of P$-P2VP BCPs
were obtained upon thermal treatment of approprataplex of Co precursor with
P2VP block of P$3-P2VP BCPs.[Abe03a] However, the size distributioih Co
nanocrystals was relatively broad (typically in thege of 5-50 nm) and became widen
as the precursor loading rate increased. This mdetvas then extended for fabrication
of iron, iron-cobalt and cobalt-nickel alloy nanadpaes.[Abe03b]

Deshmukh et al. presented a one-step assembly ggrotieat describes
simultaneous in-situ formation of silver NPs, diszt assembly of block copolymers
into a perpendicular lamellar morphology and NP aaigation into patterned
arrays.[Des07] P8-PMMA was preloaded with silver precursor an thdiynannealed
after deposition onto the substrate. In this cam®oparticles, selectively localized in
PMMA phase, were shown to decorate surface of tifim and, in the same time,
promote normal to the substrate orientation of topntayered lamellae.

Deposition of micellar monolayer films onto a subtt also offers a possibility to
prepare arrays of polymer-embedded or free-standmggonally packed inorganic
nanodots. As an example, iron oxide nanoparticleseevgenerated in-situ on the solid
substrate with the aid of micellar block copolyntemnplate by means of oxygen plasma
treatment.[Yun05] Since the plasma treatment algoirete polymer matrix, pure
patterns of iron oxide nanoparticles were obtaildokeover, easy control over the size
of nanoparticles by simple tuning of precursor/B&nposition allowed authors to
create either ferrimagnetic or superparamagnetitenms of nanoparticles without
altering of preparation protocol.

Despite high efficiency of “in-situ” approach forelsctive incorporation of
nanoadditives, certain disadvantages still coulghdiated out. An important drawback
of this method is that the reaction conditions e@gng during the synthesis of the

nanopatrticles inside BCP are not always the optioras for achieving desired
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properties of nanoadditives (e.g., size distribyticrystallinity, etc.). In many cases, an
introduction of inorganic precursor makes the fioralized block poorly or insoluble

in common organic media, resulting in rather pawrtml over the final morphology.

2.4.2 Ex-situ approach

“Ex-situ” approach overcomes some limitations of-Situ” methods. In this case
pre-synthesized nanoadditives, e.g. nanopartitl®y,(nanorods (NR), nanoplates (NP)
etc., are added to the BCP in solution or in mile advantage is obvious if the size-
and shape-dependant properties of hanoadditivegaatieularly important for the final
application. This is evident since the possibiltty precisely control important
parameters of nanoparticles such as size, sizébdisbn, shape, aspect ratio, etc., that
are not always achievable for “in-situ” methodsotigh the control of synthetic
conditions.

To ensure sufficient stability against agglomeratiduring the processing,
particles are usually surface-modified with certastabilizing agents. Apart of
conventional low molecular weight surfactants apligation of polymer molecules for
particles stabilization is also widely implemen{€tu07,Lat08] For this purpose
polymer chains could be chemically anchored tonr@oparticles surface vigrafting-
from[Rag06,Gar07a,Gar07b] omgrafting-to approaches [Cor04] or adsorbed on a
highly energetic particle surface via multiply peld-chain interaction.

Modification of nanoparticles with polymer shellshdeen shown efficient to
compatibilize them with corresponding block of B{Fhi05,Kim05,Kim06b,
Gar07a,Gar08] For example, Kramer and co-workgrerted on selective segregation
of gold NPs bearing PS or PVP stabilizing shelhwitappropriate phase of REP2VP
BCP, respectively.[Chi05,Kim05,Kim06b] Similarly,agnetite nanoparticles, modified
with PMMA or PS brushes were selectively localizgthin corresponding domains of
P2VPb-PMMA [Gar08] or PSh-P1-b-PS [Gar07a] BCPs.

Spontaneous formation of hierarchical patterns®icBvered CdSe nanorods was
observed at the surface of B&2MMA films during a cooperative phase separation
process.[Plo10] In these two-dimensional surfacdep#s the nanorods selectively

segregate to PS domains, where they orient prafallgrperpendicular to the interfaces
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between the domains. The ratio between the hostomgain width and the nanorod
length dictates the number of nanorods that caacbemmodated across the domains.

Nanoparticles stabilized with low molecular weiglrfactants were also shown
selectively segregate to one of the BCP domains.eikample, TOPO-covered CdSe
QDs (TOPO - trir-octylphosphineoxide) decorate surface-reach amad?2VP
cylinders of P23-P2VP promoting normal to the substrate domaimdaitgon.[Lin05]

Oleic acid-stabilized R©,; NPs were shown to self assemble within PMMA
domains of P®»-PMMA thin film upon thermal annealing.[Kas09] Aftehermal
annealing clustering of NPs was observed even latively low particles volume
fraction (0.4 vol %), limiting thus a possibilitg achieve ordered composites with high
loading of MNPs.

Low molecular weight additives (LMA) are known torganize into
supramolecular assemblies (SMA) within domains GfPB through the formation of
hydrogen bonds.[Sid03,Ikk04] A possibility to ditesanoparticles location within
microphase segregated BCP, mediated by LMA/NPsaatien was demonstrated
recently.[Zha09]

Authors showed that LMA, in particular, PDP or dirivatives, in addition to the
formation of SMA, could serve also a function ohoparticles compatibilizers through
the hydrophobic interactions of alkyl part of LMAIttv the same originating form
particle-stabilizing ligands. This method is qudeerall and has been proved to be
efficient for a wide range of nanoparticles, inchglQDs, magnetic NPs, metallic NPs
and NRs, etc.

4
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Figure 2.17 Reversible thermal responsiveness oftFFR2VP(PDP) SMA loaded
with alkyl-stabilized CdSe QDs. Adopted from [Zh§09
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Moreover, reversible spatial distribution of thenaparticles was shown be
thermo-responsive due to migration of LMA throughet BCP phases upon
heating/cooling steps and, thus, altering (perhglpiocal distribution of NPs through

domain section (Fig. 2.17).

2.4.3 Step-wise approaches

Pre-formed block copolymer patterns could be usedfibsequent deposition of
inorganic materials either by in-situ or ex-situ thoals. This so-called step-wise
approach has an advantage that lateral charateridt BCP pre-patterned substrate
usually are preserved upon particles depositioprecursor loading and, thus, could be
pre-estimated by selection of appropriate blockobgper.

Implemented to the substrate-supported thin filnis tnethod was used for in-situ
fabrication of nanoparticles arrays and nanowiresting from P33-P2VP pattern
loaded with metal precursor.[Cha07,Cha08] Metaki¢Au, Pt, Pd) were introduced
selectively into PVP domains of self-assembled BKIR film by soaking in agueous
solution of anionic metal complexes. Subsequentsrpéa treatment results in
simultaneous removal of BCP matrix and formatiometal nanostructures.

Alternatively, PSb-P4VP templates with minor cylinder-forming P4VPodk
were used for deposition of pre-synthesized metabparticles (Au, Pt, Pd) from their
aqueous dispersions (ex-situ method).[Nan09,Gowi@jis case nanopatrticles affinity
toward P4VP phase was ensured by the presencetraf w@ns stabilizing the
nanoparticles. This method has been proved effedtiv either perpendicular or in-
plane P4VP cylinders formed after solvent anneadhBCP as well as for nanoporous
BCP templates obtained after selective removal dAL such as HABA
(2-(4'-hydroxybenzeneazo) benzoic acid), from tBeofP4VP(HABA) SMA.

Topographical features of ABPMMA thin films were exploited for deposition
of two kinds of NPs via simple spin-coating of npadicles dispersions.[Son09]
Primary particles were selectively trapped withther PS or PMMA groves depending
on the selectivity of solvent used during annealimhile secondary particles were
deposited into a channels formed after removal MIVIA part by electron beam
irradiation (Fig.2.18).
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Starting from P3$%-PMMA
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spin-coating of
g R Nanomaterials
[ThuOOb] or polypyrrole nanorod< —— p'mmlem ‘
el Topographical Selective Placement in

[Lee08] were prepared b\ BCP Nanopatterns BCP Nanogrooves
spin-coating of

Solver;’t An::ah ng
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Figure 2.1¢ Schematic representation of
. protocol implemented for fabrication of bi-
forming polyfluorostyrendslock  nanoparticles arrays using topographical
polylactic acid (PFS-PLA) features of P®PMMA BCP thin film.

Reproduced from [Son09].
BCP.[CroQ9] After selective etching of
PLA phase, TiQwas electrodeposited into a porous PFS residuer Admoval of PFS

UV-etching of PMMA part of BCP.

Following a step-wise approact

prepared in bulk starting from gyroid-

gyroid morphology of BCP was finally replicated anfree-standing semi-conducting

TiO, nodes.
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Chapter 3  Experimental techniques

3.1 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) [Bin86] or scanningrée microscopy (SFM) is
an experimental method, which, in particular, islely used for investigation of surface
morphologies of various materials in nanometer esc@luring AFM experiments
investigated surface is scanned with a cantilevesnted sharp tip (probe) having a
radii of curvature down to a few nm and tip-sampiteraction is monitored by an

electronic circuit to produce two-dimensional imagehe sample surface (Fig. 3.1).[1]

In AFM experiments vertical
. Detector Scanner &
resolution could be lowered down to a | conyoller cantiever |+
controller

few angstroms, while lateral one is L

Laser
source

Split

strongly dependent on the tiphotodiod
detector

sharpness. With ultra-sharp [2] or

carbon nanotube probes [Wil09] sub-

Cantilever

nanometer lateral resolution could be % with tip

achieved.

Sample

Most of AFM experiments rely
Figure 3.1 Schematic representation of

on measuring of forces between the tig, gy, principle. Adopted from [1].

and sample. However, the force is not

measured directly, but estimated from the cantil@ledlection, which is detected with
the aid of laser beam, focused on its surface. fijggample interaction forc€ is
proportional to the tip deflectior (according to Hook’s law = -kx, wherek is the
stiffness of the cantilever).

The interaction force between the surface and ifheduld be ether attractive,
reaching maximum value at certain sample-to-tiptlatise, or repulsive, razing to
infinity when this distance approaches zero.

Figure 3.2 schematically shows dependence of sotdraction force versus

sample-to-tip distance.

[1] www.nanoscience.com/education/AFM.html
[2] www.nanosensors.com
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Here, the region of negative force values corredpdn an attractive interaction
regime, while repulsive interaction lies in a pwositvalue region. Depending on the
type of interaction several AFM operating modesdasénguished:

(@) Incontact modehe tip scans

. . ()]
the sample in close contact with theeT
Contact mode

(@]
surface. The repulsive force betweert

tip and sample is set to be constant by

Tapping mode epulsive force
pushing the cantilever against the

tip-to-sample

distancg

Non-contact mode

sample surface with a piezoelectric

positioning element. Deflection of the

cantilever is sensed and compared
with setpoint value by feedback _

attractive force
controller. If the measured deflection

is different from setpoint value, the

feedback amplifier applies a voltage to Figure 3.z Force versus distance curve
piezo to raise or lower the sampleand AFM operating modes. Adopted from [1].
relative to the cantilever to restore the

desired value of deflection. By repeating of suchtgrol at every scan point sample
topography map is constructed, having lateral gy down to 1 nm and height
resolution of less than 1A. However, due to thesenee of adsorbed gas or moisture
layer the contact mode imaging is heavily influehbg frictional and adhesive forces
that pull the scanning tip toward the surface. €heffects can damage samples and/or
distort the image data.

b) Non-contact modds one of several vibrating cantilever techniquesvhich
AFM cantilever is oscillated over the sample swefat the distances of 50-150 A and
attractive Van der Waals forces are detected amadstormed into a corresponding
topographic image during scanning procedure.

Since the attractive forces are substantially wetian forces involved in contact
mode, small oscillation must be applied to the $ip,that changes in amplitude, phase
or frequency of the oscillating cantilever in respe to force gradients from the sample
could be detected using alternating current detectiethods.

Non-contact mode does not suffer from the tip onga degradation effects, thus,
it is preferable for studying soft or easy damaggeahmples. However, the resolution

of non-contact mode is lower compared to contaaiendt is reasoned by the presence
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of adsorbed fluid layer on the sample surface, Wwhscsubstantially thicker than the

range of the Van der Waals force gradient. Theegfattempts to image the true surface
with non-contact AFM fail as the oscillating probecomes trapped in the fluid layer or
hovers beyond the effective range of the forces.

(c) Tapping mode (TM AFM) allows high resolution topographic imaging of the
samples, that are loosely hold to their substmifécult to image by contact or non-
contact AFM techniques or could be easily damagethd the scanning procedure. It
overcomes problems associated with friction, adimesor electrostatic forces by
alternately placing the tip in contact with thefaae to provide high resolution and then
lifting the tip off the surface to avoid draggirttettip across the surface. Tapping mode
imaging is implemented by oscillating the cantileaeor near the cantilever's resonant
frequency using a piezoelectric crystal. The pieaotion causes the cantilever to
oscillate with a high amplitude (typically greatitdan 20 nm) when the tip is not in
contact with the surface. The oscillating tip ienthmoved toward the surface until it
starts to lightly touch, or tap the surface. Durstgnning the vertically oscillating tip
alternately contacts the surface and lifts off,egally at frequencies in a range of 50 —
500 kHz. As the cantilever begins to intermitterdbntact the surface, its oscillation is
necessarily reduced due to energy loss caused ebgdhtact with the surface. The
reduction in oscillation amplitude is used to idignand measure surface features.

In tapping mode, unlike contact and non-contacinmeg, the tip is prevented
from sticking to the surface and causing damagegwcanning, since high oscillating
amplitude is sufficient to overcome adhesive foradso, the surface material is not
pulled sideways by shear forces since the apptiszkfis always vertical.

An extension of tapping mode AFM is a phase imagiwwbere the material-
dependent phase shift of cantilever oscillationdetected simultaneously with tip
deflection. This allows performing mapping of th@rgponents in composite materials
with different chemical composition, stiffness, adion, etc.

Several other modes, such as lateral force micpys@oF-M), force modulation,
conductive AFM, tunnelling AFM (TUNA), electric anchagnetic force microscopy
(EFM, MFM) are also possible with the most of medAFM instruments.

In present work tapping mode AFM was used to sswudyace morphology of the
samples of both neat BCPs and NPs/BCP compositesePand topography images
were obtained simultaneously using single siliagpe with resonant frequency of 45-65

kHz and spring constant of 1.5-3.7 Ntthaving tip radius in the range of 10-20 nm.
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MFM images were obtained in dynamic lift mode &tHieight of 30 nm using Co/Cr
coated magnetized cantilevers having resonant émecyu60-100 kHz and nominal tip
radius of ~25 nm.

All the experiments were performed using Dimens3d®0 microscopeligital
Instruments, In¢.Santa Barbara, USA.). AFM images were treated aaradysed with
WSxM 5.0 open-source software.[3]

3.2 Transmission electron microscopy (TEM)

The transmission electron microscope (TEM) operates the same basic
principles as the light microscope but uses elestrmstead of light. Due to the
significantly shorter wavelength of electrons (~@rB at 200 kV) compared to a visible
light (400-700 nm) the angstrom resolution is reakhwhich is thousand times higher
than in conventional light microscopes.

Schematic view of transmission electron microscfpleand the principle of
image formation (bright field imaging) are shown &igure 3.3.[Rei08] Most of
modern transmission electron microscopes consistwof principle parts, namely,
illumination system (the upper part of microscodmwe the sample holder) and
imaging system (below sample holder).

Electrons are emitted from a biased V-shaped eeaun and accelerated with
high-tension (HT) electric field. Accelerated elects pass through the system of
electromagnetic condenser lenses and condensaum@eCondenser aperture (user-
selectable) restricts high-angle electrons (thasdérbém the optic axis) and so electrons
reach the specimen in a form of monochromatic elacbeam of well defined shape.
The electrons are scattered by the specimen arse that are scattered beyond certain
angle are blocked by the objective aperture.

These blocked electrons are then missing in thentzeal give rise to darker areas
in the image. The image formed by the objectives lenmagnified by the projector
lenses and displayed on a fluorescent viewing sapeeecorded with a CCD camera.

Depending on electron-specimen interaction, trattechi electrons could be

subdivided into three types:

[3] www.nanotec.es
[4] http://barrett-group.mcgill.ca/teaching/nandteology/nano02.htm
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(a) Unscattered electrondhese

are incident electrons that are
Electron e g

transmitted through the thin specimen Source

without any interaction inside the Condenser

. Lenses
specimen.

Thus they do not carry any

. Sample
3 Objective

Lens

information about the specimen and
form only the background intensity in

Objective Aperture

the image.
(b) Elastically  scattered Projector
electrons.Those are electrons that are

scattered (deflected from their original View
iewing

Screen

path) by cores of the atoms in the

specimen in an elastic fashion (no loss Figure 3.2 Schematic view of

of energy). The elastically scatteredransmission electron_micros_cope (left) gnd
electron beam path with the image formation

electrons carry information mainly diagram (bright field imaging) (right). Modified
about the structure and morphology Ottrom [4] and [Rei08].
the specimen.

For scattering in amorphous specimens relativelypkd rules apply. The
probability of scattering of the electron to a aertangle increases with the increasing
atomic number of the scattering atom, density ef sbattering atoms and specimen
thickness. In this way a so-called mass-thicknesdrast arises. Areas of the specimen
that are thicker or contain atoms with larger atomumbers scatter more electrons
beyond the orifice of the objective aperture andgsthppear darker.

For crystalline specimens much more complicatedsralpply. The probability of
scattering of the electron to a certain angle s&esr depends on the orientation of the
crystal lattice with respect to the incoming elentbeam.

The simplest form of this dependence is the Bragg (nA = 2dsiné), e.g. all
incidents that are scattered by the same atomataltygraphic plane will be scattered
by the same angle. This allows performing diffraetimaging and analysing crystal
structures of the sample.

For crystalline specimens much more complicatedsralpply. The probability of
scattering of the electron to a certain angle s&esr depends on the orientation of the

crystal lattice with respect to the incoming elenttbbeam. The simplest form of this
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dependence is the Bragg ruled = 2dsind), e.g. all incidents that are scattered by the

same atomic crystallographic plane will be scattdog the same angle. This allows
perform diffractive imaging and analyse crystalistures of the sample.

(c) Inelastically scattered electronsSuch incident electrons that loose their
energy by excitation of the electrons in the specirduring the interaction are called
inelastically scattered. Inelastically scatteredce#bns can be utilized for Electron
Energy Loss Spectroscopy (EELS) experiments. Tleéastic loss of energy of the
incident electrons is characteristic for the eleta¢hat were interacted with, known as
element absorption edge. These energies are umnwach bonding state of each
element and thus inelastically scattered electroam be used to extract both
compositional and bonding (i.e. oxidation statdpimation on the specimen region
being examined.

Depending on thickness of the specimen, a singhagoy electron may interact
several times with the atoms of the specimen (leddktically and inelastically), which
leads to a quite complicated ways of image fornmatithus very thins specimens (10
nm — 100 nm) are favourable for an easier imagapnetation.

In present work conventional bright field (BF) TEiNhages as well as electron
diffraction patterns (DP) were recorded with Lil2@0 and Libra 120 (Carl Zeiss AG,
Germany) transmission electron microscopes operaed00 kV and 120 kV,
respectively. Nanoparticles specimens for TEM imggwere prepared by drying a
droplet of nanoparticles dispersion in CHGh amorphous carbon-coated copper grids
(200-mesh, Plano GmbH, Wetzlar, Germany). To perfdEM imaging of NPs/BCP
composites, thin films were etched from Si wafeysitmmersion into a 1M NaOH
solution and transferred onto 200-mesh copper grid.

A Libra 200 TEM with integrated Omega-type enerief was used to perform
energy-filtered transmission electron microscop#{EM) imaging with a purpose to
determine position of nanoparticles within certéilock of PSk-PVP BCP matrix.
Nitrogen elemental map was created in accordanttethe “three-window power law”
method,[Rei95] where the first EF image just abtive element absorption edge is
acquired as image containing element-specific midron as well as background. The
background is extrapolated from two images acquioeldw the absorption edge. This
background image is subtracted from the elemertH#spanage, resulting in elemental-

map image.
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3.3 Grazing incidence small-angle  X-ray
scattering (GISAXS)

Grazing incidence small-angle X-ray scattering (&XS) introduced by Levine
and Cohen [Lev89] emerged to a versatile and freifpy@sed analytical technique in
the field of investigation of micro- and nanostwredd materials, in particular
microphase separated block copolymer system.[Gdhi¥D3] In  GISAXS
experiments, transmission geometry, used for caivead small-angle X-ray scattering
(SAXS), is replaced by reflection one. This yietdsurface sensitivity, which allows to
perform investigation of surfaces and thin filmsthwihicknesses from few to few
hundreds of nanometers. Following the same priesigls in the transmission SAXS
geometry, larger length scales could be reacheahbgicrease of the sample to detector
distance (GIUSAXS). GISAXS method is complementaryfEM or AFM techniques,
because images obtained, for example, by AFM alietiptdependent, especially for
densely packed systems, when the distance betw&eneighbouring objects is of the
same order as the tip curvature. In addition, du¢he shallow incident angle, the
footprint of the X-ray beam on the sample surfat&ISAXS is few millimetre long,
increasing thus, the statistics of the structunésrination by a factor of >f@&ompared
to AFM or TEM.

The geometry of GISAXS
experiment is illustrated in Figure 3.4.
A monochromatic X-ray beam with
the wave vectork is directed on a
surface with a very small incident
angle ¢ <1°) with respect to the

surface. The z-axis is the normal to the k"=

surface plane. The x-axis is the-""
direction along the surface parallel to Figure 3.4 Schematics of GISAXS

the beam and the y axis perpendiculageometry used for thin film investigation.
. Modified from [5].

to it. The X-rays are scattered alokg

in the direction (8, «s) by any type of electron density fluctuations la¢ tlluminated

portion of the surface. For exit angles equal tadent critical angled; = «s) there is an
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enhancement in the scattering intensity due tor#ieaction effects, which is also
known as Yoneda peak.[Yon63]

The appearing scattering wave vectarsog and g for the three spatial directions
are defined as [Haz00]:

g, = (2n/A)l(cos(a;)lcos(28) — cos(a,))
q, = (2m/ A) (sin(26) (tos(a ;) (Eq. 3.1)
g, = (2m/ A) sin(a,) +sin(a;))

2D GISAXS patterns are typically analyzed in two toally perpendicular
directions:

(a) along ¢ axis, e.g. the scattering intensity is plotiedsusg, at constant g
Such plots are known asit-of-plane scanand provide the information about structure
correlations in lateral direction;

(b) along g axis, when the scattering intensity is plottesusqg, at certain ¢
value. These are known aetector scansrepresenting the correlations in direction
normal to the sample surface, such as layer thggraurface roughness.

Figure 3.5 schematically

represent 2D GISAXS patterns o
lamellae forming block copolymer
films having parallel, perpendicular of

mixed (disordered) orientation of

microdomains.[5] Parallel Perpendicular  Disordered

. : Figure 3.5 Schematics of GISAXS
Similar to. SAXS, in- GISAXS patterns of lamella forming BCP film with

geometry position of fist order Bragg different lamellae orientation. Reproduced from
reflection comprise the information )
about domain spacing (or interdomain distance) eviaihpearance of multiply order
peaks (2% 39 4" .. rely on degree of ordering of BCP domains.

The domain spacinBo could be determined from the Equations 3.2 and 3.3

D,=2m/q (Eqg. 3.2)
qg=(@4n/A)sing (Eg. 3.3)

whereq is scattering vectoy, is a X-ray wavelength ardlis scattering angle.

[5] www.chess.cornell.edu, GISAXS webpage of Drtl€feSmilgies
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In case of block copolymers, multiple orders of @®@yaeflection can be observed
for strongly segregated ordered samples. For aifgpecorphology multiple order
peaks appear at certain position with respect fosa order peak. The correlation
between expected Bragg peak positions for varioG® Bnorphologies are listed in
Table 3.1:

Table 3.1 Peak positions of Bragg reflections for arious BCP morphologies

[HamO04]
Structure Ratio q; / g*
Lamellar 1,2,3,4,5,6.....
Cylindrical (Hex) 1,43,v4,7,49,412.......
Gyroid 1,/3/4,7713,4/8/13,410/3,J11/3 ......
Spherical (BCC) 1,42,43,v4,J5,6......
Spherical (FCC) 1,4/3/4,/8/3,/11/3,4/12/3,4/16/3.......

In present work GISAXS experiments were performédha beamline BW4
(HASYLAB, Hamburg, Germany). The X-ray beam= 0.138 nm) was focused to the
size of 60um x 30um (H x V). The sample was placed horizontally on a goniomete
and tilted to an incident angle;. MARCCD 2D detector (2048 x 2048 pixels, pixel
size 79.1um) was mounted at sample-to-detector distance (S&ID)747.7 mm. A
beam stop was used to block the direct beam int fobrihe detector. In addition, a
second moveable beam stop was used to block timeitiignsity specular peak on the
detector.

The incident anglesz() used were 0.20° and 0.30°, which are above tiieadr
angle of the P®-P4VP BCP &.(PSh-P4VP) = 0.16°)[Par09b] as well as for estimated
critical angle of MNP/BCP composites at the highe8NP loading
(omaXMNP) = 10.0 wt%). Ate; = 0.20° which is below the critical angle of Si
(ac(Si) = 0.22°)[Par09b], X-rays were totally refledtrom the Si substrate, enhancing
the scattering observed for the film. At such ctiods the scattering data replicate
structural information of the whole depth of thenfi Out-of-plane cuts were made at
the Yoneda maximumg, = 0.31 + 0.02 ni for ¢; = 0.20° andj, = 0.39 + 0.02 nil for
a; = 0.30°).

61



Chapter 3: Experimental techniques

3.4 Other analytical methods

Fourier transform infrared spectroscopy (FTIR

Fourier Transform Infrared (FTIR) spectroscopy is analytical technique that
uses infrared (IR) radiation to identify functiorgabups and types of chemical bonds in
materials.[Sil88,Gri07] Photon energy associatethwie IR region is absorbed by
organic molecules and converted into energy of oudée vibration, either stretching or
bending. Different types of bonds and, thus, déferfunctional groups absorb infrared
radiation of different wavelengths giving rise tbacacteristic absorption peaks. In
FTIR spectroscopy, there are three frequency regiahich are attributed to different
vibration modes: near-infrared (10000-40003mmiddle (4000-200 cily and far-
infrared (200-10 ci).

FTIR spectrum is plotted as transmittance (or dizwre) versus wavenumber
(cm?) and for particular compound is unique and, treeef can be used as its
fingerprint. Liquids are usually examined as thim$§ sandwiched between two
polished NaCl plates that display no absorband®iregion. Alternatively, solids may
either be incorporated into thin KBr disk, prepateuler high pressure, or mixed with
non-volatile liquid and ground to a paste (or mthBt is smeared between salt plates.

In this work, FTIR spectroscopy was used to studyriature of stabilizing shell
of nanoparticles and efficiency of particles mazhtfion reaction during ligand
exchange steps. IR spectra were recorded with ¥e&8t spectrometer (Bruker,

Germany) in transmission mode using KBr technique.
Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was used to deteenthe amount of organic
stabilizing layer on the surface of synthesized enemically modified nanopatrticles.
The number of surfactant molecules or polymer chaitached to a nanoparticles core
was calculated, that allowed to estimate their ladeasity. TGA measurements were
performed using TA Q 5000 thermal analyser (TArmstents) at heating rate of 10

K/min in nitrogen flow.
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X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is expertaleiechnique that involves
analysis of kinetic energy distribution of electsoknocked out from inner electron
shells of atoms by a monochromatic beam of sofays{Mou95] Due to the softness
of X-rays free electrons passes small distances imaterial without scattering,
therefore, only electrons ionized close to the dansprface (max 10 nm) could be
detected.

The kinetic energy of the emitted electraag, could be presented as a difference
between the energy of X-ray photons (=hc/A) and the electron binding

energyk, :
E,.=hc/A-E, (Eq. 3.4)

The core electrons of each element have uniqueirgndnergy, thus by its
measuring the elemental composition could be detedn The electron binding energy
also depends on the chemical environment of theezié This variation of the binding
energy assists to study the chemical status okkmment (oxidation state, functional
groups, etc.).

In present work, XPS spectra were recorded by afiSAXLTRA spectrometer
(Kratos Analytical, UK) equipped with monochroma#it K, source of 300 W at 20
mA. The hemispheric analyzer was set to pass era@dr@g0 eV for wide scan spectra
and 20 eV for high-resolution spectra, respectiveBuring all measurements
electrostatic charging of the sample was over-corsgied by means of a low-energy
electron source working in combination with a magnanmersion lens. All recorded
peaks were shifted by the same amount which wasssacty to set the C 1s peak to

285.00 eV for saturated hydrocarbons.
Ultraviolet-visible spectroscopy (UV-VIS)
Nanoparticles of noble metals exhibit strong uliwéat-visible absorption bands

due to the surface plasmon resonance (SPR). Thigoposvidth and symmetry of these

absorption bands, which lies in UV-VIS region, pd®/ useful information about the
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size, size distribution and inter-particle distayad NPs. In present work UV-VIS
spectroscopy was used to record the SPR absorgpectra of nanoparticle (in
solutions) and NP/BCP composites in thin films getryn Spectra were measured in
the range of wavelength= 300+1100 nm with step width 1 nm by using LamB0a
spectrophotometer (Perkin-Elmer). The UV-VIS speeatf thin flms prepared from
NP/BCP composites were measured on glass substisites similar substrate without

thin films as a reference.
Scanning electron microscopy

Scanning electron microscopy was performed usingONE40 FIB-SEM
workstation (Carl Zeiss AG, Germany) operated atk\8 In order to resolve
nanoparticles position within BCP matrix thin filnaf NP/BCP composites supported
on Si or glass substrates were studied with SEMowit any metal coverage.

3.5 Materials used and sample preparation

Polymers used

Block copolymers of polystyrenglock-poly(2-vinylpyridine) (PSh-P2VP) and
polystyreneblock-poly(4-vinylpyridine) (PSs-P4VP) as well as thiol-terminated
polystyrene homopolymers (PSSH) with number-averag®lecular weight
M,=1100 gmol*, PDI=1.12 (further denoted as PSSH1) ang=5800 dmol?,
PDI=1.10 (further denoted as PSSH5) were purchdsmd Polymer Source Inc,
Canada and used without any further purificatiaor. gonvenience, all BCP parameters

(molecular weight, PDI, composition, etc.) are preed in Chapter 4.1.
Chemicals used
Iron (lll) acetylacetonate (Fe(acac)99.95%), cobalt (Il) acetylacetonate

(Co(acacy, 99.99%), silver acetate (AgAc, 99%), sodium bgdride (NaBH, 99%),
tetraoctylammonium bromide (TOAB, 98%), 1,2-hexadiol (1,2-HDD, 90%),
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1,2-decanediol (1,2-DD, 98%), dibenzyl ether (DBE%), oleylamine (OIAm, 70%),
oleic acid (OlAc; 90%), tria-octylphosphine oxide (TOPO, 99%), 1,2-dichlorolere
(1,2-DCB, 99%), citric acid (99%), Iron (II) chlole tertrahydrate (Fe€4H,O, 99%)
and Iron (lll) chloride hexahydrate (Fe®H,O, 97%) were purchased from Aldrich
and used as received.

Milli-Q water (cleaned with Purelab Plus® ultra-pupurification system) was
used throughout the work. Ammonium hydroxide (23%0s) and hydrogen peroxide
(30%, Merck) were used as received. Organic sadvesuch as acetone, chloroform,
1,4-dioxane, toluene, tetrahydrofuran (THF) (pusgth from Acros), ethanol and
methanol (VWR chemicals) were of analytical gradd ased as received.

Substrates preparation

Highly polished silicon (Si) wafers with <100> amtation and a native silicon
oxide layer of ~1.5 nm thickness purchased fronM8i-Silicon Materials (Kaufering,
Germany) were used as substrates. Before usewbry cut into an appropriate size
and cleaned three times with dichloromethane inlaasonic bath for 15 minutes and
afterwards in a mixture of ammonia solution (29%ydrogen peroxide (30%) and
deionised water in volume ratio (1:1:4) at 75°C Ifoh. Substrates were rinsed several
times with Milli-Q water, stored in the same ovegni and dried with nitrogen flow
before film deposition. Glass substrates were mgetd from Manzel GmbH & Co
(Braunschweig, Germany) and cleaned similar to &evs before film deposition.

Thin film preparation and annealing

Thin films were deposited onto pre-cleaned Si @sglwafers by spin or dip-
coating from BCP or NP/BCP composite solutionsmFHhickness was adjusted with
rotation / withdrawing speed during spin / dip-@ogtand/or polymer concentration.

The SENTECH SE-402 microfocus null-ellipsometerippad with He/Ne laser
(A = 632.8 nm, 70° angle of incidence) was used tasume the thickness of block
copolymer thin films. The refractive indices; #3.858-i0-018 for silicon substrate and
Nsioz = 1.4598 for native silicon dioxide were used fbe calculationsFor the
PSb-PVP block copolymers, a weight average refraciivBces were estimataasing
Nps = 1.589[Wan06], spvp = 1.595[Wan06] andHve = 1.590 values.[Sid03] The film
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thickness of NP/BCP composites was controlled bgtsh test on three different places
of the sample using AFM instrument.

Solvent vapour annealing [Nan09] of the thin filwss performed in a glass
chamber (8a{)*30() mm, V~80 ml), saturated with solvent vapour. lineaperiments
(except solvent annealing in the presence of magfield), thin films supported on Si
or glass substrates were horizontally placed orbtiem of annealing glass chamber.
0.5 ml of solvent was added into a Petri dish pldoside the annealing chamber. Then,
the chamber was tightly closed with grinded lid ¢&ftifor annealing for certain time at
RT. Two different ways of solvent annealing weredis‘fast” annealing when sample
was placed directly into a chamber saturated witkolzent vapour (annealing time
10+360 min), and “slow” annealing, when sample \adslitionally enclosed into a
small glass vessel connected with solvent saturatemimber through the needle
(annealing time 1+96 hrs). Particular samples vedse thermally annealed in vacuum

for 48 hours at temperatures abdyeof both PS and PVP blocks.

Preparation of lamella for cross-sectional TEM inrag with focused ion
beam (FIB)

Lamellae for cross-sectional TEM imaging were predausing NEON 40 FIB-
SEM workstation (Carl Zeiss AG, Germany) equippeéith & Ga ion beam and operated
at 30 kV. The sample was initially sputter-coatethwd0 nm thick gold layer and then a
localized 15 nm thick platinum protective film wedsposited with ion beam over the
area selected for lamella preparation. The sampkemilled and polished with the FIB
to give a 100 nm thick lamella and than transfemed attached lift-out grid (Plano

GmbH, Wetzlar, Germany).
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Chapter 4  Results and discussion

4.1 Choice of block copolymers

In present work, polystyrendockpolyvinylpyridine block copolymers, namely,
PSb-P2VP and P®-P4VP (Fig. 4.1) have been used for fabricationNéfs/BCP

composites.

—CH,—CH CH—CH—t  —{CH,—CH CH—CH—

- -n - -m - -n - -m

Figure 4.1 Schematics of chemical structure of B82VP and P®-P4VP block
copolymers.

Several reasons determined this choice of this BgBtem for particular
application. First of all, polyvinylpyridine (PVR3 known as universal immobilizer of
various types of nanoparticles including metalsnisenductors or dielectrics.[Mal02]
Such ability is attributed to the ability of therfme groups to undergo various types of
interactions with different surfaces. Those intéoas could be realized either via
hydrogen bonding or through coordination of elettqmair of nitrogen with some
electron acceptor species, for example metal oalnn@ts. Therefore, PVP-based block
copolymers have been widely used for fabricatioorolered nanostructures containing
different types of nanopatrticles. [Lin05,Cha07,Chaln09,Nan09]

The value of Flory-Huggins interaction parameterr f®S/P4VP pair

(x(PS/P4VP) =-1370010° + 2091/T) is larger than that for PS/P2VP
(x(PS/P2VP) = -179110™* + 0478/T)[Zha07] allowing thus to achieve microphase

separation conditions for AR8P4VP of lower molecular weight and fabricate dnues
with smaller domain periodicity and size.

P4VP-containing BCPs also could be coordinated wWetli-molecular weight
organic molecules such as pentadecylphenol (PD&YJ&] 1-pyrenebutyric [KuilO] or
2-(4,4'-hydroxybenzeneazo)benzoic acid (HABA) [TBkOeading to supramolecular
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structures. This complexation could be exploitedé¢gulate domain orientation and
periodicity. Moreover, these additives could behar washed out, resulting in porous
structures with tuneable pore size and pore-to-ps&ances, suitable for filling with
nanoparticles.[Nan09]

Up to now, fabrication of well ordered compositesntaining magnetic
nanoparticles using PI&PVP or any other types BCPs still remains challengin
present work we intended to exploit coordinatingpparties of PVP to prepare
MNPs/PSb-PVP composites with pre-synthesized magnetic SBkectively arranged
within PVP domains. Using two kinds of nanoparticlbearing different surface
functionalities we were also able to prepare terfdP1/NP2/P33-PVP composites
with either kind of nanoparticles segregated wittiiferent BCP microdomains.

PSb-PVP block copolymers of different molecular weiginid compositions with
polydispersity indexes in a range 1.05-1.15 weredusThe variation of BCP
composition allowed us to prepare templates oedkffit morphology (i.e. cylinders or
lamellae) and domain periodicity.

Main characteristics of PBP2VP and P®-P4VP block copolymers used in this

work are summarized in Table 4.1:

Table 4.1 List of PSb-PVP BCPs used for fabrication of NP/BCP composites

I_3CP M nxlOf Mo/M Composition: PSh-PVP | ¢(PVP) Expected
assignment g mol W M x10%, g mol* vol % morphology
PSs-b-P2VP5 100.0 1.16 50.®-50.0 48.8 Lamellae,(
PSeb-P2VP,, 77.0 1.06 56.1-21.0 26.4 CylindersQ®)
PS-b-P4VPg 76.0 1.14 57.%-18.5 23.3 CylindersQ)
PS-b-P4VP,, 44.0 1.09 22.1-22.0 48.5 Lamellad,()
PS+b-P4VP, 34.0 1.15 27.®-7.0 23.3 CylindersQ)
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4.2 Preparation of magnetic nanoparticles (MNPS)

The first task of the present work was synthesisn@gnetic nanoparticles
(MNPs), with the aim to be selectively incorporaiatb PVP domains of PBPVP
BCP matrix. To accomplish this task several regqueets with respect to the MNPs
properties have to be ensures:

* mutual affinity between NP surface and PVP moietieBCP;

* good dispersion stability in common with BCP orgasnlvent(s);
* appropriate particles size and narrow size distiog

« particles stability towards oxidation and degranfati

Among the various types of MNPs, ferrite-type madgnaanoparticles (i.e.
MFeO4, M=Fe, Co, Mn, Ni) are attractive since they canpbepared in relatively easy
way and could be handled at ambient conditions amithadditional precautions. In
present work, two kinds of ferrite-type MNPs, nameFeO, and CoFgD,, were

prepared and used as nanoadditives.

4.2.1 Synthesis of I, MNPs by thermal decompaosition route and
their characterisation

Taking into account all advantages of thermal dgmmsition routes of MNPs
preparation,[Wil04] series of E®; MNPs were synthesised from iron(lll)
actetylacetonate precursor[Sun02,Sun04] in theepss of combination of different

surfactants, as schematically presented on Fig@re 4

IL
4

D

D

1,2-alkanediol + solvent
+ surfactants —~

—
Reflux

Figure 4.z Schematic representation of synthetic route usedofeparation of
Fe;0, magnetic nanoparticles by thermal decompositiorirarfi (Ill) acetylacetonate
precursor. Modified from [Sun02].

In typical synthesis, 1 mmol of iron (lll) acetyl&onate (Fe(acas)) was
dissolved in 5 ml of dibenzyl ether (DBE) and mixedth another 5 ml of DBE

containing corresponding amount of reducing agewt surfactants (Table 4.2). The
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mixture was transferred into a three-neck roundeotflask, equipped with gas inlet,
reflux condenser and thermometer and flushed thmees with argon. Next, reaction
mixture was heated to 200°C and kept at this teatpex for 2 hours, followed by
refluxing (~290°C) for another 60 min. During theatting, the colour of mixture turned
from red-orange to a black, indicating the formataf FgO, MNPs. Particles were
precipitated into ~100 ml of ethanol and collecteg@r the permanent magnet. Black-
brown supernatant was discarded and particles wernéied repeatedly (4 times) by
precipitation/redispersion procedure, using chlonaf as solvent (~5 ml) and ethanol as
flocculating agent (~100 ml).

Table 4.2 summarize preparation conditions apgbedINPs syntheses.

Table 4.2 Summary of preparation conditions used fosynthesis of MNP1+MNP5

Sample | Precursor | Solvent | Reducing | Surfactants Molar ratios of reactants used
name used used* | agent used used during MNPs syntheses

MNP1 Fe(acaq DBE 1,2-HDD | OIAc/OIAm Fe(acacy1,2-HDD:OIAc:OlAm
1:2:3:3

MNP2 Fe(acag DBE 1,2-HDD TOPO Fe(acacy1,2-HDD:TOPO
MNP2a—1:2:3; MNP2b-1:2:|6

MNP3 Fe(acaq) DBE 1,2-HDD | TOPO/OIAm| Fe(acacy1,2-HDD:TOPO:OlAmM
1:2:3:3

MNP4 Fe(acaq) DBE 1,2-DD | TOPO/OIAmM| Fe(acacy1,2-DD:TOPO:OIAm
1:2:3:3

* —in all syntheses metal precursor-to-solvenbratas kept as 1:10 mmol/ml.

Fe(acag)— iron (lll) acetylacetonate; DBE — dibenzyl ethe2-HDD — 1,2-hexadecane diol;
1,2-DD - 1,2-decanediol, OlAc — oleic acid; OlAnoleylamine; TOPO — tm-octylphosphine oxide

After each precipitation/redispersion step smalloam of nanoparticles was
collected, dried in vacuum overnight at 50°C andlgsed with TGA in order to
determine the amount of remained reactants on Niface. Notably, TGA experiments
showed that all reactants and excess of surfactaats almost completely removed
after first two precipitation/redispersion stepssulting in almost no additional weight
lost after the next purification cycles (Fig. 4.3).

All TGA curves possessed two distinct weight legiions: the first was observed
in the temperature range from 100 °C to ~500 °Ciclwhs usually attributed to
degradation of organic stabilizing shell, and sec@bove 600 °C, was reasoned by the
phase transition from E®, to FeO, which is thermodynamically more stablevabo
570 °C.[Zhao06]
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As the first sample, oleic acid 10¢
(OlAc) capped F£O; MNPs 95-

MNP1

—— 1st washing

2nd washing

(further denoted as MNP1) were —— Jrdwashing
90 —— 4th washing

prepared in the presence og
1,2-hexadecanediol (1,2-HDD) a_&i
reducing agent and a mixture of

OlAc and oleylamine (OIAm) as  75-

surfactants, according to a protocol

160' 2|OO' SI‘OO' ;100' 500' |600' I700
reported elsewhere.[Sun02] S

Resulted MNP1 were found Figure 4.2 TGA curves of MNP1 after *1
o o 2", 3% and 4 purification cycles.
to be readily dispersible in low-and

moderate polarity organic solvents
(e.g. THF, CHCI3, toluene) but rapidly precipitate ethanol, indicating, therefore,
monolayer type of stabilising shell.

Determination of particles size and size distrilmutivas done by analysis of TEM
images of correspondent MNPs. For MNPl an averageticles diameter
dvnei= 5.9 nm with standard deviation SD = 1.0 nm (17.2¢4s found (Fig. 4.4).

25

] MNP1: d=5.9 nm
] D SD = 1.0 nm (17.2%)

15- [k
10 |\\
"I..

|
T L B L |
0 2 4 6 8 10 12 14 16 18 2o
Particles diameter (nm)

Frequency (%)

Figure 4.4 TEM image (a) and size distribution histogram@bMNP1 prepared
in the presence OIAc/OIAm as surfactants. Red-liaussian fit.

For preparation of next sample (denoted as MNRRZp-octylphosphine oxide
(TOPO) was used as surfactant instead of OlAc a@dnOFrom correspondent TEM
images (Fig. 4.5 a,b) it was found that MNP2, pregdn the presence of TOPO had
larger size (gnez = 8.1 nm) and displayed broader particles sizédriligion
(SD=27.2%) compared to MNP1, independently on teéa€acy TOPO ratios used

during the reaction. One of the reasons of sucladrsize distribution could be
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explained considering geometry of TOPO moleculeeghC8-alkyl chains, which are
bound to a single P atom, sterically repeal eabkrothus, making the TOPO molecule
more bulky and less effective for NPs nucleatiod growth control, compare to the
OlAc and OlAm.[HouO05]

Therefore, as a next sample, MNP3 were synthesizélde presence equimolar
ratio of both TOPO and OIAm as surfactants. It i@sd that such combination of
surfactants results in nanoparticles of almost samme and polydispersity as MNP1
(dwnps = 6.1 nm, SD =17.1%) (Fig.4.5 c,d).

Additionally, MNP4 were prepared as a referenceptamm the way similar to
MNP3, but instead of 1,2-HDD, 1,2-decanediol (12)Pwhich has a shorter alkyl

chain length was used during the synthesis.

25
- MNP2b: d = 8.0 nm
20 b SD = 2.2 nm (27.8%)
S 15-
2
S 10
g |
[T
5_ | | |
0 T n, II T T I'. T T
2 4 6 8 10 12

14 16 18 20
Particles diameter (nm)

25
] MNP3:d =6.1 nm
o] d SD = 1.0 nm (17.1%)
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Figure 4.5 TEM images (a,c) and size distribution histogrgimsl) of MNP2b
(a,b) and MNP3 (c,d). Inset on (c) — electron diffron pattern of MNP3. Red lines —

Gaussian fits.

From electron diffraction pattern (EDP) of MNP3dF4.5c, inset) it was revealed

formation of BCC spinel lattice structure, whichtypical for magnetite. (JCPDS, card

No 79-0418).
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All preparation and purification steps in MNP2+MNByntheses were performed
similar to MNP1 synthesis, with only one differentteat after reflux (i.e. before
purification), reaction mixture was left for stmg for another 12 hours at room
temperature. It should be mentioned, that suchirgjiovernight was crucial for long-
term dispersal stability of particles in organitvent.

For longer periods of time, after purification peleds were stored under ethanol
saturated with argon to prevent undesirable oxdatand agglomeration. Such
conditions ensured perfect MNPs dispersability iganic solvents even after several
months of storage.

All synthesized MNPs were characterized with FTiRorder to clarify the nature
of stabilizing shell formed on the particles sudgday surfactants. Figure 4.6 shows
FTIR spectra of MNP1+MNP4 series, as well as speofrreactants used during the

particles syntheses.

Several characteristic 2,5

V(CH 2), V(CH 3) V(Fe—O)
spectral features common for 1 olac
2,0
all MNP samples were
observed. First, there are thrég 1,51 !
characteristic peaks at ~2956§ 'Fe(acac;
S 10
~2924 and ~2854 chpwhich £ ~ | e
§ MNP3
correspond to V4(CH3), < 05-
MNP2
Vv¢(CH,) and v4(CH,) bands, 0.0 MNPL

respectively.[Klo07] Second,

T T T T T T T T T T T T T T
. 4000 3500 3000 2500 2000 1500 1000 500
two strong absorptions at

~592 cmt and ~626 cnl

Wavenumber (cmi’)

Figure 4.€ FTIR spectra of MNP1-MNP4
were attributed tovy(Fe-O) samples prepared by thermal decomposition of
and  vi(Fe-O) vibrations, Fe(acag) and reactants used during their syntheses.
respectively.[Klo07]

As was expected, for MNP1 appearance of intense gl at ~1707 cth was
not detected. In contrast, on spectrum of purecadeid such peak is clearly visible,
indicating that after purification no free oleicicés present in MNP1 sample and only
chemisorbed molecules remain on MNPs surface.[La&n06]

However, nearly identical peaks in the 1400-1700" aegion, which are often

assigned to symmetric and asymmetric stretching chémisorbed carboxylic
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groups,[Klo07,Zhan06] were

observed in FTIR spectra of OKLL FelMM

Fe 2p

al MNP samples. Since3

1s

neither oleic nor other’g 2/ 1s Sj2s
) . £ 7 Fe 25 i2p
carboxylic acids were used i T Fe 3s
1a) ‘F‘e 3p
the synthesis of MNP2, . ?’J MZS
MNP3 and MNP4 samples, 1000 800 600 400 ZOF 0

7 Binding energy [eV]

these spectral features were | 9 €)

attributed to the presence o§
carboxylic species comingé

from acetylacetonate — JMmwemT e
300295 290285 280 410405400 395390 140135130 125
precursor. Binding energy [eV] Binding energy [eV] Binding energy [eV]
On the other hand, Figure 4.7 XPS spectra of MNP3: wide scan

o spectrum (a); high-resolution €1spectrum (b); N4
characteristio’(P=0) band at spectrum (count rate x10) (c); fP&ectrum (count rate x10)

1146 cnt,[Sta08] which was ().

observed for pure TOPO, was not detected for anyPMddmples prepared in the
presence of TOPO, supposing thus, its complete vahduring particles purification.
In order to assay the origin and nature of stahijzhell formed on particles, prepared
in presence of TOPO and OlIAm, MNP3 sample was stuldy XPS (Fig. 4.7). Indeed,
as it was supposed above, from XPS results it be@maent, that rather small amounts
of TOPO and OIAm remain on MNP3 surface after pecaifon. As can be seen, the
signal intensity in regions of Nsland P p peaks (399.4 and 133.0 eV, respectively)

only slightly overcomes Lo

background level. ] —— MNP1
— MNP2

On the other hand, an 951 ——MNP3

] — MNP4

appearance of intense 13 peak S w0

(285.0 eV) assumes the presenée

of saturated hydrocarbons. Th% 851 \
atomic ratios of nitrogen/carbong 80_- \
and phosphorus/carbon pairs |

i . — 75 T T T T T T T T T T T
Obtalned from XPS (N@S - 100 200 300 400 500 600 700

.0o. . = 1 . . Temperature (°C)
1:63.2, P:Gps = 1:108.6) were Figure 4.6 TGA traces of MNP1-MNP4

found substantially lower samples.
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compared to predicted ones for TOPO and OIAM mddsciN:Goam cac = 1:18,
P:Cropocaic = 1:24). Thus, it was assumed that organic lagecase of MNP3 was
formed predominantlyia 1,2-hexadecanediol adsorption.[Bin08]

TGA data obtained from different samples were camgban order to obtain the
amount of surfactants on the particles surfacemFF&GA results (Fig. 4.8) it was found
that the amount of the adsorbed surfactants diffedifferent MNP samples with the
highest content in MNP1 and lowest in MNP4 casesimRhe TGA data (weight lost at
the temperature region 100°C+500 °C) the contentrganic part in MNP1, MNP2,
MNP3 and MNP4 samples was found to be 18.3, 13}7,112.1 wt%, respectively
(considering iron oxide content as 100%).

It was also observed, that dispersion stabilitiMdfP1, MNP2, MNP3 and MNP4
was substantially different and case-dependenhembolarity of solvent. MNP1 were
readily dispersible in organic solvent of low anddarate polarity (such as toluene,
THF, CHCE) and they remained stable in dispersion for a ljpagod time (i.e. up to 6
months), while MNP2 and MNP3 produced stable dspes only in solvents of
moderate polarity like THF or chloroform and hadteong tendency to aggregate in
toluene or toluene/THF mixture containing even simattion of toluene (i.e. less than
20 vol%). Regarding MNP4, it was noted that theyemmauch less stable even in such
polar solvents like THF and tend to agglomeratevirsibly already after 24 hours of

storage.

4.2.2 Synthesis and characterization of CoF®4 NPs (MNP5)

Cobalt ferrite CoFg, NPs (further denoted as MNP5) were also prepayed b
thermal decomposition, using Fe(agaahd Co(acag)as precursors.[Sun04] Synthetic
procedure was performed similarly to MNP3 casetidity, Co(acac) and Fe(acag)
precursors with molar ratio of 1:2 to give the ta@mount of 1 mmol were mixed with
the rest of reactants and then preparation andigation were carried out as for the
MNP3.
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First, investigation of as-prepared MNP5 by TEM gimg was performed
(Fig. 4.9) and it was found that particles had aerage diameter of 6.0 nm, similar to
MNP3, however, displayed slightly broader sizertstion.

MNP5: d =6.0 nm
b SD = 1.2 nm (20.7%)

T T T
2 4 6 8 10 12 14 16 18 240
Particles diameter (nm)

Figure 4.€ TEM image (a) and size distribution histogram ¢b}CoFeO, MNP5
prepared in the presence of TOPO and OIAm as darftsc Red line — Gaussian fit.

FTIR, TGA and XPS (Fig. 4.10 and 4.11) analysesewaso performed and it
was revealed that the nature of stabilising layer (,2-HDD) was the same as in the
case of MNP3 with organic layer content 12.9 wt@n@&idering CoFg£, as 100%).
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Figure 4.10FTIR spectra (a) and TGA curve (b) of MNP5 versiidP3.

From XPS measurements the presence of Co in thiclparwas revealed
(Fig.4.11 e). Quantitative analysis of F@ and Co P signals (56.025 eV and
60.455 eV, respectively) resulted in Co:Fe atomatior of 2.26, which differs
significantly from expected value of ~0.5. SinceSXmostly detects signals from very
topmost layer of the sample (max.10 nm), it is eattlifficult to conclude about real
composition of the whole sample.
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MNP5 particles appeared moderately stable towardloatgration in THF
dispersion and irreversibly precipitated after @«%ks of storage.

a) O KLL Co 2s

i Co2pFe2p _
= O1s €) Co 2p32
< Na KLL b
= Cls Co3s Co 2pi2
‘§ Cl2p |Fe3s iy
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£ Fe 2s, Fe LMM Fe 3p

7 ( ? 2s |
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Figure 4.11 XPS spectra of Cok®,; MNP5: wide scan spectrum (a); high-
resolution C & spectrum (b); N 4 spectrum (count rate x10) (c); B &pectrum (count
rate x10) (d); high-resolution C@23pectrum (e); high-resolution Fp &pectrum (f).

Summarizing all experimental results on preparatiod investigation of R®,
and CoFg0, MNPs (i.e. MNP1-MNP5) and observations discussen/a it could be
stated the following. The densest stabilizing lagarMNP1 is reasonable due to the
distinct affinity of oleic acid carboxylic group®wards FgO, surface. In case of
MNP2, MNP3 and MNPS5, thinner, but still sufficieiar particles stabilization organic
shell was formed, that is an important prerequidteefficient binding of particles to
PVP. In latest cases, nanoparticles stabilizatias achieved due to coordination with
1,2-HDD instead of OlAc. An application of TOPO,dambination with OIAm ensured
relatively good control over MNPs nucleation andvgs during the synthesis. However,
due to their weak affinity toward iron oxide suat¢hese molecules were washed out
during particles purification, as was proved by dRd XPS experiments and only
1,2-HDD remained on particles surface. When 1,2dediol with shorter chain length
was used during MNP synthesis (MNP4), it led tdHer reduction of stabilizing layer
content and poor particles stability in most ofamg solvents and, thus made them less
suitable for particular application.
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4.3 Synthesis and characterization of AQNPs

As a second type, silver NPs (AgNPs), covered witlystyrene stabilizing shell,
were prepared with an aim to be incorporated in® WPock of PS-b-PVP block
copolymer. Namely modification of AgNPs surfacelwRS layer has to ensure their
dispersion stability of such particles in organiclvents and their PS-selective
segregation in P8-PVP BCP matrix.

For preparation of PS-covered AgNPs two methodsh(a@rtain modifications)
were used. As a first, two-phase Brust method [B8S01] was performed in the
presence of thiol-terminated polystyrene (PSSH). éAssecond method, two-step
synthesis was adopted from approach, reported bgntditsu and Osterloch [Hir04]
starting form preparation of OIAm covered AgNPddaled by ligand-exchange step
afterwards.

Two-phase hydride reduction method using AgN® metal precursor was used
for fabrication of series of silver NPs, denoted AAgNP1+AgNP3. The preparation
procedure was followed as described by He and ateve [HeS01] with a difference
that thiol-terminated polystyrene (PSSH1,##100 dol™, Polymer Source Inc.) was
used during the syntheses as stabilizing shellifoyriigand instead of alkanethiol.

As it can be seen from corresponding TEM images aix@ distribution
histograms (Fig. 4.12), the average particles suas gradually lowered with an
increase of AgN@PSSH1 weight ratio, as it was expected. Howeverchs
modification of synthetic procedure (i.e. applicatiof PSSH instead of alcanethiol)
resulted in nanoparticles with broad size distigntindependently on AgN(IPSSH1
weight ratios used.

Such broad nanoparticles size distribution compateedresults reported by
He et al. [HeS01] could be assumed to be an effestiabilizing ligand, used during the
reaction. It is possible that the steric bulk oé tRS polymer chains influences the
growing mechanism of the silver cores significantjnce effective capping of the
silver cores is lessened by a bulky ligand, leadgnore polydisperse nanoparticles
compared to that made in presence of alkanethiolil&8 effect of size of stabilizing

polymer ligand on nanoparticles polydispersity ({B@rder of 27 %) was also observed
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for gold nanoparticles prepared via Brust methodh@& presence of low-molecular
weigh PSSH.[Cor04]

« P AgNP1:d=6.3nm o« AgNP2:d=4.0nm o] f AgNP3:d=2.1nm
25 SD = 2.2 nm (34.9%) 251 SD = 1.6 nm (40.0%) 25 SD = 0.5 nm (24.7%)
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Figure 4.1z TEM images (a,c,e) and size distribution histogdmd,f) of AgNP1
(a,b), AgNP2 (c,d) and AgNP3 (e,f) prepared by ptase method using 1:1, 1:2 and 1:4
AgNO,/PSSH weight ratios, respectively.
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One of the possible ways to circumvent polydispgnsioblem could involve the
synthesis of AgNPs in the presence of alkanethfolbwed by ligand-exchange
reaction with PSSH molecules. However, kinetic ssdof the ligand exchange
mechanism suggest that such reactions belong fiesif limited process.[Car08] In
addition, ligand exchange process is reversibledaralto the same chemical nature of
capping end-groups in alkanethiol and PSSH, tlgelaxcess of PSSH and long time of
reaction would be required. In contrast, if theiaicapping agent will possess weaker
affinity toward silver surface compared to thiol ietees, such ligand exchange step
should be more effective and faster.

Therefore, thermal decomposition of silver precursothe presence of solely
oleylamine as reducing and stabilizing agent [Hir@s pointed out as an alternative
way to prepare AgNPs. It was also shown that weaklgorbed oleylamine on the
nanoparticles could be readily replaced with tlmohtaining molecules. Schematically,
synthetic procedure is presented on Figure 4.13.
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OlAm-stabilized AgNPs PSSH-modified AgNPs

AgAC 1) OlAm+solvent
or

Ag (acac) Reﬂux

2) PSSH+ solvent

RT, 24h

Figure 4.1% Schematics of synthetic route used for preparatfd?S-covered silver
nanoparticles (AgNPs) by reduction of silver precur (Ag(acac) or AgAc)) in the
presence of oleylamine.

For preparation of AQNPs (denoted as AgNP4), 3 mohdlilver acetate (AgAc)
was mixed with 25 ml of OIAm and 500 ml of toluefiée reaction mixture was heated
to 110°C under inert argon atmosphere (heatingl@t€/min) and then refluxed for 24
hours. The colour of the mixture gradually chanfggdch colourless to yellow and then
— to dark-yellow, indicating formation of silverltmds. As it was mentioned before, in
such reaction OIAm simultaneously serves functibbath mild reducing and particles
stabilizing agent. After 24 hours of reflux, reactimixture was cooled down to RT and
toluene was removed on rotary evaporator to givie@us AgNP4/OlAm mixture.

As a next step, AgNP4/OlIAm mixture was mixed withral of CHCE containing
300 mg of PSSH1 and stirred at room temperaturéhionext 24 hours. Thereafter, PS-
modified AgNPs were precipitated oa. 100 ml of ethanol and centrifuged at 5000
RPM for 10 min. To remove the rest of OIAm and esscef PSSH, repeated (5-6 times)
centrifugation/redisspersion steps were performgdadiding chloroform as a solvent
(ca. 5 ml) and acetone as flocculating agec&. (100 ml for each step). At such
conditions, PS-modified AgNP precipitate while PSSidmains soluble. Final product
was collected and dried overnight in vacuum at 5@f@ive ca. 100 mg of metal-like
powder readily dispersible in organic solvents.

TEM investigation of AQNP4 sample (Fig. 4.14 ag@ealed formation of 4.1 nm
nanoparticles with uniform spherical shape andavarsize distribution (SD = 0.6 nm,
14.5%).

8.5 nm AgNP5 (Fig. 4.14 c,d) were also preparetbinene, similar to AgNP4,
with the only difference that the mixture of AgAsdaOIAm was injected into a boiling
toluene under inert conditions and than refluxed 2d hours. The other reaction
conditions, including ligand exchange and purifmat were kept similar to AgNP4
synthesis.
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Finally, 12.8 nm AgNP6 (Fig.4.14 e,f) were prepaiadl,2-dichlorobenzene
(1,2-DCB) as reaction medium. For this purpose 3ofmoh AgAc and 25 ml of OlAm
were dissolved in 500 ml of 1,2-DCB and refluxediemninert atmosphere for 12 hours.
After reaction mixture was cooled down to RT, ligaaxchange steps were performed.
Two kinds thiol-terminated polystyrene homopolymefsdifferent molecular weight
were used to modify AgNP6 surface, namely PSSH=II00 gol®) and PSSH5
(M=5300 dmol™). For this purpose reaction mixture was split it parts and PS-
modification step was done by addition to each p&rtO0 ml of 1,2-DCB containing
150 mg of either PSSH1 or PSSH5 followed by stirriar next 24 hours at RT. To
purify AgNP6, ~100 ml of ethanol was added and Rislifred particles were collected
by centrifugation (15000 RPM for 30 min). Nanopaes were washed with
chloroform/acetone mixture 5-6 times, similarly tAgNP4 and AgNP5. For
convenience, AgNP6 modified with PS of different lesnlar weight are further
denoted in text as AgNP6a (PSSH1) and AgNP6b (PESH5

304 b AgNP4:d =4.1 nm d AgNP5:d =8.5nm f AgNP6: d =12.8 nm
SD = 0.6 nm (14.5%) 21 SD = 1.1 nm (13.2%) 01 SD =1.1 nm (8.5%)
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Figure 4.1< TEM images (a,c,e) and size distribution histogdmd,f) of AgNP4
(a,b), AgNP5 (c,d) and AgNP6 (e,f) prepared by rii@rdecomposition of AgAc in the
presence of OIAm.

FTIR spectra (Fig. 4.15 a) confirmed success aindyexchange step for all series
of AgNPs prepared, independently on reaction medjiuen chloroform and 1,2-DCB)
and molecular weight of PSSH used for particles ifreadion: characteristic peaks of
PSSH are replicated in spectra of all PS-modifigtNR4-AgNP6 samples.
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Figure 4.1f FTIR spectra (a) and TGA curves (b) of PS-modifieiNP4-AgNP6
samples.

As was expected, TGA data (Fig. 4.15 b) revealelicton of PSSH1 content
with an increase of particles size due to the losugface-to-volume ratio for larger-size
particles. Calculated PS grafting densities, deteeth from TEM and TGA
experiments, resulted in values of 4.4, 3.0 andPSIchains/nffor AgNP4, AgNP5
and AgNP6a, respectively, considering sphericdigas shape. Significant increase of
organic layer content was observed for AQNP6b cavevith longer chain polystyrene
(PSSH5) compared to AgNP6a, stabilized with shartetin PS (PSSH1). Polymer
grafting density calculated for AgQNP6b sample wasnfl lower (2.2 PS chains/Am
compared to AgNP6a, which is in agreement with etgi®ns due to largeRy of
PSSHS5 polymer.

Importantly, densely grafted polymer layers (i.&aowe 2 chains/nf) were

formed on the surface of all PS-

modified AgNPs samples, which is 77

417 nm

= AgNP4
AgNP5
AgNP6b

important requirement to scree

U S
[6)]
]

absorbanc® (a.u.)

possible particles interaction with PV
chains and achieve their PS-selecti
segregation within P8-PVP BCP
matrix.[Kim06b] Formation of such

<

dense polymer layer, which is rathg

3%
=

hardly achievable for flat surfacesa 200 300 400 500 600 700

wavelength (nm)

- Figure 4.1¢ UV-VIS spectra of THF
was reported for PS-modified golc dispersions of AgNP4, AgNP5 and AgNP6b.

nanoparticles.[Cor04] C(Ag) = 0.05 mg/ml.

“grafting-to” approach, nevertheless-
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UV-VIS spectra of PS-modified AgNP4, AgNP5 and AdiWPnanoparticles
dispersed in THF (0.05 mg/ml of Ag content) arevelhmn Figure 4.16. SPR peak
maxima of nanoparticles THF dispersions appearetlat(AgNP4 and AgNP6b) and
418 nm (AgNP5), indicating almost no influence drticles size and polystyrene
stabilizing shell nature on position of SPR peak«ima for particular samples. With
reduction of AgNPs size broadening of SPR band wlaserved, which might be
explained by the effect of an increase in nanoglagisize distribution (i.e. 8.5% for
AgNP6 vs. 14.5% for AgNP4). In addition, UV-VIS spectrum &gNP4 was of
asymmetric shape that might be reasoned by particlestering due to their high
surface energy. In contrast, both AgNP5 and AgNBpéctra were of well defined
symmetric shape, revealing monodisperse charadtenanoaprticles, as was also
observed by TEM.
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4.4 Morphology of neat PSh-PVP BCPs

Incorporation of nanoadditives into a block copoéynmatrix could significantly
affect both morphology and behaviour of the comjgosiystem compared to native
BCP. Several different effects, which where expentally observed and theoretically
predicted,[Tho01,Bal03,Liu06] could be pointed astprincipal. Among them swelling
of BCP microdomains, stabilisation of grain bounesfLis06] order-disorder [LoCO7]
or phase transition of a system, induced by thesgmee of nanoparticles,[Kim05]
directional reorientation of microdomains,[LinO3gdahe most cited.

Thus, in order to recognize possible influence afigadditives, the morphology
of neat BCPs was studied before they were useddmposites preparation. Most of
experiments on block copolymers and NP/BCP comgesitorphology investigation
were performed on thin films. The thin films wereepared on Si/SiQsubstrates by
spin- or dip-cast from correspondent solutions-@%wt%). The choice of cast solvent
was conditioned by the requirement of both blocgadgmers solubility and dispersion
stability of both magnetic and silver NPs used IKi?/BCP composite preparation.
Among the solvents that provide sufficiently goa@dusility for PS and PVP, THF was
considered as the most suitable one since it etislse the best dispersion stability of
nanoparticles, and used as casting solvent in miskperiments. Alternatively, for
particular samples also CHGAas used a solvent for thin film preparation. Befim
deposition, cast solutions were mechanically stirfer 24 hours at RT to ensure
homogeneous system and filtered troughOrpore-sized membrane filter just before
film deposition to remove particulate impuritiesherl film thickness, measured
afterwards by elipsometry, was adjusted by vanmatb polymer concentration and/or
rotation (withdrawing) speed.

Morphologies of BCPs thin films are primary depantdan polymer structure and
composition, as well as on casting conditions, sagkubstrate chemistry, solvent, film
thickness etc. Therefore, dependence of morphadogype of BCP (i.e. PB-P2VP or

PSb-P4VP) in “as-cast” samples was analyzed first.
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44.1 Morphologies of “as-cast” P$-P2VP thin films

An effect of block copolymer molecular weight antbdks ratio on resulting
morphology of “as-cast” PS-b-P2VP BCPs thin filnmuld be seen on Figure 4.17.
Worm-like morphology was observed for symmetrig®P2VR,o BCP thin film cast
from THF (Fig. 4.17 a), while surface covered wRlseb-P2VR,; was featureless
Fig. 4.17 b).

Figure 4.17 AFM topography images of Bghb-P2VR,, (a) and PS&-b-P2VPR,; (b)
thin film cast from THF. Film thickness ~50 nm @ajd ~30 nm (b).

It is obvious, that for both PBP2VP BCPs, THF-cast samples show no evidence
of any ordered structures formation. Similarly, aaered structure formation was
found for chloroform-cast PBP2VP thin films. Since THF and CH{hre non-
selective solvents for both PS and P2VP,[LiX07] the-cast” thin films of P®-P2VP
BCPs showed disordered morphology.

4.4.2 Morphologies of “as-cast” P$-P4VP thin films

In contrast to P®-P2VP, all BCPs containing P4VP block display diexpipe
(dried micelles) structures when cast from THF sohs (Fig. 4.18 a-c). The reason of
such difference lies in a fast evaporation ratéhefsolvent during film casting process,
which causes the polymer molecules to appear froaen’ state after deposition. Thus,

“as-cast” morphology could be considered as stypomjluenced by the polymer chain
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conformation in solution, i.e. by solvent polariand different selectivity towards
particular block.

Therefore, when more polar P4VP block, compare 2gHR is present in block
copolymer, THF appears more selective to PS bloo#t kss selective to P4VP
block.[Par07c] This results in core-shell conforimatof PSb-P4VP molecules in THF
solution, with P4VP chains forming collapsed cond S chains extending shell. Such

micellar morphology is preserved during fast dryargl, indeed, was clearly observed
on corresponding films after deposition (Fig. 4al8).

Figure 4.1¢ AFM height images of B$b-P4AVR (a), P%-b-P4VPyg (b),
PS.,-b-P4VPR,; () cast from THF and Rgb-P4VP; cast from CHG (d). Film thickness
~30 nm (a,c) and ~50 nm (b,d).

As was also revealed from AFM images of THF-castFIVP BCP thin films,
the size of surface features varied depending angd of molecular weight and
PS/P4VP blocks ratio. As it was expected, shortrch&-b-P4VR, (M,=34000 g mot)

resulted in smallest micelle size, with mean infeathar distances of about 18 nm
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revealed from analysis of corresponding PSD plainsequently, for R%b-P4VPg
(M,, = 76 000 g mat) having longer polymer chains, such distance wasd to be
significantly larger and was in a range of 31 nnowdver, such dependence was not
strongly obeyed, whereas when thin film morphologly PS-b-P4VPy, with an
intermediate molecular weight (M= 44 000 g met) was analyzed. In this case, the
structures with size in order of 33 nm were fountich even exceed the structure size
of PS+b-P4VPs. Nevertheless, such results become reasonableth@moint of view
that at such condition the size of surface featigatrongly dependent on the lengths of
solely P4VP block that forms micelle cores. Therefoit is no wonder that
PS-b-P4VR,,, which has the largest P4VP block, displayed disdargest feature size
compare to the shorter-PVP chainsPPl$P4VP g for THF-cats thin films.

It was also interesting to observe, that at sindeposition conditions, micelles
appear more uniformly packed for asymmeR®-b-P4VR and P$~b-P4VPg block
copolymers than for symmetric R$-P4VP, one. Such difference in micelles spatial
arrangement was intuitively attributed to the nielseparation distances that are, in
turn, dependent on PS chain lengths which is tive$bin case of Bgb-P4VP, BCP.

An effect of solvent used for RSP4VP dissolution on resulted polymer thin film
morphology could be seeing from comparison of tweMAimages of P§-b-P4VPjg
BCP, deposited from THF and CHQFig. 4.18 b and d). When chloroform was used
as cast solvent, cylindrical morphology with norrttathe substrate domains orientation
was observed, while in case of films cast from TidRly dried micelles displaying
almost no lateral order were found. The mean iom@@n distance between cylinders,
determined from AFM images analysis, was in ranggéonm, which is approximately
two times larger compared to the intermicellaratses on THF-cast films.

From experimental results presented above the lgessiorphologies of thin
films of both PSs-P2VP and P®-P4VP after deposition of them on the substrateewer
analyzed. Depending composition and molecular wea§l BCP and film preparation
conditions, different surface morphologies wereaot#d, which displayed, however
either no structure formation, like in case of IrB2VP, or structures displaying poor
lateral order. However, initial morphology of “aast” polymer films can be
significantly changed after applied annealing pdece, which is often used and a
method to orient and laterally order BCP microdomail herefore, additional sample
annealing step was necessary to achieve requinedttige formation in block

copolymer films.
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4.4.3 Evolution of polymer films morphology upon slvent vapour
annealing

To bring the BCP system to its equilibrium statenealing procedure must be
applied to the solvent-cast BCP thin films. Howevier block copolymers having
constituent blocks of different surface energidss PSb-PVP, in thin film both the
substrate and free surface strongly influence anlibgum morphology. Thus, thermal
annealing abovegloften results in parallel to the substrate domanmentation because
of the preferential interaction of one of the ble¢k.g. PVP) with substrate surface. To
orient BCP microdomains perpendicularly to the sabs and also improve the lateral
order, that is important for practical applicatidinermal annealing is often replaced by
solvent vapour annealing procedure.[Alb10]

Orientation of the microdomains normally to thefaoe is generally dependent
on the solvent evaporation conditions and the sijlof the constituted blocks in
annealed solvent.[Kim04] The selectivity of solveritb the correspondent
polymer/solvent system can be described by theevalunteraction parameter between

the solvent and polymer, which, can be calculatechfEquation 4.1:

Xos = Xp* Xs =Vi(d,-3,)*/ RT + 034 (Eq. 4.1)

where Vy, is the molar volume of polymer andl and d, are the solubility
parameters of solvent and of particular block diypr, respectively.

On the base of Equation 4.1 the interaction pararsdor PS, P2VP and P4VP
blocks and different solventg,fs) were calculated and summarized in Table 4.3. For
calculations, solubility parameters of correspondelock copolymers constituents
P2VP, P4VP and PS were taken as 20.4, 22.2 and 18/®af”
respectively.[Lud03,Par07c]

The polymer will be soluble in a particular solvemtparticular temperature if the
polymer/solvent interaction parametgys is below 0.5.[Par07c] From thgys values
calculated for different polymer/solvent pairs @utd be concluded that increasing of
solubility parameter of solvent leads to increaksmigraction parameter and, therefore,
to decrease of selective solubility of PS, while bighest selectivity towards P2VP and

P4VP could be achieved by solvents having modefaiees ofds. The comparison of
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xois Obtained for P2VP and P4VP shows that in case4dPPpolymer chain mobility
will be more hindered (highéetys values) in low and moderate polar solvent (e.g. in
toluene, THF or chloroform), while solubility of fioP4VP and P2VP in polar solvents,

such as ethanol or nitromethane will be impeded.

Table 4.3 The solubility parameters, vapour pressure and caldated polymer-
solvent interaction parameters for pairs of PS, P2F and P4VP and solvents of
different polarity

Solvent \_ém, oF o Vap. pressure** % X X
cm™/mol | (MPa) mmHg (20°C) PS-solv | P2VP-solv | P4VP-solv
Toluene 106.3 18.2 28[Par07c] 0.35 0.55 1.04
THF 81.1 18.5 176[Par07c] 0.34 0.46 0.80
Chloroform 80.5 18.7 158 0.34 0.44 0.75
Acetone 73.3 20.1 184 0.41 0.34 0.47
Dichlormethane 63.8 20.3 430 0.42 0.34 0.43
1,4-Dioxane 85.3 20.5 37 0.47 0.34 0.44
Nitromethane 53.7 25.1 27 1.27 0.83 0.53
Ethanol 58.4 26.2 44 1.73 1.15 0.72

* — Handbook of Solubility ParametelSRC Press1983
** — Handbook of Chemistry and Physic3RC Press1999

The calculated polymer-solvent interactions wemghier used in order to find the
best conditions of solubility of correspondent poér in particular solvent as well as in
explanation of differences in morphologies of tfiims after deposition.

In present work several solvents having differeptedivity towards BCP
constituent blocks were tested for vapour annegnogedure. In all cases annealing of
polymer films was performed at RT by sealing thengles into a glass chamber
saturated with solvent vapour for the time peridaisn 10 minutes up to 6 hours.
Alternatively, “slow” annealing procedure was implented in particular cases in order
to achieve better effect of solvent treatment &eral ordering of BCP microdomains.
For this, solvent vapour was allowed to saturatesglchamber with the sample
gradually through a needle and, therefore, anrgélime was extended up to 96 hours.

During the solvent annealing procedure, the coloupolymer thin film was
changed with time, which undoubtedly was causethbrsease of thickness due to the
swelling. This effect was used in order to perforisual control over the annealing

process by estimation of degree of swelling (DS)vds important because the solvent
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induced swelling of polymer thin film is usuallymited by dewetting phenomena,
which usually took place when polymer DS does bdyibe value of 3.

4.4.4 Morphology of solvent annealed PS-b-P2VP thiiims

For symmetric P&-b-P2VR,o thin films the best results were obtained after
annealing in atmosphere of 1,4-dioxane which ledth® formation of areas with
perpendicular to the substrate orientation of l¢meel(Fig. 4.19). Such polymer
orientation, which is not favourable for BSRVP BCP on polar substrates with strong
affinity of PVP toward silicon oxide surface, hoveeyvbecome possible after annealing
in 1,4-dioxane due to its selectivity toward P2MBck. It is suggested that interaction
between P2VP block and SiQurface is diminished and screened due to itsatiolv
by with 1,4-dioxane molecules.

Figure 4.1¢ AFM height images of Rgb-P2VR, thin films annealed in
1,4-dioxane for 30 min (a), 2 hrs (b), 3 hrs (cdlx zoomed part of image (c). Film
thickness ~50 nm.
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As the increase of time of annealing from 0.5 thidirs, the surface fraction
covered with perpendicularly oriented lamellae wgradually increased from 0.23 to
0.82 (Fig. 4.19 a-c), as it was determined fromyamsof AFM topography images.

Lamella periodDo) calculated from PSD plot of AFM image (Fig. 4.19 was
found to be around 75 nm.

It was also observed that further extension of alimg time led to the formation
of terraces (Fig. 4.20 a) (islands or holes, depgndn film thickness), driven by film
thickness quantisation. Cross-sectional profilswfh holes revealed height drop of ca.
25 nm that is approximately 1/3 of lamellae period a given P3-P2VP BCP
(Fig. 4.20 b).

Z[nm]

0 5 10 15 20

Figure 4.2C AFM height image of P&b-P2VRy, thin films annealed in
1,4-dioxane for 4 hrs (a) and cross-section prdfiletaken as it is shown on image a.
Initial film thickness ~50 nr

Annealing of P&-b-P2VR, in THF vapour was also tested. Similarly to
1,4-dioxane annealing, treatment with THF vapousulted in film morphology
containing mixed perpendicular and parallel laneelléhe drawback of THF annealing
for particular BCP was much higher vapour pressfireHF compared to 1,4-dioxane.
As a result, in THF atmosphere film swelling wasyiast (after 30 minutes dewetting
started), thus, making the control over the polyiiler behaviour more difficult. In
contrast, annealing of B&b-P2VPR; in chloroform led to worm-like morphologies,
similar to THF-cast samples.

Next, the influence of solvent annealing on the photogy of thin films of
asymmetric P&-b-P2VR,; was studied. Thus, annealing of sRB-P2VPy; in
1,4-dioxane vapour resulted in formation of cylicdl morphology with normal to the
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substrate domain orientation (Fig. 4.21 a). Noeddhce in morphology was observed
for this sample with increasing of time of anneglfrom 0.5 to 5 hours and rather low

degree of lateral ordering of cylindrical P2VP rodomains was achieved, independent
on annealing time. An extension of annealing tiorenfiore than 5 hours caused the thin

films dewetting, similarly to case of RSh-P2VR,.

2’ 59" ‘. | A e

Figure 4.21 AFM height images of Rgb-P2VPR,; thin films annealed in
1,4-dioxane for 3 hrs (a,b) and after “slow” aniveglin 1,4-dioxan for 48 hrs (c).
Images (b) and (c) were taken after surface rengstgin step. Insets — FFT patters and
magnified image (c) with hexagonal lattice sketch.

To enhance topography contrast, so-called “sunfecenstruction” procedure was
applied, when after solvent annealing step samplee shortly (for 2-3 minutes)
exposed to ethanol vapour and then rapidly drietth witrogen flow. This method is
based on the preferential solvation of the PVP lblaith ethanol, which causes its
selective swelling and further collapse upon dryiresulting in formation of porous
morphology (Fig. 4.21 b). The “surface reconstiuttiis usually applied in cases when
the surface features formed by the thin films rigifter annealing could not be
visualized clearly and helps to specify the filmrpimlogy.

With a purpose to improve lateral order, attemptsapply “slow annealing”
procedure were performed. Indeed, AFM height img§es 4.21 c) and FFT patterns
(inset) of resulted polymer film showed more unmiodistribution of interdomain
distances (less diffuse FFT spectrum) and panmigirovement of hexagonal order on
the local scale (upper inset). The interdomainatist was found to be in a range of
30-31 nm (PSD) for both “fast” and “slow” anneaksimples. However, such order is
still far away from desired perfection due to theegence of multiply dislocation
defects. Attempts to achieve the better order byliegtion of other solvents (e.g.

CHCI3;, THF) in annealing procedure were even less sstudes
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4.4.5 Morphology of solvent annealed P8-P4VP thin films

In case of asymmetric B&b-P4VPs perpendicularly oriented cylinders have
been formed upon annealing in 1,4-dioxane vapautspendently on annealing time
until films remain stable against dewetting. Reraaty, both “as-cast” (Fig. 4.22 a)
and 1,4-dioxane annealed samples (Fig. 4.22 b)agesp similar topography features,
e.g. closely-packed PVP domains, but with signiftga larger domain size and
interdomain spacing in case of annealed samplesh $esults were attributed to a
solvent-induced transition from dried micelles (liHF-cast samples) to vertically
oriented cylinders (in annealed samples) with gidarain distance of ca. 45 nm (found
from PSD). However, almost no improvement of ldteraering of cylindrical P4VP

domains upon annealing in 1,4-dioxane was achiesigdlarly to P3s-b-P2VP,; case.

=~ Lo

Figure 4.2z AFM height images of Rgb-P4VP,g ~50 nm thin films: as cast (a);
after “slow” annealing in 1,4-dioxan for 48 houts,d); after “slow” annealing in
CHCI; for 24, 48 and 96 hours, (d, e and f, respect)véigages (c) and (d) were taken
after surface reconstruction step. Insets — FFeabf corresponding images.

Significantly better hexagonal order of P4VP miowins was obtained when
chloroform was used as annealing solvent, instdatil4dioxane. Nearly defect-free
hexagonal patterns of P4VP cylinders, oriented abmim the substrate, were obtained

under “slow” annealing conditions by quenching afinealing after 24 hours
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(Fig. 4.22 d). Further increase of annealing timechloroform led to in-plane (e.g.
parallel to the substrate) re-orientation of P4Vdihdins (Fig. 4.22 ef).

From the analysis of AFM images of 1,4-dioxane afdoroform annealed
samples with perpendicular P4VP domain orientat@dmost similar interdomain
distances equal to 48 and 47 nm, respectively veened. In both cases, P4VP domain
diameter was found to be in order of 13 nm.

The influence of annealing conditions on orderififga might be explained by
different degree of solvent selectivity towardstehtock. In case of 1,4-dioxane, which
interact almost unselectively with both blocks, @@mg lead to a simultaneous
swelling of both PS and P4VP, while in chlorofonwhich is selective for PS and non-
selective for P4VP, PS swells more intensively amtcast to less swollen PVP. Such
conditions could results rather in micelles formaatduring annealing in chloroform.
Upon fast solvent drying, such micelles coalescancoeertical direction forming thus
vertically oriented cylinders.

To get more details about the structures presenhim films, samples of neat
PS~b-P4VPs BCP were also investigated with GISAXS. GISAXS enments
provide information about internal structure ointfilms and also probe the sample at
laterally large areas compared to AFM or TEM, iasiag thus the statistic of
experimental data.

2D GISAXS patterns obtained at incident angle= 0.3° for a 50 nm thick
PSb-P4VP;s films and correspondent 1D plots alapgaxis at constarg;, (i.e. out-of
plane scans) for THF-cast and annealed in chlomofare presented in Figure 4.23, a
and b, respectively. For comparison, 2D patterramfiealed film was also taken at
a; = 0.2° (Fig. 4.23 c). Correspondent out-of placens are shown on Figure 4.23 (d,e).
As can be seen, for THF-cast (not annealed) saompiefirst order Bragg pealq¢*) is
clearly visible. The position of peak maxima (Fig.23 d) was found at
gy = 0.192+0.023 nim, which correspond to interdomain distarizg= 32.7 + 4.2 nm.
This value is in a good agreement with values abthifrom analysis of AFM PSD
plots of THF-cast samples (32-34 nm). However, ighdr order peaks were observed
for THF cast films, indicating no or very poor legkordering.

Both 2D patterns of chloroform annealedsP$P4VPg, taken at two different
incident anglesdj = 0.20° and 0.30°, Fig. 4.23, b and c, respegct)yelepresent
laterally ordered structures, which is evident fritrea appearance of higher order peaks

along gy axis. Such scattering pattern confirms the aligmmef the structures
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perpendicularly to the substrate. For annealed Emntpe position of first order peak
was found to be shifted to a lowey* values ¢,* = 0.132 + 0.018 nim) compared to
as-cast sample, that indicates an increase of aospacing up to 47.6 + 6.5 nm. The
positions of &, 3% and 4" order peaks, those occur g values of 0.227, 0.252 and
0.350 nm', were rated to the position of first order peak 48,/4 andV7 ,
respectively. Such peaks ratio is characteristic fexagonally organized structures,
composed of cylindrical BCP microdimains and catelwith AFM results shown in
Figure 4.22. At incident anglke =0.20° the intensities of observed peaks appegrehi
than in case o = 0.30°, since at such conditioasis set below the critical angle of
silicon (@(Si) = 0.22° [Par07c]), and incident beam was pta¢flected from the
substrate, resulting in enhancement of scattentensity. Nevertheless, peak positions

at both incident angles for the same sample reomadhanged.
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Figure 4.2 2D GISAXS patterns of as-cast (a) and CH@hnealed (b,c)
PS+b-P4VPg thin films obtained at incident angg=0.3° (a,b) and 0.2° (c) and
corresponding scattering profiles alorgy, axis (out of plane cuts) taken at
q-~0.39+0.02 nrit and 0.31%0.02 nihfor 0;=0.3° and 0.2°, respectively. For each
pattern 10 min acquisition time was used.
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As a next P3-P4VP BCP, asymmetric but of smaller molecular \Wweig
PS+b-P4VR, was subjected to annealing procedure in order litaio ordered
cylindrical morphology. It was found that, simikatio PS-b-P4VPg, the best-ordered
structures for PS-b-P4VR, BCP were obtained after “slow” annealing in CEICI
vapours. It should be mentioned that our attemptsetrform “fast” annealing of such
low molecular weight BCP in CHgWere not successful due to high vapour pressure of
solvent and, therefore, fast polymer film dewettifrgorder to obtain perpendicularly
oriented cylinders (Fig. 4.24 a), annealing wasngbhed after 6 hours. Further
extension of annealing time led to successive eatation of cylinders parallel to the
substrate. As a result, after 24 hours of annealihgost complete in-plane orientation
of microdomains was achieved. Notably, annealingetrequired for achievement of
particular domain orientation for R&-P4VR, was significantly reduced compare to
PS+b-P4VPg BCP, which is reasonable, taking into account lomelecular weight
of PS+~b-P4VPR, BCP.

annealing in CHGIfor 6 (a), 12 (b) and 24 (c) hours. Images wekenaafter surface
reconstruction step. Insets show FFT patters aksponding images.

Interdomain distance for annealed,P&P4VPE samples was also calculated from
the analysis of AFM images and was found in ordeB®nm. This value was higher
compare to intermicellar space of as-cast film (i8). P4VP domain diameter for
PS~b-P4VFR after annealing was found to be equal to 8 nm.

Examination of symmetric BSb-P4VPR, BCP morphology after annealing
revealed that preformed in THF micellar structuteravapour annealing in 1,4-dioxane
led to perpendicularly oriented lamellae, simiasymmetric P&-b-P2VR,,, as can be
seen in Figure 4.25. With an increase of annedling, the fraction of P4VP micelles,
which were formed after film casting, gradually messed finally resulting in
perpendicular lamella morphology.
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From comparison of THF “as-cast” and 1,4-dioxaneeated samples of neat
PSo-b-P2VRyy and PS-b-P4VPR, BCPs different mechanism of lamellae formation
could be suggested. In case okPBP2VR; perpendicular lamella are, most probably,
formed via reorientation mechanism, caused by dseref interaction of P2VP with
polar substrate due to the screening effect upbresobuptake. At the initial stage of
annealing, microdomains arrear predominantly oe@marallel to the substrate, with
P2VP part lying at the bottom of the film. With #ndue to the increased amount of
selective to P2VP solvent inside the film, its damsatend to orient normally to the

substrate.

2 2 albe. Py XS W

Figure 4.25 AFM height images of Rgb-P4VP;, ~30 nm thin films after “slow”
annealed in 1,4-dioxane for 12 (a), 24 (b) andc3®¢urs.

In contrast, in P-b-P4VPy, case, because the selectivity of 1,4-dioxane was
almost similar for both PS and P4VP blocks, as-éashed micelles progressively
swelled and interconnected in lateral directiommfimg in such a way perpendicularly
oriented lamella microdomains. These observatiores ia agreement with results
published in literature on dependency of strucewelution mechanism for BCP thin
films having different initial morphology.[LiX07]

Morphology of PS3-P4VP BCPs after annealing in THF vapour remained
unchanged with respect to as-cast samples, thajussi-hexagonally packed dried
micelles. It is also important to mention, thatiggons in initial morphology of thin
films, cast from different solvents, as well asaypf substrate used (i.e. Si/QiOr
glass) did not affect on resulting structure obsdrafter solvent annealing, which is in
agreement with observations reported elsewherel@poh

Considering experimental results, obtained fornestigation of morphologies of
as-cast and solvent annealed B?PBVP block copolymers of various compositions, it

can be stated following:

98



Chapter 4: Results and disscussion

— THF-cast thin films of neat BCP display eithersaddered or micellar
morphology, depending of position of nitrogen inrigine ring (i.e. P3-P2VP and
PSb-P4VP, respectively). For all types of BCPs usedher poor degree of lateral
order was achieved due to fast evaporation rateolvent during sample preparation
step;

— desired morphology (e.g. perpendicular or pdratieentation of BCP
microdomains) and significant improvement of latenaler could be achieved with an
application of solvent vapour annealing step, hawein case of P$-P2VP BCPs
complete perpendicular microdomain orientation &dly achievable due to film
dewetting;

— for cylinder-forming BCP, switching of domain enitation could be realized by
means of different annealing conditions, such asreaf solvent, annealing time.

Table 4.4 summarize thin film surface morpholodres were observed for Hs-

PVP BCPs of various composition and different prafjan condition.

Table 4.4 Summary of morphologies observed for as-cast and Isent annealed
thin films of PS-b-PVP BCPs of various composition

Solvent BCP as-cast CHC} 1,4-Dioxane THF
PS-b-P2VPs5, worme-like worm-like Lo+l Lg+Ly
PS;¢-b-P2VP,; featureless dewetting Co dewetting
PS+b-P4VPyg | dried micelles oCg** | Cpor C,*** Co dried micelles
PS»-b-P4VP,, dried micelles not tested Lg dried micelles
PS+b-P4VP;, dried micelles Cpor C*** Co dried micelles

*—Jand // indices denote perpendicular and paralléhé substrate domain orientation, respectively;
** — THF cast / CHCI3-cast;
*** _ depending on annealing time either perpentiicor parallel orientation.
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4.5 Preparation and investigation of MNP/BCP

composites

45.1 MNP/PS-b-P2VP composites: an effect of MNP addilizing
shell density

After the annealing conditions for perpendicular B@omain orientation and
ordering on the substrate were optimized, we attetopincorporate the MNP
selectively into the PVP domains of various I®BVP BCPs. For preparation of
MNP/BCP composites MNPs and BCP were separatefoldisd in THF (or CHG)
and then mixed together to give a number of MNR&entrations from 0 to 10.0 wt%
with respect to BCP weight. Then solutions, whiamtain MNP/BCP mixture were
stirred mechanically for 24 hours, passed troughuth pore-sized membrane filter and
thin films were deposited by spin- or dip coatiBy. variation of BCP concentration
and/or rotation (withdrawing) speed, film thicknesswvere established 30 or 50 nm
depending on particular sample. AFM scratch tesevperformed in order to confirm
the accuracy of chosen conditions for resulted fitloknesses.

MNP1/PSy-b-P2VR,, composites were examined first. AFM images of ast-c
samples showed random distribution of MNP1 withinSsogfb-P2VRy film
(Fig. 4.26 a,b). Samples were first annealed indiggane atmosphere. From AFM
images of annealed sample (Fig. 4.26 c,d) it isas/the presence of perpendicularly
oriented lamellar structure, similar to neatsfPISP2VRo. However, after solvent
annealing MNP1 underwent phase segregation atd®Céf film surface, showing no
evidence of affinity toward any of BCP phases (Bi¢6 c,d). Such tendency of MNP1
to phase segregate atop of the film was also obdefor all MNP1/P&-b-P2VR,
composition studied, independently on MNP1 contéfdreover, MNP1 macrophase

segregate similarly also upon samples exposuréhtr solvents (e.g. THF or CH{JLI
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10 nr
0 nm

Figure 4.2¢ AFM height (a,c) and phase (b,d) images of MNPd/BF2VR,
composite thin films before (a,b) and after solveapour annealing in 1,4-dioxane for 3
hours (c,d). MNP1 content — 5.0 wt%. Film thickne58 nm.

In contrast, selective MNPs segregation within afehe BCP domains was
achieved when MNP3 were used instead of MNP1. Awdas assumed and later
confirmed by other experiments, MNP3 were selettigegregated into P2VP domains
due to their mutual affinity.

Figure 4.27 AFM height (a) and phase (b) images of THF-cast R8N
PSo-b-P2VR,, composite thin film containing 10.0 wt% of MNP3ilnk thickness
~50 nm.

102



Chapter 4: Results and discussion

It was found from AFM images that THF-cast MNP3/P&P2VR, composite
thin films displayed already pre-formed discontinsiolamella-like structures with
normal to the substrate domain orientation. MoreoMiNP3 were found selectively
located at such disordered short-length lamellag @27). Such enhanced structuring
effect compare to the as-cast neat polymer iated to the presence of MNP3 in BCP
matrix and, most probably, was conditioned by dution of surface tension of P2VP
phase due to presence of nanopatrticles in themsySach effect was already reported
for other PS-PVP systems, containing, for example CdSe QDs)&jn

Figure 4.2¢ AFM height (a,c,e), phase (b,d,f) and TEM (g,hijpages of
MNP3/PSq-b-P2VR, composites thin films containing 2.0 (a,b,g), &@) and 10.0 wt%
(e,f,h,i) of MNP3 after solvent vapour annealindLid-dioxane. Film thickness ~50 nm.
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It should be mentioned that for particular systeme. ( MNP/PSk-P2VP
composites) such effect was observed only if nartiges possessed affinity towards
one of the block, like in case of MNP3{3®-P2VR;,, composites. It seems that such
MNP3/polymer interaction was sufficient to ensureit cooperative assembly already
during sample preparation step. Annealing of MNBgHB-P2VR,, samples in
1,4-dioxane vapour led to perpendicularly orienteshtinuous lamellae morphology
formation, similar to neat BCP. Moreover, MNP3 wdoeind selectively arranged
within single (as was supposed — P2VP) phase {28, a-f). Perpendicularly oriented
microdomains were found for all MNP/BCP composisiostudied independently on
MNP3-to-BCP ratio. No evidence of nanoparticles mpbase segregation neither
before no after annealing procedure was obsenrdikeldMNP 1/P3q-b-P2VR;, case.

It is also important to mention, that with an irase of MNP3 content in
MNP3/PSo-b-P2VR,, samples, substantial reducing of annealing timguired to
obtain larger areas of perpendicularly orientethdbae was observed (i.e. for
5.0 x 5.0um AFM scans — 60 min for 10 wt% of MNP3 loadingteel of 3 hours for
neat P$-b-P2VRy). Thus,
the presence of MNP3.

nanoparticles gives a

important profit

microdomains formation and

orientation processes. Thj

high degree of selectivity o

nanoparticles location in ong
of the PSh-P2VP domainsi
was also confirmed by TE '
imaging of thin films after
their etching from the
substrate (Fig. 4.28, g-i).

The next sample of _
MNPs used for preparation of Figure 4.2¢ AFM height images of THF-cast (a)
and 1,4-dioxane annealed (c) MNP4RSP2VR,
composite thin films; (b) — cross-sectional profis
P2VR,, BCP was MNP4 with shown on image (a); (d) — AFM height image of 1,4-

o dioxane annealed MNP5/R$-P2VR,, thin film. MNP
stabilizing shell formed by content — 5.0 wit%. Film thickness ~50 nm.

composites  with  Psgb-
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short-chain 1,2-decanediol. In contrast to MNP&ytlwere found to form aggregates
already after thin film deposition (Fig. 4.29, a,li) our opinion such tendency to
aggregation could be reasoned by not sufficienticstgabilization of nanoparticles

surface by short 1,2-decanediol molecules. Uporalimg, some selective segregation
of MNP4 in P2VP domains was nevertheless observetd obtained structures were
found much less regular and uniform compare to MIRB3-b-P2VR,, composites.

Similarly to FgO, MNP3, CoFeO; MNP5 were also found promising for
particular application and their selective segregatin one of the Psg-b-P2VRy
domains was observed, when sample preparation guwoeeand annealing conditions
were replicated from MNP3/B&b-P2VR, to MNP5/Pgy-b-P2VRy, system
(Fig. 4.29 d). However, enhanced tendency of MN#*&dglomeration required further
optimisation of particles preparation condition ander to ensure their dispersion
stability for sufficient period of time.

From all given results become evident that amongerst MNP3 revealed
themselves as the most attractive for in fabricatd polymer composites selectively
filled with magnetic nanoparticles. Therefore ather experiments were performed
based on MNP3/BCP composites.

4.5.2 MNP/PSb-P2VP  composites: an influence of BCP
composition

From experimental results presented above it waspogsible, however, to
distinguish which block exactly, either PS or P2M#Zas that selective for MNP3
incorporation. It was suggested, that mutual &ffiletween MNP3 nanoparticles and
P2VP chains was the driving force underlying PVIR&a/e nanoparticles segregation.

One possibility to prove or refuse such assumpti@s to use for composite
preparation asymmetric H8P2VP BCP, composed of minor P2VP block, which doul
form cylindrical morphology. In this case, preseteabsence of nanoparticles within
cylinders would argue their affinity toward P2VPaglke, while their distribution within
a matrix will indicate an opposite, namely, selatyi towards PS phase. For this
purpose, composites of MNP3 andsRI&P2VR; BCP with were prepared and studied.

AFM investigations of MNP3/Rzb-P2VPR,; cast form THF or CHGIthin films
gave an evidence of MNP3 selectivity toward P2VRagah as it was expected
(Fig. 4.30). Indeed, MNP3 were found located witbytinders, formed by P2VP block
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with  high  degree  off

selectivity. From AFM phases
image of CHCJ-cast sample :
(Fig. 430 d) it becomedtie
obvious that most of P2VHEN

domains possessed

single particle or

Similar to  MNP3/ |
PSob-P2VR, system, in
case of MNP3/P&-b-P2VPR,
composites the presence
MNP3 also affect the

morphology of as-cast Figure 4.3C AFM height (a,c) and phase (b,d)
I h . it images of THF (a,b) and CHClast MNP3/P&-b-
samples, changing it irom P2VPR;; composite thin films containing 5.0 wt% of

smooth feature-less for THF- MNP3. Film thickness ~30 nm.
cast observed for nea - T '
PSeb-P2VR; BCP to alf.
dimple-type  for  MNP3/|
PSeb-P2VR; (Fig. 4.17 b |
and Fig. 4.30 a, respectively)

RIRET ]

Nevertheless,
diminution of P2VP fractio
in  PSbh-P2VP  composition|
was found to have 4
detrimental influence on thq
nanoparticles pha |
behaviour during solvent
annealing if compared with=

E g g i £

MNP3/ Figure 4.31 AFM phase images of MNP3/R-
g P2VBR; composite thin films containing 5.0 wt% of
PSob-P2VRo  system. In MNP3 after solvent vapour annealing in 1,4-dioxéae
fact, even after short exposureand CHC} (b) for 10 min; (c,d) — TEM images of
) dioxane annealed MNP3/R®-P2VP,; composite thin
(e.9. 510 min)  of fims containing 2.0 (c) and 5.0 wt% (d) of MNP3InF
thickness ~3(nm.,
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MNP3/PSe-b-P2VP;; thin film to a solvent vapour, segregation of naardicles atop of
BCP film surface occurred as a major pathway evelova MNP3 concentration and
independently on nature of solvents used (Fig.)4.Bten so, after short-time vapour
annealing, some of the NPs still remained trappigkinvP2VP cylinders (Fig. 4.31 b),
further increase of annealing time led to compli¢P3 phase segregation, as it can be
seen from corresponding TEM images of films aftegirt etching from the substrate
(Fig. 4.31 c,d).

Ineffective experimental results on preparation laferally ordered MNP/
PSh-P2VP structures with cylinder-type morphology naated us to shift our attention
to another MNP/BCP system, namely to MNP3H52B4VP.

45.3 MNP3/PSk-PVP composites with P4VP block: an effect of
nitrogen position

It was assumed, that among of the reasons, whiokedathe solvent-induced
nanoparticles macrophase separation in MNP3/BP2VR,; system, too weak

200nm
i

Figure 4.3z AFM height images of MNP3/Rgb-P4VP,g composite thin films:
as-cast from THF (a) and CHb,c) and after ‘slow’ annealing in CHGbr 24 hours
(d,e,f) with MNP3 content of 2.0 (a,d), 5.0 (b,&dal0.0 wt% (c,f). Film thickness
~50 nm.

interaction between MNP and P2VP might be of ciunoigortance.
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Such explanation is reasonable taking into acctlumtsteric hindrance of 2VP
moieties having the nitrogen atoms in ortho-positibhus, to overcome such problem,
BCPs which contain P4VP blocks in the structureemgsed next instead of P2VP-
containing ones.

Thin film morphology of as-cast MNP3/BSh-P4VPs film was found similar to
that of neat P$-b-P4VP,g BCP, namely, dried micelles were observed for Tddbt
samples (Fig. 4.32 a) and laterally disordered gradjrularly oriented P4VP cylinders
were formed when CHglwas used as casting solvent (Fig. 4.32 b,c). Maeadn
MNP3/PS-b-P4VPg composites P4VP-selective MNP3 segregation waroeed,
similarly as it was observed for CH&last MNP3/P&-b-P2VPR; samples.

When MNP3/P&-b-
P4VPg samples were anneale
P4V

TR

%

in CHClk atmosphere,
cylinders became arranged in
ordered  hexagonal lattic
independently on MNP3 conte

(Fig. 4.32 d-f). At low MNP3[

concentration (up to 5.0 wt%)

. . P4VP cylinders .
the nanoparticles in  P4VH Aulayer’ . \ps DS matrix Ptlayer

cylinders (depicted with black
arrows) was hardly observed b
AFM (Fig. 4.32 d,e). However
at 10 wt% of MNP3 in BCP

Si substrate

matrix almost all P4VP 200 nm

cylinders were found be filled Figure 4.3: Plan view TEM images of
ith th ticl unstained MNP3/RZb-P4VPg composite ~50 nm

wi e nanoparticles  in fiims containing 2.0 wt% of MNP3 (a,b); (c) —

(Fig.4.32 f) and, at the samecross-sectional TEM image of unstained FIB lamella
of MNP3/P$-b-P4VPgs ~160 nm thick film
time, the long-range order of the containing 5.0 wt% of MNP3 after solvent vapour
annealing in CHGI The image (c) is presented as
negative for better contrast: MNP3 are visualized a
Most  importantly, particles bright dots, P4VP cylinders — darker grey areas and
) PS matrix — brighter grey areas. Inset on image-(a)

observed upon solvent

cylinders was still preserved.

annealing, in contrast to MNP3/R8$-P2VPR,; composites.
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Because AFM imaging only provides the informatidoat the morphology of
very topmost surface layer, TEM investigations weerformed in order to study
distribution of nanoparticles throughout the whdlen as well as confirmation of
orientation of P4VP cylinders along the film thigss. Figure 4.33 shows the plane
view (a, b) and cross-sectional view (c) of TEM gaa of the MNP3/P%b-P4VP;s
films. From correspondent TEM images it became alwithat MNP3 nanoparticles are
located exclusively in P4VP cylindrical microdomsiof P$-b-P4VPs. Moreover, the
P4VP cylinders are also seen as packed in a higidgred hexagonal lattice with
almost no defects observed over lateral dimensibnsore than 4im?.

The distribution of nanoparticles along the cyliredés best seeing on cross-
sectional view of the thin films (Fig. 4.33 c). $himage undoubtedly shows that the
perpendicularly oriented P4VP cylinders expand ffage surface down to the substrate
interface, despite the film thickness was increagee160 nm. Furthermore, MNP3
nanoparticles are seen to be homogeneously disdbaiong the whole length of the
cylinders without any tendency to aggregation.

It is noteworthy to mention here that thin films oét P$-b-P4VP;s also
demonstrate perpendicular oriented cylinders wherealed in chloroform vapours for
24 hours. However, after prolongation of annealimge up to 96 hours, in-plane
reorientation of cylinders was observed (Fig. 4fR2In case of presence of MNP3
nanoparticles in Reb-P4VPg, the cylinders remained oriented normal to thestake
even after long-time annealing conditions when fiwerall remained stable against
dewetting.

B L’ r

Figure 4.3¢ AFM height images of THF-cast (a) and 1,4-dioxaneealed (b)
MNP3/PS,-b-P4VR, composite thin films containing 5.0 wt% of MNP8) ¢ TEM

image of annealed MNP3/B$-P4VP,, film loaded with 5 wt% of MNP3. Film
thickness ~30 nm.
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When symmetric P&-b-P4VPRy, BCP was used as a host matrix, P4VP-selective
MNP3 segregation was also achieved. In this cased dnicelle morphology of THF-
cast MNP3/P&-b-P4VPR,, composite thin films was turned into perpendidylar
oriented lamella upon solvent annealing in 1,4-dreexvapour (Fig. 4.34). MNP3 were
found microphase segregated within lamellar of P4lgmains, which are visualized as
darker grey areas after iodine staining, with nmewce tendency toward macrophase

segregation.

Figure 4.3t AFM height images of THF-cast (a) and CklGlnnealed (b)
MNP3/PS+b-P4VR, composite thin films containing 5.0 wt% of MNPZ) - TEM
image of annealed MNP3/R$-P4VR film loaded with 5 wt% of MNP3. Film
thickness ~30 nr

Finally, MNP3/P$%-b-P4VPR, composites were examined. In this system AFM
and TEM studies revealed no tendency toward pestigiarcrophase segregation, which
was found in other MNP3/Pi&P4VPcompositions (Fig. 4.35).

However, in case of such low molecular weight H8P4VF, nanoparticles did
not appeared as selectively arranged solely whkexagonally packed P4VP cylinders,
but was observed both as individual particles,geapwithin P4VP cylinders and also
as small aggregates overall inside the film, wHagh to a marginal disturbing of the

order of microdomains.

454 GISAXS investigation of MNP3/P&-b-P4VP,5s composites

In addition to AFM and TEM investigation, MNP3/8%®-P4VPg composites
were also studied with GISAXS at two different ohent anglese) of 0.20° and 0.30°.

The value of critical angle for @, MNP was estimated using Equation 4.2 [Tol99]:
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a.(rad)=+/20 (Eg. 4.2)
whered represents dispersion term of material refradgtidex, n:

n=1-0(r)+iB(r) (Eq. 4.3)

Dispersion §) and absorptionf) terms of refractive index can be expressed

correspondently as:

t (E) (Eq. 4.4)

5(r)y=—2¢ o )Z

8mrc m &,

f "( E) (Eq. 4.5)

B = Ae ()Z

mee’m g,

wherei is a wavelength; is the light velocityg is a dielectric constang,andme

are the electron charge and mass, respectivlyepresents the total number of

electrons in one molecule of compound. The parame‘téareq-dependant, however,

for small values of incident and exit angles it Idolbe approximately assigned

thatfjO =Z, . Finally, f'(E)andf"(E ) are the factors that take into account dispersion
and absorption corrections depending on the irtiadiaenergy. f'(E Yalues for
elemental Fe and O at = 0.138 nm are f., =—-0. 2442and f; =0.0420

respectively.[6] Thus, dispersion term of refraetimdex, calculated for pure f&& was
found to be equa$(Fe;0,) = 1.261-10, resulting ina«(Fes0,) = 0.2877°, which is very
close to the value reported in literature for magite (a-(Fe:0O3) = 0.28° [Kas09]).

For calculation ofa. for MNP/BCP compositesa.(Fe;0,) = 0.2877° and
a(PSh-P4VP)=0.160°[Par09c] were used. Calculations sldoweat for MNP/BCP
composites weight-average critical anglencreases from 0.162° (2.0 wt% MNP) up to
0.173° (10.0 wt% MNP). Therefore, it was assumed BISAXS patterns taken at both
0.20° and 0.30° incident angles could be interprete such that were obtained from

whole depth of film thickness.

[6] http://skuld.bmsc.washington.edu/scatter/ASiqubc.html
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2D GISAXS patterns and corresponding 1D plots ettscing intensity alongy
direction (out of plane cuts) obtained from as-d¢#ésts containing different amount of
MNP3 are presented on Figure 4.36.

As was already mentioned, THF cast-samples of InethP$-b-P4VPg and
MNP3/PS7-b-P4VP g composites showed dimple-like (dried micelles) pmalogy. On
GISAXS patterns intermicellar lateral distances.(domain sizéD) are reflected in

position of first order Bragg peak.

a) as-cast,
0.0 wt% MNP3

b) as-cast,
2.0 wt% MNP3

|
il
Lol

Ak

q(z) (nm-1)
q(z) (nm-1)

C) as-cast,
5.0% MNP3

d) as-cast,
10 wt% MNP3

q(z) (nm-1)
q(z) (nm-1)

332 -1.0 0.5 0.0 0.5 1.0

0.0 wt% MNP3
2.0 wt% MNP3 _
T, - 5.0wt% MNP3 Figure 4.36 2D GISAXS patterns
24} = 10 wt% MNP3 of THF-cast MNP3/P$-b-P4VPg thin

T T films containing of 0.0 (a) 2.0 (b), 5.0 (¢)

and 10.0 (d) wt % of MNP3 taken at
0;=0.3°; (e) — corresponding scattering
proi;iles alongg, axis atq,=0.39+0.02
nm-.

log(l) (a.u.)
rN
e 2

e
i

01 g, (m) 1

With an increase of MNP3 content from 0 to 10 wtbe position of such peak
gradually shifts to loweqy values, as indicated by arrow on Figure 4.36 eeérspace
length this reflects an increase of distances batweeighboring micelles, most
probably due to trapping of nanopatrticles insidd”9P micelles. The mean values of
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Do calculated for composites with different nanomdes content were found equal to
32.7, 34.0, 35.5 and 38.1 nm for 0.0, 2.0, 5.0 MO wt %, respectively.

a) annealed ,
0.0 wt% MNP3

a) annealed ,
2.0 wt% MNP3

q(z) (nm-1)
q(z) (nm-1)

a) annealed,
5.0% MNP3

a) annealed,
10 wt% MNP3

q(z) (nm-1)
q(z) (nm-1)

q(y) (nm-1)

3,2
1 0.0 wt% MNP3
2,8- e 2.0 wt% MNP3 Figure 4.37 2D GISAXS
5.0 wt% MNP3 patterns of CHGtannealed
24 LOWEeMNPS | MNP3/PS~b-P4VRg  thin  films

containing of 0.0 (a), 2.0 (b), 5.0 (c)
and 10.0 (d) wt % of MNP3 taken at
0,=0.3°; (e) - corresponding
scattering profiles along), axis at
q~0.390.02 nri.

log(l) (a.u.)
= N
e . 2

I
e

01 a, (m’) 1

In addition, an increase on particles content ledthte broadening and less
intensity of peaks, reflecting thus formation ogdeordered structures. The second
observed feature was an appearance of shallowsdificattering originating most
probably from the presence of nanopatrticles clasteside the films. From comparison
of gy scan plots it is became clear that intensity ahsdiffuse scattering increase at
higher particles loading.

2D GISAXS patterns and out of plane cuts taken fithh samples after 30
minutes of “fast” annealing in CHElre shown on Figure 4.37. For all investigated

films perpendicularly oriented structures could identified from the presence of
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vertically oriented reflections, while ordering &gt is clear form appearance of second
and third order peaks.

However, it is also evident that higher order peakdd be well resolved only for
neat BCP and for sample with 2.0 wt.% of MNP3, what 5.0 and 10 wt% of MNP3
2" and ¥ peaks appeared only as weak and broad shouldersdéffuse scattering.
The gy values of § 29 and & order peaks were rated asV3:N4, indicating
hexagonally packed cylinders, oriented normal eghbstrate.

It should be mentioned, that above GISAXS patteamsesent the structure of
simultaneously annealed samples, where “fast” dmwearocedure was used. Thus,
above results do not reflect the best possiblerorgleffect of solvent annealing.

The significance of different ordering effect obid after “fast” (30 min) and
“slow” (24 hours) annealing of thin films MNP3/B$-P4VP,s composite loaded with
5 wt % of MNP3 could be revealed from Figure 4.38.

a) “fast”

annealing in
CHCI; (30 min)

= 0.0 wt% MNP3, fast annealing
= 5.0 wt% MNP3, fast annealing
= 5.0 wt% MNP3, slow annealing

q(z) (nm-1)

b) “slow”
annealing in
CHCl 3 (24 h)

m-1)

q(z) (nr

-10 0.5 00 0.5 10
q(y) (nm-1)

Figure 4.3¢ 2D GISAXS patterns of MNP3/Rgb-P4V P thin films containing
5.0 wt % of MNP3 after “fast” (a) and slow (b) aafing in CHC} taken ate;=0.20°;
(c) — corresponding scattering profiles alapgaxis atq,=0.31+0.02 nril. Scattering
profile for neat P§-b-P4VPg is included for comparison.

Formation of highly ordered hexagonally packedrmdirs after “slow” annealing
is evident from the appearance of multiply ordeskseat positions 13:V4:\7:V9:V12
(Fig.4.38 b). Importantly, the presence on magne@moparticles did not disturb
morphology of BCP at conditions of slow annealidg increase of domain period
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from 47.6 nm for net BCP to 53.2 nm for compositigith 5.0 wt % of MNP3 was
attributed to the expansion of volume occupied 8y phase loaded with MNP3.

To shortly summarize this part, the results preskabove show that the nature of
nanoparticles shell as well as the nature and cesitipo of block copolymers play the
crucial role in ordering and selective localizatiminthe nanoparticles in the composite
systems.

As it was discussed, pyridine moieties in the PYRits have the affinity towards
metal and metal oxide surfaces. It was found thBIP particles stabilized by oleic
acid underwent macrophase segregation and segregatef BCP thin film during
solvent vapour annealing. However, MNP3 havingghme size of particles as MNP1
but thinner shell, were able to be selectively mpooate into the PVP domain of the
BCP. The same behaviour was observed also for faFBINP5 sample. There could
be two possible reasons for such change in behavidwe first one might be linked to
the fact that thicker shells increase the appasieetof the nanoparticles and thus might
lead to macrophase segregation due to entropigemiactors as has been discussed by
Balazs and co-workers.[Bal06] The second reasomdcbe due to the fact that the
thinner stabilizing shell allows the MNP3 to didgdhteract with the PVP chains due to
the presence of some free binding sites availatdena the FgO, surface. In the case
of MNP1, a thicker organic shell of oleic acid dtigethe FeO, nanoparticles better,
thus precluding interaction with pyridine group amigriving their macrophase
segregation.

The second important observation was that thoughPBINvere successfully
incorporated in symmetric Bgb-P2VR,, BCP, they macrophase segregate when the
P2VP was used as the minor block (asymmetrig-BE2VPR,;). However, when P8-
P4VP of similar asymmetric composition and chaimgtes was used (Bgb-P4VP,g),
MNP3 were again found to exclusively locate witthe P4VP cylinders. This suggests
that the nature of PVP chains significantly influenon the interaction with the
nanoparticles and can be rationalized in termsiféérdnt binding ability of the P2VP
and P4VP blocks. In P2VP the nitrogen atoms in2¥iB units are present at “ortho”-
position and, hence, they are not readily availdbteany physical interactions due to
steric factors. Since the chemical interaction eaker, the polymer chains try to stretch
around the nanoparticles, and, as the radius @tigyr is lower in the cylindrical BCP
with P2VP, macrophase segregation of the nanojesttakes place that was predicted

by Ballazs et al.[Bal0O6] From this point of viewufficiently strong MNP/PVP

115



Chapter 4: Results and discussion

interaction and the formation of well ordered stowes with MNP3 is provided only
when the fraction of P2VP in RA$P2VP BCP is high enough. Since in P4VP, the
nitrogen atoms in 4VP units do not have such caimgs for interaction with other
species, P4VP interacts stronger with the nanapestithat allows achieving of high
loadings of MNP3 in nanocomposites even when P4&V& minor block. The stronger
chemical interactions between the nanoparticlestb@golymer chains may overcome
the entropic constraints cause by chain stretchmognd the nanoparticles, and lead to
their selective segregation inside the P4VP phase.

When nanoparticles with even thinner stabilizinglshvere used (i.e. MNP4
covered with 1,2-decanediol shell), they were fotmtbrm aggregates due to increased
surface energy. Such aggregation was observed fP4VRlready for their dispersions
in THF as well as in as-cast MNP4/BCP samples,inieig however, their affinity
towards PVP phase.

4.5.5 Investigation of magnetic properties of MNP/B-b-PVP
composites

Magnetic force microscopy (MFM) imaging of annealdiNP3/PSy-b-P2VRy
and MNP3/P&-b-P4VP.g composites films was performed in dynamic lift rmagsing
magnetized cantilevers. The ‘magnetic domains’ 2VP lamellae (Fig. 4.39 a,b) and
P4VP cylinders (Fig. 4.39 c,d) with incorporatedgmetic nanoparticles were clearly
observed on correspondent phase images when sesaerformed with magnetized
cantilever (Fig. 4.39 b,d) at lift height 30 nm.

As control experiment, AFM scans of MNP3/?8-P4VP,g sample were also
performed in dynamic lift mode using the same bam-magnetized cantilever. As a
result phase images without any contrast and atioel to topography image were
obtained maintaining the same lift height (Fig.%4fB This indicate that phase contrast
obtained upon scanning of sample with magnetizedvas, in fact, reasoned by its
interaction with nanoparticles and not by any otherg-range forces, that could
influence tip deflection at such distances.

Magnetisation behaviour of neat MNP3 and MNP3/REP4VP g bulk
composites with varied nanopatrticles loading wadietl using SQUID (Fig. 4.40). The

magnetization data obtained for MNP3 showed thgdegparamagnetic nature, with no
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Figure 4.3¢ MFM height (a,c,e) and phase (b,d,f) images ofvesttl annealed

MNP3/PSy-b-P2VRy (a,b) and MNP3/Pgb-P4VP; (c-f) composite thin films containing
10.0 wt% and 5.0 wt% of MNP3, respectively, obtdingith magnetized (a-d) and non-
magnetized (e,f) cantilever in dynamic lift moddifatheight of 30 nm.

remanent magnetisation and coercivity. The satmatiagnetization, normalized to the
magnetite content, was 83.7 and 69.3 emu/g of aali 300K, respectively, which
matches the corresponding values for ~6 nm magneparticles reported
elsewhere.[Sun02,Car07]

The comparison of magnetisation curves obtainedéat MNP3 and MNP/BCP
composites shows that magnetisatibh) feaches its saturation value at lower strength
of external magnetic field, if particles are embedithto BCP matrix. Such effect could
be explained as result of MNP3 dispersion withie tiost BCP matrix, when the
nanoparticles clustering effect is diminished. @e bther hand, as the strength of
magnetic filed increased, normalized magnetisdtorcomposites gradually decreased
below its maximum values as magnetic field strengdis increased. This is in contrast
to neat MNP3 case, where magnetisation plato waereed at high values of applied
external magnetic field. Such reduction of magméitte with increase of magnetic field
strength becomes more pronounced at lower MNP3irgad(e.g. 2.0 wt%) and is
explained as an increased contribution of diamagmetture of P$-PVP BCP, which

becomes more significant at higher values of agmhdaernal magnetic filed.
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Figure 4.4C Magnetization curves of MNP3 and MNP3{RB-P4VP; composite
bulk samples with MNP3 loading of 2.0, 5.0 and 1@1% taken at 5K (a,b) and 300K
(c,d): (a) — raw data, (b,c) — data normalizedh® ¢ontent of pure @, (based on TGA
measurements), (d) — magnified part of graph (c).

4.5.6 Annealing of MNP/PS-b-PVP composites in thergsence of
external magnetic field

In addition to shear and electric field inducedjatnent of BCPs, several reports
on application of external magnetic field to oribfdack copolymer microdomains could
be found in literature.[Gri05,Tao07] However, in shoexperiments, high-strength
magnetic field, in order of several Tesla was regfuito achieve such orientation effect.
Recently, Hammond et al. reported on applicatiommafgnetic filed came out from
conventional laboratory permanent magnet (~900 taTgrient PS3-P2VP cylinders,
filled with rod-shaped magnetic nanoparticles.[Hamlowever, although orientation
effect was achieved, resulted structures were glyodisturbed by the presence of

nanorods having size significantly larger than Bf®Pains.
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An effect of the presence of external magneticdfieh MNP3/P&-b-P2VRy
morphology during solvent vapour annealing was atadied in present work. Samples
were placed either parallel or perpendicular wibpect to magnetic filed, created by a
disc-shaped permanent magnet (400 mT) and annealédl-dioxane. To eliminate
possible effects of diverse annealing conditionsigare to ordinarily used (chamber
volume, sample position and orientation) another@a was placed inside the chamber
as far as possiblecg 10 cm) from the magnet edge and used as a referen
Importantly, the morphology of such reference sasplid not show any significant
difference compare to the samples annealed usidghasy annealing conditions

without external magnetic filed.

Figure 4.41 AFM height (a,d), phase (b,e) and corresponding/Tithages (c,f) of
MNP3/PSy-b-P2VR, composites containing 10.0 wt% of MNP3 annealed in
1,4-dioxane for 3 hours in the presence of extemagnetic field oriented perpendicular
(a,b,c) and parallel (d,e,f) to the film surfac#rRhickness ~50 nm.

AFM images of MNP3/P&-b-P2VR,, composite thin films containing 10 wt% of
MNP3 annealed in the presence of external magfieticare shown on Figure 4.41 a,
b, d and e. As can be seen, the surface morphsldgrened during annealing in
magnetic field differ from the structures obsenadter vapour annealing without an

application of magnetic field. Formation of flatatareless areas, separated by narrow
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and periodically structured regions was observestead of perpendicularly standing
lamellae, formed on reference samples, similathtts¢ shown on Figure 4.28. Such
morphology could be interpreted as substrate mariinella perturbed by regions of
microdomains being oriented normal to the substite flat regions did not show any
evidence of MNP presence at the surface reach sugggesting being composed of PS
block. Instead, structured areas were decoratedh w@noparticles, similar to
perpendicularly oriented lamellae. Further TEM istigation of above mentioned
samples etched from the substrate (Fig. 4.41 ojfiened such perturbed nature of
substrate parallel lamellar domain orientation fmth samples annealed with an
application of external magnetic field.

From above mentioned it was suggested, that steietoad morphology of BCPs
loaded with magnetic NPs could be altered by arigion of external magnetic field
during annealing step. It seems that perpendicoientation of lamellae, observed
upon annealing in 1,4-dioxane atmosphere, is someh@vented when additional
magnetic forces are involved. Unfortunately, by @en variation of annealing
conditions, such as annealing time, nature and atnafusolvent used, our attempts to
achieve uniform domain orientation in certain dil@t by action of applied magnetic
filed were not successful. This might be reasongddyeral factors, in particular, low
strength and non-uniformity of magnetic field, athee to the presence of substrate.

Since the morphology of solvent annealed thin filsmalso dependant on variety
of factors, such as film thickness, annealing tinselpstrate properties, further
experiments are required to better understand tioaitribution into structure formation

in the presence of applied external magnetic filed.

120



Chapter 4: Results and discussion

4.6 Preparation and investigation of AgNP/BCP

composites

For preparation of AQNP/PBPVP composites silver NPs having different core
diameter, namely, AgNP4 {gk4.1 nm), AgNP5 (g~=8.5 nm), AgNP6a (@=12.8 nm)
covered with polystyrene stabilizing shell (PSSHA,=1100 gmol™) were used.
Additionally, AgNP6b of the same core diameter g@\R6a, but covered with PS layer
of larger molecular weigh (i.e. PSSH5, #6300 dmol') were also tested as
nanoadditives. Composites were prepared in the suayiar to MNP/BCP, i.e. by
mixing of separately prepared AgNPs and BCP saistio THF to give nanoparticles
concentration varying in a range of 0.0-10.0 wt% htock copolymer concentration in
a range of 0.5-2.5 wt%. Thin film preparation amhealing were performed on Si and
glass substrates in the way similar to neat BCEWNP/BCP composites.

Due to the presence of PS shell ANPs were expéeteelregate selectively into
polystyrene phase of BCP matrix. For AQNP/ISP2VR,, composites thin films hole-
like morphology was observed for THF-cast samptesependently on AgNP core size
and molecular weight of polystyrene stabilizing IEl{Eig. 4.42). No difference in
surface morphology was observed for as-cast sangolesining different amount of
AgNPs in concentration range studied (i.e. up t® % of AgNPs loading).

Figure 4.4z AFM height images of THF-cast AgNP4/$-P2VR, (a),
AgNP6a/P&rb-P2VR, (b) and AgNP6b/PSb-P2VR, () composite thin films containing
2.0 wt% of AgNP4, 5.0 wt% of AgNP6a and 5.0 wt% AgNP6b, respectively. Film
thickness ~5 nm.
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From the comparison of AFM images obtained for mRt-b-P2VR,, BCP with
MNP3/PSo-b-P2VR, and AgNP/P&-b-P2VR,, composites it becomes evident that
morphology of as-cast thin films is influenced paty by the presence of nanopatrticles,
but also by their nature. For instance, worm-likeorpmology of THF-cast
PSo-b-P2VRy, neat BCP (Fig. 4.17) was changed into discontisuperpendicular
lamellae upon addition of MNP3 (Fig. 4.27), while addition of PS-stabilized AgNPs
resulted in hole-like structures (Fig4.42). In cadeMNP3/P3y-b-P2VR;, system,
perpendicular orientation of BCP microdomains ifaced upon increase of MNP3
loading due to their affinity towards PVP blockfD5] In contrast, for
AgNP/PSy-b-P2VR;, system, such microdomain orientation effect wasotserved for
any type of AgNPs added.

In order to generate formation and orient lameliaicrodomains of BCP
perpendicularly to the substrate, AgNP{RISP2VR, composite thin films were
solvent annealed. It was observed, that annealimglj4-dioxane vapour of
AgNP4/PSy-b-P2VRyy composite thin films led to the transformation ludle-like
morphology of as-cast samples to lamellar strustwigh domains oriented normally to
the substrate plane (Fig. 4.43). However, from AlRMging alone it was difficult to
visualize the presence and distribution of AgNPé tutheir small size (Fig. 4.43 a,d).
Consequently, composite thin films were etched famnsubstrate and transferred onto
copper grid for TEM imaging. TEM studies revealatestive segregation of AgNP4

within one of the lamellar microdomains of micropbasegregated Bsh-P2VRy

;,f £
Bt
Figure 4.4 AFM height (a), phase (b) and corresponding TEMiftages of
1,4-dioxane annealed AgNP4/438-P2VR,, composite thin films containing 5.0 wt% of
AgNP4. Film thickness ~50 nm.

matrix (Fig. 4.43 c).
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Similarly, for larger size AgNP5 and AgNP6 nanopdets their selective
segregation within one of the BSP2VP microdomains was achieved after solvent
vapour annealing, as it was observed on AFM heigid phase images
(Fig. 4.44 a,b,d,e) and further confirmed by TEMdses (Fig. 4.44 c,f).

3 b Pt i e o e
= f kS -y B s

1,4-dioxane annealed AgNP5&8-P2VR, (a-c) and AgNP6a/Rgb-P2VR, (d-f)
composite thin films containin2.0 wt% of AgNPs. Film thicknss -50 nm

Due to the lack of electron density contrast betwie& and P2VP phases, it was
not possible to distinguish them from bright-fieléEM images. Even so the contrast
between different BCP domains could be enhancedeligcusing (Fig. 4.44 c) it gives
no evidence of particular domains position.

In order to ascertain AgNPs position within par@cu block,
AgNP/PSy-b-P2VRy, samples were treated with iodine, which is knownsalective
staining agent for PVP.[Par02] An example of iodstained AgNP6a/R&b-P2VR,
thin film is shown on Figure 4.45. From TEM images evident that most of the PS-
covered AgNP6a are selectively located within teghPS domains of Bgb-P2VR,.
However, iodine staining also affected silver naartiples inside the BCP film, which
after staining were found nonuniform in size anecgbn density contrast (Fig. 4.45 b).
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Such effect is attributed

the formation of Agl
crystals as a result of
reaction between ,I| and :

silver during  staining|

procedure. e Lt ‘zv%@f!_ﬁ*

e

Alternatively,
4 Figure 4.4t TEM images of AgNP6a/Rgb-P2VRy

selectivity ~ of  AgNPs composite thin film after staining with.|AgNPs appear

position could be \rllvci)trrl]ulnlform (marked with red circles) due to thectia
2.

determined with the aid of

electron energy loss spectroscopy (EELS) and erétgyed TEM imaging (EFTEM)
(Fig. 4.46). Using EFTEM, it was possible to obtanmtrogen map of studied
AgNP5/P3y-b-P2VRy, thin film and, thus, to distinguish PS from P2Mrape. PS-rich
(darker) and PVP-rich (brighter) areas were resblwe EFTEM image obtained at the
nitrogen edge of electron spectra (Fig. 4.46 b)e Tdtation of AgNPs in BCP was
mapped on image (c) which is an overlap of imageafa inverse FFT of image (b)
(Fig. 4.46). Therefore, both iodine staining andrEM imaging confirmed segregation
of PS-covered AgNPs selectively into polystyrensdim of P$e-b-P2VR,, BCP.

Figure 4.4¢ Intentionally defocused TEM image of 1,4-dioxanenealed
AgNP5/PSy-b-P2VR, composite thin film containing 2.0 wt % of AgNP&)(and
nitrogen map image of the same area obtained WEHIEM (b); (¢) — an overlap of
image (a) and inverse FFT of image (b): red-comd@areas depict PVP-rich regions.

In contrast to AgNP4/R&b-P2VR,, composites, attempts to further increase
AgNP5 loading rate above 2.0 wt% led to partiatipkes phase segregation atop of thin
film surface during solvent vapour annealing, asvits revealed from TEM studies

(Fig. 4.47 a). Similar tendency was also obsen@dcbmposites containing larger
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AgNP6a particles: in this case even after 30 min saimples exposure to
1,4-dioxane vapour formation of AgNP6a clusters whserved atop of film surface
(Fig. 4.47 b). Such tendency of AgNP5 and AgNP®&etds macrophase segregation is
attributed to the increased entropy penalty ari$orgn incorporation of nanoparticles
into polymer matrix due to increased nanoaprticdiege compared to AgNP4.[Boc05]
Another factor that might also affect AQNP5 and Af4 tendency toward phase

segregation is the formation of stabilizing shelithwlower PS grafting density

Figure 4.47 TEM (a) and AFM height (b) images of 1,4-dioxamnealed
AgNP5/PSy-b-P2VR, (a) and AgNP6b/Rgb-P2VRy, (b) composite thin films
containing 5.0 wt% of AgNPs. Circle and arrow paiat AgNPs clusters formed atop
of thin film after solvent vapour annealing. Filhidkness ~50 nm.

compared to that, which possess AgNP4 nanopar{iCleapter 4.3).

As it was previously shown, upon prolonged vapaurealing of P&-b-P2VRy
BCP thin films formation of defects take placehétdegree of film swelling exceeds ~3
(Chapter 4.4.3). These defects appear as holedamds, depending on film thickness
incommensurability with respect to BCP microdomageriod. After addition of the
AgNPs to the system, it was interesting to obsénae AGNP5 in P&-b-P2VRy, thin
films form regular ring-like structures along thelds perimeter (Fig. 4.48).

After closer look, it was found that the borderstloése rings are composed of
silver nanoparticle monolayer, which appear orgashimto well-ordered hexagonally
packed 2D lattices, as it is shown on Figure 4.4& ¢s evident that PS-stabilized
AgNP5 have a tendency to concentrate at the dbfeders (i.e. holes edges). Similar
tendency of nanoparticles to stabilize the BCP adomain defects (i.e. grain
boundaries) was also experimentally observed btakisnd Bockstaller [LisO6] and
theoretically modelled by Thompson [Thol10] for btNlP/BCP composites. Moreover,
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our observations are in agreement with resultsntgcshown for PS3-PnBMA block

Figure 4.4¢ Different magnification TEM images of 2D latticerined of AgQNP5
nanoparticles along the holes perimeter after dimgpaof AgNP5/PSy-b-P2VR,
composite thin film in 1,4-dioxane vapour for 4 maulnset on image (c) — FFT with
multiple order 6-fold symmetry peaks. Initial filthickness ~50 nm, AgNP5 content —
5.0 wt%

copolymer thin films containing PS-coated gold rnaarticles,[Kim10b] where
nanoparticles were found segregated at the edgsknél and holes boundaries.

Formation of such particles monolayers, which regne significant drawback for
obtaining of well-ordered NP/BCP nanostructuregghnibe useful as an approach for
microstructure fabrication. From this point of viewn application of patterned
substrates would be interesting for further ingzgton with the purpose to establish
control over the defect formation.

Examination of optical properties of AQNP5438-P2VR;, composite thin films
before and after solvent vapour annealing revetiledlependence of surface plasmon

resonance (SPR) peak position from particles cordad annealing time. For as-cast

0,08

0.084 433 nm As cast samples: Ann. in 1,4-dioxane for 3 hrg
T8 2.0 wit% AgNP5 - = 2.0 W% AgNP5
‘o a 5.0 wt% AgNP5 0,064 b 5.0 wi% AGNPS
006{ % 431 nm 10 wt% AgNP5 480 10 wit% AgNP5

0,04+
0,04+

absorbance (a.u.)
absorbance (a.u.)

0,024 0,02+

0,00+ 0,00+

3(I)0 4I00 5IOO éOO I700 I800 3(I)0 4I00 5IOO (ISOO I700 I800
wavelength (nm) wavelength (nm)
Figure 4.4¢ UV-VIS spectra of THF-cast (a) and annealed inrdigkane vapour

for 3 hours (b) AgNP5/Rgb-P2VR, composites thin films with different AgNP5
content. Film thickness ~50 nm.

126



Chapter 4: Results and discussion

thin films, the position of SPR peaks underwentlgea shift toward longer wavelength
(from 4=422 t04=433 nm) with an increase of AgQNP5 concentratidg.(#.49 a).

The appearance of red-shift with an increase obparticles loading rate could
be related to decrease of average interparticlardiss.[Jai07,Zhe02] In addition the
SPR peak maxima for as-cast composite films acerald-shifted relatively to the peak
position observed for AgNP5 dispersed in THF Aix5+15 nm 4ty = 418 nm,
Fig. 4.16) due to the different nature of surromgdmedia (THF and PBP2VP,
respectively).

Much more prominent shift of plasmon peak was deteéor the samples after
annealed in 1,4-dioxane vapour. When the samples @eosed to 1,4-dioxane vapour
for 3 hours, peak position was shifted towards &ngavelength values and in the same
time appeared broader (Fig.4.49 b). For samplegebbavith 2.0 wt % of AgNP5, after

solvent annealing SPR peak maxima

appeared at 432 nm, while ar ° as<cast
0,084 _ = ann. 1,4-dioxane, 3 hrs
composites loaded with particles gn 1 ° ann. 1,4-dioxane, 4 hrs
431 nm ——fit curve, 1" peak comp

——fit curve, 2™ peak comp
—— fit curve, summ of £'+2™

5.0 and 10.0 wt%, peak positior|s?
were shifted to 474 and 480 nm

respectively.

474 nm457 am

absorbance (a-u.

When annealing time of
AgNP5/P3y-b-P2VR,  composites| 0001

films was extended up to 4 hours,

T T T T T T T T
300 400 500 600 700 800
wavelength (nm)

resulted absorption peak appeared Figure 450 UV-VIS spectra of as-cast

even broader (Fig.4.50). Interestingly,@nd ~ 14-dioxane ~ annealed = AgNPS/
(Fig ) gy PSo-b-P2VR,, composites containing 5 wt% of

extension of annealing time led to theAgNP5. Initial film thickness ~50 nm.

blue-shift of SPR peak maxima if
compare with the similar sample annealed for 3 fiolr addition, the peak acquired
strongly asymmetric shape, indicating the preseofcenore than one constituent.
Deconvolution of experimental data resulted in individual peaks having maxima at
440 and 526 nm (Fig.4.50). An appearance of styoregl-shifted peak at 526 nm might
be reasoned by the coupling effect of plasmon @som of individual nanoparticles,
closely packed into a lattice as it was shown @ufé 4.48.

Both the broadening and shift of SPR peaks maxinesewattributed to a
difference in spatial organisation of nanopartickgthin thin film matrix before and
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after vapour annealing. For as-cast samples naticparappeared distributed randomly
within BCP thin film, while 1,4-dioxane annealedrgades were characterized by the
presence of closely packed AgNP5 monolayers atapeofilm surface (Fig.4.48 and
Fig.4.49). Thus, reduced interparticles distancasegrise to a red shift of SPR
peak,[Zhe02] while none-uniform particle distritmutiis reflected in a broadening of
plasmon peak. From UV-VIS studies it is evident foa solvent annealed samples shift
of SPR maxima becomes more significant with anease of AgNP5 loading (e.qg.
423 nm peak shifts to 432 nm for 2.0 wt% whereak @3 peak shifts to 475 nm for
5.0 wt%). This is attributed to an increase of ipbe$ fraction undergoing phase

separation during solvent vapour annealing.

Figure 4.51 AFM height (a) and TEM images (b,c) of 1,4-dioxamenealed
AgNP6b/PS-b-P2VR,, composite thin films containing 5.0 (a,b) and 1W® of
AgNP6b. Film thickness ~50 nm.

When AgNP6b, stabilized with longer PS chains 8SH5, NM=5300 gmol ™),
were used for preparation of AgNPH8-P2VR,, composites instead of AgNP5 or
AgNP6a, no evidence of particles macrophase setyppaegaas detected after solvent
annealing procedure. For up to 5.0 wt% of AgNP@aing, regular lamellar structures
with AgNP6b selectively arranged within PS phaseewiermed (Fig 4.51 a,b), while
with further increase of AgNP6b loading (i.e. upli® wt%) formation of nonperiodic
structures, strongly perturbed by the presence amhoparticles, was observed
(Fig 4.51 c).

Unlike AgNP5 and AgNP6a composites, AQNP6b didfoan monolayer atop of
film surface, but were trapped within PS microdamatausing also their swelling
within the regions of particles concentration (&ig§1l c).

UV-VIS studies of THF-cast AgNP6b/BS-P2VR,, composites thin films
revealed small red shift of SPR peak with an ineeeaf AQNP6b content (Fig 4.52 a),

128



Chapter 4: Results and discussion

similar to observed for AgNP5/Bs&b-P2VR, system. However, in contrast to

0,30 0,16
As-cast samples b = as-cast
025] A& - 2.0 wi% AgNP6b 1 - ann. 1,4-dioxane, 3 hrs
5.0 wt% AgNP6b 0,12 3 433 nm = ann. 1,4-dioxane, 24 hig
g ann. THF, 24 hrs

0,20+ 10 wt% AgNP6Db

0,15+ 0,08+
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absorbance (a.u.)
absorbance (a.u.)
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0,054

0,00
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Figure 4.5z UV-VIS spectra of THF-cast (a) and solvent anmgal®)
AgNP6b/PS-b-P2VR,, composites thin films. For (b) all samples weraded with
5.0 wt% of AgNP6b. Film thickness ~50 nm.

AgNP5/P3y-b-P2VR,, system, position of SPR peak maxima after solweaygour
annealing in AQNP6b/R&b-P2VR,, thin films remained almost the same as for as-cast
samples, even when annealing time was increaséa 24 hours (Fig 4.52 a).

Such difference between AgNP5438-P2VR, and AgNP6b/PH-b-P2VRy,
composites behaviour during solvent annealing &egitributed to the effect of chain
length of polystyrene molecules, which were used fanoparticles surface
modification. It is assumed, that in case of AgNP®ie presence of PS shell formed
from the longer-chain polymer molecules #8300 dgmol?) ensures more effective
particles compatibilization with polystyrene blootdf PSh-P2VP BCP due to
entanglement effects, compared to AgNP5 (or AgNP$@bpilized with a short-chain
PS shell (M=1100 dol™).

To summarize, comparing the results obtained frohe tstudies of
MNP/PS-b-PVP and AgNP/PS-b-PVP composite systemtaigesimilarities and
diversities in nanoparticles assembling and phasgegation behaviour could be
pointed out. For our opinion, it is obvious thatpegpriate nanoparticles surface
functionality is crucial for their selective incamation into particular microdomain of
BCP matrix. Sufficiently strong enthalpic interacts between NPs and polymer host
block, like in case of MNP3/PVP pair, allows to a@lanacrophase segregation of
nanoparticles during solvent annealing procedurehis case entropic penalty due to
reduced number of polymer chain conformations afirommodation of particulate
inclusions could be overcame by energetically fasble MNP/PVP coordination. In
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contrast, when only weak hydrophobic or Van der M/aaeractions are involved to
accommodate nanoparticles within host block, lIik&gNP5/PS case, reduced stability
of AgNP5 within PS phase is observed, resulting nanoparticles macrophase
segregation upon solvent vapour annealing. Phageegaion effect becomes more
significant with an increase of particles loadirsger and their core size (Fig. 4.47).
However, it might be overcome by grafting of su#fictly long-chain polymer
molecules to their surface that ensures nanopastetiability within BCP matrix due to
polymer entanglements, like in case of AgQNP6b.
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4.7 Fabrication of ternary NP1/NP2/BCP

composites

4.7.1 Ternary NP1/NP2/P3®-PVP composites by direct mixing
approach

The final part of present work is devoted to then dio fabricate ternary
NP1/NP2/BCP composites composed of two differerppesy of pre-synthesized
nanoparticles selectively segregated within difiérelock copolymer domains. As a
first, supposable simplest way towards NP1/NP2/BigPrids preparation, direct
mixing approach, which was based on simple mixirigtweo different kinds of
nanoparticles with BCP in common solvent followgdcomposite thin film casting and
annealing, was applied.

To obtain the ternary NP1/NP2/BCP composite systéiNP3 having distinct
affinity towards PVP phase (NP1) and PS-coated AgNthich have been proved to
selectively segregate into polystyrene microdoma{hd?2), have been chosen.
PSob-P2VRyy was used as a block copolymer host matrix, while steps of
composites and thin films preparation and anneaklege kept identical to previously
described protocols applied for MNP348-P2VR, and AgNP5/P&-b-P2VRy
composites.

After thin film solvent annealing of MNP3/AgNP5/8%-P2VRy in 1,4-dioxane
vapour, the presence of nanoparticles was obsernvedher microdomain of lamellar
BCP matrix (Fig. 4.53 a). From AFM height imageg/H.53 a) it is evident that the
grains (P2VP phase) are decorated with small ewistenanopatrticles, similar that was
observed for MNP3/R3b-P2VR, composites (Fig. 4.53 b), while the groves (PS
phase) contained singularly dispersed particlesewlise in AgNP5/P&-b-PVPs

composite samples (Fig. 4.53 c).
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Figure 4.53 AFM topography image of ternary MNP3/AgNP5{RBE-P2VR, (a)
composite thin films (a) versus binary MNP3{RBP2VR,, (b) and AQNP5/P&-b-P2VRy,
(c) composites after annealing in 1,4-dioxane féro8rs. Loading rate of each MNP3 and
AgNP5 were 2.0 wt%. Film thickness ~50 nm.

From TEM images (Fig. 4.54) it could be also resdlthe presence of both small
particles clusters (i.e. MNP3), and uniformly distited individual particles
(i.e. AgNP5), oriented along the lamellar microdamdirection. Unfortunately, all
attempts to resolve position of each type of nanabes using EELS and EDX
methods were not successful due to sample drifi@udesolution caused by charging
effect (metal spattering was not implemented).

Figure 4.5/ TEM images of MNP3/AgNP5/Rgb-P2VR,, composite thin films
after annealing in 1,4-dioxane for 3 hours, coritgjr2.0 wt% (a) and 10 wt% (b) of
MNP3 and 2.0 wt% of AgNP5 (a,b). Image (a) was maltier sample staining with |
for 1 hour. Film thickness ~50 nm.

However, it was possible to prove (indirectly) thatdeed, different kinds of

nanoparticles were selectively located in diffenginéses by variation of content of one
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of types of nanoparticles maintaining the seconel @nstant. Figure 4.55 shows AFM
phase images of ternary MNP3/AgNP5RISP2VR, composites loaded with

2.0/2.0 wt% (a), 10.0/2.0 wt% (b) and 10.0/5.0 witoof MNP3/AgNP5, respectively.

As it can be seen, with increase of MNP3 contemhf2.0 to 10.0 wt%, perpendicular
lamella appear progressively filled with particléging at 10 wt% of MNP3 content
almost fully loaded (Fig. 4.55 a and b, respecyiveBimilar tendency was previously
observed for binary MNP3/Bg&b-P2VR,, composite thin films (Fig. 4.28). But when
the concentration of AQNP5 was increased from @ 9.0 wt% at MNP3 loading rate of
10 wt%, silver nanoparticles were found phase sedeel atop of film surface, forming
closely packed arrays, following the typical beloavi of AQNP5, maintaining P2VP
domains filled up with MNP3 (Fig. 4.55 c).

with different content of nanoparticles: (a) — v®0 of MNP3 and 2.0 wt % of AgNP5;
(b) — 10.0 wt % of MNP3 and 2.0 wt % of AgNP5; £€10.0 wt % of MNP3 and 5.0 wt%
of AgNP5. All samples were annealed in 1,4-dioxame3 hours. Film thickness ~50 nm.

To overcome the problem associated with nanopestiphase separation with an
increase of their loading rate, an application gNR stabilized with longer-chain PS
molecules (e.g. AgNP6b) looks reasonable. In amditwith an appliccation of larger
size AgNP6b (g=12.8 nm, which is twiced compared to 6.1 nm of MNR might be
possible to directly distinguish position of eaglpd of nanoparticles within BCP
matrix. Further investigations in this directior aurrently in progress.
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4.7.2 Step-wise approach towards ternary NP1/NP2/BC
composites

Alternatively to direct mixing approach, step-wiapproach was also used in
present work to fabricate ternary NP1/NP2/BCP casitps. Recently, very simple and
robust way for fabrication of ordered arrays of leoimetal nanodots and nanowires by
direct nanoparticles deposition from their aguesotutions over the preliminary
formed P4VP domains of ordered B$4VP templates was published.[Nan09] In
present work this method was extended and applad fdbrication of ternary
NP1/NP2/BCP composites. Because of successive ofdereparation procedure the
method is pointed out as step-wise approach.

The approach includes

several preparation steps, as AgNPs m m PSb-P2VP (P4VP)
. . o ¥ Fo = —_ S

schematically shown on Figure Ry

4.56. At the first step, BCP was ! . Asymmetric

mixed with a primary-type Of ZESEE g Spin-casting B AEOE S

nanoparticles (NP1) in commo
P ( ) 1,4-Dioxane — Chloroform

solvent (THF) and deposited SF_J
Solvent annealing
onto the substrate. NP1/BC

thin films were then annealed in Lamellae Cylinders

solvent vapour in order tqf#

induce desired perpendicul Deposition of secondary

orientation of microdomains. As nanoparticles (Au,Pt, MNP)

a next step, obtained BCP Figure 4.56 Schematic representation of
- step-wise approach used for fabrication of ternary
patterns,  containing NP1 \p1/Np2/BCP composites.

particles were immersed into a

water dispersion of secondary

type of nanoparticles (NP2) for certain time. Afexposure, samples were rinsed with
deionized water and dried in nitrogen flow for hat investigation.

For preparation of NP1/NP2/BCP composites, PS-doailver nanoparticles,
namely AgNP6b, were used as a primary type (NPhjjewcitrate-stabilized noble
metals (Au, Pt, Pd) and &, nanoparticles were decided to use as secondary one
(NP2).
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The water dispersions of noble metal nanopartitdesthese experiments have
been prepared and kindly provided by the group roff. PA. Eychmiiller, Technical
University of Dresden. To synthesize gold, platinand palladium nanoparticles with
average particle diameter of 3.5£0.5, 2.5+0.5 ar@#@5 nm, respectively (further
denoted as AuNPs, PtNPs and PdNPSs), protocolsasitoithe synthetic route described
by Brown et al.[Bro00] were applied. The detailsnahoparticles preparation could be
also found elsewhere.[Nan09]

Citric acid stabilized water-soluble & MNPs were prepared by co-
precipitation method, using FeGind FeC as iron precursors and ammonia hydroxide
as precipitant, according to the protocol descrildsewhere.[Rac05] From TEM
studies (not shown here) the average size and igpbsity of FeO, nanoparticles
obtained by co-precipitation method were found ¢orélatively large (§ = 15.3 nm,
SD = 3.6 nm or 23%) compare to MNP obtained byniardecomposition method.
Recently it was also shown that co-precipitationFefll) and Fe(lll) salts from their
aqueous solutions under the influence of ultrasquowder yields in smaller &, NPs
with a narrow size distribution.[Mor08] Thus, theext batch of F¢D, magnetic
nanoparticles (denoted further MNP6) was prepargd cb-precipitation reaction
performed in the presence of ultrasound cavitatibiisasonic processor UP200S (200
W, 24kHz, Hielscher Ultrasonics GmbH, Germany) egedywith titanium sonorod (tip
diameter 3 mm) was used to generate cavitations. simotrod was immersed into
acidified water solution (50 ml, pH=2.5) containitige¢ mixture of 5 mmol of Feg€hnd
10 mmol of Fed salts through the tightly adjusted hole in Teftmp. The mixture was
purged with argon for 30 minutes and then heate8dC. 10 ml of concentrated
ammonium hydroxide aqueous solution (25 vol.%) quaskly injected into a ferric salt
mixture under ultrasound agitation, resulting irapid formation of black product. The
mixture was sonicated for next 10 minutes undetlgergon flow and then cooled to
room temperature. Black precipitate was collectedrdhe permanent magnet and
washed tree times with 50 ml of deoxygenated ethdna next step, 1.5 g of citric
acid dissolved in 50 ml of deionized and deoxygethalvater was added to black
precipitate. The mixture was heated to 80 °C aftculeder mechanical stirring for next
30 minutes. Finally, the major part of water wasioged by evaporation on rotovapour
and nanoparticles were flocculated and washed adgétone to remove excess of citric

acid and dried in vacuum at 50 °C overnight.
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Analysis of TEM images of MNPGZ3

(Fig. 4.57) revealed an averad
nanoparticles size of 6.5+1.4 nm. Howevg:
in contrast to nanoparticles prepared '
thermal decomposition route (e.g. MNP
MNPG6 appeared non-uniform in shap
namely, as a mixture of spherical and cub
shaped particles, which is one of the mg ‘_
drawbacks of co-precipitation method. | g hF4
To prepare ternary NP1/NP2/BCLE PoSFIT L

hybrids, AgNP6b/P®-PVP thin films were Figure 4.57 TEM image of citric
, acid stabilized MNP6 prepared by co-
deposited onto the substrate and SOWe'Hrecipitation method with application of

annealed to give structures with BcCpultrasound cavitations.

domains oriented normal to the substrate, as it detsiled in previous chapters.

Afterwards, the substrates with AgNP6b/BHVP thin films were immersed into
aqueous solutions of various types of NPs (secgrdBe) for their deposition.

For deposition of
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All other types of citrate-
stabilized NPs (Au, Pt angg®
Pd) were used in forms o

their syntheses.

immersion of substrates

. . “ ¥ #200nm
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LRt L 'aa 'y ' ,
secondary NPs  were Figure 4.58 AFM height images of 1,4-dioxane
filtered through the annealed AgNP6b/Rgh-P2VR,, composite thin films before

(a) and after exposure to an aqueous solution oP®Kb),
hydrophilic 0.22um pore- PtNP (c) and PdNPs (d) for 24 hours.

.
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size membrane filter to remove the aggregates artitplate impurities.

AFM studies (Fig. 4.58) confirmed success of depmsistep of second type of
particles, as it was revealed from enhanced topbgyraontrast of the samples before
(Fig. 4.58 a) and after immersion into aqueous tewiuof various types of NPs
(Fig. 4.58 b-d). However, due to the sharp toppki@ contrast after deposition of
secondary NPs, it was difficult to resolve positmneach type of nanoparticles with
AFM: even so those secondary NPs were clearly gbdeas arranged along BCP
microdomains, primary AgNP6b appeared hardly datdet Nevertheless, owing to the
difference in nanoparticles size, it was possiblalistinguish between larger primary
(AgNP6b) and smaller secondary (e.g. PANP) nanicfestby performing electron
microscopy imaging of NP1/NP2/BCP composites.

SEM imaging of ternary composites gave the evideon€eselectivity of
nanoparticles location within individual domainggiF4.59). Due to the difference in
size between nanoparticles used, location of egut ¢f NPs (e.g. AQNP6b or PANP)
could be clearly visualized on corresponding SEMgm
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Figure 4.529 SEM image of AgNP6b/PANP/Bh-P2VR,, ternary composite
prepared by step-wise approach. Appearance ofréiffeypes of NPs in different
phases is evident due to the difference of NPs size

137



Chapter 4: Results and discussion

RS |
o ey % T %4, 57
Sutie ol 2 i e

Figure 46C TEM images of (a) AgNP6b/AUNP/B-P2VR, (b)
AgNP6b/PANP/PS-b-P2VR, and (c) AgNP6b/Pd/RSb-P4VPg ternary composites
prepared using step-wise approach: AgNP6b cont@r@d w%. Exposure time — 24 hours.

From AFM investigation it is obvious that after dspion of secondary NPs BCP
domains appear highly loaded regardless of eitper 6f NPs was used. Corresponding
TEM images of composite films, etched from the $wibs, however, show reduced
content of nanoparticles remained after etchingcgulare (Fig. 4.60 b). Such
dissimilarity, in our opinion, could be conditionéy etching procedure itself, which
might affect particles stability within P2VP domain

The best withstanding ability was observed for gadshoparticles (Fig. 4.60 a),
while only individual PANPs (Fig. 4.60 b) and;6g NPs (not shown) remained within
BCP template after etching. The majority of secopddP2 was, most probably,
washed out during the contact with etching solutibl NaOH). Position of pyridine
nitrogen also influences on stability of citratakstized NPs against washing. As it was
expected, in contrast to REP2VP, for PS-P4VP BCP PdNPs remain densely filling
the domains PVP domains even after etching asuiddoe observed on corresponding
TEM image.(Fig. 4.60 c).

Figure 461 SEM images of AgNP6b/AUNP/Bsh-P2VR,, ternary composites
prepared by step-wise approach after (a) 60 minates (b) 24 hours of AuNPs
deposition.
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The amount of deposited secondary NPs could be talsed by variation of
deposition (exposure) time. Figure 61 shows SEM gesa of AgNP6b/AuNP/
PSo-b-P2VRy, ternary composites prepared varying the time diiRueposition.

As it was expected, UV4{ 12

AgNP6b@PS
VIV  spectra of ternary

AgNP6b/AUNP/PS3-P2VP
composites display SPR peakss

425-427 nm
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originated from both Ag and Ay
NPs (Fig.4.62). Since Au and A
NPs display SPR maxima at
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different wavelength, they could 000_'

be resolved as individual peaks: 300 400 500 600 700 800 900 1000 1140
peak maxima of silver NPs werg wavelength (nm)
observed at 425-431 nm, while Figure 462 UV-VIS spectra of binary

. AgNP6b/PS-b-P2VR,, and ternary AgNP6b/AUNP/
gold NPs absorb in a range of ps b-P2VR, composite thin films prepared by step-

520-560 nm for particular wise approach. Spectra were recorder after differen
deposition time of gold NPs.
composites samples. With an

increase of AUNPs deposition time, position of maxiwas observed to be gradually
shifted from 524 nm (exposure time 60 min) to 558 (@exposure time 24 hours), which
was, most probably, reasoned by nanoparticlesesingt

On the other hand, position of AQNPs SPR peak vias-$hifted when AgNPs
were deposited (i.e. from 431 nm for AgNP6b{PISP2VRy to 425-427 nm for
AgNP6b/AUNP/P&-b-P2VR;). However, no correlation between position of AGNP
SPR peak position and AuNPs deposition time wasdod herefore, at this point, it
would be too unsubstantioned to argue that suaoh dift of AgQNPs SPR peak maxima
is related solely to the presence of gold NPslin §tructure.
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51 Conclusions

In present work, fabrication of ordered arrays of-pynthesized nanoparticles
(NPs) inside the block copolymers (BCP) thin filmsed as templates has been
demonstrated. It was shown that self-assemblingngnena of BCPs could be
exploited to fabricate both binary (i.e. NP/BCP)daternary (i.e. NP1/NP2/BCP)
nanocomposites containing nanoparticles selectiaetgnged within particular BCP
microdomain. Different types of nanopatrticles, sashmagnetic E®, or CoFeO,,
noble metal Ag, Au, Pt or Pd, have been used fepamation of nanocomposites.

For fabrication of NPs/BCP composites poly(styrengnylpyridine) (PSkb-PVP)
block copolymers of various molecular weight ananposition were used. This gave
the opportunity to create BCP thin film structuregh either lamellar or cylindrical
morphologies. Coordinating ability of nitrogen ivVIP blocks towards the surface of
nanoparticles of various chemical nature was etlizo promote NPs selectively
segregate inside the PVP domains. Alternativelyrtawide the affinity of second type
of NPs to the PS phase, polystyrene brush layergnafted to their surface, supplying
them compatibility with corresponding PS block &ZB.

The first task of present work was synthesis afiteetype magnetic nanopatrticles
(MNPs), such as R®,; or CoFgQ,, suitable for their selective incorporation into
polyvinylpyridine domains of P8-PVP BCP. To maximize the interactions between
the iron oxide surface and PVP, it was requiredktain the MNPs surface accessible
for such interaction, i.e. free from stabilizing lexxules. On the other hand, the presence
of the shell is required to avoid aggregation of tMINPs during nanocomposite
preparation procedure. As was supposed, too demgeafied stabilizing shell might
significantly screen the reactive surface of the R8N thus prohibiting their
complexation with the PVP chains. It was suggesthdrefore, that should be an
optimum in the shell thickness and the shell natoresufficient stabilization of the NPs
without excessive screening of their surface.

Series of MNPs were synthesized by thermal decoitipos of metal

acetylacetonate precursors in presence of combmabtf various surfactants.
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Depending on the type of surfactant used duringoparticles synthesis, the
nanoparticles appeared covered with organic lalydifierent nature and thickness.

Omitting of widely used oleic acid as stabilizingeat during MNP synthesis and
application of TOPO/oleylamine as surfactants imbmation with 1,2-hexadecanediol
was found beneficial in terms of promoting interact with PVP chains, whilst
maintaining good control of MNPs size and polydrsgg during their syntheses.
Observed outstanding mutual affinity between PVE BMNPs was attributed to the
formation of thinned, but still sufficient for pasfies stabilization organic shell. It was
suggested that such thinned stabilizing layer altve MNPs directly interact with the
PVP chains due to the presence of some free binsibeg available overall on the
MNPs surface.

Consequently, prepared §88 and CoFgD, MNPs with sparse surfactant layer
were successfully incorporated into lamellar andindyical PVP microdomains of
PSb-P2VP and P®-P4VP BCPs, displaying high degree of selectivity MNPs
location. From experimental results it was foundt tan efficiency of selective MNPs
incorporation is dependent not only on the charaatel thickness of nanoparticles
stabilizing shell, but also on the composition @MBused. For example, it was possible
to organize MNPs within lamellar structures of syetnt PSb-P2VP, but failed in
attempts to introduce them into cylinder-forming VP2 domains of asymmetric
PSb-P2VP having the shorter-chain P2VP block. Nevdef®e when asymmetric
PSbHb-P4VP of similar molecular weight and compositiorasvused instead of
PSb-P2VP, MNPs were found being perfectly organizethini P4VP cylinders. Such
difference in results observed for similar molecwl@ight asymmetric P§-P2VP and
PSb-P4VP BCPs can be rationalized in terms of diffet@nding ability of P2VP and
P4VP blocks. In P2VP the nitrogen atoms in the 2MRs placed in “ortho”-position
and, hence, they are not readily available for physical interactions due to steric
factors. In contrast, in P4VP chains, where nitroge located in “para’-position,
pyridine units do not have such constrains and tousd more effectively interact with
nanoparticles surface.

To achieve desired microdomain orientation anddterdering of both neat and
loaded with nanoparticles BCPs, solvent vapour alimmg was applied. An application
of so called “slow” annealing procedure gave thesgulity to create an arrays of well
ordered hexagonally packed cylindrical PVP microdom oriented normal to the

substrate over relatively large sample areas (nmbam 4 squm),. Moreover, an
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incorporation of MNPs did not alter the ability &CPs to form highly ordered
hexagonal structures, which is important preretgii®ir their possible applications, for
example in data storage.

As a second type of nanoparticles for fabricatidnternary NP/INP2/BCP
composites, with aim to be selectively incorporated a polystyrene microdomains of
PSbHb-PVP matrix, silver nanoparticles (AgNPs) of vasosgize and narrow size
distribution were chosen. The suitable AgNPs wespgared using one-pot synthesis,
which was based on mild reduction of silver precuraith oleylamine in organic
medium. One of the ways to ensure selectivity oNRg towards PS is covering them
with stabilizing shell composed of polystyrene neoles. For this purpose, polystyrene
brush layer was grafted to the surface of AgNPagusigand-exchange reaction with
thiol-terminated polystyrene homopolymer. It wa®wh that PS brushes with high
grafting density (i.e. ~3-4 chains ifmdepending on particles size), which were
successfully formed on the AgNPs surface effectivelevent them from possible
coordination with PVP, enabling simultaneously thselective incorporation into
polystyrene phase.

Although PS-covered AgNPs appeared preferentialbated within polystyrene
phase of microphase separatedd™SvP matrix, in contrast to MNP/PSPVP system,
with an increase of AQNPs loading, they displayddralency to segregate atop of BCP
film surface. Moreover, AgNPs revealed propensityoé localized along the edges of
hole-like defects formed on BCP film surface upaolgnged solvent annealing. The
reason of such diversity in phase behaviour of MRS AgNPs could be explained as
resulted from difference in enthalpic interactioontibutions involved required for
accommodation of each type of NPs within correspantlock of BCP matrix.

Revealed ability of nanoparticles to macrophaseregggion forming in the
process ring-like structures of hexagonally packadoparticles monolayer, which is
undesired for preparation of highly-loaded AgNP/B&ithposites, might be interesting
for other applications, for example, for fabricatiof two-dimensional metal structures
of regular shape and size on substrate surfacthidndirection, further investigations
are in progress.

Preparation of NP/BCP composites having two kinidsamoparticles selectively
segregated within different BCP microdomains wasted out as a next task of current
work. To the best of our knowledge, as for todayydiew reports of successful

fabrication of such ternary NP1/NP2/BCP composarespresented in literature.
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Direct mixing approach was used first to obtain MAGNP/BCP composite.
Here the both MNP and AgNP were directly mixed witBb-PVP BCP in organic
solvent and deposited onto the substrate. It waergbd that, indeed, after solvent
vapour annealing MNPs appeared localized inside &fRains, while silver NPs were
found in PS phase of ASPVP BCP.

As a second strategy for fabrication of ternary M#PR/BCP composite, so-
called step-wise approach was used. In this metihodrporation of each kind of NPs
was performed in a separate step. Initially, AQNR®1) covered with polystyrene
brush layer, were mixed with HSPVP in solution and deposited onto the substrate.
After subsequent solvent annealing, such substratbsperpendicularly oriented BCP
microdomains and having AgNPs selectively localizethin polystyrene phase, were
immersed into aqueous solution of second type obparticles (Au, Pt, Pd or Fe304)

stabilized with citrate ions. Such exposure ledelective NP2 deposition into PVP.

52 Outlook

Future developments in preparation and investigatioboth binary NP/BCP and
ternary NP1/NP2/BCP could be performed in seversctons. In particular, for
MNP/BCP systems it would be interesting to study plessibility of incorporation into
hexagonally organized PVP microdomains of magnifts, such as FePt or CgPt
which could be transformed from superparamagrfeticphase to ferromagnetic .1
crystals upon thermal annealing step. If such tlaéannealing will be performed after
removal or carbonization of BCP matrix, it wouldadeto preserved lateral order of
nanostructures on the surface. Alternatively, fadiron of perpendicularly oriented
arrays of magnetic nanorods, which posses magrsiape anisotropy with easy
magnetization long axis, is of interest. Both abaewentioned structures would be
attractive for application in magnetic data stordgeices.

Another aspect of investigation possibilities of FUBCP systems is related to
microdomain reorientation in the presence of magrfééd during solvent annealing.
For this purpose, further studies of thicker filarsd bulk samples are required.

Concerning AgNP/BCP system, further studies of parnicles macrophase
segregation behaviour, in particular, formation mrfig-shaped 2D structures of

nanoparticles assemblies along the defect edgesf particular interest. Since this
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effect is dependent among others on annealing titne, kinetic aspect of such
phenomena might give a chance to control the nurabérsize of such self-assembled
structures. The effect of substrate nature, NP/B&@mRposite film thickness and chain
length of polymer, which stabilizes nanopatrtickes also interesting for evaluation for
better understanding of main factors, responsibtepérticles macrophase segregation
atop of thin films or their ability to remain stablithin BCP matrix.

We believe, that presented and discussed aboveimegueal results on both
MNP/BCP and AgNP/BCP composites, as well as onatgriNP1/NP2/BCP hybrids,
provide useful information for better understandingock copolymer based
nanocomposites in terms of their preparation armhmostication of their behavior

under various conditions.
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