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Introduction

Chapter 1

Introduction

1.1. Magnetic nanopatrticles

A nanoparticle is a microscopic particle, which size is measuneganometres (nm).

It is defined, as a particle with at least one disien is < 200 nm. Nanopatrticles are of great
scientific interest as they can be considered tarbeffective link between bulk materials and
atomic or molecular structures. A bulk material Wdohave constant physical properties
regardless of its size, but at the nano-scale thisften not the case. Size-dependent
properties, such as quantum confinement in semigdnd particles, surface plasmon

resonance in some metal particles and superpara@hsmgnin magnetic materials are

observed.

The first nano-sized magnetic particles were depedoin the 1960s. The particles
were made by ball milling in the presence of a atefactive agent (surfactant) and liquid
carrier. Such obtained dispersions are called ntagrig@ids or ferrofluids’. Nowadays,
magnetic nanoparticles are receiving increasedtaite due to their extensive application
in the field of electronics, catalysis, high-depsimagnetic recording media and
biotechnolog{?®!.

At the nanometer scale, many chemical and phygioaperties of solids become
dramatically dependent on size. Therefore, thelehgé has been and remains the control of
size, size distribution, and shape of nanoparttftd. Control of size and shape of
nanoparticles gives opportunity to manipulate thsiemical and physical propertfs If
ferromagnetic materials are below some criticag,seach particle can contain only a single
magnetic domain. Changes in the magnetization calomger occur through the motion of
domain walls and instead require the coherentiootadf spins, resulting in larger coercivity.
For a particle size smaller than the single dons&n, the spins are increasingly affected by

the thermal fluctuations and originally ferromago@baterial becomes super paramagnetic.
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1.2. Synthesis of magnetic nanoparticles

The most investigated magnetic nanoparticles aragdoparticles. Several successful
approaches for their synthesis were developed,girmyparticles of controllable shapes and
narrow size distributiods™*. These nanoparticles display a wealth of size i@t
structural, magnetic, electronic, and catalytic pembies. Significant progress in the
preparation of magnetic nanoparticles was achieethg the last years by introducing “hot”
organometallic synthetic routes where nanocrystatdeate and grow at 150-300 in high-
boiling solvents. Such recipes were developed ranti”, cobalt!®*™! nickef*” and alloys
FePBY, coPPY and CoPf?? nanocrystals. Monodisperse nanocrystals of magneti
materials (Fe, Co, Ni, FePt, CgPe¢tc.) attract special attention because of thefential in
ultra-high-density magnetic data storage devicés. monodisperse nanocrystals of CoPt and
FePt magnetic alloys are the best candidate folicappns in ultra-high-density storage
devices because of their large uniaxial anisotrapgt high chemical stabily. Different
synthetic approaches were developed for synthé<tod~t particles with different Co to Pt
ratid® 2312 as well as the core shell (Co-Pt or Pt-Co) pidi®®® Recently
combinations of magnetic and semi-conducting (C&&W, FePt/Cd8™) or magnetic and
metal nanoparticles (CoPAul? and CoRYCU®*) are in the scope of interest due to their
combined physical properties.

The synthesized magnetic nanoparticles consisinaignetic core capped with a shell
of surface ligands, which prevents their agglomenain a colloidal solution. The ligand shell
composition also allows one to tailor chemical gnties such as solubility, chemical
reactivity, surface chemistry, and binding affinitygand shells could be formed by covalent
attachment of small-molecule ligands, by adsorptibpolymer§*12® or by encapsulation in

block copolymer micelld&139

. Additionally, ligand shells determine the intexrjicle
spacing in nanoparticles ordered two and three-dsio@al superstructures. Therefore, these
nanoparticles can be used as the building blockageembling and patterning future nano-

devices.
1.3. Assembly of magnetic nanoparticles

An important step for further commercial exploitatiof nanoparticles is assembly of
nano-materials into topologically predefined superdures and their packing. While the

properties of individual nanoparticles are no doeRtiting, the collective properties of

2



Introduction

assembles of nanoparticles interacting with eabtlerotan be radically different from their

individual counterparts, with interesting applicatipotentidf'.

“Nanoplanetes “Nanobear

“Nanoparticles

“Nanohexagons “Nanaspheres
Magical world of structures made by self-assembtih@oPt nanoparticles

For the design of novel nanostructured devicegchrtique for preparing industrial-
scale highly symmetric periodic particle array witthe range of several microns is needed.
Large periodic particle arias can be prepared wiéiro-fluids (standard particle size
distribution of< 10 %) by simply drying a drop of solution on atable substrate. Self-
-assembly of nanoparticles on appropriate substiatevithout a doubt, the simplest way to
make monolayeF¥# %3 However, there are several disadvantages assdcigith this
method. One of the most important is that the fdiomaof self-assembled monolayers
depends on experimental conditions, making repribditg difficult. Nevertheless, many
quite impressive structures of metal nanopartihkese been reported in the last y&4r4®,

This self-assembly technique has been improvednigyl@yment of different coating
techniques (e.g. spin coating, dip coating, oryspgg in combination with applied external

forces. The origin of these external forces is naaatal, used for the preparation of Langmuir

3
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Blodgett films or electrostatic, used for layerdayer assembly-applying polyelectrolytes.
The use of external electric and magnetic fieldsrprove the self-assembly of charged and

magnetic nanoparticles, respectively, has also begorted 5%,
1.4. Contents of this Thesis

In order to facilitate the preparation of nanocast particles appropriate for
technological applications, relatively simple methshould be developed for the preparation
of non-aggregated, monodisperse colloids as welhighly ordered layers on different
substrates. Highly crystalline Ca@Phanoparticles can be prepared in a predictable and
reproducible manner via high temperature synthetitd®?. The development of effective
and predictable method of precise size and shapeefigal?, cubid®®, nanowire§Y)

22159 and three-

control of CoP$ nanoparticles, allowed their organisation in &tie-two4
dimensional structur&d! .

Investigations described in this thesis were peréat in order to develop the ligand
exchange procedure applicable on different orgamatecules that can be used as ligands of
nanoparticles. Additionally, the influence of thesew ligands on particle properties and
particle self-assembly was investigated. (Chapers. and 4.). In order to produce highly
symmetric periodic particle arrays, different teiciues were applied and CgRPianoparticles
were deposited on different surfaces by spin-cgattip-coating and Langmuir Blodgett

technique (Chapters 5., 6. and 7.).
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Ligand exchange — carboxylic acids

Chapter 2

Ligand exchange — carboxylic acids

2.1. Introduction

Two main parameters influence the particle behavemd determine their further
application: the particle size and the chemicapprtes of the particles. CeRtanoparticles
are a very attractive material for ligand exchaegperiments due to their good stability,
controllable size and narrow size distribution.the first step the particle properties are
investigated, which are influenced by the ligandhposition. Surface coatings on particles
play a great role concerning particle solubilityalslity, polarity, compatibility with other
materials and, of course, particle assembly indwthree-dimensional structures.

The type of ligands on the particle surface is mstrcases determined by the reaction
procedure and cannot be changed during the systh8sice the particle properties are
strongly determined by the ligands that stabilisen, there is very often a need for their
replacement. Depending on the required charadteasthe nanoparticle shell one wants to
add different molecules to the particles that canused as replacing ligands i.e. short
molecule§" or polymer chair@*Y.

The preparation procedure of CgRanoparticles with narrow size distribution and
good stability requires the use of adamantan cattwoacid (ACA) and hexadecyl amine
(HDA). Therefore the only way for ligand exchangeo exchange the existing ligands with
some other organic molecules. These molecules twapevide good stability and solubility
of the particles. In addition, they can influenbe particle-particle distance and the particle
packing. Three different types of ligands that @iready known as good stabilizers for metal
particles, were chosen: organic aéid¥ ™ thiold®™! poly(2-vinylpyridine) and poly(4-
-vinylpyridine)*®"*8 The variation of the alkyl chain length of thgahd should induce
changes in the particle-particle distances. Addélly different ligands should provide
different solubility and polarity of the particleBhe attachment of acids with double bonds on
the particle surface allows further reactions aratlffications on the particles. In this way

new applications can be developed.
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2.2. Removal of ligands from as-prepared particles

The first step in the ligand exchange procedutbesemoval of “old” ligands prior to
the attachment of new ligands. As already mentipaédr the synthesis HDA and ACA are
present on the particle surface. After the synth@siperimental part - Chapter 9.) the excess
of ligands is removed by the usual washing prooedispecially the large excess of HDA
that is not only the ligand during the synthesis dlso the solvent has to be removed. The
amount of ligands present in the particle solutadter the washing procedure is usually high,
and additional washing is necessary in order ttaoepthe old ligands with the new ones. It is
already known that ligands connected to the parsarface and free ligands in solution are in
dynamic equilibrium. The amount of free ligandsswiution decreases with each washing
step. The equilibrium is influenced by this procedand some of the ligands detach from the
surface. In that way it is possible to remove alnatidigands from the surface. However, the
washing procedure has to be used carefully. Remaivall ligands present on the particle
surface leads to particle agglomeration and furthee of the particles is not possible
anymore. Based on that it is clear that two vergarnant facts should be taken into account
using the washing procedure:

- - asmall amount of old ligands is necessaryrdepto stabilise the particles;
- - for successful ligand exchange it is necesgarngmove the excess of old ligands to

clear a space on the patrticle surface for the latteat of new ligands.

COOH

OYW SA
Hi,
» ACA o

H OT\/\/\/\/\ UDA
H

H3C\/\/\/\/\/\/\/\/NH2 © Z A LA

H

HDA OT\/\/\/\/\/\/\/\/\/ ARA
H

Fig. 2.1. The ligand molecules after synthesis (ACA and HI@%& hand side) and molecules
used for ligand exchange (sorbic - SA, linoleid; undecanoic - UDA and arachidic - ARA

acid - right hand side)
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In ordered to receive good results the adequatebaumwf washing steps before the
ligand exchange was determined. A certain amoupiadicle solution was washed as many
times as it was necessary to remove the ligandg€@pobtain particle agglomeration. It was
found that usually three additional washing stegasllto particle agglomeration. Due to that
fact the particles were only washed two times. fidraoval of the ligands was monitored by
IR, TG and DSC analyses.

After cleaning, the particles were mixed with thewnligands (experimental part-
Chapter 9). Four different acids were used as ngandls: two unsaturated: sorbic and
linoleic and two saturated: undecanoic and aractadid (Figure 2.1.). Different alkyl chain

lengths of these acids can lead to different garparticle distances.
2.3. IR analysis of samples before and after ligexczhange
2.3.1. IR analysis of particles before ligand exu@

IR is the most commonly used technique for the stigation of particle/ligand bonds.
For instance, absorption of short chain n-alkamaicls (CH(CH,),COOH, n = 0 — 9) from
the gas phase onto Ag were studied using this t@etH’. Many experiments were done on
alkanethiolates attached on gold or silver surfatese using FTIR investigatiohd?. It is
also very important for the analysis of magnetinogarticles, since they cannot be examined
by NMR techniqué®?3. For this reason FTIR was chosen to investigate tijpe of
particle/ligand interactions before and after ligaxchange on Cofhanoparticles.

Representative set of FTIR spectra of as prepaagtcies and washed particles in
both the high- and the low-frequency region arewshan Fig. 2.2. In the high-frequency
region (Fig. 2.2.A) the series of stretching bamdsresponding to ligand’'s methyl and
methylene groups can be seen in-between 2800 - 8000 The two intense bands in the
spectrum of non washed sample at 2849 and 291% ame assigned to the symmetric
(vs(CHy), d") and antisymmetricog{CH,), d") stretching vibrations of the methylene groups.
The d and d modes are usually found in the narrow ranges 4628850 cri® and 2915 —
- 2918 cm*, respectively for all-trans extended chains. Digty different ranges i.e. 2854—
- 2856 cm® and 2924-2928 crhare characteristic for the disordered chains whintsess a

significant amount of gauche conform&¥&?Y. Therefore, the observed bands at frequencies
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of 2849 and 2917 crmfor the as-prepared sample containing a ligan@gxsuggest that the
alkyl chains of HDA are in an all-trans conformatib state. The washing procedure does not
remove only ligands immobilized at the particledate. These ligands cannot form ordered
structures and due to this the IR bands shiftsgben values of 2853 and 2922 ¢m

—— CoPt - nw i s | CoPt - nw
"""" COPg1 -lw ‘ “:/2917 :“, 3 1406 COPE -lw
n : 1446 . COPt-llw

3 )

1734

Absorbance, a.u
Absorbance, a.u.

T T T T T T T T T - T T T T T T T
3100 3000 2900 2800 2700 1800 1700 1600 1500 1400 1300 1200

Wave number, cih Wave number, cih
a b

Fig. 2.2. IR spectra of CoRthanoparticles: as synthesised (solid line), aftest (dash line)
and after second (dot line) washing step. a) IRRBpen high frequency region, b) IR spectra

in low frequency region are displayed.

The methylene scissori@fCH) band appears in the low frequency region (Eig.b)
at 1464 and 1380 ¢t Two bands at 1556 and 1406 tthat became visible after the second
washing step are originating from (COO-) of the carboxylate group. The absence ef th
band around 1700 - 1725 ¢nrelated to the C=O stretch indicates the abserictee
adamantan carboxylic acid. This leads to the cammiuthat ACA is attached as carboxylate
onto the nanoparticles, and the two oxygen atonthéncarboxylate groups are coordinated
symmetrically to the Co atoffd?*,

The bands in the region between 1550 and 1700inrthe spectra of as prepared and
once washed particles are the typical bands of HBee Appendix 1.) and they originate
from NH and NH groups. Removal of the HDA from the starting solutby the washing
procedure leads to a drastic decrease of thesesb@hd presence of amines in the particle

solution after two washing steps is not detectablgmore.

10
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2.3.2. IR analyses of particles after ligand exaj@n
Unsatur ated acids

The samples were also investigated by ATR-FTIRradligand exchange by the
procedure described in the experimental part (&re). The obtained results are presented
in two sections because unsaturated and satureigsl showed different ways of interaction
with the particles.

The high frequency region in the IR spectra of siaenples obtained after ligand
exchange with LA (Fig. 2.3.) shows both bands fithe symmetric (d+) and antisymmetric
(d-) stretching of methylene groups in the range2850-2854 cnt and 2917-2924 crh
that are typical for disordered chaifd**. The band around 3010 éndetected in the spectra
of particles capped with LA is attributed to =C-tlesching and keeps its position after one
washing step. The band disappears after the sacasiting step.

/
7

2924 — LA
—CoPg+LA-IW
CoPg+LA-IIW

i — CoPt+LA-lllw
| 1706 Fig. 2.3. IR spectra of pure LA (black

line) and particles stabilised with LA

after the first (red line), second (green

Absorbance, a.u.

line) and third (blue line) washing step
14601411 1284

— ,44;}:}‘444 P,

3000 2900 2'800/1806 1600 1400 1200
Wave number, ch11
In the low frequency region of the IR spectra t@dat 1706 cil represents C=0
asymmetric vibration. This band shifts to highemeaumbers during the washing procedure,
with simultaneous appearing of a new band at 178& @wo additional bands characteristic
for LA (see Appendix) were observed at 1411 and01é® " and they represent the C-O-H
in-plane and Chideformations, respectively. The band around 1289 can be assigned to

C-OH stretching vibrations.

11
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Bands between 1400 and 1460 teannot be distinguished after the first washing
step but one new band becomes visible at 1466 dine absence of the bands characteristic
for COO groups and the presence of a band at 17Ibsuggest that LA is adsorbed on the
nanoparticles surface as COOH rather than as dégedocarboxylate ion. Similar behaviour

was observed for silver nanoparticles stabilisetth warious fatty acids!?!,

0.16 1 1706/ —— LA- pure 407
1 M\ solu. - Iwas |

0.14 I\ solu. - Il was
| solu. - Ill was 7

0.12
] 05

0.104

- 04

0.08 4

Absorbance, a.u.

T T T 0.0
1800 1750 1700 1650 1600

Wave numbers, cm -1

Fig. 2.4. Characteristic bands around 1700 ¢rim the spectra of pure LA (black line) and
spectra of supernatants after the first (red lircond (green line) and third (blue line)

washing step

Another interesting effect was noticed during tlyarhd exchange procedure. Namely,
in the IR spectra (Fig. 2.4.) of the nanoparticdesl of the supernatants (taken after ligand
exchange) a band at 1736 tiwas observed. Only COOH groups of saturated cattwox
acids can give rise to an IR band at this positieimultaneously the band characteristic for
double bonds at 3010 ¢chdisappeared (Fig. 2.3.). As only unsaturated LA waed these
results strongly suggest that a chemical modificati hydrogenation of the LA occurred.
This might be possible due to the well-known cdtalgffect of Pt nanoparticles already
described for cyclohexeli8, allyl alcohol and maleic adfd’. This catalytic process occurs at
room temperature and needs only a few hours forptete hydrogenationThe CoP4
nanoparticles have enough time to react with thdsaduring the washing procedure. Most
probably hydrogenated acids are present in all z8rtp some extent, but due to their very
small concentration they become only visible in lRespectra after removing the excess of

non-attached molecules.

12
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Similar behaviour was obtained with the samplekiksad with SA (Fig. 2.5.). Due to
conjugated double bonds and the vicinity of theboaylic group to the conjugated double
bond the IR spectrum is rather complicated in camspa to the spectra of nanoparticles
modified with LA. Bands of asymmetric and symmetsicetches of CHappear at higher
wave numbers between 2750 and 3000'cAfter two washing steps the band attributed to
stretching vibrations of =C-H at 3020 ¢rdisappears. Additionally the band position changes

drastically and suggests the transformation of wmated to saturated acids.

—SA
2024 — SA | | e CoPt + SA -l w
S CoPy+SA-lw il CoPt+SA-lw
CoPt+SA-llw i A
; <
© -
g g
= 2957 2854 &
o : e //»\\ N " _e
5] S
2 A é
< 30200 . /1
T T - T T T T - T T T T T T
3100 3050 3000 2950 2900 2850 2800 2750 1800 1é00 1|400 iZOO '1000 T 800 600

Wave number, cih Wave number, cih

Fig. 2.5. IR spectra of pure SA (solid line)

——SA | 1667
———————— CoPy - SA I w
CoPy - SA llw

and CoP% nanoparticles stabilised with SA

1690 4

after ligand exchange and the first (dash

line) and the second (dot line) additional

washing step. IR spectra in the high and low

Absorbance, a.u.

frequency region are shown in the first row

—right and left hand side, respectively. The

characteristic bands around 1700 ¢rfor

1730 ll720 ll710 i700 I1690 I1680 I1670 I 1660 1650
Wave number, cr't all samples are shown at the bottom.

In the low frequency region of the IR spectra thends of =CH- groups and
carboxylic groups overlap in two regions: from 1550700 cnitt and from 1450 —1300ch
As in the case of the LA the two characteristic ksefor COO groups are also absent
suggesting also the adsorption of SA at the namiofes surface through COOH groups. In
the same frequency region a new peak appears @tctil1after the second washing step, as
well as bands at 780 ¢hrand 1460 cil characteristic for Ckgroups (rocking mode and

13
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deformations(CH2), respectively). At the same time the ban87t cm' characteristics for
double bonds (=C-H wag mode) disappears. Thesdtgesupport the hypothesis that

hydrogenation occurs at the surface of nanopasticle

Satur ated acids

IR-spectra of pure undecanoic acid (UDA), particketh the same acid after ligand
exchange, and after additional washing steps avenrstin Fig. 2.6.. The excess of acids is
removed from the solution during the washing praredThis makes more visible by FTIR
the acid molecules that are attached to the pestidh the high frequency region of the IR

spectra this is observable as a shift of the paakgher wave numbers.

— UDA
T CoPt-UDA-w

| CoPt-UDA-Ilw
W Fig. 2.6. IR spectra of pure UDA (solid line)

1710 and CoP$ nanoparticles stabilised with
7 UDA after the first (dash line) and second

(dot line) washing step

Absorbance, a.u.

T T : T T T A T I‘ T T T
3000 2900 2800 1800 1600 1400 1200

Wavenumber, ch]1

In the low frequency region of the IR spectra thestncharacteristic band is at
1700 cni' that originates from COOH groups. In general CO@bups can form dimmers
via H-bonding that shifts the band position towdmiger frequencies. This is very evident for
pure UDA that shows the carboxylate band at 1693 th By using UDA as ligand the H-
bonds among dimmers are broken due to the interactith the particles. This shifts the
carboxylate band back to 1710 ¢tnAdditionally a broad peak appears around 1584 ttvat
can be attributed to CO@roups close to the particle surface. The congiedence of the
1710 cm® band suggests that the main part of the ligandghén solution is in a non-

- dissociated state and attached to the partide©@OH groups.

14
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The same procedure was applied to samples stabiisd ARA (Fig. 2.7.). The
bands at higher wave numbers appear almost aaithe position and behave in the same way
as in the case of the samples stabilised with UDA.

In the low frequency region the most characteriséind is at 1700 citthat originates
from C=0 groups. This band significantly decreaskesady after the first washing step and
disappears after the second washing step. The aad &t 1529 cihtogether with a band at
1460 cn' indicates the presence of CO§doups in the solution. This suggests that ARA is
connected to the particle via CO@arboxylate anions. The frequency separatitin,.d
between the COOasymmetric and symmetric stretches suggests anthidebond between

the acid and the particles.
The IR spectra of all samples

L

—— ARA-pure R H ;
,,,,,,,, CoPy + ARA - 1 indicate that after the ligand exchange the

- CoPt+ ARA - lTw new ligands are attached at the particles.

These bonds are strong enough to stabilise
1700
the particle solution for several washing

Absorbance, a.u.

procedures. It should also be pointed out

that solutions stabilised with the new

860 “~7™ ligands are stable for months. The absence

3100 300 206 Bo00 “ao0 1600 1400 " 1200 Of the old” ligand bands in the IR spectra
Wave number, a.u. suggests that they do not play a significant
Fig. 2.7. IR spectra of pure ARA (solid line) role in the particle stabilisation compared to
and CoP$ nanoparticles stabilised with  the new ligands.
ARA after the first (dash line) and second

(dot line) washing step.
2.4. TG and DSC analyses of particles before arat Bjand exchange
2.4.1. TG and DSC analyses of particles beforenkigaxchange
Thermal decomposition studies can provide an itisigb chemical processes during

thermal treatment of the particles and can givermhtion about the ligand decomposition

temperatures. The main information that can beaet¢d from TG measurements is the

15
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particle to ligand ratio and the average numbeligainds per particle. For this reason the
method can detect the presence of a ligand exneb® isamples and can be used as a good
indicator for the removal of a ligand excess during washing procedure before and after
ligand exchange. Additionally the characteristimperatures and mechanisms of ligand
decomposition caused by heating can be observed@ngared for different ligand3he
information about ligand degradation can be usedudher thermal removal of the ligands
from the particle surface leading to the formatdtigand free particles that are necessary for
certain applicatiod® 3,

TG curves and their first derivatives of the pugahd mixture and particles prior and
after washing are presented in Fig. 2.8. The ratithe ACA/HDA mixture resembles the
ratio used for the particle syntheses.
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Fig. 2.8. TG curves of the pure ligands mixture ACA/HDA fdise) and of CoRt
nanoparticles (stabilised with the same liganddpbe (black line) and after first (red line)
and second (green line) washing step (left hand)sidTG curves for all samples (right hand

side). Heating speed was 10 K/min for all samples.

Apart from the two times washed sample all othé®astwo steps in the TG curves
recorded in the temperature region from 25-800in nitrogen atmosphere (Fig. 2.8.). All
samples give a small mass loss between 50 andQ@@ot larger than 5 mass %) due to
solvent traces left in the samples. This small nl@ss can be ignored in the analysis of the
ligand decomposition. The ligands, ACA and HDA, tire sample of non-washed CegPt

particles start to decompose at almost the sampeaeture as a mixture of the pure ligands
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(Table 2.1.). At the same time the presence of fhdicles leads to complete ligand
degradation at higher temperatures (243Pin comparison to pure ligands (3®). Removal

of the ligand excess from the samples leads toifa shthe decomposition onset and
decomposition end to lower temperatures in comparie the non-washed sample. After the
second washing step the ligands completely decoenjppoa narrow temperature interval of
only 30°C. That is significantly lower in comparison to then-washed sample in which the
decomposition occurs in an interval of almost 260

The mass loss after changing the gas atmosphege ZF. - left hand side) from
nitrogen to air (above 60%C) indicates a significant amount of organic residu carbon,
which cannot be degraded in nitrogen. This residuemoved by oxidation in air. This effect
appears only if a big excess of ligands is presetite sample. Such behaviour indicates the
formation of more stabile products during the hegafrocedure, which is influenced by two
factors: presence of the particles and large ligamebss.

Samples of one and two times washed particles dshmw a significant weight loss
after atmosphere exchange. In contrast it is notibat the mass of the samples slightly
increase. This is due to oxidation of the partidagsed by a reaction between oxygen (in the
air) and Co in the particles. The oxidation of tbe atoms occurs simultaneously with the
ligand decomposition. The oxidation should leadatoincrease of the sample mass while
ligand decomposition has an inverse effect. Theeefine mass loss is the result of a

superposition of these two reactions. The degreébeobxidation is difficult to calculate.

Table 2.1. Temperatures of decomposition onset eardl extracted from TG curves and
temperatures of first and second weight loss etddadrom the peaks in DTG curves.
Temperatures are given for a mixture of pure ligaffdlCA/HDA) and for particles stabilised
with the same ligands before (CeoPnhw) and after the first (Coft | w) and second (CopP+

- I w) washing step.

Sample Onset 1st weight loss| 2nd weight loss| End
[°C] derivative peak| derivative peak| [°C]
[°C] [°C]
ACA/HDA 70/187 248 320 379
CoPg—nw 70/186 236 407 439
CoPg-1lw 138 156 252 278
CoPg - Il w 176 194 - 208

* Solvent evaporation
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The confirmation of a two-step decomposition me@rarnwas also obtained from the
derivatives of the TG curves (Fig. 2.7. - right daside). They show two well-pronounced
peaks for the pure ligands and the particles beford after the first washing step. This
indicates that two different degradation mechanismesur during sample heating. A
comparison of the DTG curves of the pure ligandd e non-washed sample also shows
that the particles influence the ligand decompasitt higher temperatures. The first peak
that corresponds to the first degradation step aspa the same temperature interval in
which the pure ligands completely degrade. The s@qeak appears at higher temperatures
indicating the decomposition of some thermally metable products. These products are
formed during decomposition reactions in the fitlstomposition step.

After the first washing step the degradation ofltands still occurs in two steps but
the derivative peaks shift to lower temperatures] ®#oth degradation steps happen in
narrower temperature regions than in the caseehtn-washed particles. The DTG curve
shows only one peak after one more additional waskiep. This peak indicates a one-step
degradation mechanism.

There are different theories proposed in ordexpdaen the described behaviour of the
particles during the heating procedure and espgdiaé two-step mechanism. The most
applicable one is the theory of Y. Sahoo and cokexs™™. They investigated the adsorption
of phosphate surfactants on magnetiagQzeparticles and proposed a quasi-two layer
mechanism. According to this theory one part of lthands is strongly bound at the CePt
particle surface, while another part forms a sedagdr of weakly bound ligand molecules
that are further away from the magnetic core. Tioeeethese samples show a two-step
decomposition mechanism. In the first step the \web&und layer decompose. The second
degradation step is a result of the decompositioth@ by-products formed during the first
degradation step and the decomposition of ligahds are strongly bound to the particle
surface.

In the case of CoPthanoparticles stabilised with a mixture of HDA aAGA the
similar theory could be applied. TG analyses sugtieg one part of the ligands is strongly
bound to the surface and degraded at higher tetypesa Another part is weakly or not at all
bound in the case of non-washed and once washeplesifigand excess) and degrades at
lower temperatures. Washing of the particles l¢ada lower amount of ligand excess and

probably complete removal of these molecules dfiersecond washing step. This is the
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reason for a one-step degradation mechanism aftemashing steps. The influence of the
particles on the decomposition reactions is inanegwith the removal of the ligand excess.
A catalytic effect of the particles influences #teft of the degradation temperatures to lower
values.

The IR spectra show the removal of the HDA excagind the washing procedure
and the domination of the ACA molecules on theipl@rtsurface after the second washing
step. A combination of these results with the prasily explained degradation mechanism
leads to the conclusion that HDA is the most domiriggand in the ligand excess. Therefore
the influence of HDA is more dominant in the sarsptefore and after one washing step.
After the second washing procedure the excess oA litDremoved and the degradation
mechanism is mainly influenced by ACA. In order ¢heck these predictions DSC
measurements were additionally done. The main sobile investigations is on combination
of the DSC measurements with the results from tBeafid IR analyses in order to confirm
the previously described theory.

The DSC curves of pure ligands show an endothepewdk at 49C for the mixture of
ACA/HDA and for pure HDA arising from the melting the compounds. The DSC curve for
ACA shows the first endothermic peak at T8as an effect of the acid evaporation €T
176 °C). In the case of HDA the endothermic peaks ahdrigtemperatures are due to
evaporation (f = 330°C) and degradation. The peaks at DSC curve of A€AIlt from
degradation; while in the case of the ligand miet(ACA/HDA) the observed peaks are an
effect of both degradation mechanisms (for HDA AQh).

The DSC curves of non-washed particles and pastieleer the first and second
washing step show exothermic peaks whose mininfateHower temperatures with removal
of the ligand excess from the sample. The peakadgrepared and for once washed particles
are superimposed and they suggest more than onessive reaction. The existence of more
than one peak in the DSC curves is in good agreemiéh the two-step degradation
mechanism observed by TG. Furthermore the diffeerietween the DSC curves of pure
ligands and have the particles stabilised with ghme ligands should be pointed out. The
absence of endothermic peaks in the DCS curves aigQoarticles samples indicates
different decomposition mechanisms of the ligafdse ligands are not removed from the
sample by evaporation and their decompositiontigeradifferent. It appears as a combination

of several reactions that all together give the tlsnic peaks in the DSC curves.
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Additionally, the removal of excess ligands leaula shift of the peaks to lower temperatures.
This result agrees with the TG results and confionee more the strong influence of the

particles on the ligand decomposition.
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Fig. 2.9. A - DSC curves of pure ligands
and their mixture. B - DSC curves of

particles before (solid line) and after the
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The DSC curves of the sample stabilised with ACAA{&nd cleaned twice as well as
the sample stabilised only with ACA are shown igufe 2.9. (C). It is interesting to notice
that the peaks in both measurements appear at tatheosame temperature. This indicates
that the degradation after the second washingistaptually determined by the degradation

of ACA. This confirms the previous assumptions.
The analyses of TG and DSC measurements lead foltbeing conclusions:
a) In general a ligand excess and especially a HD#&ess leads to a complex

degradation mechanism, which occurs in two steps.lipand excess of HDA is responsible
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for the appearance of the second degradation stagher temperatures. In the presence of a
ligand excess a lot of successive and complexiceectead to the formation of by-products
in the first degradation step. These products tagewith strongly bound ligands degraded in
the second step.

b) The DSC and IR curves suggest that after thergeavashing step ACA is the
dominant ligand in the samples. Both TG and DSQyara confirmed that after two washing
steps the ligand degradation is an one-step mesna@y combination of the results it can be
concluded that the decomposition mechanism is mogtuenced by decomposition of ACA
after two washing steps.

c) The degradation of bound ligands occurs at lo®erperatures in comparison to
pure ligands due to a catalytic effect of GaRinoparticles.

2.4.2. TG and DSC analyses of CoRanoparticles after ligand exchange
The thermal decomposition of the ligands after difjgexchange was investigated

using the same methods. The pure ligands and thmplea after ligand exchange were
investigated by TG and typical curves are presemtédgure 2.10..
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Fig. 2.10. TG curves: pure ligands (left hand side); CoRanoparticles after ligand
exchange with different ligands and without adaiibwashing procedure (right hand side).

Heat speed was for all samples 20 K/min

The TG measurements show that the pure acids dexsagi different temperatures.

The characteristic temperatures extracted fromTiGecurves are given in Table 2.2. The
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decomposition mechanism of pure SA occurs in tepsin contrast to the decomposition of
the other acids. The temperatures at which thesatidw a mass loss of 5 mass % are taken
as the starting point for the degradation and émeperatures at which the samples have lost
95 mass % of their initial mass were taken as tite moint of the degradation process. The
results show that all acids completely degrade36i0°C (Table 2.2.). The saturated acids
(UDA and ARA) start to degrade at lower temperautean the boiling temperature of the
acids. This is probably a result of acid evaporatithe unsaturated acids (SA and LA) begin
to degrade at higher temperatures than their lgopioints. Additionally, the first derivative
peak appears at temperatures higher than the ¢p@timts of the pure acids, except for UDA.
This shows that probably the first degradation sgéepcombination of an evaporation process

and decomposition reactions, which occur at thes®eratures.

Table 2.2. Boiling points and decomposition tempee onsets () and ends (ds «)
extracted from the TG curves of pure ligands. Tenapeees of the first and second derivative

peak are extracted from DTG curves (curve is nowst)

Sample Boiling point 1st deriv. peak| 2nd deriv. peak  Tso, Tos %
°C °C °C °C °C
SA 133 220 260 160 273
UDA 248 236 / 154 239
LA 230 317 / 244 336
ARA 328 332 / 256 340

The thermal stability of the particles stabiliseiwdifferent ligands was investigated
under the same conditions as in the case of pgmedis. Temperatures of the first and second
weight loss were extracted from the DTG curveshie same way. The weight loss of the
samples is given in weight percentage for both algapion steps. All data are shown in Table
2.3. All samples were measured after ligand excha(experimental part) without an
additional washing step. The TG measurements wer@®rnmed in order to investigate the
influence of the particles on the ligand degradatitnen an excess of ligands is present.

The TG curves of all samples show a different angremcomplex degradation
mechanism when the acids are attached to the;@aRicles in comparison to the pure acids.
A similar behaviour was already described in theeaaf particles stabilised with a mixture of
ACA/HDA. The shape of the TG curves shows thatdbBeomposition occurs in two steps

(SA; LA; ARA) or in three steps (UDA), depending tre acid. The weight loss shows an
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excess of ligands (first weight loss), from 30 méssor CoPt - LA till 60 mass % for
CoPg — SA (Table 2.3.).

Table 2.3. Characteristic temperatures and weigésds of particles for the first and the

second degradation step, extracted from the TGesurv

Sample Onset 1st weight loss 2nd weight loss End
°C deriv. peak  w.loss deriv. peak  w. loss °c
°C % € %
CoPt - SA 113* 145 60.4 182/211 3.0 234
CoPt- UDA 173 206 45.8 343 /383 /425 39.8 464
CoPg- LA 217 290 30.2 311/470 46.0 492
CoPt- ARA 228 284 51.3 344 /363 27.8 474

*This value is not completely reliable because pag of the acid sublimates at lowers temperatures
than 100°C.

All samples start to lose mass at lower temperattiran the boiling temperatures of
the pure ligands. This indicates that in the fitegradation step the ligand excess starts to
evaporate and then later on degrade through a rmoomeplex mechanism. The onset
temperatures are higher if the nanoparticles aeilsted with ligands that have long alkyl
chains (LA and ARA). This trend can also be measfwethe pure ligands. The temperatures
of the first derivative peak of the CgRiarticle samples are at lower temperatures than th
first derivative of the pure ligands. These resaitts another hint for the catalytic behaviour of
CoPg particles, which initiate ligand decompositio@ter temperatures.

CoPg nanopatrticles stabilised with SA show a significareight loss during the
drying step at 100C. This weight loss is probably due to the evaponabf sorbic acid.
Nevertheless the same heating procedure was usedllfesamples in order to provide
comparable results. For the calculations the weags of SA at 108C was added to the acid
weight loss in the first phase.

Additional experiments were performed in order nweistigate the influence of the
ligand excess on the degradation mechanism. TharidGDSC analyses of the two samples
stabilised with UDA and LA show two degradationpstef a ligand excess is present in the
solution (Fig. 2.11.) (Not all data are shown ftarity.). After removal of the ligand excess,
(after one washing step in the case of UDA, andrafto washing steps in the case of LA)

the decomposition appears only in one step. Botham@ DSC techniques confirmed these
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results. In the case of LA a small peak at higleengeratures in the DSC curve is due to
double bonds present in the acid leading to comgiexhermic cross-linking reactions.

The DSC curves show a shift of the decompositionp&rature region to lower
temperatures. This is similar to the behaviourledred particles before the ligand exchange

and indicates the strong influence of the partioleshe ligand decomposition.

Fig. 2.11. TG curves of samples stabilised
with UDA and LA after the first (black lines)

and second (red lines) washing step (upper

figure). DSC curves of samples stabilised with

Weight loss, %

1 copy+upAIw UDA and LA acid before (black line) and
0] oI after the first (red line) and second (green
rrrrrrrr CoPt+LAllw

line) additional washing step (figures below -
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A comparison of the DSC curves of the samples ldfgand exchange and stabilised
with UDA and LA (all samples are washed two time$oe the measurement) leads to the
conclusion that the peak position is affected kgractions between the particles and the
ligands. It was assumed from the data obtainedRbgnalyses that LA acid is adsorbed at the
particle surface through COOH groups, ACA througbGCgroups and UDA by both groups.
The DSC shows the decomposition of LA (1%€) at the lowest and of ACA at the highest
temperature (189C). These results indicate a weaker bond betweerpémticles and the
COOH groups and a stronger bond of the COO- gragsgectively (Figure 2.12.).
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Fig. 2.12. DSC curves of particles before
ligand exchange and after ligand exchange
with UDA and LA (all samples are twice

DSC, mW/mg

washed)

" - —— CoPt - llw

,,,,,,,, CoPt + UDA - llw
CoPt+LA-llw

1(I)O I ZIOO I éOO I 4|100
Temperature’C
After the second washing step the ligands lefhansample should be attached at the
particles surface or at least strongly interachwlite particles and stabilise them. Therefore, it
is possible to calculate the amount of ligandscattd to the particles (Table 2.4.) by using the
data from the TG curves obtained after the secamshimg step. The amount of ligands was
calculated from the weight loss. The number of gaeticles in the solution was calculated
from the particle diameter and the mass of theiglastin the sample. The diameter of the
particles was calculated from the XRD data. Thewated number of ligand molecules per
nanoparticle was divided by the particle surfaceaan order to provide comparability as
different particles were used during the ligandhexge reaction. In this way the influence of

the particle size is diminished.

Table 2.4. Ligand loss extracted from TG curvestigda diameter calculated from the

XRD data and the calculated number of ligands petigle.

Ligand loss, Particle -
Sample mass % diameter Nr:cr)rl\eb:urlgl I/Ignar%‘nd
[nm]
CoPg- Il w 12.0 6.2 9
CoPg- SAllw 30.8 6.2 46
CoPt- UDA Il w 20.5 6.2 16
CoPt- LAl w 15.2 5.8 7

The data calculated from the TG curves show thantimber of ligands per particle
depends on the size of the ligand molecule. Thgdasigmolecule will occupy more space of

the particle surface and therefore the number deoutes connected to the particles will be
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lower. The same behaviour was reported in liteeafar different thiol ligands connected to
gold nanoparticléd.

TG and DSC analyses of CgRanoparticles stabilised with different acids léathe
following conclusions:

a) Ligand excess removal can be monitored by TGlitAshally this technique is very
suitable for the calculation of the ligand concatitn in the samples as well as the number of
ligands per particles.

b) Both techniques, TG and DSC, confirmed the emghaof ACA on the particle
surface by new acids.

c) The catalytic effect of the particles and thaifluence on the degradation
mechanism was confirmed by both techniques. Thisence was observed through a change
of the number of degradation steps and a shift hef tharacteristic decomposition
temperatures to lower values.

All results lead to the conclusion that the useéghrid exchange procedure is
successful. It is possible to exchange ligandshenpiarticle surface with four new acids by
using this procedure. These new ligands should kavefluence not only on the thermal
properties of the samples but also on the paréiskembly. For this reason TEM and SAXS
investigations were done in order to investigat itifluence of the new ligands on CePt

nanoparticles 2-D and 3-D self-assembly.
2.5. Influence of the ligands on particle self-asisky
2.5.1. 2-D structures of CopPmanoparticles

The organisation of CoPparticles in 2-D structures has been investighte@EM.
Two different samples with different particle size®d narrow size distributions were studied
in order to investigate whether the particle siztuences the particle packing after ligand
exchange. Representative TEM images and the comdsm histograms for both samples
are shown in Fig. 2.13. The statistical analysesetiaon the TEM images for the samples
CoPt-5 and CoRt8 (stabilised with ACA/HDA) gave mean diametersbof + 0.7 nm and
8.0 £ 0.5nm, respectively.
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Fig. 2.13. TEM images and corresponding histograms (insetshe samples Cop+ 8
(left hand side) and CoPt 5 (right hand side) stabilised with ACA/HDA

The ligand exchange procedure was applied to thesesamples. After successful
ligand exchange the samples were deposited on maghids and investigated by TEM.
Images of the larger particles (Ce®B) before and after ligand exchange with LA andAJD
are shown in Fig. 2.14.. All samples were two timeshed prior to the TEM investigation.
These two acids were chosen in order to comparénthence of the alkyl chain length on
the particle packing. TEM images show that theigiag (CoP4-8) stabilised with LA and
UDA are packed in less ordered structures in corsparto as-prepared particles. This is
especially pronounced in the case of LA. This b&havis probably a result of the longer
alkyl chains and two double bonds (teis- bonds) that reduced the possibility of the ligand
packing and closer particle packing. Nevertheléss, TEM images confirmed that the
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distance between the particles changes after atchof LA and UDA to the particle

surface.
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Fig. 2.14. TEM images of the Cof8 nanopatrticles before (left) and after ligand lexege
with LA (middle) and UDA (right) are displayed. émsimages are the corresponding
autocorrelation functions of displayed TEM imagssi¢ction 512x512 pixels).

TEM images of CoR+5 nanoparticles prepared in the same way ancetiesith the
same ligands are shown in Figure 2.15. In contmasghe larger particles the small particles
self assemble nicely after ligand exchange. Thdlyfetm a hexagonal lattice as the as-
-prepared particles. Autocorrelation function atemfirmed the good order of the particles

(Fig. 2.15. - insert figures).
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Fig. 2.15. TEM images of: as-prepared Cafs sample (left); the same particles after ligand
exchange with LA (middle) and with UDA (right). énisimages are the corresponding
autocorrelation functions of displayed TEM images.

28



Ligand exchange — carboxylic acids

Due to the small size difference among the newnligahe change in particle-particle
distances is not straightforward observable byrthked eye. Therefore an autocorrelation
function of the TEM images was used in order testigate the influence of the ligands on
the particles order. An autocorrelation functiomegi information about the particle packing
in the real space. The slice made through the eesftrthe image obtained by using the
autocorrelation function gives curves from whicle tparticle-particle distance can be
calculated. The adequate images obtained afteeusatipe autocorrelation function and the
curves obtained from the function are presentdéign2.16. The distance between the centre
peak and the first neighbour peak gives the parpelrticle distance (centre-centre). The shift
of the peak maxima to higher values (from 7.5 # ®m) is in good agreement with the

increase of the ligand length and indicates thengbaof the particle-particle distance with

ligand exchange.

—— CoPt,
——————— CoPyf + SA
CoPt + UDA
—————— CoPt + LA
- COPL+ ARA

18.4

ﬂ Intensity, a.u.

|'|'|'|'|'|'|'|'|'|"|'|'|
-12 10 -8 -6 -4 -2 0 2 4 6 8 10 12

Paticle-particle distance, nm

Fig. 2.16. Images obtained by applying an autocorrelationction to the TEM images of
CoPt-5 particles before and after ligand exchange wdiffierent acids (left hand side). The
curves obtained by slicing the images of the autetation function through the centre,
showing the particle-particle distance (right haside). (The slices are made in the positions
of the white lines in the images.) All samples wes® times washed before TEM

investigation.
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The autocorrelation function and TEM images givasoaerview of small particle
areas and can not be used for getting informatimutthe particle packing in larger areas,
and in 3-D structures. Additionally the influencetbe washing procedure on the particle
packing is difficult to investigate by TEM due feetfact that a ligand excess causes problems
during the measurements. Therefore SAXS was chesera better technique for the

investigation of particle assembly in 3-D structure

2.5.2. 3-D structures of CopPnanoparticles

After analysis of the particle packing on carboidgand the demonstration that it is
possible to order the particles in a hexagonatktfter ligand exchange it was interesting to
investigate the self-assembly of CoRanoparticles into 3-D structures. Therefore, damp
were dried on carpton foil and SAXS measurementg \performed.

SAXS investigations give information about partiplerticle distances, the type of
lattice (interference function) as well as the €hapd size of the particles (form factor). Due
to the much higher electron density of the Gafetre in comparison to the organic ligands,

only the form factor scattering of the core carobeerved.

Table 2.5. Values of the unit cell, the nearesgimeourhood distance (NND) and the particle

radius for samples before and after ligand exchavitfe UDA calculated using the software

Scatter Version 1.0
ParticLe Lattice NND
Sample radius | Lattice type| constant
(nm)
(nm) (nm)

CoP%-5 - nw 2.90 FCC 12.90 9.12

CoPt-5-1lw 2.90 FCC 12.30 8.79

CoPg+UDA-nw 3.05 FCC 13.10 9.26
] 2.95 | FCC (60%)| 12.80 9.05
CoPE*UDAIW | 400 | BCC (40%)| 11.10 9.61
] 2.95 | FCC (65%)| 12.80 9.05
CoPE*UDAIW 1 5 95 | Bce (35%) | 10.90 9.44
i 3.05 FCC (70%)| 12.60 8.91
CoPe*UDAIIIW | 5 99 | BCC (30%)| 11.00 9.53

* All particles have a size distribution of 7 — 10%

30



Ligand exchange — carboxylic acids

The SAXS analysis was done for two different sasiptsme before ligand exchange
and another after ligand exchange with UDA. Additlly these samples were analysed by
SAXS before and after applying the washing procedlihe measured curves were analysed
using the software Scatter Version®¢**!. The results obtained by this analysis are shown
in Table 2.5. The measured and fitted curves fer gample before ligand exchange (not
washed and two times washed) are shown in Figdra 2.

The cleaned particles before ligand exchange shuwwes that can be fitted to a model
for ideal spheres packed in a FCC lattice (Fig73.INevertheless the coexistence of a small
amount of particles packed in a BCC lattice is fimesand that can lead to small errors in the

fit curves.

CoPg -5 - nw CoPt-5-1lw

Intensity (a.u.)
Intensity (a.u.)

lculated - — - calculated curve =T
caleul _ate curve —— experimental curve
—— experimental curve .
T T T T
05 10 15 20 25 05 1.0 15 2.0 25
4
q (nnt') q (nni')

Fig. 2.17. SAXS patterns of CoP% particles before (left hand side) and after seseond
washing step (right hand side) are shown. The spoeding theoretical curves are shown as

dash lines.

The nearest neighbourhood distance (NND) and ttiedaconstant give information
about the particle packing. If their values are I§itiee particles are packed closer to each
other i.e. they give a smaller unit cell. The paes before ligand exchange show a decrease
in the NND after the second washing step (Table).2The smaller NND indicates closer
packing of the particles after removal of the lidaxcess. Simultaneously the SAXS curve
for the sample after the second washing step shbatsthe particles are packed in a less
ordered lattice. The smaller numbers and the bruadeof the peaks and the reduced
possibility for good fitting by theoretical curvese indicators for a decreasing quality of

order.
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After ligand exchange with UDA the particles areled in a FCC lattice as revealed
by SAXS (Fig. 2.18.). The theoretical curve obtdinsing a model for FCC lattices and the
measured curve fit very well. After additional waghthe particles stabilised with UDA start
to pack in two different lattices, face centred icuFCC) and body centred cubic (BCC).
Already after the first washing step the charasteripeak for a BCC lattice is clearly
observed in the SAXS curve (Fig. 2.18. sample @dHDA-I w). Further removal of the
ligands leads to a broadening of the peaks andapgdearance of some of them indicating a
less ordered structure. The NND values and lattmestant increassn comparison to the
values of particles before ligand exchange. Thesrigsult of the attachment of slightly larger
ligand molecules to the particle surface. Largganids lead to particle packing in bigger

distances. This has an influence on the NND values.

CoPj - UDA - nw

Intensity (a.u.)

BCC CoPFUDA w
9 FCC

— calculated curve
4~ experimental curve

T T
20 25

T
05 1.0

Intensity (a.u.)

15
q (nrih
CoP§- UDA - Il w

Intensity (a.u.)

— calculated curve
3~ experimental curve

T T T T
05 1.0 15 20 25

q (i)
Fig. 2.18. SAXS patterns of Cof% particles stabilised with UDA before (CagRIDA-nw)
and after the first (CoRtUDA-I w) and second (CoRUDA-II w) washing step. The
corresponding theoretical curves are shown in red.

In the series of samples stabilised with UDA theNMalues decreaseith removal
of the ligand excess. This indicates the closekipgcof the particles. The closer particle
packing (observed from NND values) and less ordestedctures (observed from SAXS
curve) are a result of ligand removal from the ipletsurface. By removing the ligands the
particles have less and less ligands on the surfadditionally it is possible that not all

particles are stabilised with the same amountgafnids. A different ligand amount probably
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leads to different packing. Depending on the ligamdount the particles can be packed in

different distances. Due to that they formed smdéferently oriented domains of closely

packed particles. Moreover it is possible that sainthe particles agglomerate due to ligand

removal. Obviously the particles are loosing thegtality of good self-assembly by washing.

For this reason the domains are getting smallelingato peak broadening.

The ligand exchange with larger particles (GeB)twas investigated in the same way.

A representative curve is shown as an examplegor€i2.19. The experimental data (black

line) fits very well to the calculated line (rechdi). The calculation was done using the

assumption that the particles form a face centulicoFCC) lattice.

Intensity, a.u.

CoP{-LA

= experimental data

fit curve

CoPg-8 particles stabilised with LA (black

T T
1.0 15

T
2.0

25 3.0

Scattering vector (q ), ni

Fig. 2.19. Comparison of the SAXS pattern O{Table 2.6.) for all samples.

line) to a theoretical curve (red line).

The position of the reflections at
different q values indicates the different
particle-particle distances for different
organic ligands. By using the software
Scatter Version 1.0 it was possible to
the

neighbourhood distance, as well as the

calculate unit cell, nearest

relative displacement and diameter of

the particles with the organic shell

Table 2.6. Values of the unit cell (FCC), the NNBbe relative displacement (RD), particle
diameter, the theoretical length of the stretchgdnids (I) and shell thickness (extracted
from the SAXS data).

. Shell
. Unit cell | NND Jcore+shell dcore I . *
Ligand [nm [nm RD. [nm] [nm] [nm] thlfnkr?]t]ass
CoPg-ARA 19.2 13.6 21% 10.4 8.4 2.9 2.8

CoPg-8 16.5 11.7 14% 10.0 8.4 2.0 1.9
CoPg-LA 15.6 11.0 9% 10.0 8.0 2.7 15
CoPt-UDA 15.2 10.0 13% 9.0 8.2 1.7 1.0
CoPg-SA 14.1 9.98 17% 9.2 8.2 0.8 1.0

* Calculations were done using the values for thdDNand the statistic value of diameters
calculated from the TEM images (d = 7.98 nm).
" Estimated value for the length of the ACA molecule
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The SAXS measurements gave additional evidencthéoinfluence of the ligand type
on the particle-particle distance (Table 2.6.). g ligands with different lengths it is
possible to vary the nearest neighbourhood (perpalrticle) distance from 9.98 nm for
CoPt-SA to 13.6 nm for CoRtARA. Additionally, at the same time the unit ceilze
decreases from 19.2 nm (CeARA) to 14.1 nm (CoRtSA). The calculated data for the
relative displacement (Table 2.6.) demonstratet dhless perfect ordering exist in sample
CoPt-ARA (RD = 21%). The SAXS revealed the best packorgthe CoP#LA (RD =9 %)
sample.

The shell thickness for the different ligands ifcakated from the values of the NND
and from the particle diameter obtained from TEMg®s. Due to the variationc{d) of the
core diameter the TEM data are more reliable tharvalues from the SAXS calculation. The
calculated shell thickness increases in the sanyeaw#he ligand length. The calculated value
for ARA is close to the theoretical length of theetched molecule, while for other samples
these values are lower. In all cases the distaeteden the particles is smaller than the
double length of the stretched ligand moleculedjcating penetration and folding of the
ligands. The differences between the values oldainem autocorrelation function and
obtained by SAXS measurements are due to the diffgparticle packing (2-D and 3-D,

respectively) as well as due to the differences/ben the used methods for analyses.

2.6. Conclusion

The ligands (ACA and HDA) present on the particleface after synthesis are
successfully exchanged with a series of differanboxylic acids such as: sorbic, undecanoic,
linoleic and arachidic acid. The applied procedsneproducible and efficient for particles of
different sizes. The new ligands lead to partidritsons, which are stable for a long period
of time. The acids are adsorbed at the particléasartrough COOH or CO@roups. The
number of ligand molecules connected to the parsadrface depends on the molecule length
and decreases with increasing ligand length.

It was shown that the ligand excess is completetygaved after two washing steps.
The ligand decomposition occurs at lower tempeestafter removal of the ligand excess and

the degradation mechanism changes.

34



Ligand exchange — carboxylic acids

Particles stabilized with the new ligands are stille to self-assemble in well ordered

2-D and 3-D structures. The presence of a ligang®xis necessary for good ordering in 3-D

structures. By using short acids as ligands wiffedint numbers of C-atoms, i.e. different

lengths, it is possible to vary the particle-paetidistance from 13.6 nm (for ARA) to 9.9 nm

(for SA). The control of the particle distance imk will open new opportunities for the

application of nanoparticle films. Controlling thdistance between the particles is for

example, very important for the catalytic, magnedic electric properties of the particle

assemblies.
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Chapter 3

Ligand exchange — amines

3.1. Introduction

Amines are known as good ligands for metallic nanbgles. They have been used as
stabilisers during the synthesis of'AgAu?, FePt!, cd* and CgPt, (x/y is 1/3 or 1/15
nanoparticles. By using the amines it is possiblesynthesize gold nanoparticles with a
narrow particle size distribution and also to tuheir sizé™®. It was found that amino-
capped gold nanocrystals are nearly as stable ais ttiiol capped counterpaffs Gold
nanocrystals stabilised with amines can arrandeghly ordered structures. These structures
are excellent candidates for the preparation obseale devicéd. The formation of strong
bands between amines and metal nanoparticlesasiaési for the phase transfer of'Agand
P! nanoparticles from aqueous to organic solutior®es& amino-metal interactions are
also used for encapsulation of metal nanopartigldspoly(amidoamine) and poly(propylene
imine) dendrimer$?. Additionally poly(amidoamine) dendrimers can beed for the
manipulation of the interparticle spacing betweegnetic nanoparticles. Different distances
between magnetic particles lead to different magmebpertie&?!.

In the CoP4 nanoparticle syntheses described in this thesiadexylamine (HDA)
was not only used as a ligand but also as a sollewestigations have shown that the
presence of HDA is necessary for long-term stahiftthe particle solution.

The main goal of the investigation described ins tichapter was to study the
applicability of the same ligand exchange procedypplied for carboxylic acids to amines.
Two different amines with shorter alkyl chains thlDA were used: trihexylamine and
diaminobutan. Additionally, the same procedure apglied to amines with longer polymer
chains based on poly (ethylene oxide). Poly(etlg/lemide) has already been used as a
reducing reagent during the synthesis of CoPt nanticpe$>. Furthermore, it can be used for
the synthesis of FeO nanopartiftds or for the coating of other magnetic
nanoparticle$> %8 The modification of PEO and the attachment ofgsélips at the end
of the polymer chain allowed the application as igarld for different types of
particle$ M2 particles protected with a PEO shell can be émebiological applications

since it is a non-toxic, hon-immunogenic, non-agig, and protein-resistant polyrfték

37



Ligand exchange — amines

3.2. Ligand exchange with amines

CoPg nanopatrticles were cleaned (experimental part ap@n 9.) and mixed with
different amounts of amines. Five to ten timesda@mounts of amines in comparison to the
amount of particles in the solution were used fierinvestigation. Smaller amounts of amines
are not sufficient to stabilise the particles. Blaene procedure as for the carboxylic acids was
used (experimental part — Chapter 9). The partiptesiously dissolved in chloroform were
mixed with a solution of amines in chloroform. Ouwvestigations show that such small
amounts of 1,4-diaminobutan (5 times larger amaurtomparison to the particles) lead to
particle agglomeration. It was not possible to mb&tabile particle solution with this ligand.
In contrast trihexylamine gives a stabile parteddution in both cases (5 and 10 times larger
amount of ligands). The particles were washed @ifropanol after the ligand exchange in

order to remove the ligand excess and IR spectra measured (Fig. 3.1.).

——CoPt-llw
——————— CoPt - THA

Absorbance, a.u.

1459 1030

— 7 1T T+ 1T T T 7/ —T T T T T T T T
3400 3200 3000 2800 1600 1400 1200 1000 800 600

Wavenumber, cih

Fig. 3.1. TheFTIR spectra of particles before ligand exchang#iddine) and after ligand

exchange with trihexylamine and washing (dash line)

Representative sets of FTIR spectra, comparingpketral characteristics of particles
before and after the ligand exchange, are showfign 3.1. Series of stretching bands
corresponding to methyl and methylene groups caseke in-between 2800 - 3000 triThe
band at 2956 crhis assigned to antisymmetric €btretching modes and bands at 2924 and
2852 cn are assigned to the, andvs CH, modes, respectivéfy ®4. Two bands at 1554
and 1402 cil in the spectra of the particles before ligand exge are originating from
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symmetric stretching modes (COO-) of the carboxylate group. After the ligaexichange
these two bands disappeared. This result indithéegresence of trihexylamine at the particle
surface that is schematically shown in Figure 3TRe FTIR spectrum of the particles after
ligand exchange shows methylene scissoring and yinetfitisymmetric bending in the
frequency region from 1460 - 1380 ¢mThe C-C stretching modes are between 950 and
1150 cni. The presence of bands characteristic for, @kt CH groups after the ligand
exchange indicates the presence of trihexylaminthatparticle surface. A scheme of the
ligand exchange is shown in Figure 3.2. Stabildiglarsolutions are obtained after ligand
exchange with trihexylamine, while 1,4-diamine leadobably to the formation of a network.
The network is formed due to the presence of twinamroups at both alkyl chain ends,

which lead to connections between the particles.

e
v Nﬁ}?\w

H H
Co0 + 1,4-diaminobutan NH,
HN NH,
\ /\/\/ N
H NH,  HN QN
"y 2
H NH, H.
RN HN NH, o HN
HN 2
NH, ,.o‘*zN/\/\/NHz N
N
O
N
NH, gma2N 3 2

Fig. 3.2. The scheme of the ligand exchange at goBhoparticles with trihexylamine and

1,4-diaminobutan

Ligand exchange experiments with tertiary amineshsas trihexylamine show that
the presence of a free electron couple at thegatraatom is probably the most important
parameter for the attachment of amines at the gwtoparticles surface. This result implies
that other molecules that contain nitrogen withreefelectron couple can be used as new
ligands which stabilize the particles. This obsgorawas used later for the examination of
CoPg nanoparticle film formation on different polymamfaces containing pyridine or amino

groups in the polymer chain (Chapter 5.).
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3.3. Ligand exchange with polymers containing 2Njrbups

It has been shown in the previous chapter that esninteract strongly with Coft
nanoparticles. For this reason polymers with anfiead groups were chosen as potentially
good candidates for the attachment of polyethyl®nde to CoPf nanopatrticles. In order to
enlarge the particle-particle distance two polymeithh amino head groups were chosen for
the investigation: PEOA-1M , = 3200 g/mol) and PEOA-2M , = 1750 g/mol) (see
experimental part).

The CoP4 nanoparticles were cleaned and then mixed witlyrpet solutions in
chloroform and stirred for approximately 24 h. Bint amounts of polymers were used for
the investigation. The particles were cleaned amitle 2-propanol and a fresh new polymer
solution (the same like in the first step of th@gadure) was added. The procedure was
repeated once more. The obtained particle soluti@re cleaned two times with 2-propanol.
Afterwards the particles were redisolved in chlorai. The as-prepared solutions were
filtered through a PTFE 0.2 pm filter.

The solubility of the particles was tested in orttecheck which amount of polymers
is necessary for a successful ligand exchange efdrer100 pl each solution was dried under
nitrogen, and then 200 pl of water was added todtied particles under vigorous stirring.
The water solutions of particles were stirred feveyal days and stability of the solutions was

studied. The obtained results are presented ineTal

Table 3.1. Ratio between the used amounts of pestiand polymers during the ligand

exchange and stability of polymer stabilised p&tiafter their transfer to water

Polymer n(CoRY : n(polymer) Stability
PEOA-1 1:0.16 Precipitated immediately
1:0.33 One day
1:0.66 Stabile for months
PEOA-2 1:0.33 Precipitated immediately
1:0.66 Five days
1:1.20 Stabile for months
1:2.40 Stabile for months
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CoPg nanoparticle transfer from non-polar solvents e water confirmed the
successful ligand exchange with polymers based ag(gihylene oxide). Stable water
solutions were obtained for particles to polymetioraof 1:0.66. Lower polymer
concentrations are not sufficient for particle diséition. Larger amounts of polymers in
comparison to the particle amount (1 : 0.66) leathore stabile solutions.

The stabilisation of the particles and their transinto water did not show the
formation of agglomerations or small clusters sisdxl with polymers (Figure 3.3.). They are
packed in a non-ordered structure what is expefrtad aqueous solutions. (The particles
deposited from aqueous solution on carbon gridsTEM measurements) show only seldom
2D lattices.) The distances between the particieseased in comparison to particles before
ligand exchange (usuallyy 2.5 nm). This indicates that the polymer chainsuad the
particles make a shell, which does not allow clgeeticle packing. An influence of different
polymer length on the particle-particle distanceswat observed. One explanation for this
behaviour is that the polymer chains are long &eg aire not stretched but bended around the
particle&*?°! Therefore the interparticle distance is not prtipnal to the polymer length.
The polymer bending around the particles probaddyl$ to different inteparticle distances.

Fig. 3.3. TEM image of CoRtanoparticles stabilised with PEOA-2 and transfdrte water
(left hand side). SEM image of the same particlgmsliéed from a chloroform solution on

silicon by spin coating (right hand side)

The particles deposited on silicon from a chlorofa@olution show self-assembly in
rope shape structures (Figure 3.3.). SEM showstliegpolymer ligands do not allow particle

self-assembly in 2-D super lattice. The distancesveéen the particles are larger but not
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controllable. A possible solution for this problean be the use of shorter and/or more rigid
polymer chains. Recent investigations show that RE® more than one amino group at the
end of the alkyl chain and with shorter PEO chasas lead to the assembly of CePt

nanoparticles at different distances and in a hemalgatticé?”".
3.4. Conclusion

The ligand exchange procedure used for differeriaeylic acids is also applicable to
molecules with amino groups. It is possible to mgeonly primary but also tertiary amines in
this procedure. This result indicates that the nmapbrtant parameters for amine attachment
to CoPt nanoparticles are the presence of the one elegedn at the nitrogen atom.
Interactions between ligands and GoRanoparticles are realised owing to this electron
couple. The same procedure can also be used fdigtmed exchange with poly (ethylene
oxide) that was functionalised with an amino groBp.using these polymers it is possible to
transfer the nanoparticles from organic solutianart aqueous phase. This can be interesting
for further biological application. TEM images shenvthat the particles are separated from
each other in water. The solution is stable for thenThese polymer ligands lead to larger
particle-particle distances, but they do not allavself-assembly of the particles into 2-D
super lattice. Due to the strong interactions betwehe used polymers and CoPt
nanoparticles these polymers are used as sublayspsn coating and Langmuir — Blodgett

techniques.
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Chapter 4

Ligand exchange - thiols

4.1. Introduction

It was shown in the previous chapter that ligandsent on the particle surface after
the synthesis (ACA and HDA) could be successfukghanged with carboxylic acids and
amines. The used ligand exchange procedure shéaddba applicable to other ligands. In
order to test these hypothesis ligands with -SHiggdthilos, mercapto alcohols or acids etc.)
are chosen. These ligands are already known aslmg@odls for metal nanoparticles, such as
AU pd? and PP nanoparticlesThiols are not only used as ligands during the
nanoparticles synthes8§M but also in the post-preparative exchange of dheping
ligands on different nanoparticles. The ligand exaie leads to the formation of a more polar
shell around Cd$e! and Ad*? nanoparticles and increase their ability to foitmg on
different surfaces. Additionally thiols can be usedligands for the transfer of nanoparticles
from the water to the organic ph&§efor the stabilisation of CdSe nanoparticles dyitine
formation of Langmuir Blodgett films at the airveatinterfac€® or for the deposition of Au
particles on polymer surfadt$,

Mercapto alcohols, mercapto acids or anionic atidmia thiol-containing ligands are
usually used for the transfer of nanoparticles froomn-polar solvents into the water
phas&'5! previous investigations have shown that theahgtabilisers (ACA and HDA)
of CoPg nanoparticles can be exchanged with 11-mercaptmamsbic acid. By using this
procedure CoRtnanoparticles can be successfully transferred fnom-polar solvents into
watef'?),

Other ligand exchange reaction between thiols avlezGanoparticles have not been
described till now. As thiols have been used asniity during the syntheses of Pt
nanoparticle€® one can assume that they will also attach to oBteatoms in CoRt
nanoparticles. The Pt content in CoRanoparticles is high and should provide a Igtlates
for thiol attachment. Therefore the possibility égchange the present ligands on GoPt
nanoparticles with dodecanthiol (DDT) by using thieeady described ligand exchange

procedure was investigated in this study.
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4.2. IR analyses of Coftanoparticles before and after ligand exchange BT

The ligand exchange is performed by the procedeseribed in the experimental part
(Chapter 9.). Briefly, previously cleaned particége mixed with DDT. The IR analysis of the
particles before and after ligand exchange with D&ibws significant differences in the
spectra (Fig. 4.1.). The two bands at 1563 and t4ibin the spectra of the particles before
ligand exchange arise from CO@roups attached to the particle surface. (Thep&sum of
the particles before ligand exchange is explaimedeitail in the previous chapter.) The band
at 2957 crit in the spectra of the sample after ligand exchamige from the antisymmetric -
CH- stretching, while the bands at 2917 and 2848 ame results of the antisymmetric and
symmetric stretching vibrations of GH®",

| 2917 —— CoPt
e CoPt + DDT

| (2848

Absorbance, a.u.

T e e e e e e e e e
3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000

Wave number, cih

Fig. 4.1. Typical IR spectra of the sample before (solid line) and after ligand exchange with
DDT (dash line)

After the ligands exchange with DDT and the washgngcedure (two times washed)
the bands of the CO@roups disappear suggesting the complete remdvaCa from the
particle surface. A new band appears at 1459 ¢mat can be assigned to antisymmetric
bending vibrations of the methyl groups. The nartmamd at 1415 cihis assigned to the
methylene scissoring GH8”*8. The CH symmetric bending vibration, also known as the
umbrella mode, appears at 13747crin the literature two relevant sets of bandsdescribed

in the region between 1000 and 1200’c/he first set is assigned to C-C stretching mpdes
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commonly found between 950 and 1150 ciihe other important spectral features are two
weak chain end-gauche defect bands, which invdieecombination of either a methylene
and methyl rock (~ 1165 cfor a methylene wag and C-C stretch (~ 1078)6f.

The IR spectra indicate the absence of free thakpules in the solution and suggest
their attachment to the CaPurface. Also they indicate the complete removahe previous
ligands (ACA and HDA).

4.3. Indications for the formation of complexesidgrthe ligand exchange procedure

CoPg nanoparticle solutions change their colour froracklto dark red during the
ligand exchange. After this procedure the particdee precipitated and redissolved in
chloroform using the washing procedure describetiénExperimental part (Chapter 9.). The
particle solution appears black after the washiragg@dure. Simultaneously the supernatant
obtained after particle washing is red colourece Téd colour of the supernatant indicates the
presence of complexes or clusters that are fornueiciglthe ligand exchange reaction. This
colour does not originate from a rest of ,(@O) after the synthesis. The colour of the
supernatant obtained after particle synthesis amnta rest of C4CO) which is usually
violet or in some cases blue, depending on the atafuoxygen. UV spectra were measured
(Fig. 4.2.) in order to compare these two supematalutions (after synthesis and after ligand

exchange).

0.6
506 —— after syntheses

| T CoPt -5nm + DDT
054 . CoPt -8 nm + DDT
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Fig. 4.2. Typical UV-vis spectra of the supernatants obtained after particle synthesis and after

ligand exchange with DDT (for two different samples of particles)
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The UV-vis spectrum of the supernatant obtainedrgfarticle synthesis shows only
one peak. This spectrum is in agreement with tleets@ measured in the case of Co clusters
formation (probably Cpand Ce)*®. The UV spectrum of the supernatant obtained after
ligand exchange with DDT (Fig 4.2.) is differerttshows two peaks at lower wavelengths in
comparison to the spectrum after synthesis. Th& peaitions do not change if the particle
size changes. This indicates the formation of #reescompound independent of the particle
size. The UV spectra of the supernatants aftentigexchange are comparable to the UV
spectra measured for a mixture of Co clusters asfd Cthiol complexes, both formed with
DDT®?Y. Therefore, it can be assumed that the formed tmis probably a complex
between Co atoms and DDT.

Cobalt atoms have a tendency to form stable coraplaith different ligands such as
O-donor, N-donor and S-donor ligands, halides, &%, In order to check the tendency of
Co to form complexes with DDT the following expeant was performed: a cobalt foil was
placed in a glass vial with DDT and stored at rdemperature. The reaction between the Co
foil and DDT at room temperature starts after oag, cand after a few days a dark red
solution was obtained. The UV-vis spectrum of thlEslution was identical to the
UV-vis spectrum of a supernatant after ligand erdea All these results lead to the
conclusion that Co clusters/complexes with DDT fmened during the ligand exchange.
Nevertheless the reaction of Pt atoms and DDT duigand exchange cannot be excluded,
especially due to the fact that thiols are usedligands for the synthesis of Pt
nanoparticle€"®,

In order to get a better understanding of the readietween CoRtnanoparticles and
DDT a detailed investigation was performed usingsas with different particles sizes and
different shapes. Three different sets of conddétiaere tested: a) reaction in nitrogen and at
90 °C, b) in air and 9C°C and c) in air and at room temperature. The sasnplere
characterised by XRD, EDX and TEM.

4.4. Influence of particle size and shape on ligexchange between CagPt

nanoparticles and dodecanthiol

Three different, freshly prepared samples were fmethe investigation. Two of them
are composed of spherical particles with differgines (CoRt4, CoP4-8) and one of cubic
shaped patrticles (Cof8-c). (The numbers in the sample names are theoxippate values

of the particle diameter. The letter c indicateBicyarticles.)
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The ligand exchange reaction was performed in te described in the experimental
part (Chapter 9.). All samples show a tendencyetxtr with DDT independent of size and
shape. The required time for a colour change frtaokdto red is very short. In the case of the
heated samples the colour changes usually beferdirtal temperature of 98C has been
reached.
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Fig. 4.3. TEM images of particles before (a - CoPts-8c; ¢ - CoPts-4 and e - CoPt3-8) and after
ligand exchange with DDT (b - CoPt3-8c, d - CoPts-4 and f - CoPt3-8) performed in air at
90 °C, for 72 h.

The TEM images of the samples after ligand exchdmgair and with heating at 90

°C for 72 h) show good particle packing in hexago?d) structures. The particles were
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highly monodisperse before the ligand exchangeitaisdpossible to notice changes after the
ligand exchange (especially in the case of thedrigarticles (CoRt8 and CoRt8-c)). The

investigation of the smaller particles (CeR) by TEM is not simple. The particles are

already small and differences in particle size sinape before and after the ligand exchange

cannot be easily distinguished.
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CoPt;3-8, CoPt3-8-c) before and after

(N2-72h) and air (O.-7h) or kept at room temperature for 72 h (RT-72h).

. Histograms for all three samples (CoPts-4,
In order to have more reliable data of the partgiles, histograms of the particle

Fig. 4.4
ligand exchange under different conditions. The samples were heated with DDT in nitrogen

diameters were obtained. TEM images and the prodraage J have been used for the
histograms calculation. The histograms of all s&@®@re shown in Figure 4.4. The particle
diameter has been calculated from the project avkBt®e particles (A) on the images as d
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2(Aln) Y2 The particle diameter has been defined as theater of a sphere equivalent to the
cross-sectional area on the image (Table 4.1.% 3induld be taken into account especially in
the interpretation of the histograms of the cul@diples. The described approximation leads
in that case to higher deviations from the realialThe same procedure was applied to all

samples before mixing with DDT and after 72 h.

Table 4.1. Summary of the results obtained foraherage, minimal (), and
maximal particle diameter (dy and the standard deviation calculated using

statistical analyses of the data shown in the bistos

Number of, Average | Standard A q
Sample particles | diameter | deviation [nnr]rl:] [nnrﬁj
[nm] [Nnm/%)]
CoPt-4
before 2411 4.17 0.481/11.5 2.19 6.13
N2-72h 2945 4.25 0.462/10.9 1.85 5.71
RT-72h 1713 4.40 0.518/11.8 2.75 9.18
02-72h 2152 4.30 0.494/11.5 1.18 6.42
CoP%-8
before 2221 8.12 0.497/6.1 4.30 10.19
N2-72h 1550 8.15 0.517/6.3 2.57 9.68
RT-72h 1550 8.13 0.581/7.1 412 12.2(Q
02-72h 1732 8.00 0.562/7.0 4.28 10.13
CoPg-8-c
before 1243 8.43 0.777/9.2 5.95 11.41
N2-72h 1400 8.61 0.822/9.5 5.93 12.90
RT-72h 1176 8.70 0.858/9.9 5.00 11.60
02-72h 1213 8.53 0.865/10 4.56 12.5§

The histograms of the small particles (Gt show changes in the size distribution
after all three applied procedures (Table 4.1. @ferage particle diameter shifts slightly to
higher values under all reaction conditions. In¢hse of samples prepared in air the standard
deviation values increase in comparison to the esmlof the samples before the ligand
exchange with DDT (Table 4.1.). The increase of #tandard deviation indicates a
broadening of the particle size distribution. Thisalso recognizable in the histograms. The
broadest particle size distribution is observedseimples treated at room temperature for 72 h
(RT-72h). The values for the minimum particle diaenendicate that the smaller particles are
more dominant if the reaction mixture is heate®GIC (N>~72h and @-72h).
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The same analysis was applied to the bigger syigrarticles (CoRt8). In all cases
the standard deviation increases in comparisohdésample before the reaction. This result
indicates broadening of the particle size distidoutafter ligand exchange. The broadest size
distribution is again achieved for the sample pregpat room temperature. The shape of the
histogram of the particles heated in air indicagetarger number of smaller particles in
comparison to the other samples. Additionally therage particle diameter shifts to lower
values in comparison to the sample before the igract

The cubic particles show a similar behaviour (Tahlk.) as the spherical particles.
The standard deviation is almost two times largantin the case of the spherical particles
with the same size. This observation can be caneednly by the particle size but also by
the approximations taken for the particle diametdculations. The broadening of particle
size distribution is more pronounced than in theeoaf the spherical particles.

The results obtained by analysis of the histograshew an influence of the
atmosphere and temperature on the particle diani2ter to the reaction between the particle
surface and DDT the shape and size of the partehesige. The particle size distribution
broadens. The experiments in different atmosph&res a more pronounced influence of air
(oxygen) on the reaction in comparison to nitrog€ample heating in air leads to the
formation of a larger amount of smaller particlése formation of smaller particles observed
after the reaction is probably a result of Co (Bt}ddetaching from the nanoparticles surface.
In this way the particles are “digested” by DDT idgrthe reactioi®??2”]. Some particles
are not attacked by DDT while other are more o8 tiissolved. That leads to the formation of
fractions with smaller particles in comparisontie samples before the reaction. Nevertheless
more conclusions about the reaction mechanismitireutt to obtain only by analysis of the
particle size and the TEM images. For this reasbhvlid measurements of all supernatants
obtained after cleaning of the particles were done.

The supernatants of all samples were obtained shiwg the samples (experimental
part) after the ligand exchange reaction. Typipalcsra of supernatants are shown in Fig. 4.5.
Three aliquots were taken from the sample £®#® that was heated in air at 9D, at
different reaction times (24h, 48h and 72 h). Thewmn spectra are obtained from the same
amount of sample that was washed with a mixtur2-pfopanol/acetone (experimental part —
Chapter 9.).

The intensity of the absorption changes with tirmeggesting an increase of the
complex/cluster concentration in solution. Thisutesuggests a continuous reaction. The

reaction is stopped after 72 h. The continuousti@aidicates a continuous accessibility of
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Co (and Pt) atoms for the reaction with thiol. Qrussible explanation is that thiols dissolve

the Co and Pt atoms, leading to particles dissmiusind disappearance. Simultaneously new
clusters are formed and therefore complex concgmtran the solution increased (detected by
UV-vis).

air, 90°C

—— CoPt-8-c - 24h

——————— CoPt-8-c - 48h
- CoPt-8-c - 72h

Absorbance, a.u.

T T T T T T T T ==
300 400 500 600 700 800
Wavelenght, nm

Fig. 4.5. UV-vis spectra of supernatants after ligand exchange with CoPts-8-c particlesin air
at 90 °C, for 24 (solid line), 48(dash line) and 72 h (dot line).

If the reaction take only place between the Co atamd the thiols the change of the
Co concentration in the particles should influetiez Co to Pt ratio in the samples. Therefore
the Co to Pt ratio was determinate by EDX (energppeatsive x-ray spectroscopy). The
values for all samples are given in Table 4.2. bagpherical particles show slightly different
Co : Pt ratios before and after the reaction. Cphiticles show almost the same Co : Pt ratio
before and after the ligand exchange. The diffexdretween the Co : Pt ratio is only higher
in the case of smaller spherical particles (G@fptand indicates a decrease of the cobalt
concentration in the samples after the ligand exgbaeaction (Table 4.2.). In this case the
ratio of Co : Pt changes from 1:2 for the sampléoitge the reaction, to 1[(B.7 for the
samples after the reaction. This large differemcthe Co : Pt ratio should be also detectable
in the XRD diffractograms of the samples before afidr the ligand exchange reaction. The
different positions should change from the position CoPt with a cubic lattice to the
diffraction pattern characteristic for CoPt with tatragonal lattice. Therefore, XRD
measurements of all samples were performed angsathin order to check and conformed

the EDX data. Additionally XRD gives information @t the whole sample concerning
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changes in particle diameter after ligand exchaugealso crystal lattice transformations. All

XRD measurements were done in the rangeap+230-100° (experimental part - Chapter 9.).

Table 4.2. Percentage of Co and Pt (weight andiajaand calculated ratio of Co:Pt for
all samples (CoR#4, CoP%-8, CoP%-8-c) before and after ligand exchange for 72 h in
different atmospheres and at different temperatubasa were obtained by EDX.

Co(K), Pt(L), Co(K), Pt(L), Ratio

Sample weight % | weight % | atomic %| atomic % Co:Pt
CoPt-4

before 11.9 88.1 30.8 69.2 1:2.2

N2-72h 7.6 92.4 21.4 78.6 1: 3.7

RT-72h 7.1 92.9 20.2 79.8 1: 3.9

02-72h 7.8 92.2 21.8 78.2 1: 3.6
CoPt-8

before 9.0 91.0 24.8 75.2 1: 3.0

N2-72h 8.4 91.6 23.4 76.6 1:3.3

RT-72h 8.2 91.8 22.9 77.1 1: 3.4

02-72h 9.8 90.2 26.4 73.6 1:2.8
CoPg-8-c

N2-72h 12.0 88.0 31.2 68.8 1:2.2

RT-72h 13.6 86.4 34.3 65.7 1:1.9

02-72h 12.1 87.9 31.2 68.8 1:2.2

The XRD diffractograms of spherical particles (Ce®tnd CoRt4) show almost the
same peak positions before and after the reackag. @.6.a). The reflex positions are
compared to the reflex positions of CoRtubic lattice) and CoPt (tetragonal lattice) the
case of smaller spherical particles the reflex towss are almost the same as the reflex
positions of CoRtbulk?®. This results does not agree with the values pbthiby EDX
measurements of the Cght particles before ligand exchange (Co : Pt 2212; Table 4.2.).
One possible explanation is that during the readibparticles do not react in the same way.
This can lead to different Co : Pt ratios in diéfet parts of the sample. Especially the EDX
measurements can be influenced because this teehc@n only take into account small

sample areas. In contrast XRD measurements giawenage value for the whole sample.
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Fig. 4.6. XRD diffractograms of samples before (black line) and after ligand exchange for
72h (in Nz at 90 °C - red ling, in air at 90 °C - green ling, in air at room temperature - blue
line). a) Sample CoPts-4. b) Sample CoPts-8. The peak positions of the cubic lattice of CoPt;

|| hl
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and the tetragonal lattice of CoPt are given as thin vertical lines (black and red,
respectively).

Larger spherical particles also do not show a figant change in the reflex positions
before and after the reaction (Fig 4.6. b).

In general XRD measurements give also informatiboua the average particle
diameter. The particle diameters are calculatenh frwo reflections ((111) and (200)@2<
40 and 47, respectively). They are fitted to a combined peofonsisting of Gaussian and
Lorentzian functions using a linear background fiomc Diameters are calculated from the
width of the Bragg reflections according to the &clr formula. (Detailed information are
given in the Appendix). The Scherrer formula iscuggth a form factor of K = 1 to give a
rough estimation of the particle size. For moreciz® calculations the equation should be
adapted to the geometrical properties of the sanipl¢his study we used an equation that
already provided good results for CoBpherical particlds’:

d= f 094
3 wcosO

where d is the particle diametérjs the wavelength of the X-radiation,is the peak width at
half maximum and® is the Bragg angle. The diameters of the partibtbesboth samples

(CoP%-8 and CoR#4) are calculated using this equation and theygasen in Table 4.3.
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Table 4.3. Average particle diameters for all saslefore and after ligand exchange for 24,
48 and 72 h in different conditions. All diameten® calculated by using two reflections
(111) (angled40.0) and (200) (angleél46.5).

Particle diameter [nm], after
Sample 20 0 h* 24 h [ 48] h 72h
CoPt-4 — N\
(111) 40.02 4.33 4.82 4.22 4.22
(200) 46.57 4.21 4.80 4.32 4.32
Average 4.81 4.27 4.27
CoPt-4 - O
(111) 40.02 4.33 4.56 4.44 4.44
(200) 46.54 4.31 4.80 4.54 4.80
Average 4.68 4.49 4.62
CoPt-4 — RT
(111) 40.02 4.33 4.33 4.22 4.44
(200) 46.54 431 4.31 4.31 4.66
Average 4.30 4.32 4.27 4.55
CoPt-8 — N\»
(111) 40.29 8.05 8.05 8.46 8.03
(200) 46.87 7.55 7.81 7.51 7.81
Average 7.93 7.99 7.92
CoPt-8 — O
(111) 40.29 7.69 8.04 7.69 8.04
(200) 46.87 7.85 7.65 7.85 7.90
Average 7.85 7.77 7.97
CoPt-8 — RT
(111) 40.29 8.05 7.34 7.69 7.67
(200) 46.87 7.48 7.85 8.27 7.85
Average 7.78 7.60 7.98 7.76

* Average values for samples before the reactiencatculated from all measured
samples

The average particle diameter of sample @dPtcalculated from the XRD
measurements is in good agreement with the avetiageeter obtained from the histograms.
For larger particles the XRD measurements leadigbtl/ lower values. A reason for this
result can be a lower crystallinity of the partecler a texture effect. Both of them can cause
differences in the width of the reflex at half maxim. In addition the standard deviation is
higher for larger particles than for smaller ondewever, a trend cannot be noticed and more

information cannot be extracted from this data.
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CoPy-8-c [ ] CoPt - cubic - 100
—— before I CoPt - tetragonal |
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Fig. 4.7. XRD diffractograms of sample CoPt3-8-c before (black line) and after ligand
exchange for 72h (in N> at 90 °C - red line, in air at 90 °C - green line, in air at room
temperature - blue line). Reflexes at lower angles (left hand side) and higher angles (right
hand side) are shown. Reflex positions for the CoPt; cubic lattice and for the CoPt tetragonal

lattice are given as thin vertical lines (black and blue, respectively)

Cubic CoP4 particles (CoRt8-c) were investigated in the same way as spHerica
particles. The different Co to Pt ratio of cubiatgdes in comparison to spherical once is
confirmed by EDX and by XRD measurements. The XRflexes show a slight shift to Co-
rich alloys. Additionally small peaks appear atiposs that are characteristic for a CoPt
tetragonal lattice at 4% %Fig. 4.7.). The EDX also shows that the ratiolase to 1:2.

XRD and EDX show almost no change after the remabiothe cubic particles with
DDT. This is in opposition to the results of theMEmages analysis that show significant
changes in the particle shape and size. In ordehéxk the reproducibility of the results
achieved for cubic particles one more sample wapged.The particle size was almost the
same (around 8 nm) as for the previous sample.séh®le was heated at 80 for 96 h in
nitrogen. An intensive red-coloured supernatarfoimed during the reaction. Samples are
taken after 24, 48 and 96 h. They were analysdeily, XRD and TEM measurements. The
EDX shows a Co to Pt ratio of 1:2 as for the prasisample and very small changes after the

reaction. The XRD analysis shows that the peaktiposi are closer to a tetragonal CoPt
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structure, but the particle diameter does not champge only obvious difference between the

sample before and after the reaction was agaicewin the TEM images (Figure 4.8.).
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Fig. 4.8. TEM images of cubic particles before and after heating with DDT in N, for 24 and
9% h

The TEM images show that the particles drasticelignge during the reaction with

DDT. Some of them are almost completely dissolvédt influence of DDT on the particles

and the formation of a red coloured complex arécedtonce more, but it was not possible to

detect changes in the Co to Pt ratio using EDXhatiameter size using XRD.

The small changes in the Co: Pt ratio and in tle@kppositions in the XRD

diffractograms lead to the conclusion that probdRyT reacts with both elements Co and Pt

at the same time and leads to particle dissolviihg. difference between the particle size and

shape recognised in the TEM images suggests thatlnparticles react in the same way.

Some of them are more stable and do not changshtigge during the reaction, while others

are getting drastically smaller. An explanation Idobe differences in the particle stability.

Probably particles with lattice defects are lesbig# and more amenable to a reaction with

DDT. Particles without defects do not react solgagith DDT, and they keep the shape and

the size during the reaction.

If this theory is correct cubic particles are Issabile than spherical once and they

react more intensively. This leads to drastic ckeangh the particle shape and to the

dissolution of the particles.
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4.5. Conclusion

The presented results show that the interactiotveds® CoPtnanoparticles and DDT
are very strong and lead to the formation of coxgseand/or clusters. The reaction occurs at
higher temperatures (9C) as well as at room temperature, and in air tnogen. The
particles self-assemble in 2-D structures everm #fiteligand exchange. After the reaction the
difference in the Co : Pt ratio is not pronouncedspite obvious reaction between GoPt
nanoparticles and thiols). Different Co to Pt rafiattice structures and different numbers of
lattice defects in the particles before the reacttan cause the different behaviour of the
particles. Probably particles with more latticeed#$ and with a higher content of Co start to
react faster and dissolve faster. Therefore cubitigles with Co : Pt ratio of 1:2 are less
stabile than spherical once with a different crystiiice and a different Co : Pt ratio (1:3).

These investigations open a lot of questions camaegrthe reaction between thiols
and CoP$nanoparticles. A more detailed analysis and agtia of additional techniques for

the investigation are necessary in order to exglareaction mechanism.
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Chapter 5

Spin coating

5.1. Introduction

The preparation and investigation of ordered arysanoparticles has attracted an
increasing interest during the last years duedo thide range of potential applications e.g. in
opto-electronics, magnetic storage devices andysid. Therefore, the concept of well-
ordered, multi-dimensional structures that covergda areas prepared from colloidal
dispersions of nanoparticles is very promising.uxity, one of the key issues is the reliable
synthesis of nanopatrticles of tunable dimensiohss 1B already achieved in the case of GoPt
nanoparticled. A second major aspect of the film preparation poses the controlled
deposition and arrangement of the nanoparticlethersubstrate. Very often ligands around
nanoparticles influence the surface chemistry ef plarticles and determinate the particles
packing. Therefore stabilization of particles witkfferent ligands can change chemical
properties of the particle surface and influencehmir packing ™. Additionally, the use of
polymeric buffer layers, “surface modifiers”, can odify the particle-substrate
interactio®®®!. Usually the used polymers have specific functiog@ups that provide
interaction to nanoparticles, e.g. thiol, pyridgmino and carboxy group. High numbers of
specific groups in polymer layers make the polynedfisient adhesives. Interactions between
particles and polymers can be electrostatic, hyaeholgonding, charge-transfer, and other.
Beside the interactions one also very importantofais to produce smooth polymer surfaces
as a good underground for particle deposition.

In this chapter, the focus will be on the applicatof the spin-coating technique in
order to prepare ultra-thin films of CgRtanoparticles. Special emphasis will be put on the
study of the influence of polymeric surface mod#ieon both, the nanoscopic particle
arrangement as well as the large-scale film mogaol In particular, the effect of the
functional amino and pyridyl groups on the mesog&coper layer structure was investigated
as a function of the polymer type, the buffer layhickness, and the rotation speed.

Techniques that were used for investigations aneziBg-Incidence Small Angle X-ray
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Scattering (GISAXS), Scanning Electron Microscof¥iM) and Atomic Force Microscopy
(AFM).

The influence of pyridyl groups was investigated using poly (2-vinyl pyridine),
P2VP, and poly (4-vinyl pyridine), P4VP, as buffayers. Poly (vinyl pyridine)s (P2VP and
P4VP) are already known as attractive polymerghHerimmobilization of nanoparticles due
to the strong affinity of pyridyl groups to metadsid their ability to undergo hydrogen
bonding with polar speci5?. From literature it is known that after depositiand
adsorption on wafers, PVP molecules still have mooe unbound pyridine groups that do
not participate in the interaction with the surfaged that are capable of binding of
nanoparticled). Therefore PVP-s were successfully used as a iafjers for deposition of
silve®®  and gold™ ! hanoparticles. Additionally, the UV cross-linked®films acted
as reversibly responsive coatings that controlleel surface wettability and the swelling
toward external stimuli, solvent and PpH which can broaden the application field. The
interactions between the nanoparticles and PVPnperly also enable the use of the block-
copolymers, which can be used as a matrix for glidelf-assembly of nanoparticles.
Previously such polymers were used in a combinatith gold nanoparticlé$™, cobalt
nanoparticleé$®, and very recently for CdSe quantum &6ts

A second group of polymers based on poly (ethylexide), PEO, terminated with
one or two amino groups were chosen in order testigate the influence of amino groups on
the attachment of nanoparticles. It was found thistpolymer readily attaches to the surface
of CoP¢ nanoparticles due to the amino groups (see Ch&pteiherefore, the ability of
these polymers as substrate modifiers was investigen other words the presence of amino
groups at the end of polymer chains is sufficieniniprove the packing and covering of the

silicon wafers with CoRtnanopatrticles.
5.2. Spin coating: procedure and theory

Spin coating is used for many applications whetatikely flat substrates or objects
are coated with thin layers of material. This isimple technique that can lead to very
uniform films of well-controlled thickness over ar¢e area (& 30cm). The typical spin
coating procedure involves deposition of materigtbahe centre of a substrate and spinning
the substrate at high speed. Material must be quely dissolved or dispersed in a proper
solvent. During the spinning centripetal acceleratvill cause the solution to spread to and

eventually off the edge of the substrate leavingiéorm layer.
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Some technologies that depend heavily on high tyuspiin coated layers are:

» Photoresist for defining patterns in microcircaibfication.

» Magnetic disk coatings - magnetic particle suspmrssihead lubricants, etc.

* Flat screen display coatings - antireflection auggj conductive oxide, etc.

» Compact Disks — DVD, CD ROM, etc.

* Television tube phosphor and antireflection coating

The spin coating technique is fast, simple and shdhal applicable. As already
mentioned, this technique is by now used for thedpction of magnetic disk coatings and
compact disks. Hence, it is really important todstigate the possibilities for applying this
technique on CoRhanoparticle deposition on different substrates.

From literature it is known that parameters thfitience on the final film thickness and
other film properties are contingent on the usetens (viscosity, drying rate, percent solids,
surface tension, etc.) and the parameters chosenhéo spin process (rotational speed,
acceleration and drying procedure).

The selection of solvents was narrowed by the didlmf CoPt; nanoparticles. The
particles are soluble in only few types of solvgjetdoroform, toluene, and hexane). Toluene
as a solvent with higher boiling point, surfacesien and viscosity than the other two
solvents, and as a very good solvent for the pestithe particle solutions in a very broad
scope of concentrations stay stable over months evesen for preparing the particle
solutions. Concentrations used for the film prepanaduring the investigations were small
(less than 2 mass % of the particles) and one agrhat viscosity, drying rate and surface
tension of the particle solution were approximatéie same as for toluene. The only
parameter, which was possible to be changed, coimgerthe used material, was the
concentration i.e. percentage of the nanopartidlasrefore the only possibility to influence
the film quality is by changing the parameterstf@ spin process in order to find the best for
the CoP4 film preparation. As good parameters for the gmiocess one can consider the
parameters that lead to production of large sutestaseas covered with a well-organised
particle monolayer.

One should always have in mind that one of the nmpgbrtant factors in spin coating is
reproducibility. It is already known that slightnations in the parameters during the spin
process can result in drastic variations of thaioled film. The experiments were done in the

way to keep as much parameters constant as passible
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For better understanding of the spin coating procedhe main process phases and
theory behind them will be described and consideBading the spin coating process, four
different stages can be distinguished:

1) Deposition;

2) Acceleration;

3) Spinning at a constant rate where the fluid os#y dominates the fluid thinning
behaviour;

4) Spinning at a constant rate where the solveap@ation dominates the film thinning

behaviour.

1) Deposition

DEPOSITION The first phase is the deposition of a material
solution onto the wafer or substrate (Figure 5I1.¢an
\ be done by using a nozzle, or it can be sprayeal thiet

surface etc. Two things are very important in fhhase:
a) to provide the necessary amount of solution ¢imto

wafer; b) the surface wettability with the usedvsoit.

Fig. 5.1. Scheme of the
deposition phase during
spin coating wafer.

To prevent from incomplete coverage all experimet@scribed in this chapter were

Both of these will result in a complete coverage e

done by deposition of an excess of solution onvtagers. Typically the used volume was 50
pl if the wafers were 8 x 8 mm large, increasing ¥olume for bigger wafer surfaces. In all
cases, the deposited volume was enough to coverfulhevafer. Wafers used in the
experiments had a good wettability by toluene. A#db solutions were filtrated before
deposition to eliminate aggregates that could tedthws.
2) Acceleration
ACCELERATION After the deposition phase, the next step is teelkecate the
2 R substrate up to its final, desired, rotational sp&&uring this
I B phase a large amount of the solution will be rerdofrem
. the substrate by the centripetal force. Moreoversame
processes up to 50% of the solvent can be evapbiratie

first few seconds.
Fig. 5.2. Scheme of

acceleration phase during
spin coating schematically in Figure 5.2. Because of the initdapth of

The possible fluid profile during this processh®wn
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fluid on the wafer surface, spiral vortices mayeflyi be present during this stage. This form
is a result of the twisting motion caused by thertia that the top of the fluid layer exerts
while the wafer below rotates faster and fdSterFinally, the fluid is thin enough to be
completely co-rotating with the wafer.

Investigations showed that better results wereiobthwith a very short acceleration
phase (1 s), using the maximal possible speedsrptiase. Longer acceleration periods and
lower speed lead to the production of non-unifonna anultilayered particle films on the

silicon surface.

3) Spinning at a constant rate where the fluid @ty dominates the fluid thinning behaviour
SPINNING Relatively high speeds (from 1000 — 6000 rpm) can
~__ be used in this phase to thin the fluid to thelfthé&ckness.
This step can take from few seconds to several tesndhe
- combination of the rotation speed and time willidefthe
final film thickness (Fig. 5.3.). In general, highetation

speeds and longer spinning time lead to the foonadif a
Fig. 5.3. Scheme of spimg  thinner film. This stage is characterised by gradisd
during spin coating thinning. If the liquid exhibits Newtonian viscosiand if

the fluid thickness is initially uniform across thafer, the fluid thickness profile will also be

uniform at any time, leading to a uniform final tiag*>"®!.

4) Spinning at a constant rate where the solvemiperation dominates the film thinning
behaviour

EVAPORATION In this phase the film thickness is not changingt o
is changing negligible due to the substrate spmr(ifig.
5.4.). The main influence in this phase has thevesul
evaporation. Due to the solvent evaporation theoggy of

the fluid increases. Therefore, the rotation speemt strong

_ enough to remove the fluid from the surface anthioner
Fig. 5.4. Scheme of
evaporation phase during the film in this way. All further changes of thénfi thickness
spin coating are only the effect of the evaporation process. Sloaver
rate of drying offers the advantage of increasdm fihickness uniformity across the

substrates.
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The two phases (3 and 4) must be occurring simettasly during all spin coating
procedures.

From the previous explanations it is obvious thatotation speed is one of the most
important factors in spin coating. Therefore th&ation speed has been investigated in the
range from 1000-5000 rpm. The spinning time ireapperiments was 30 s. During that period
of time, the final film thickness was reached ahd tilms had enough time to dry, because
the low concentrated solutions, in volatile solgentere used.

Modelling of the spin coating process is complexe dw the many involved
mechanisms. The first authors who described the spating procedure, were Emslie,
Bonner and PeéK. They assumed a Newtonian behaviour of the floid they also made a
model with a lot of approximations. Later more cdicgied models appeared, which
described the experimental data better. The newelnagssume non-Newtonian behaviour
taking into account the influence of an evaporatjpmmcess during the spin coating

procedurE®. Other authors described in detail the spin cgatincolloidal suspensiohd.
5.3. Influence of the concentration and speed diema@vering

Four different concentrations were used in ordeint@stigate how the nanoparticle
concentration influences on the substrate covefliig particles from one synthesis (same
quality and size distribution of the particles) welissolved in toluene and spin coated on the
previously cleaned silicon wafers. The cleaningcpture of the silicon wafers and the
preparation of the particle solution, as well as tised program for the spin coating, are
described in more details in the Experimental pathapter 9.

The first issue was optimisation of the particlen@entration. To investigate the
influence of the particle concentration severaisohs were prepared and used for the spin
coating. The quality of the films was investigatgdSEM technique. From the SEM images
of the prepared samples it is obvious that the pariizle concentration has a huge influence
on the film quality and degree of covering. Low@ncentrations lead to formation of a
smaller number of bigger islands or a bigger nunabesmaller particle islands on the silicon
surface depending on the concentration, 0.45 maes @® mass %, respectively (Fig. 5.5).
The more concentrated solutions lead to partickkipg in some kind of network (1.2 mass
%) or with enough particles it is possible to colager areas of the wafer (1.8 mass %) as
can be seen in Figure 5.5. The most important ia¢hat in all samples the particles are

packing in a dense hexagonal lattice and onlyrasm@olayer.
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Fig. 5.5. SEM micrographs of the samples prepared on silmdde by deposition of CoPt
nanoparticles from toluene solutions with differeancentration 0.45, 0.90, 1.2 and

1.8 mass % by rotation speed of 3000 rpm

Further investigations show that different solusievith particle concentrations higher
than 1.5 mass % provide close packed monolayes filth a high percentage of covering.
The more concentrated solutions give nearly 1000%4eing of the wafer but in the same
time it is not possible to avoid multilayer strugts. Areas covered with the particles packed
in multilayers are different from sample to samgotel it is difficult to control their size.

The same particle solution, concentration 1.8 nfassvas used to investigate the
influence of the speed during the spinning on il §uality. Three different speeds were
used: 1000, 2000 and 3000 rpm. A three-step progvasiused for all three different speeds
(more details in the experimental part - Chaptei@g first phase in the program is when the
substrate is accelerated up to its final, desiret@dtion speed. In all cases the required time to
achieve the desired speed was 1s. In the caseO&f fin the same speed was set in this
phase, and in the two other experiments the reduiaresponding speeds. The sample

prepared with the speed 1000 rpm was non-uniformh te particles were packed in
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multilayers that were recognizable by naked eye different colours on the wafer).
Therefore this sample was not further investigalda samples prepared with the speed 2000
and 3000 rpm were investigated by SEM (Figure 5884 in both cases the particles are
packed in a dense hexagonal lattice and only asolagers. The main difference between
these two samples was in the percentage of covddsing the speed of 2000 rpm leads to
less covered wafers than using the speed of 30@0Mwre than one sample was made using

these two speeds and the reproducibility of thra fjuality was rather satisfying.

2000 rpn PR

Fig. 5.6. SEM micrographs of the samples prepared on silmwade from 1.8 mass %

solution of CoP{nanoparticles in toluene using different rotatspeeds, 2000 and 3000 rpm

Further increase of the rotation speed does net lggtter covering or ordering of the
particles on the wafer. The speeds of 4000 and H@0lead to almost the same quality of
the films. Some more investigations were done depto understand better the spin coating
process at 1000 rpm.

As already mentioned the solution with high concatiins of CoRt nanoparticles,
(1.8 mass %) gives multilayered non-homogenoussfilimdeposited with the speed of 1000
rpm. Therefore the solutions with smaller partmbmcentrations were used for investigations.
Few samples were made from the solutions with aunaton 0.4 mass % and 0.3 mass %
(Fig. 5.7.). Both solutions after spreading on thafer gave a mono and multi layered
structure. The area covered with multilayers oftipkes is larger in the case of the smaller
particle concentration. The spin coating of sudhbtgm leads to a cascade particle packing in
monolayer, double, triple and multilayers (Figur&.5c)). This layer-by-layer packing is
better shown on the high resolution SEM (Figure &J). The higher concentrated solution

spreads on the wafer mostly as a monolayer and sorlye small areas of the wafer are
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covered with a multilayer structure. The high resoh SEM-s, for both samples (Figure
5.7.), show the dense packed particles in a hexddattice.
Nevertheless, reproducibility at such lower speseniot satisfying and this speed is not

recommendable for the film preparation from Goparticle solution in toluene on silicon
wafers.

Fig. 5.7. SEM micrographs of samples prepared on silicon@sfiom two different Copt
solutions (a and b — 0.4 mass %; ¢ and d — 0.3 ®@sssing the rotation speed of 1000 rpm

5.4. Influence of wafer preparation on the film lijgya

The cleaning procedure of silicon wafers can akseeha significant influence on the
film quality. Silicon wafers can be cleaned in di#nt ways. The wafers, which have been
investigated in the described experiments, werangd withpiranha mixture or in a plasma
oven (see Experimental part). The results obtairsgng the wafers cleaned with two different

procedures and the same solution of GaRnoparticles in toluene show that the wafers
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cleaned by oxygen plasma are not really suitablestsates for the film preparation. The
covering and the packing of the oxygen plasma edamafers are not as good as on the
chemically cleaned wafers. Explanation for suchavedur can be searched in the surface
chemistry of the wafers after these two procedures.

From literature, it is known that the chemical cie@ with piranha mixture will
remove all organic residues from the wafer surfdee,it does not strip inorganic residues
effectively. Besides piranha mixture will grow awigde on bare silicon but will not grow
oxide on oxidized surfaces. Additionally after thi®cedure it is possible that a high amount
of sulphur was left on the surfd@&®Y. Using the oxygen plasma will remove all organics
from the surface and it will grow an oxide on alifaces. The thickness of the oxide layer
will increase with exposition time of the samplédisTleads to the conclusion that these two
procedures will give a different surface after oieg. Probably the surface after the chemical
cleaning is richer with hydrogen groups than thdame after the plasma cleaning, what can
guide to different hydrophility of the surface. Téfore it is concluded that these differences

influence the attachment of the particles.
5.5. Deposition of CoRnanoparticles on different polymer substrates

The spin coating of polymer films is used in vasapplications such as coating of
photoresist on silicon wafers, sensors, protectoggings, paint coatings, optical coatings and
membrand®’. The spin coating procedure and some theoretixplarations are already
described in general. Here only some charactesigicinted out of the polymer films
spinning. Investigations of the polymer film preg@#on by spin coating show the following:
a) During deposition of the solution the disc shouttier be static or rotating at a low angular
velocity, followed by rapid acceleration of the atag velocity.

b) Higher polymer concentrations or viscositiesulies thicker films, and higher angular

velocities result in thinner films.

c) Higher solvent volatilities result in thicketrfis at a given initial concentration and initial
viscosity. If the solvent is highly volatile thehilling effects become dominant which results
in non-uniformities. Moreover, greater solvent/gobr compatibility results in more uniform

films, i.e. less topographical variation in theulsg polymer film surface.

d) The spin coating process can be very sensitivéemperature, airflow velocity, relative

humidity and thermal surroundings for the evapamsolvent (heat transfer).
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Taking all these parameters in account it is evidéat first the preparation of
polymer film substrates onto silicon wafers andiropt conditions for that step should be

investigated and afterwards processed with partiefgosition.

5.5.1. Preparation of polymer substrates

Three different rotation speeds (1000, 2000 andO3fm) and three different
concentrations (0.1, 0.5 and 1.0 mass %) were tigaged for the polymer film deposition.
All polymer solutions were spin coated onto theceih wafers previously cleaned by
chemical procedure (see Experimental part). Thgrpet concentration was varied in order
to produce polymer films with different thicknessarder to investigate the influence of the
polymer layer thickness on the particle depositiime speed was changed in order to find the
optimal conditions for the production of a smoothlymer film on the silicon surface. As
investigation technique of the film quality AFM tetque was used.

Figure 5.8. shows AFM images of three samples peepander the same conditions

from P4VP solution in chloroform (c = 0.1 mass 4ging different rotation speeds.

. 0.02n0m

42.5nm

slow [um]

0nm

fast [um] fast jurn] fast [um]

1000 rpm 2000 rpm 3000 rpm

Fig. 5.8. AFM micrographs of the films prepared from P4V fhass % solution in

chloroform using different rotation speeds

The displayed micrographs demonstrate the influehcetation speed on the polymer
layer thickness and roughness. At low rate spe®@Q(Ipm) it can be expected that the
thickness of the polymer layer is high, and dedrepwiith increase of the rate speed. For
these investigations the more important factooigghness. For the rate speed of 1000 rpm
roughness is much higher than for the other twedpeThe AFM micrograph shows that the

film prepared with the speed of 2000 rpm is verysth, with only few aggregates. Similar
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roughness is obtained also at 3000 rpm, but thebruwf small aggregates, with a height of
around 10-15 nm, is higher than in the case whe®d02@m was used. Few different
parameters can influence on thin-film morphologypasymer-substrate interactions, glass
transition temperature, solvent, molecular weighspersity et¢?, Very smooth films at
higher rate speeds exclude solvent as possiblendas such behaviour. It is known from
literature, that onlygood solventsproduce uniform polymer filmsGood solventsmean
solvents in which interactions between the polymaed the solvent are energetically
favourable, more than the interactions polymer-p@y or solvent-solvent, causing the
polymer chain to expand. Short-range interchairaetibn forces cause aggregation. These
forces are minor in low concentrated solutions, With increase of concentration they
become significant and the polymer coils startatogte to form so-called “loose aggregates”
which turn to “strong aggregates” at higher coneitns. If the concentration of the
polymer solution leads to the formation of “loosggeegates” then the morphology is
influenced by angular velocity. This can be ongas$sible explanations for the morphology
of the prepared P4VP films.

The same investigations were done with the PEODAtisa in chloroform (c = 0.1

mass %).

28.8nm =

335 nm

21.6 nm 2 |

slow [um]
slow [um]
slow [pm]

Onm = 0nm o 1

fast [lim] fast [um] fast [um]

1000 rpm 2000 rpm 3000 rpm

Fig. 5.9. AFM micrographs of the films prepared from PEODA fhass % solution in

chloroform using different rotation speeds

Topography of the produced films is much more cocapéd, what can be seen from
the AFM images shown in Figure 5.9. It can be etgubthat the polymer layers are thinner in
comparison with P4VP layers prepared with the samta&tional speed. Such behaviour is
predictable as a result of the much lower molarsxdsPEODA than the molar mass of the

used P4VP, and that means that the viscosity ofstheation is smaller what leads to the
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thinner film production. Specific branch shapedisiures on the surface are an effect of
polymer crystallisation. Higher speed leads to miatensive PEODA crystallisation. Such
crystal structures disappear when higher polymeicentrations have been used, and only
lamellas can be seen on the surfgt@*. Aggregates with height from 20-30 nm are also
present in all samples. Their formation is probaélgombination resulting from already
mentioned parameters.

The film formation of the other two polymers, P2"id PEOA, was done in the same
way (data are not shown). Since the higher rotasjpeeds did not give considerably better

films compared to 2000 rpm, this speed was chosefufther polymer film preparation.
5.5.2. Particle deposition on polymer substrates

The following work concerning GISAXS measurementsevaluations of data was
done in collaboration with Prof. Dr. J. Falta andrDJ. I. Flege (University Bremen) as well
as with Prof. Dr. M. Baumer and B. Gehl (Univerdggemen).

The nanoparticles were deposited on polymer substiarepared on silicon dioxide
wafers in the way already described above. Deggiteolatility hexane was used as a solvent
for nanoparticles due to the fact that is a nowesal for the used polymers. Using the non-
solvent for the polymers their dissolving at theface layer was diminished. Accordingly it
will suppress diffusion and deposition of the pdes within the polymer film as a result of
polymer solution formation.

The particles were deposited using two differetation speeds 1000 and 2000 rpm. The
particle-polymer interactions were investigatedrbxestigation of:

a) Influence of polymer type, i.e. functional grsup the polymer (pyridyl and amino);

b) Influence of polymer layer thickness and

c) Influence of rotation speed during particle dgpon.

After the film preparation GISAXS technique was dier the sample investigation and
guantitative characterisation of ordering charasties and the film morphology. This
technique gives the opportunity to investigate fille sample surface (size 8 x 8 mm) and
calculate the average particle-particle distance, also allows quantifying the degree of
ordering of the nanoparticles in the film. In maletails GISAXS technique is described in
the experimental part. Additional information abthe overlayer structure is received using
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SEM, which provides local structural informatiomdaAFM, which is used to determine the
roughness of the film on the mesoscopic scale.

For a general and quantitative GISAXS analysis epasate islands, a theoretical
treatment within the framework of the distorted-waBorn approximation (DWBA) is
demandeld®?®!. Information about the film morphology is extratfieom the features visible
in the 2D GISAXS pattern as well as quantitativéadaithin a defective hexagonal lattice
approach in reciprocal spateé By fitting Lorentzian shape functions includingsaitable
background, which was found to yield satisfactoggults in this case, the mean particle-
particle distance&d) can be calculated from the in-plane distance betvee two first-order
satellite peak positions g by virtue of the relatidf’:

2 4n

@ = g,
The peak widtlyq provides a measure for the degree of orderingarfitin. Accordingly, the
correlation length" of the particle arrangement may be defined’ as2t/dg. However, this
definition is by no means unique and generally ddpeon the model of correlation assumed
for the analysis. Finally, the convolution of thieléal” scattering pattern with the incident
beam profile in principle has to be taken into actdor an accurate determinationIafA
deconvolution assuming a Gaussian profile yieldelg oorrections in the order of less than
10% even for the best ordered films, and thus withe overall error bar, and will for this

reason will be neglected.
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Fig. 5.10. GISAXS CCD images of
CoP1, PEOA CoP PEODA CoP% nanoparticles spin coated on
silicon oxide using different polymer
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GISAXS patterns of spin coated CoRanoparticle films using rotation speed of 1000
rpm and deposited on four different surface modifi@P2VP, P4VP, PEOA, PEODA) are
shown in Fig. 5.10. Observing features obtaineddftierent samples it can be assumed that
the heavy CoRtnanoparticles dominate the small angle scattesihide the contribution of
the polymer films is negligible in this case. Thadidity of this expectation has been verified
by taking GISAXS data of polymer films without ngmasticles. The films were deposited
under exactly the same conditions in which esplgcthle strong scattering features dat
= 0.75 nm' are completely absent (image not shown). Henesetisatellite peaks are a direct
proof of a correlation of the nanopatrticles in tiverlayer.

From a qualitative comparison, it is evident thet GISAXS image for PEODA (Fig.
5.10. (d)) show the closest similarity to the rdaIreciprocal space map corresponding to an
ideal two-dimensional arrangement of scatteringeotsj. Also, weak second-order peaks are
visible in the lateral direction. The diffuse seaithg between the first order satellites, which
is particularly pronounced for the P2VP sample (Bid0. (a)), originates from the spherical
shape of the nanoparticles. These broad and tegdiructures make up the complete
scattering pattern for an uncorrelated assembgpbérical objects of similar size. In case (a)
and (d), the superposition of the fringes due &gpérticle shape and the rods arising from the
lateral arrangement leads to an better appeardnieatorres in the vertical direction gf =
0.75 nni* and at higher values qf;

Using a quantitative evaluation of Figs. 5.10.4ajl 5.10. (b) it is calculated that the

particles on both polymer surfaces have a meareseaeighbour distance of abo{d) =

9.7+ 0.2 nm (from centre to centre). Interestingly, therelation length is slightly increased
from 27 nm to 35 nm in case of P2VP (Table 5.1.3@$ace modifier (relative errors lie in
the order of 10%). This trend has been verified deveral nanoparticle films prepared on
P2VP and P4VP layers.

Comparing the PEOA and the PEODA sample (Fig. 5d)0and (d), respectively) it
can be concluded that amino groups do play anectie in the formation of the polymer
buffer layer. The strongly “tilted” satellite peaksr PEOA may be interpreted in terms of
tilted nanoparticle domains or facetted nanopatarrays. This hypothesis is confirmed by
inspection of the AFM and SEM micrographs presented-ig. 5.11. and Fig. 5.12.,
respectively. As can clearly be seen from AFM, sbgace appears very rough in the case of
PEOA (Fig. 5.11. (a)) while for PEODA (Fig. 5.1b)) a smooth and flat surface with only a
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few areas of nanoparticle multilayers is obser¥éshce, the microscopy findings are in very

good agreement with the scattering data.
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Fig. 5.11. AFM micrographs and cross sections of Gaktnoparticle films spin coated on
(a) PEOA and (b) PEODA as a huffer layer, respetyiv

Comparison of AFM and SEM images also can leadotwluision that the particles
are strongly attached to the polymer layer. The SkEMge of the particles deposited on
PEOA (Fig. 5.12 (a)) shows islands of particlesatms the result of particle attaching for
rough polymer layer with similar topography. In tbase of PEODA the polymer gives flat

surface and the particles are packed as flat @mggs.
Y '“ \'-" e’ o

Fig. 5.12. SEM images of CoPhanoparticle films spin coated on (a) PEOA andREODA

as a buffer layer, respectively.
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Since the only difference in preparation betweenstimples has been the exchange of
the surface modifier, i.e. doubling the number wirgo groups available for film preparation
and nanoparticle immobilization in case of PEOD#ét@ad of PEOA, it is evident that amino
groups strongly favour the formation of a relatwesmooth buffer layer and a flat

nanoparticle film.

Table 5.1. Mean CoPparticle-particle distance, correlation length dakr thickness after

spin coating on different polymer buffer layers

Rotation Part.-Part. | Correlation
Substrate speed Distance length
rpm nm nm
P4VP-0.1 % 1000 9.9 27
P4VP-0.5 % 1000 9.9 33
P4VP-1.0 % 1000 9.7 35
P2VP-0.1 % 1000 9.6 35
P2VP-0.5 % 1000 10.3 38
P2VP-1.0 % 1000 9.7 36
P4VP-0.1 % 2000 10.8 42
P4VP-0.5 % 2000 11.0 47
P4VP-1.0 % 2000 11.2 42
P2VP-0.1 % 2000 10.3 50
P2VP-0.5 % 2000 10.3 43
P2VP-1.0 % 2000 9.9 60
PEODA-0.1 % 1000 9.3 54
PEODA-0.5 % 1000 9.4 52
PEODA-1.0 % 1000 9.5 53
PEODA-0.1 % 2000 10.2 102
PEODA-0.5% 2000 10.6 70
PEODA-1.0 % 2000 10.8 59
PEOA — 0.1 % 1000 10.2 48
PEOA — 0.5 % 1000 10.3 48
PEOA — 1.0 % 1000 9.7 71

3 rotation speed used for deposition of particleisoh;

In view of the fact that the use of PEODA providkes best conditions for smooth
nanoparticle film growth, more attention will bediate on this surface modifier in the

following. Now, it is possible to turn to the opisation of the buffer layer thickness and the
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spin-coating conditions, i.e. the rotation speedrfanoparticle deposition. In order to study
the dependence of the ordering characteristicshenthickness of the buffer layer, three
different concentrations for PEODA and two diffarepeeds were chosen.

A comprehensive overview of the resulting partioéeticle distances and the
respective correlation lengths for the correspomgiireparation conditions are given in Table
5.1. The most dramatic change is observed witheasm the increase of the correlation
length with the rotation frequency. For samplesppred on PEODA from 0.1 mass %
solution the correlation length is increasing altrta® times, from 54 to 102. Obviously, the
nanoparticles are homogeneously distributed onRE®DA buffer layer, leading to the
formation of a smooth film. The mean particle-paetidistance is slightly stretched for an
enhanced rotation frequency and it slightly incesasith increasing buffer layer thickness in

case ofv = 2000 rpm, 9.4 + 0.1 nm to approximately 10.5 3 1@m.

CoPty/PEODA

20 15 -1.0 05 00 05 10 1.5 20
1
qy [nm™]

Fig. 5.13. GISAXS data (a) and high-resolution SEM microgréphof a CoP4 nanoparticle
film spin-coated on a PEODA buffer layer, respeiiv The inset in (b) shows a magnified
view of the autocorrelation function near the cahtnaximum.

The GISAXS pattern and the SEM micrographifer 2000 rpm and = 0.1 mass %,
i.e. the best-ordered nanoparticle array, are showiig. 5.13. (a) and (b), respectively. The
SEM image and the autocorrelation function (givenireset) computed from an arbitrarily
chosen surface region illustrate the local hexalgortgering of the nanoparticles and the high
degree of lateral order which has been achievegualitative agreement with the correlation
length of about 100 nm determined by GISAXS fos ttyipe of preparation. A quantitative
evaluation using the autocorrelation function ysetth average nearest-neighbour distance of

(d)sem=99+05nm which matches the corresponding GISAXS resuif
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(d) gisaxs = 102 £ 0.1 nm. Furthermore, the formation of an almost umifafilm of

monolayer height is confirmed.

GISAXS analyses of samples deposited on
PEOA shown some very interesting results
concerning the correlation length. The correlation
length for samples prepared on layers from low
concentrated solutions (0.1 and 0.5 mass %) is

almost the same and then drastically increases for

. the sample deposited on layer formed from 1.0
Fig. 5.14. HRSEM micrograph of h mass % solution (from 48 to 71 nm respectively,
sample prepared on PEOA layer ~ Table 5.1.). AFM and SEM measurement confirm
deposited from 1.0 mass % solution once more the reliability —of GISAXS
with speed of 1000 rpm measurements. As it is possible to see from the
micrographs made by this two technique the
layers formed from less concentrated solutionsnateuniform and some kind of the small
polymer islands covered with the particles can isérgjuished on the surface (Figs. 5.11 (a)
and 5.12. (a)). This islands might be the resultrgétallisation of PEOA, when the polymer
is deposited as a very thin fifff??. More concentrated polymer solution, 1.0 masse#ci$
to the formation of smoother polymer layer and ctatgpcovering of the surface. On such

layer particles are packing much better what casdes from the SEM image (Figure 5.14.).
5.6. Conclusion

In this chapter, it was shown that smooth and hina CoP% nanoparticle films might
be prepared by the spin coating technique on siligafer as well as using different polymer
substrates. The optimal rotation speed for theigdarteposition on all types of substrates is
2000 rpm or in the case of silicon 3000 rpm. Uglng rotation speed, it is possible to form
high covered areas of well-ordered particles. Tadigles form a defective lattice of local
hexagonal symmetry that is confirmed by high resoluSEM. The high substrate covering is
possible only with solutions which hold more thah thass % of the CoPhanopatrticles.

The GISAXS data prove that the particle correlatiothe film deposited on PEODA
is superior to films otherwise identically prepa@d PEOA, P2VP and P4VP buffer layers.
Diluted solutions of P2VP and P4VP (0.1 mass %) goed buffer layers in the sense of

producing the large covered areas (around 1009%/, the particle correlation is not
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satisfactory and particles are packed as multilayEine comparison of samples prepared on
PEODA and PEOA substrates leads to the conclubkiainthe concentration of amino groups

strongly influences the particle deposition. Despite fact that these polymers are not good
for preparation of a smooth polymer surfaces anithamn way not recommended, surprisingly

good particle films were obtained, what is probatlg to the strong interactions between the
amino groups and particles. Furthermore, the GISAK&8lysis demonstrates that the particle
correlation is very sensitive to the buffer layeickness and the rotation speed used during

the spin-coating process.
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Chapter 6

Dip coating technique

6.1. Dip coating

Dip coating is widely used in industrial applicatsobecause of its simplicity and high
throughput. Flat or curved substrates, which arenatly smooth and wettable by the sample
solution, is withdrawn at constant velocity froniquid reservoir.

The preparation by dip coating may be divided iarfstages: 1) choice of substrate;
2) thin layer deposition; 3) film formation and djying or drainage (Fig. 6.1.). In industry
this procedure is used for high production paintrigelatively simple shapes. The transfer
efficiency is very high, equipment requirements law and the process can be automated.
However, dip coating has some negative aspectsdifipéng is extremely dependent on the
viscosity of the solution (paint) and used chensicahy be highly hazardous especially if the

solution (paint) is flammable.

IMMERSION START-UP DEPOSITION

N

EVAPORATION DRAINAGE

Fig. 6.1: Steps of the dip-coating process: immersion, 4tprtdeposition, evaporation and

drainage.
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As already mentioned the film preparation with dgmating is very simple and fast.
Additionally, the sample loss is smaller for théghnique in comparison to spin coating. Dip
coating has already been used for the depositiomadnetic nanoparticles on different
surface8"?, for gold or TiQ nanoparticles which are used as cataff§%* or for polymer
nanoparticles deposition used for preparation ofea order areas with specific optical
propertie€!. During the last years, dip coating found alsoliapfion in selective coating or
“inking” chemically patterned surfaces. It was fduthat this technique allows precise
deposition of the liquid coatings with thicknesgtie micron randé.

To achieve deposition of large areas of well-oquaticles on the substrates using dip
coating, it was necessary to investigate diffepgntess conditions and find the optimal one.
Therefore the influence of the solvent, substraégticle concentration and the dipping speed
was studied. These parameters strongly influeneedtposition process and they will be
investigated first.

During the dip coating a thin film of particle stn stays on the surface. The solvent
then evaporates and leaves the particles on tli@csurGood covering of the surface is only
obtained if the solution evaporates without de-ingttDe-wetting will result in the formation
of islands of particles on the surface. To avoiewedting it is necessary to choose the
appropriate combination of substrate and solutelf-assembly of the particles requires
additionally that they can diffuse across the stgfand form self-assembled structures. It was
found that the amount of surfactants is very imguartfor the particle self-assembly. The
influences of the parameters were reported in iteeaturé®!. For example in the case of
FePt nanoparticles an increase of the surfactartesdration (oleic acid and oleyl amine) can
retard the solvent evaporation, allowing more timeself-assembly. This leads to a higher
covering of the substratt A completely different behaviour was shown witle,®;
nanoparticles stabilised with oleic acid and deggdson three different types of wafers such
as: Si, SN, and SiQ. In this case competitive adsorption between tB®4nanoparticles
and their surfactants led to low covering of thbsttates and repeated dipping was performed
in order to produce a higher coverége

Dimitrov and Nagayam@ developed a model, which explains the particlen fil
formation during dip coating of polystyrene nandaigégs from water on glass (Fig. 6.2.).
This model can also be applied to any other systeparticles and solvents. They found that
the particle film can be formed by dipping the cleaettabale surface into the particle
solution and then withdraw it by a rate that eqtiaésarray formation rate in a well controlled

environmental humidity. In Figure 6.2. the withdedwprocess is schematically displayed.
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The formation of the particle layer occurs in tweapes: a) convective transfer of particles
from the suspension to the thin wetting film duemater evaporation from the film surface
and b) interactions between the particles that teaspecific textures. The balance between

the viscosity and capillary forces determines thatiog thickness.

suhfstl'il‘l‘ ho particle
f layer
Z [ | 2_': :::::u
.'I |\ -+
l[ J2)
V., 4
‘,f
O : -
A\ J,
-}p suspension

Fig. 6.2 The scheme of particle and water fluxes at tlggriveng of 2D array growth. Here,
Vi is the substrate withdrawal rate; i the array growth rate,jis the water influx,yjis the

respective particle influxe js the water evaporation flux, and h is the thigss of the arrd$/

Due to the hydrostatic pressure in vertical wetfilrgs, the film thickness decreases
as the relative height increases. Thus, the watent@rface may actually have a relatively
high attraction to the substrate (water-plate fats) and may cause a capillary force, which
pushes the particles out of the film regions thinttean the diameter of the particles.
Therefore, the lateral capillary forces are noteatol initiate the array growth process. The
particles with diameters, d, less thanwhll be packed in irregularly placed islands after

drying, and when d is much bigger thaymb particles stay after the film drying (Fig. §.3.
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.

(| drying

(i +— |
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% \j:,

Fig. 6.3.The particle diameter is slightly larger than ttheckness h The water evaporation

from the film causes suspension influx from thé bulvard the filrff! .

Investigations with polystyrene spheres show ttutamly the particle diameter but
also the polydisperisty of the particles strongiffuence the quality of particle packing. Large
uniformly oriented domains of highly aligned pale& can only be obtained with low
polydisperisty. Large particles (size from 400-800) usually form monolayers of differently
oriented domains, and much larger particles witbabder particle size distribution form

multilayers®.

6.2. Statistical experimental design applied onopaticle film preparation by dip

coating

The following work concerning statistical experiteéndesign was done in
collaboration with Dr. Florence Benoit - Marquie oim the Laboratory I.M.R.C.P. of

University Paul Sabatier from Toulouse (France).

Due to the fact that all mentioned parameters amenected to each other, the
preparation of the good quality films requires tight combination of them. In order to
reduce the number of experiments and to make agsiigation faster and more reliable we
used a method so-calledtétistical experimental design”. By using this method it was
possible to find the optimal conditions for pregama of highly covered silicon substrates

with CoPt nanoparticle€.
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6.2.1. Statistical experimental design

Firstly, the principle of statistical experimentisign will be explained. A statistical
experimental design or design of experiments inddfas a methodology of how to conduct
and plane experiments in order to extract the masiramount of information in the fewest
number of run& %,

Most experimentation involves several factors wittutual relationship and the
influence of the characteristics on the processp@eses) should be understood in order to
optimise a process.

All parameters, which have influence on the procasd which can be dictated
changeable, are called factors (temperature, coratiem, pH, catalyst type...), and all
parameters of the process which result in a chandgke factors are cold responses (yield,
purity, biological activity...).

The usual investigation method is to change onarsép factor (variable) at a time
(COST) and investigate its influence on the respoifiis procedure is usually followed with
many experiments and in most of the cases doedeadt to real optimum conditions.
Especially it is not possible to find the positiohthe optimum in the case of interactions
between the factors. The main problems associaithdGOST are:

a) Does not lead to the real optimum.

b) Inefficient, too many runs.

c) Provides no information about what happens whetors are varied simultaneously.
d) Provides less information about the variabitifythe response.

e) Isolated, unconnected experiments, etc.

To investigate the influence of several factoretdr strategy than COST is needed.
For this purposes it is recommended to useeitperimental design approach, DoE. The
basic idea of this approach is to plan a smalbgekperiments (between 10 and 20) in which
all important factors are varied systematically. Bing mathematics for the analysis it is
possible to find the optimal conditions, the fasttinat influence the results most and those
that do not. In addition, it is possible to findethresence of interactions and synergisms, and
so on. The main advantages of the DoE are:

a) A small number of experiments.
b) All factors are varied together.
c) Noise is decreased by means of averaging.

d) Interactions and synergisms are noticed.
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6.2.2. Design |

The first step in the DoE process is the problemmidation. For the system, which has
been investigated and described here, the probsembe formulated as a searching for the
optimal conditions in order to produce high areaparticle monolayers on the substrate by
improving the knowledge of the role of the factors.

The second step is the definition of factors: intgoir factors and dominating ones, as
well as definition of the range of investigationdafurther steps. Here, four factors were
chosen: particle concentrationXsolvent (%), dipping speed (¥ and substrate (X It is
known that these factors can have an influencéerpércentage of covering. It is not known
if all of them have an influence or not, and whégk the most important.

The third step consists of choosing the strateggi¢mh), which will enable to answer the
objectives defined in the first step. In this pautate caséactorial design was performed as a
preliminary screen to evaluate the significancetha factors In the case when the full
factorial design is used the number of requiredeeirpents can be calculated as N ' 2
where “k” is the number of factors. A fulf 2actorial design allows estimating all interacton
between the factors. If k increases (k>3) more mode then interactions between three (or
more) factors generally become less importantdn tase is better to ulactional factorial
design. This fractional factorial design uses the “maiifeet” principle: main effects tend to
dominate two-factor interactions; two-factor intrans tend to dominate three-factor
interactions, and so on. In other words: in a fomal factorial design, it is assumed that
interaction effects between thregyfbor more factors are negligible. Useful information
the main effects and low order interactions maybined, thus, by running only a fraction
of the complete factorial design. Therefore, it bansaid that the fractional factorial designs
“sacrifice” the ability to estimate higher-ordetenactions in order to reduce the number of
experiments.

For the system that has been described here k fout factors were chosen for
investigation). Therefore, fractional factorial gs(2**) was used to study the main effects
(b)), and two-factor interaction effects;fbindeed, fractional factorial design reducesttiel
number of experiments (from 16 to 8) while savimg tbasic factorial structure of the

strategy.
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6.2.3. Experimental design applied to Co&¢position on silicon by dip coating

Experimental conditions of concentration, suchyge tof solvent, dipping speed and
type of surface were fixed by considering resuftthe previous experiments. Two different
concentrations of the CoPhanoparticles (d = 4.4 nm, from XRD data) weresamand
hexane and toluene were used as solvents. Thas#sslwere deposited on two different
types of silicon wafers: one only cleaned by a deahprocedure and another chemically
treated to facilitate hydrophobic surface (experitagpart). The deposition speeds were 1
and 10 mm/min. The factorial design was evaluatediding the percentage of coverage as
response (noted Y). Firstly, the samples were tiy@t®d by SEM, and then the images were
treated using the programage Jin order to calculate the percentage of covertigthe 2
fractional factorial design, four variables (factpare studied each at two levels (level -1
noted as — and level +1 noted as +). For calculatiooded variables (Xare used instead of
actual variables () The range of variation of each I3 transformed into variation of;X

between -1 and +1. The factors and levels uselkeirigictorial design are shown in Table 6.1.

Table 6.1.: Factors and levels used in factorialgie

Actual variable () Coded variable (X O] (+)
Concentration (mmol/l) X 4.0 2.4
Solvent % hexane toluene
Dipping speed (mm/min) X 1 10
Surface 4 hydrophilic hydrophobic

The design in coded {(Xand actual (}) independent variables is described in Table Bh2.
coded variables are always +1 or -1 and they aed tor writing the basic matrix. The actual
variables are the real parameters which were useih¥estigations. In this work the*2
fractional factorial design is obtained by writidgwn the complete®*Xactorial as the basic
design (with 3 variables XX,, X3) and then equating factor Xvith the X X,X3zinteractions.
This last condition allows us to identify the défig relation (I = XX2X3X4). For further

analyses only experiments corresponding to theipesiefining relation (I = +) were chosen.
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Table 6.2.: 2* Fractional Factorial Design with coded and actndependent variables and
results of the surface coverage (Y, the coveraggvisn in % of area used for calculation
SEM image taken with a magnification of 50 000 ariith scale bar 200 nm).

Coded: X Actual: U Response
(Covering)
N° X1 X2 X3 Xq U; U, Us Ug Y
1 -1 -1 -1 -1 40 | hexane 1 hydrophilic ioo
+1 -1 -1 +1 2,4 | hexane 1 hydrophobic 99
3 -1 +1 -1 +1 4,0 toluene 1 hydrophobic 23
+1 +1 -1 -1 2,4 toluene 1  hydrophilic 16
5a -1 -1 +1 +1 4,0 hexane 10 hydrophobic 70
5b -1 -1 +1 +1 4,0 hexane 10 hydrophobic 72
5c -1 -1 +1 +1 4,0 hexane 10 hydrophobic 75
5d -1 -1 +1 +1 4,0 hexane 10 hydrophobic 74
6 +1 -1 +1 -1 2,4 hexane 10 hydrophilic 56
7 -1 +1 +1 -1 4,0 toluene 10 hydrophilic 26
8 +1 +1 +1 +1 2,4 toluene 1D hydrophobic 12

" The values of 100 and 99 % correspond to multilayerctures

From this defined relation (I = X2X3X4) it is possible to develop the complete
structure of mutual effects for this design analivdain the 8ontrasts (Table 6.3. noted ;)
that may be estimated from the experimental dasghBnain effect (lpis related to other
three-factor interactions (), and each two-factor interaction;Ylis related to the other two-
factor interaction. It can be reasonably assumet three-factor interactions b are
negligible and would expect that this design waquidvide excellent information concerning
the main effects. After neglecting three- and ftagtor interactions the first four contrasts are
related only to the main effects and other threecambination of two different two-factor
interactions (Table 6.4. — the first column). Thashaverage value of all values obtained as a

response after analyses of performed experimerite B4.).
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Table 6.3: Contrasts expressions fit Bractional Factorial Design: alias structure dfedient
factors. (B — influence of concentration; b- influence of solvent; - influence of dipping

speed; b— influence of surface)

Expression
Lo =y + bi2as
Li=hy+ bpas
Lo=lp + byss
L3 =hs+ biog
La=ly+ bio3
Ls=Dbup+ b4
Le=lis+ n4
L7 =lps+ s

For the investigation of a mutual effect of thesarfparameters it was necessary to
prepare only 11 samples. Three of them were prdgarthe same way in order to assure the
reproducibility of the sample preparation (5b toiBdhe Table 6.2.) The experiments were
carried out in random order. The obtained expertalgrsults were treated with the computer
program NEMROB™. From the obtained results, estimates of the mafectf and
(interactions) related to confounded two-variableiactions effects can be computed. These

values are shown in Table 6.4., whegashthe average.

Table 6.4. Contrasts expressions 1t Bractional Factorial Design after simplificationda
estimated effects obtained by the computer progi&aROD®

Lo=ly 50,6
Li=h -4.8
Lo=hy -31,3
L3=bs -8,9
Ls=ly 1,1
Ls = bz + b4 -0,4
Le = bz + b4 -2,8
L7 =lp3+ g 8,7
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The analysis of variation (ANOVA) was used for het study of obtained responses
(percentage of coverage). A graphical analysisamitrasts (Fig. 6.4.) was used to find the

significant effects.

-SEI.DD -1 SI.IZIIZI 0.00 ‘IS.IIZIEI SE.IEIEI

[part] b1 5
golvant b2 -3
speed b3
surface b4

bz + baa

D13 + b2y

D23 + by g

Fig. 6.4.The graphical analysis of effects is displayece dhtted lines represent the

confidence interval of the calculated effects.

In this plot, two vertical lines calculated accoglito the experimental error represent
both factor effects and the confidence intervale €ffects that exceed the reference lines are
those significant for the response. From the amalgkthe results it can be concluded that
three main effects are significant: the most imgatris b (related to the solvent), after that b
(the dipping speed) and less important igdoncentration), while the surface effegthas
negligible influence on the coverage. Also, itmgbrtant to notice the significant influence of
the confounded interactions effecks b b4 It is not possible to determine which of these
confounded effects contribute to the high value toé¢ estimate. In the absence of
complementary fraction design, it can be assumatilij (interaction between solvent and
dipping speed) is the dominating term sinceg a0d X have the greatest effect on the
response. For the confounded interaction effegts 4 it is almost the same, but the value
of this effect is very low. For physical reasonise(tinteractions between the solvent and
surface are expected) it was decided to selgcad probably less significant interactions.
There is no interaction between the concentratiwh the solvent (B), the speed and the
surface (bs).

To present better the interactions between theesbland the speed and between the
solvent and the surface, two schemes are givengingts. In both cases the percentage of

coverage from hexane solution is appreciably higthem from toluene solution. The
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hydrophobic surface seems to be better for the ymtomh of large areas covered with
particles deposited on the substrates from hexalutian. Lower speed gives better results
for the covering, but at the same time leads tatitayer formation. This is not desirable in

the investigated system. Therefore higher speddwiinore acceptable.
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Fig. 6.5.The interactions between the dipping speed andahent (left diagram) and
between the solvent and the surface (right diagram)

6.3. Design Il

The results from factorial design demonstrated ffeetane and hydrophobic surfaces
lead to better results. The concentration and ijyeirty speed required a final optimisation.
A second-order mathematical model can be usedpesent the relationship between the
variation of experimental response Y (percentageaerage) and the variation of these
factors. It is assumed that the studied phenomenoan-linear:

Yo =lp+ biXq + bXo + biaXq® + oXo” + bioXiXo,
where Y is the response calculated by the model and X are the coded variables

corresponding to the factors; dipping speed), YJ(particles concentration). Letterg by
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and ly are coefficients estimated by the model, and tlespectively represent the linear,
guadratic and cross-product effects of the ¥ factors on the response

Exp. 1. Exp. 5c. Exp. 8.

Fig. 6.6. SEM images of three different
samples prepared in the first serial of
experiments (the numbers of the experiments
are the same as in Tab. 6.2., the percents are
for covering and the scale bar in all three
cases is 200 nm). SEM image of experiment

No.7 shows borders and numbers of the areas

calculated using the program ImageJ in the
process of determination the percentage of

coverage.

The relation Y= U + X,AU; allows to switch from the coded to the real vagabU’
is the value of the real variable i at the centrehe experimental domain (I = (kax +
Uimin)/2) , AU; is the step of variation of the real variable (Ui max - Uimin)/2. The range of
variation of the natural variables determines tkgeeimental region of interest.

It was of interest to investigate the percentagecaferage for a wider range of
dipping speeds than for the factorial design (fréamd9 mm/min). In addition, a lower
concentrations range (lower than 2.4 mmol/l) shdaddinvestigated because it can provide
monolayer formation (Table 6.5.).

To calculate the coefficients with the best prerisan optimal matrix of experiments

for the postulated model was chosen, as proposéxbbilert'?.
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Table 6.5.: The factors and variation domain:

Factor Unit Centre Variation domain
Dip speed Y mm/min 10 1-19
Particle concentration 1J mmol/I 1.5 0.75-2.3

The Doehlert matrix is a second order design, whias been widely used in several
situations. Usually it was used for identificatiohcritical points (maximum, minimum, and
saddle points) at each step of the optimisationcgss. This process consists of an
experimental design in which a set of points isfarmily distributed in a hexagon for two
variables. The number of experiments (N) can beutaled using the equation N 2 ¥ k +
Co, where k is the number of variables andithe number of centre points. Therefore, the
used matrix consists of seven distinct experiméhable 6.6.). Experiment No. 7 (centre of
the experimental domain) was repeated in ordethtexk the reproducibility. The Fig 6.7.
gives a graphical representation of this networkhe space defined by the factors. This
uniform distribution of experimental points (shows squares) allows interpolating by the
mathematical model of response anywhere within direular experimental domain.
Furthermore, the quality of the interpolation rensaconstant, since the network is uniform.
The Doehlert design shows a great flexibility: anp@f the network can be reused to build
and explore adjacent domains, without quality lfmgsthe model. All the calculations and

response surface generation were performed with REM softwaré".

Fig. 6.7.The location of seven points of a

¥

two-factor Doehlert uniform shell design in

coded factor space.

The measured responsesyyfor the ten experiments are reported in Table 6.6.
together with the responseaypredicted by the model. The difference,(- Yca) shows that
the prediction by the model and the experimentah deccurately fit, thus validating the

model.
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Table 6.6.: Experimental design, measuregi{)¥and calculated responsec4y.

No. Exp. Real variables Coded variables Responségs (
U; (mm/min) | U, (mmol/L) X1 Xz Yexp Yea | Yexp- Ycal
1 19 1.49 1 0 41 38.6 24
2 1 1.49 -1 0 50 51.9 -1.9
3 15 2.23 0.5 0.866 26 28.1 2.1
4 6 0.75 -0.5 -0.866 7 4.9 21
5 15 0.75 0.5 -0.866 10 12.1 -2.1
6 6 2.23 -0.5 0.866 47 44.9 21
7 10 1.49 0 0 30 27.7 2.3
8 10 1.49 0 0 25 27.7 2.7

Calculated values for coefficients b and fj can be inserted in the response function
predicting the percentage of the coverage:

Yo=27.7 -6.6% + 16.9% + 17.5%% -12.4%% -13.9%X.

It can be seen from these coefficient values, ttrex;> and %? coefficients indicate a
non-linear phenomenon. Therefore, the choice dcarsd-order equation for the model was
appropriate.

Using the NEMROD software and the complete modhd @&quation is reliable, with a
R, value of 0.977), a response surface displaying/énation of two factors was drawn. The
response surface (Fig. 6.8.) and the correspongliogection (Fig. 6.9.) with iso-response
curves (blue lines which present calculated respoae shown below.

Three areas are recognisable in the Fig. 6.9. :

- Area A is called stability area. In this area,emthe dipping speed is approximately
13-15 mm/min, the substrate coverage is constaotiuta 30 %) if the particle concentration
is in the range of 1.5 — 2.2 mmol/l. Small changethe concentration in this range will not
influence the coverage.

- Area B is the area that should be avoided. Focentrations lower than 1 mmol/l the
coverage is very low and it cannot be improvedmesl change. In this area it is not possible
to obtain coverage higher than 20 %.

- Area C is the area where it is possible to predugher coverage (around 50 %). This
is the area where the concentration is higher th&mmmol/l and where the speed is in the

range of 1 — 10 mm/min.
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Fig. 6.8 Three-dimensional surface Fig. 6.9 Two-dimensional curves

representing response variations (predictedepresenting response (predicted percentage

percentage of coverage). of coverage) variations (blue lines).

The use of an experimental design (Doelhert’s imjaéillowed us to quickly screen
the experimental domain defined by low particle camtrations and a range of speed. The
results obtained show that such small concentratté@mnot guide to higher coverage of the
substrates. Nevertheless, it is possible to produzseples with 50 % of covering. If the
concentration of the particle solution is knowristimap is very useful for choosing the right
speed that allows the production of samples withlibst possible coverage. Therefore, one
interesting possibility would be to study anotheperimental domain, using the same
method, and moving the concentration range to higakies, from 2 — 4 mmol/I.

6.4. GISAXS investigations

The GISAXS measurememisre done in collaboration with Dr. Andreas Fromddo
from the Institute for Physical Chemistry of Unisiéy Hamburg.

The samples prepared from the particles used ifirgteset of experiments show good
coverage, but the ordering of the particles was $adisfying. According to the literature such
behaviour was expectable because of the broadclgasize distribution and the shape
variation. The particles can be seen in the TEMgenshown in the Fig. 6.9. The histogram of
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the particles was obtained using the progilamgeJ(Fig. 6.9. (b)). The statistic shows a

main diameter size of d = 6.28 nm and a standardten of + 0.58 nm.
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Fig. 6.9.Particles used for the statistical experiment gas(a) TEM image of the particles;
(b) histogram of the size distribution of the pelds.

Analysis of the SEM images of prepared nanopadiéiens showed that particles
give slightly better packing if they are arrangedimaller islands on the surface. Two sample
were chosen, one with low percentage of coverage %) and another one with high
percentage of coverage (74 %) (Fig. 6.10. (a) Ahdé€spectively). In both cases particles are
packed in monolayer structure. Images of the autetadion function show the poor order of
the particles. By comparing the curves obtainednfrine images of the autocorrelation
function, it can be confirmed that higher coveréapeds to poorer order of the particles. The
curve extracted from the autocorrelation imagettierfirst sample shows the first pronounced
peak and second almost negligible peak. That itekclwer order. Only the first neighbour
distance can be calculated, and the order at latigemces is neglectable. The obtained value
of 8.42 nm is a little smaller than in the case pafrticle packing on a carbon grid.
Approximately the same area of the SEM image ofstheond sample was used for further
calculations and the same procedure was applietthidrcase already the first peak is minor.
This indicates the very small order of the particle this case it is not possible to calculate

centre - centre distances.
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Fig. 6.10Q Parts of the SEM images at higher magnificatiomw(covered sample (a), and high

covered sample (b)) used for analysis by applicatibthe autocorrelation function and by

slicing the autocorrelation function in order totain curves analogue to the SAXS curves

It was shown that dip coating is useful for thepamation of large areas of CaPt
nanoparticles on silicon. The next step is the ar&gon of large areas of well-ordered
nanoparticles by this technique. Therefore the rdmperse and well defined particles with
an average diameter of d = 6.4 nm (calculated fX#RD) were used in order to investigate
the applicability of dip coating to the preparatioinhighly ordered 2D structures. The layer
was prepared from a hexane solutior: (@ mmol/l) on a hydrophobic substrate with a speed
of 10 mm/min. As it was expected the results wegeicantly different. The SEM image
shows highly ordered areas of the particles orsili@n surface. The particles are packed in
a hexagonal lattice and form a monolayer. The loigler is also recognizable from the auto

correlation image and the adequate curve (Fig..p.11
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used model

Parameters: hexagonal lattice (a = 10.7 nm)
domain size = 150 nm

particle radius = 4.4 nm

gaussian size distribution (o = 0.05)

Intensity (auw)

Fig. 6.11.Example of a 2D nanoparticles array- upper leftSBXS, upper right: ISGISAXS
simulation; lower left: intensity profile cut alorgg and “Scatter” simulation; in the middle

of the lower part: used model for simulation; lowgght: SEM image and FFT of the sample

The investigated sample shows that it is possibléotm a lateral hexagonal wide-
range ordered nanoparticle array. This can be sedre SEM image (and by the FFT) and
also in the corresponding GISAXS image, which shetrsng hexagonal diffraction peaks.
By analysing the scattered intensity along,&uf by using the software "Scattet: it was
possible to determine the lateral scales of thectire. Furthermore, a simulation of the
diffraction pattern with the software "IsGISAXE! was successfully generated and a model
with precise length scale parameters was calcul#&igdre 6.11.).

The diameter distance calculated from GISAXS mesasents is 8.8 nm. The
autocorrelation function centre - centre distarsc8.4 nm. The difference in the values is a
result of different diameter calculations. The G¥K&\method gives average values for large
areas of the sample, and the autocorrelation i loased on a small part of the image and
depends on the colour scale. The colour scalertfegeince on the calculated particle sizes

(they seem to be smaller).
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Fig. 6.12.The autocorrelation function and adequate sliagre) for the sample measured
by GISAXS technique

The SEM image of the sample prepared by deposdfoBoPt nanoparticles from
hexane solution onto silicon shows additionallyttparticles are packed in the smaller
domains with different orientation. The same eff@as reported also in the literature but for

much larger particles (hundreds of nanomeférs)
6.5. Conclusion

Dip coating appears to be a good technique forpiteeluction of highly ordered
monolayers of CoRthanopatrticles on silicon substrates. The investiga showed that it is
possible to produce highly covered areas of thestsafes using this technique with
polydisperse particles (with broader particle sizribution). The best results concerning the
order of the particles were achieved by using weoynodisperse particles. This behaviour was
expected. Concerning the coverage it was foundftnatighly covered areas it is necessary
to use particle solutions in hexane with conceinat between 2.5 and 4 mmol/l, and speeds
between 1 and 10 mm/min. Lower speed lead to a egoverage of the surface with
several layers, while higher speed lead to monosaéh lower coverage. Also, it was found
that the better coverage and order of the partiwtes received for the particle deposition on

the hydrophobic substrates.
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Chapter 7

Langmuir-Blodgett technique

7.1. Principle of the Langmuir-Blodgett techniqu® (technique)

The LB technique (named after the American scientlsving Langmuif and
Katherine Blodgett) is a method used to create a molecular film sfidactant at the air-
water interface and to transfer it onto a solidsstd#te. The surfactant is spread onto the water
surface with a highly volatile solvent. After sohteevaporation the amphiphilic molecules
start to organize. At this point, the moleculeschepace and the film is not continublis
Then a barrier on the water surface pushes theculele A feedback (Wilhelmy plate)
controls the position of the barrier and thus thespure. Before this step, the pressure-area
isotherms of the surfactants must be studied, deroto obtain information about the stability
of the film, the reorientation of the moleculese tbhase transitions and the conformational
transformations. After this step, the depositioramolid substrate can be performed (Fig 7.1).

There are several parameters that influence the ayggthe produced LB film. These
are: the nature of the spread film, the subphaseposition and temperature, the surface

pressure during the deposition and the depositpmed, the type and nature of the solid

substrate and the time the solid substrate is ¢toreair or in the subphase between the

1

deposition cycles.

amphiphilic molecules

substrate

subphase moving barrier

Langmuir Blodgett Trough The film deposition onto the substrate

Fig. 7.1 Schematic presentation of Langmuir film formatatrthe Langmuir-Blodgett

trough, and Langmuir-Blodgett film deposition oatsubstrate
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7.2. The materials suited for the LB technique

The LB technique, by definition, requires amphifhiholecules to be trapped at the
interface of two phases. The amphiphilic molecudes composed of a hydrophilic part
(carboxylic acids, sulphates, amines and alcohwl$ and a hydrophobic part (usually alkyl
chains). The hydrophilic parts are attracted tokmpmedium such as water and the forces
acting upon them are predominantly coulomb type®X1Hydrophobic groups, such as
hydrocarbon chains, fats and lipids are much liésd &ll) water soluble and the forces acting
upon them are predominantly Van der Waals typé{afd 1/f)%..

A surface monolayer will only be achieved if themphatic balance of the molecule
is correct; that is the balance between hydrophaba hydrophilic parts. If the hydrophobic
‘tail’ group is too short (not hydrophobic enoughpe molecules will be dragged into the
water and will dissolve. Whereas if there is no roythilic part, the molecules may form
thicker multilayers films on the surface or evempoarate. The materials, which have been
studied extensively as floating monolayers, arectudoxylic acids and their salts and long

chain alcohols.
7.3. Subphase

The subphase mostly used for the study of monorataledilms is ultra pure water,
which has strong intermolecular interactions angta high surface tension (tendency of the
liquid to reduce its surface area). Any factor, ebhdecreases the strength of this interaction,
will lower the surface tension. Hence, an incraagée temperature of this system will lower
the surface tension. Any contamination, especlaisurfactants, will also lower the surface
tension. Other high surface-tension liquids thavehdeen used as subphase include

ethyleneglycol, glycerol and mercury.
7.4. Isotherms

As already mentioned a very important step befoine deposition onto the substrate
is the study of pressure-area isotherms. The isothare the plot of surface pressure versus
area occupied per molecule. The term isotherm esl iiecause compression takes place at
constant temperature. The shape of the isothewchasacteristic of the molecules that form

the film and provides a two-dimensional “fingergtin

103



Langmuir-Blodgett technique

A number of distinct regions are immediately ob@@xamining the isotherms. These
regions are called phases. The isotherms usuatigistoof three distinct phases: gas, liquid
and solid. The phase behavior of the monolayer amiy determined by the physical and
chemical properties of the amphiphile, the subph&smperature and the subphase
composition. For instance, various monolayer statdast depending on the length of the
hydrocarbon chain and the magnitude of other cohemd repulsive forces existing between
the head groups. As an example for a better exfiamaf the distinct phases the isotherm of
stearic acid is chosen (Fig. 7.2.).

After initial spreading onto the subphase, no ewkmpressure is applied to the
monolayer and the molecules behave as a two-dimesisgas, which can be described by:

TA = KT
whererttis the surface pressure, A the molecular aredekBiltzmann constant and T is the
thermodynamic temperature.

Further compression of the monolayer leads to somering of the molecules and the
film behaves as expected of a two-dimensional dig@ihe first molecules are packed in a so-
called “liquid-expanded state”. Incrementally chasithe barrier and reducing the area of the
monolayer leads to a transition to the “liquid-cenged” state. At even higher densities the
monolayer finally reaches the solid state. Thiddsetate is characterised by a steep and
usually linear relationship between the surfacesguee and the molecular area. If the
monolayer is further compressed after reachingsthlel state, it will collapse into three-
dimensional structures. The collapse is generagnsas a rapid decrease in the surface
pressure or as a horizontal break in the isothérthei monolayer is in a liquid state. The
collapse pressureft, can be defined as the maximum to which a monolagn be
compressed without the detectable expulsion of cubés from the Langmuir film.

When the monolayer is in the two-dimensional saolidiquid condensed phase the
molecules are relatively well oriented and closeicked and the zero-pressure molecular
area (A) can be obtained by extrapolating the slope ofsthlal phase to zero pressure. The
point of intersection with the x-axis is the hypetibal area occupied by one molecule in the
condensed phase at zero presdure
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Fig. 7.2.Pressure-area isotherm for a stearic acid. Langmubnolayer with different

intralayer physical states and schemes of the mtde@acking’

Once the monolayer has reached a selectgdhe air-water interface, which involves
a specific molecular orientation, it could be tf@nsed onto solid substrates to fabricate
mono- or multilayered LB films. When the substrateves below the monolayer at the air-
water interface, the monolayer is deposited ongostblid substrate. A monolayer at the air-
water interface can be transferred by an up-move arhydrophilic surface and via a down-

move on to a hydrophobic surface.
7.5. Application of the LB technique

The LB-technique is one of the most promising téghes to prepare thin molecular
monolayer films. This technique enables the precadrol of the thickness, homogeneous
deposition of the monolayer over large areas aagussibility to make multilayer structures
with varying layer composition. An additional adtage of the LB technique is that
monolayers can be deposited on almost any kind atifi ssubstraté!. Due to these
characteristics, the LB technique has been widslduto handle and assemble different
functional molecules in a predefined manner with #im of e.g. fabricating molecular
devices, or investigating physicochemical processssirring in the monolayer at the gas-
substrate interfaé®12,

Research groups throughout the world are curreimgstigating many possible

applications of Langmuir-Blodgett films in the filsl of electronics, optics, molecular
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electronics, and biotechnold{{. To emphasize the wide variety of materials theat be
employed with these techniques in some cases Wmare address specific issues such as the
thin organic film preparatidt!, producing of supramolecular structures involvingrganic
compounds combined with organic materials, parmidylin the case of mixtures of metal
complexes with polymer filn¥s+¢): the applications in electro optics, sensors ammlinear
optical deviced™ 8 as well as some fundamental experiments in whiBhfilms have

served as model surfaces to study interactiBns
7.6. Langmuir — Blodgett films of nanopatrticles

Inorganic nanoparticles can be assembled at thead@r interface by various routes.
Muraly Sastry in his review classified these route® physical and chemical assembly
method8®. This classification is illustrated schematically Fig. 7.3. In the physical
assembly method, the nanoparticles are synthesigspdrately (commonly as a colloidal
solution) and depending on the type of organizatibe nanoparticles’ surface is modified by
chemisorptions of suitable surfactant molecules mhnoparticles, which are hydrophobic,
and soluble in non-polar organic solvents can beeap on the surface of water like
conventional amphiphilic molecules, compressed tel@sed-packed configuration and
transferred by LB method onto different substra@sthe other hand, if the nanopatrticles are
water-soluble and capped with hydrophilic grougseyt may be taken in the aqueous
subphase and their surface functionality is usezbtoplex with Langmuir monolayers at the

air-water interface via electrostatic or hydrogending and other interactions.

| Langmuir-Blodgett films of nanoparticlels

Physical methods Chemical methods

Assembly of hydrophobic Chemical reaction of ions

nanoparticles at the air- immobilized at the air-

water interface water interface
Electrostatic attachment of nanoparticles Chemical reaction of ions in
with charged Langmuir monolayers at the| Langmuir- Blodgeit films of metal
air-water interface salts of fatty lipids

Fig. 7.3.The classification of different methods used #rfilm preparation from

nanoparticle§
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The second (chemical) method requires assembipn# at the air-water interface
followed by chemical reaction with the ions eitlrsitu at the air-water interfaces or after
formation of LB films of the ion-amphiphilic comple A number of reactions can be
considered leading to the formation of metal, metéphide, and metal oxide nanopatrticles in
lamellar superstructurég*°l

The coating of the nanoparticles is an importantdiain the ability of such particles
to form monolayers with well-defined surface pressarea isotherms. When the
hydrophobicity is too low, the particles sink. Het coating is too hydrophobic the particles
tend to stick to unwanted aggregates.

The transfer of the nanoparticles onto substrstes very complex process and it is
governed by many parameters. It does not meanLtragmuir layers and deposited layers
will adopt an identical structure. It can even acthiat the corresponding structures are
completely different. The probability for structunanges during the deposition is linked to
the rigidity of the system. Structural changesraare likely to occur in less rigid structures
which are quite sensitive to details of the localvimnment. Rigid structures lack this
sensitivity, and structural changes with depositiom less likely to occur. However, it is still
a challenge to establish proper deposition condtifor stiff systems and LB films of such
materials commonly exhibit a fairly high number défects such as domains or grain
boundaried),

7.7. Langmuir — Blodgett films of CoPtanoparticles prepared on water as a
subphase

The film preparation by spin coating and dip cogttachnique was used as a first
approach for film preparation due to their relatbiaplicity and possibility for production of
films on bigger surfaces within short periods ahdi Unlike these two methods, the
Langmuir-Blodgett technique requires more time dras much more parameters that
influence the quality of the films what makes ttéshnique more complex. Apart from that,
LB technique provides more possibilities for optiation of the film preparation. In recent
times this technique combined with micro contaattprg has been more and frequently used
for the formation of 2D-patterned monolayers of Rl Pt/Fe05® and C&* nanoparticles.
The aim of the work shown in this chapter was teestigate the conditions for production of

large areas of close-packed and well-ordered pestmn air-water surface.
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The usual LB technique implies the film preparatlmn deposition of the particles
onto the water. Different approaches can be chdepending on the particle behavior. If the
particles are hydrophobic they can be simply depdsinto the water surfdée®?. Some
organic molecules can be used as a Langmuir filnchwhelps to deposit the particles from
the solutioff*M?*. If the particles are water-soluble they shouldits transferred from water
to an organic solvent and then be deposited ortovidter surface’?°]

Due to their solubility in organic solvent, the @GoRanoparticles could be directly
deposited onto the water surface. As already kntvnligands are present on the particle
surface (ACA and HDA): adamantanecarboxylic acidaer-soluble and it does not behave
amphiphilic. Hexadecylamine shows amphiphilic betavdue to the carboxylic chain of 16
C atoms and the amino group at the one end of tileaule. Therefore, these molecules can
form the Langmuir layer.

To obtain the typical isotherm for HDA very diluteloroform solution was made (c =
0.08 mol/l) and 110 ul of the solution was spreadha water-air interface using a micro
syringe. Compression of the film was performedraftdoroform evaporation (approximately
after 10-15 min). The surface pressure versus(@@a isotherm for the Langmuir film made
from HDA shows three typical phases: gas phase alog 12 crffparticle, liquid phase
between 3 and 12 dfparticle and beginning of the solid phase beloan$/particle. The

collapse pressure is approximately 40 mN/m (Fig.)7.
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Fig. 7.4.The isotherms of Langmuir films for a film formeahfi HDA solution (inserted
graph) and from solutions A, B and C with differpatticle to ligand ratio. Numbers 1 and 2

locate the pressures at which the films were taken.
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To get Langmuir film of particles on the water swod and transfer a monolayer film
on a substrate it is necessary to have a veryestadniticle solution. It is found that high
concentrated solutions of the particles lead taipi@ation or very quick agglomeration on
water.

The particle washing procedure, which precedes piédudicle deposition, leads to
removal of excess of ligands. This lack of ligacds influence the particle agglomeration. It
is known that the stability of the magnetic nantipbes against aggregation, both in solution
and in films, depends on the relative magnitudethefcompeting interpartical attractive and
repulsive forcéd®. Therefore, it is necessary to find the balancevéen the particle
concentration and the amount of ligands in thetemiuto produce stable Langmuir films.
Three different solutions are made starting frorpaaticle solution with concentration of
¢ = 0.01 mol/dni, adding the certain amount of ligand solution (6.8016 mol/drf) and
dissolving everything in chloroform. Different anmds of the ligand solution were mixed
with the same amount of the particle solution dnde different solutions were obtained. The
ratio between the amount of HDA and the partiahethe solutions is given in Table 7.1. With
these ligand concentrations, stable Langmuir filphgarticles are obtained. It should be
mentioned that the particles have a specific amotiigands on the surface after the washing
procedure, but this amount is constant becauseadhee particle solution has always been

used.

Table 7.1. The ratio between the amount of HDA padicles in the prepared solutions

Solution MDA * Mparticles
[mol:mol]
1:6.0
B 1:25
1:1.2

The curves from these three different solutionsstw@wvn in Fig 7.4. Comparing the
isotherms of the pure HDA and the particles wita tbwer amount of additional ligands it
can be observed that the isotherms are similarsaow a slope change around 40 mN/m,
which is in agreement with the collapse of the Hfilta. The presence of particles changes
the slope of the isotherm, suggesting that theidtefilm is less rigid. The added amount of

the particles is not sufficient to change the cusiape drastically. Nevertheless, in the
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presence of higher ligand amounts the isothermeskbkhpnges and two plateaus appear. The
first plateau appears at 25 mN/m and the secortdsrballer plateau at 40 mN/m, just below
the complete collapse of the curve at 48 mN/m. plageau, which appears at 25 mN/m is
probably a consequence of the ligand molecules/oanghrticles rearrangement on the
surface, or the collapse of one of the phases laid éxtraction from the surface. Supposing
that the film collapses, the reduction of the qudla pressure can be explained by smaller free
volume available on the subphase surface to actegudibrium of the film. Thus, with a
higher initial concentration of ligands and pasglon the subphase, molecular freedom is
restricted and equilibration of the particle filmarthg compression is retard&¥®".

The first samples are taken at the pressure jusibthe first plateau (noted with
number 1 in Fig. 7.4.). This plateau probably appehie to the beginning of the particle
agglomeration. The next series of samples is takerat higher pressure (34 mN/m), below
the curve collapse (noted with number 2 in Fig..)7.#he films formed at higher surface
pressure were simultaneously deposited on thréerelift surfaces in order to investigate the
influence of the surface properties on the filrmiation.

The images of the films deposited on Si wafersoatel pressure show significant
influence of ligands since two different areas @veerved: one area with only organic phase
and another with only particles. The particles paeked in (more or less) ring structures
(brighter areas on the image), which are alwaysosaded by organic regions on the
substrate (the darker areas on the image) (Fig. (@)% Similar ring structures of close-
packed particles in a hexagonal lattice, but witfecent quality, are obtained by deposition
of Langmuir films onto a carbon grid for TEM imaggsg. 7.5. (b)).

The increase of the surface pressure does nottéebdtter film quality. Again large
areas without particles are observed leading toctmlusion that a significant amount of
stabilizer prevents from formation of large pasidreas (Fig. 7.5. ¢, d and e). The domains
consisting of pure surfactant molecules are obsemteall stages of compression. Such
behavior could be typical for a nanoparticles—ldjagstem and it has also been observed for
some other particles spread onto water surfacts axample Pt, Pd and Pt/Pd partié8sr

Ag particle€".
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W

Si\ P4VP Si Si \ hydrophobic

Fig. 7.5.SEM images of the films deposited on silicon aelopressure (a), and on three
different surfaces at higher pressure (c, d andlescales are 100 nm), as well as TEM

image of the film deposited on a carbon grid atdopwressure (b).

The SEM images of the films deposited onto diffenfaces show almost the same
particle behavior. The particles are usually padkedultilayered structures. This behavior is
less pronounced for the samples prepared at lovemspre. The covering of the samples is
not satisfactory for any of the surfaces. It appehat the substrate surface does not influence
much the packing of nanoparticles, since in aké¢hinvestigated cases the similar quality is

observed.

7.7.1. Particles stabilised with sorbic acid

The following work concerning GISAXS measurememdseaaluations of data was

done in collaboration with Prof. Dr. J. Falta and'DJ. I. Flege (University Bremen)).

Even though HDA is a good ligand and can be useahaamphiphil in LB technique it
does not give good quality films. In order to obtirge areas of close-packed particles, the
particles with different ligands are probed andbspacid is employed to produce LB films.
(The procedure for ligand exchange of HDA/ACA wW8A is given in the experimental part).
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This acid is short and it does not behave as arhgoiite, and therefore it will not give films
on the air-water surface. Preventing a ligand fibmation onto the air-water surface, it
might be possible to increase the area of well-pdgarticles.

The 1t - A isotherms of the films, which were prepareahirstock solutions of Coft
(d = 5.2 nm) nanoparticles stabilized with sorboidaare shown in the Fig. 7.6. Different
amounts of the particle solution were spread onLfBetrough. All isotherms show small
plateaus between 6-8 mN/m. The surface pressurtheofplateau does not change with
increasing the particle concentration. The platesgion can be interpreted in terms of a
transition from monolayer to multilayer particlegeéng. Further, the film compression leads
to the particle agglomeration in large scale, whgchisible even with the eye. This behavior
is different from the particles stabilised with HDMCA
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Fig. 7.6.The pressure area isotherms for films obtainedprgading different volumes of
CoPt — SA solution in chloroform. “Closed” and “open’ahote the positions of the barrier
at the beginning and at the end of the compresdiba.lines marked 1 and 2 are the surface

pressures at which the samples were taken.

The samples were taken at two different pressuwesbtain additional knowledge
about the particles behaviour. Three samples wakentat 5 mN/m (Fig. 7.6. line 1) with
different dipper speeds and one sample at the hjglessure 9 mN/m (Fig. 7.6. line 2) where
agglomeration is already expected, due to the ésottshape. All samples were subsequently
investigated by SEM technique. The SEM images efsdimples taken at 5 and 9 mN/m with
the same dipper speed of 1 mm/min are shown inFig. The images (a) and (b) show a

larger overview of the samples and (c) and (d)oaar view on the particle packing. In both
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cases the coverage of the surface is small andreift types of structures are obtained. At
lower pressure the structures are ring-like, whdenpressing the particles to higher surface
pressure leads to more chain-like structures, wisdimilar to the behavior of the particles

stabilized with HDA/ACA.

Having a closer look on the particle packing, idiicult to say which pressure leads
to multilayer packing. In both cases some amoumhwitilayers is present. It is expected that
higher pressure lead to larger areas with doulyleréal particles. In the obtained
experimental data such behavior is not observedtarah be concluded that these structures
are present from the very beginning. They are ntbiénced by surface pressure but rather
they are a consequence of a delicate balance hettwe hydrophobic and hydrophilic
properties of the particles. The particles showthb® too hydrophilic; otherwise, they cannot
stay at the water surface. On the other hand, xbessively strong hydrophobic interactions
would result in a strong interparticle aggregatiwhijch is probably the case in this particular
systeni®l.

(b)

() (d)
Fig. 7.7.SEM images of the Langmuir-Blodgett films of GeBA nanoparticles deposited
onto silicon, under a pressure of 5 mN/m (a andng) 9 mN/m (b and d), respectively
To gain a better insight into the particle packamgl the particle-particle distance over
the whole sample area GISAXS measurements arerperfb Samples with different dipper

speeds were investigated, as well as a samplertflpa with HDA/ACA ligands prepared
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under the same conditions. This sample was tak84 atN/m pressure and with the speed of
1 mm/min.

In Figure 7.8. (a), a 2D GISAXS scattering imagshswn for the sample stabilized
with HDA/ACA. The Al attenuator thickness was chose such way that the intensities of
the specular reflected beam and the so-called YomedK® match the intensities of the
features found aj, = + 0,76 nn. These features are a direct evidence for a latereelation
of the CoP4 nanoparticles adsorbed on the S8Drface. Moreover, the shape of the scattering
features under consideration is rod-like with ardasing intensity in the,@lirection, which

is comparable with the model of a monolayer of memticles (Chapter 6.).

-1.0 -1;.5 0.0 0.5 1:0
-1
qy [nm™]

(a) (b)

Fig. 7.8.(a) GISAXS image of Caofftanoparticles adsorbed on SiSi (001) by LB

technique. The images are taken at an incidenteaafyl; =0,6’ using 8 keV photons. The
vertical black stripe indicates the position of $emi-transparent Al absorber. (b) High-
resolution SEM image of the same sample as inastign (a). Nanoparticles appear bright

in contrast.

The analysis of the data presented in Fig. 7.8a@ording to the simple Born
approximation yield an average particle-particlstaiice offd) = (8.23 £ 0.06) nm and a
correlation length of = (22.3 £ 1.2) nm, respectively. In Fig. 7.8. éhigh-resolution SEM
image of the same sample is displayed. Qualitativitle particles form a defective close-
packed assembly. In accordance with the determwaéigk for the correlation length, long-
range order is absent. By calculating the autotairom function of the SEM data an average
particle-particle distance of approx. 7.8 + 0.5 mould be derived, which is in good
agreement with the GISAXS result. A closer viewwsa fraction of the sample surface in
which the film of nanoparticles covers almost tloenplete substrate. However, this is not

representative for the whole sample surface.
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Table 7.2:Structural parameters derived from GISAXS datawstions of the retraction
speedv for CoPg nanoparticles adsorbed on $iy Langmuir-Blodgett technique.

Sample v (d) 3 Inorm
mm/min nm nm a.u.

a 1 8.23+0.06| 22.3+1.2 1.00

5 8.21+0.08| 22521 0.33

c 10 8.23+0.15| 23. 4 4.9 0.13

A series of GISAXS and large-scale SEM images oP%&8A adsorbed on silicon
using different retraction speedsis presented in Fig. 7.9. The analysis of the GISAX
images yields virtually identical particle-partiatiesstancegd) = (8.23 £ 0.06) nm, (8.21 £
0.08) nm, and (8.23 = 0.15) nm, respectively. Sittee corresponding correlation lengths
only vary between (22.3 = 1.2) nm and (23.7 = 48), which lie within the error bar, the
ordering properties of the nanopatrticle films mayrbgarded as independent of the dipper
speed. Hence, the particle ordering on the surfacthis case cannot be improved by

choosing a slow dipper speed.

GISAXS SEM

(b}

Fig. 7.9.GISAXS scattering patterns and large-scale SEM é@wafj CoPfnanoparticles
adsorbed on SiglSi(001) by Langmuir-Blodgett technique using déife retraction speeds v.
The GISAXS data were taken at an incident angte ®0,6° using 8 keV photons with
identical exposures. (a): v =1 mm/min. (b): v #mn/min. (c): v = 10 mm/min. The

nanoparticle islands appear bright in the SEM imsige
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These findings suggest that the particle configomabn the substrate surface is
already pre-defined by the self-organization of th@oparticles in the compressed Langmuir
film at the surface of the Langmuir-Blodgett trougtowever, the satellite peak intendityim
tremendously decreases as a function of the reimaspeed, as can be seen in Table 7.2.
Therefore, it is concluded that the change in isitgnis directly related to a change in the
overall nanoparticle coverage. This interpretatin justified by inspection of the
corresponding series of SEM images as given in Fi§. A steep decrease in surface
coverage with increasing dipper speed is obseiwnéerestingly, even with the slowest dipper
speed applied in the sample preparation no fulhyecent film could be produced. This result
indicates that higher coverage might be obtaineduttyher reducing of the retraction speed
below 1 mm/min. Unfortunately, the used LB trougimieot operate with lower dipper speed
and the investigations were not performed. Anothessibility is to use subphases with

different pH values and investigate whether itasgible to obtain better coverage.
7.7.2. Particles with different polymer ligands

In order to obtain different distances between phdicles, the organic ligands that
surround them were exchanged. After the synthég@s, and HDA that were present on the
CoPt, surface were exchanged with poly(ethylenoxide)-a(IREOA, My= 3200 g/mol ),

and poly(ethyleneoxide)-diamine (PEODAMp= 1500 g/mol). Langmuir-Blodgett films
were prepared by compression of Cgiirticles at the air-water interface into a fildsing a

slow dipping rate of 1Imm/min the films were tramefel onto silicon wafers at constant
surface pressures.

Areas covered with particles stabilized with polysmare much smaller in comparison
with areas covered by particles stabilized withredrdigands (SA, HDA/ACA). The patrticles
stabilized with PEOA form dense-packed particle dovs. PEODA as ligand improves the
particle interconnection and generates network-4ikactures. Nevertheless, in all cases the
coverage of the surface is not satisfactory andotréicle-particle distance does not change
significantly, which was confirmed by GISAXS measments (Tab. 7.3.). These results
indicate that the particle-particle interactions aruch stronger than the interactions between
the particles and polymers. Furthermore, duringdégosition procedure, the particles seem

to be attracting and pushing polymer molecules.
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Fig. 7.10.The SEM images of the films taken from the Langfitmis of CoPt3 nanopatrticles

stabilized with different polymers, and the surfacessure-area isotherms for both samples.

Table 7.3Structural parameters derived from GISAXS datadoPt nanoparticles stabilized

by different polymers and adsorbed on Si® Langmuir-Blodgett technique.

Sample (d) & Average domain size
nm nm nm
CoPt - PEODA 6.93 16.5 46.7
CoPt - PEOA 6.42 16.1 45.5

A possible solution to overcome these problems isst less flexible polymers, which
are more firmly attached to the particles (via cloainbonding, for instance). However, the
qguestion of poor coverage still remains a problemthe next part a solution, which gave
excellent results will be presented.

7.8. Langmuir — Blodgett films of Cofanoparticles prepared on different glycols as

a subphase

Although formation of stable LB films onto a watarrface is possible, the quality of
the obtained films was not satisfactory considetirggsubstrate coverage. It is not possible to

produce large areas of well-ordered particles. Verame this problem, instead of water as a
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subphase, different glycols are tried: ethylenegly(EG), diethyleneglycol (DEG) and
triethyleneglycol (TEG).

For the first investigations the same solutionstddoas B and C) used for film
preparation onto water are used for spreading #récfes onto glycols (previous chapter).
The solution B (apa: np = 1 : 2.5) with a particle concentration of 4.2*180l/dnT and a
ligand concentration of 1.7-f0mol/dnT, that gave nice isotherms on the water surface
(Fig. 7.4.), behaves totally different on the ettmd glycol surface. It is considerably less
sensitive to the area reduction and it abruptlysgivem the gas to the solid phase where
particles immediately agglomerate (isotherm is stwdwn). In order to overcome this, the
solution C (mpa : N =1 : 1.2) with a higher ligand concentration i®di{Gipa = 3.1.1¢
mol/dnT). Different amounts of this solution were spreatbcethylene glycol and the surface
pressure-area isotherms were measured. Langmmis fifere obtained after increasing the
amount of solution almost four times in comparisath the amount spread onto the water
surface. The obtained isotherms have a differempehhan the isotherms for water subphase
(Fig. 7.11.).

50

solution C on water - 15 pl
Solution C on ethyleneglycole:
20 pl

50 pl

40 -

—— 65 ul
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20
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Fig. 7.11 The surface pressure-area isotherms for filmstxt by spreading different

amounts of solution C onto ethylene glycol.

The increase of surface pressure starts at mucérlaveas compared to films on the
water surface, and it changes suddenly the sloppatoximately 4 mN/m and becomes
steeper. This rapid change of the slope suggessition from one phase into another, i.e.
from liquid to solid state. Such behaviour of paes indicates that to reach their solid state a

higher amount of spreading solution compared temiatnecessary. Another possibility is to
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use more concentrated solutions. The isotherms ghatlarger amounts of nanoparticles
occupy smaller areas on the glycol surface in corspa with water. The ligand effect is not
as pronounced as in the case of the films spretwtbe water surface. Therefore it can be
concluded that particles and ligands are less digpeon the glycol surface and the ligand-
ligand and ligand-glycol interactions are consiéradifferent due to the higher ligand
solubility in glycol than in water. The larger ligeh solubility causes a removal of ligand
excess into the glycol, leading to smaller amowtiégands on the surface. Smaller surface
concentration of ligands allows the particles tmeacloser to each other and pack better.
Similar behaviour of particles is observed using@&s a subphase. In this case it is
necessary to increase the amount of spread sol{gmuation C) more than 16 times in order
to obtain the surface pressure that suggests theafmn of a Langmuir film. The formation
of Langmuir films on TEG from the same startingtjgde solution is not possible even if
much larger amounts of solution are spread. Thicpes and ligands seem to be absorbed by
the subphase and therefore it is not possiblerta fdms on the TEG surface. The reason for
the different behaviors of the nanoparticles onglyeols that almost have the same chemical
composition lies in their difference in polaritjickeasing the number of monomer units from
1 for EG to 3 in TEG results in decreasing theuefice of OH groups at the end of the
molecule chains and therefore decreasing the pplafi the molecule in total. Since

nanoparticles are soluble in “non-polar” organitveots they are also “soluble” in TEG.
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Fig. 7.12.The surface-pressure isotherms obtained by spngattie same amount (20 ul) of
the CoP$ nanoparticles solution (c = 0.01 mol/dnonto different glycols: EG and DEG

All experiments lead to the conclusion that théuiafice of the ligands on the surface pressure

is less dominant on the glycol surface than onwlager surface (Fig. 7.11.). Interactions
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between the particles and free ligands are lessopraced and both of them start to pack in
more ordered structures after compression at l@asain comparison with water. Therefore,
glycols are a much better subphase for the prooluctif Langmuir films from CoRt
nanoparticles.

In order to investigate which glycol, from the ttv@t can be used for Langmuir film
formation, is more suitable, the isotherms of tirad formed on both glycols are compared
(Fig. 7.12). The surface pressure starts to ineredidarger areas in the case of EG when
compared to DEG. This indicates that the partieles more spread on the surface. The
particles spread onto EG show a transition fromgihe to the liquid phase, while in the case
of the DEG the same amount of the particles alswshe solid state. This indicates a much
closer packing of the particles on DEG. Additiopathe slope of the isotherm for the
diethylenglycol is less steep curve indicatingss|ggid film. According to the literatufé it
should be easier to transfer such film onto thessabe and produce a LB film. Therefore

DEG is chosen as a subphase for further LB filnparation.
7.8.1. The LB film preparation

After the particle deposition on the glycol surfage formation of Langmuir films, the
next step is to transfer the films from the glyaal-interface onto silicon wafers. For that
purpose two different samples concerning the fartsgize were used (particle diameter
approximately 3.5 nm and approximately 6.4 nm, eespely). Both samples were prepared
by size selective precipitation of the particlesd aheir redissolving with chloroform, as
already described in the experimental part. Thmdilare formed by deposition of the
Langmuir films of the particles from DEG to silicaubstrate with the dipper speed of
1 mm/min. The surface pressure during sample deposivas in both cases just below the
surface pressure at which the particles transéen fiiquid to solid state (for smaller particles
5.5 mN/m and for larger 8 mN/m).

The SEM images of the larger areas (a and b) shatvalmost the complete substrate
is covered with particles (Fig. 7.13.). The filmnststing of bigger particles ruptured as
transferred onto the substrate, while the film fedrby smaller particles shows some small
islands that were not covered with particles. Besjid.4 nm particles showed the tendency to
form multilayers, unlike the small particles thae ajiving mono-layered films (Fig. 7.13.
c and d). The small round holes in the layer of $heall particles are due to the drying

procedure after film deposition. This substrate weded at 25F°C (just above the boiling
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point of DEG) for few hours in order to remove tlest of DEG. Such high temperature leads
to DEG boiling and forming of holes in the layerdditionally at such temperature it seems
that the particles start to loose their ordering tluthe ligand degradation (more information
in the next chapter). The sample prepared fromearig@rticles was dried at 8€C under

vacuum for approximately 24 h, and the influencetloé drying procedure cannot be
discerned. There are no holes or other defecthanfilm caused by the drying procedure.

Therefore all further samples were dried in thay.wa

(b)

(d)
Fig. 7.13.SEM images of LB films deposited onto siliconafa) (c) - the film made from
CoPt nanoparticles with a diameter of 3.5 nm; (b) adii{the film made from Coft

nanoparticles with a diameter of 6.4 nm;

7.8.2. Influence of the substrate angle on theiglardeposition

The GISAXS measurememisre done in collaboration with Dr. Andreas Fromegdo

from the Institute for Physical Chemistry of Unisi¢y Hamburg.

The investigations show that, unlike film prepavation the water surface the film
formation on the glycol subphase is strongly dependon the pressure-time program.
Namely, due to higher viscosity of DEG and diffdrarieractions between the subphase and
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the particles/ligand system, the system needs tiraeeto relax and adapt to the new surface
area. In order to obtain a good film quality iniscessary to decrease the surface area step by
step and to allow the system to relax and form #ebeordering. Therefore different
techniques are used for compression of the Langfitis and their deposition. The particles
were first compressed to the desired surface presssing the program “Isothermal cycle”
and then the samples were taken at constant pee@sxperimental part). All samples were
prepared from the same solution and depositedeasdime pressure with the dipper speed of
1 mm/min. The substrates were fixed under diffeeegles, and the angles were varied from
90° (parallel to the subphase surface (Langmuir-Sehnétchnique) angle is between the
sample and the sample holder) until 18@ormal on the subphase surface). All samples are
transferred onto the wafer by dipping it from thébghase at different angles, while the
sample under 90was taken only by touching the surface with thendrauir layer
(compressed to a certain surface pressure) witlsubstrate being in the position parallel to

the film surface.

-

Fig. 7.14 SEM images: overview of the LB films depositedkunifferent angles onto silicon
wafers. The bright areas correspond to particled dark areas correspond to the wafer. The
dark spherical areas are the places where highdiggmn SEM measurements were

performed.
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The film deposition under 90esults in a film with holes between areas of well
ordered patrticles. The films taken under biggelesgere broken due to the influence of the
substrate angle on the film deposition. The besiltg, considering substrate coverage, were
obtained for the vertical substrate (8@nd the substrate fixed under small angle {105
where latter shows better coverage and less ruptrrehe surface (Fig. 7.14.).

Since SEM only shows a small area of the films G{SAanalyses are performed in
order to investigate better influence of the angte the particle packing. Two samples
(transferred to substrates under A@Hd 156), which exhibit the best results in SEM
concerning the particle packing, were investigabyd GISAXS. Additionally, a sample
prepared with the bigger particles (d = 8.4 nm)aurttie same conditions (19)3s examined.
All GISAXS measurements were done in HASYLAB (HamdiGermany). More details
about the measurements are given in experimental pa

The GISAXS patterns, the curves obtained by slithiegGISAXS patterns along the
gy axis, and the high-resolution SEM images of thmdas are given in the Fig. 7.15. The
curves obtained from GISAXS measurements were aedlyby using the software

"Scatter®” and the obtained data are given in the Table 7.3.

(@)

(b)

(€)

Fig. 7.15 The GISAXS patterns, the curves obtained frorA&Emeasurements and the
fitted curves, and SEM images of the samples: Quittoparticles (d = 6.5 nm) deposited
under 108 (a) and 156 (b) and CoP4 nanoparticles (d = 8.4 nm) deposited under (@5

123



Langmuir-Blodgett technique

From a qualitative comparison, it is evident thet GISAXS images for the samples
prepared from the smaller particles show a rod-ld@procal space map corresponding to a
very good two-dimensional arrangement of scatteobgects. The sample, noted with C,
shows less pronounced features at higher valuggwhat indicates less ordered structures at
longer distances, i.e. a higher relative displaggmEhe broad and ring-like structures are the
result of scattering from an assembly of spherafgects of similar size. In all cases the
superposition of the fringes due to the particlapghand the rods arising from the lateral
arrangement lead to a better appearance of fedtuthe vertical direction atyg= 0.75 nm*

and at higher values of.q

Tabele 7.3. Data obtained by GISAXS analyses ofsthples deposited under different

angles on silicon substrate

Sample| Unit cell Radius Standard | Correlation | Relative displacement
nm core/(core + shell)| deviation length %
nm nm
104 4.1/4.6 0.12 60 154
B 10.7 4.2/4.6 0.14 100 16.8
13.0 5.2/6.0 0.12 80 23.0

Quantitative evaluation of GISAXS patterns (Figs.177), i.e. fitting the
experimentally obtained curves, gives a particldius of 4.1 nm and a particle-particle
distance of 9.2 nm for the first two samples (a Bjhdand a radius of 5.2 nm and particle-
particle distance of 12.0 nm for the last samp)eTbe fitted curves were obtained using the
model for a hexagonal packing of the sphericaliglad, and as can be seen from Figure 7.15.
the calculated and experimental curves are fittiety well. The calculated values are in a
good agreement with the values obtained using BB Smages and the autocorrelation
function (Fig. 7.16.). For the samples (a) andtiig) particle-particle distance obtained from
SEM images using the autocorrelation function &rén and for the sample C it is 12.5 nm.

The correlation length is larger for the sampleetakinder 150than for the sample
taken under 105and increases from 60 nm to 100 nm, respectivEgble 7.3.). This
suggests that the particles are packed in largé+ongered domains if the substrate is taken

under higher angle during the film deposition pcge.
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Besides influencing the ordering of the particlesl dhe size of these well-ordered
domains, the angles also have a great influencéhencoverage of the substrate. Bigger
angles (more vertical substrates) lead to bettekipg on the micro scale, while on the macro
level the films are not compact and they are ugualptured in more pieces during the
deposition. Lower angles (more horizontal subssjedee better for the production of compact
films but the ordering is not as good as in thevimes case. Consequently, the angle should

be chosen depending on the further requests fdilthe

Forange: 2515 [pm]; Mean: 1021 [pm

-38.0

(@)

Y-range: 302 nm
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Y-range: 241 nm

¥-ranoe: 241 nm

L-range: 2277 [pm]; Mean: 1268 [pm]

383
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Y-range: 529 nm

-146

-160 103 369
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Fig. 7.16.Zoomed parts of the SEM images of the samplestigaéed by GISAXS technique

and autocorrelation function calculated from theepented areas.
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The angle of 105was chosen for further depositions of LB films\c it is giving good
covering, and a satisfactory ordering of the phasic

7.8.3. Influence of the washing procedure on theoparticle film quality

The analysis of the isotherms obtained on waterglywbl surfaces show an influence
of the ligands on the patrticle packing and filmnfiation. It has been already shown that this
influence is very strong if the films are formed e water subphase, and less dominant if
glycols are used. For this reason it was intergstininvestigate the influence of the ligands
on the film formation onto the DEG subphase. Noitamithl ligands were added to the
particles solution used for LB film preparation.dantrary, washing of the particles lead to a
smaller amount of ligands around particles. Theestao approaches to monitor the effects
of the cleaning procedure on the nanoparticlesreatly, by studying the supernatants after
separation of the particles, and directly, by stugythe particles themselV&s Here the
second approach was used for the investigation.

£ non washed [l two times washed

100 nm

Fig. 7.17.SEM images of samples prepared with non washex and two times washed
particles taken out at angle of 105

A solution of monodisperse CaRtanoparticles (& 6.4 nm, calculated from XRD
analysis) in toluene was used for the investigatibme first sample was prepared with a
solution that was not additionally washed, the sdoone with a solution washed once (50ul
of particle solution washed with 300 ul of 2-prophand redissolved again in toluene) and
the third one with a solution two times washed @hee procedure as for the previous one).

The particle solutions were spread onto the DE@asarand samples were taken on silicon
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wafer at a surface pressure that is just belowptessure where the isotherm collapses (non-
washed at 5 mN/m, once washed at 11 mN/m, and twashed at 10 mN/m). The influence
of the ligands on the film quality can be observedthe SEM images of the LB films
(Fig. 7.17.).

Non-washed particles form films with larger and #eradomains of particles packed in
monolayers. On the other hand, films obtained \waitBolution of washed particles show a
good surface coverage, but double layers are obdexrs well.

A higher amount of ligands does not increase thtase pressure drastically, as that
for the solution spread onto water. However, tigand excess leads to collapsing films at
lower surface pressure. This is the main reasonnaimywashed samples have to be taken out
at lower surface pressures in comparison to wasagetples. One of the reasons might be the
formation of pure ligand domains on the surfacesuéh domains exist and they are large
enough, the resultant monolayers will begin to ajudke at lower characteristic collapse
pressurB’). Non-washed samples have almost five times mgemntis then washed samples
(see the Chapter- Ligand exchange-acids). Thidhésreason for assumption that ligand
domains are formed. Difference in the amount &nids between samples washed one or two
times is not drastic, and for this reason the wadgbarticles collapse at almost the same

surface pressure.

12 CoPt, d =8.4nm

™=10

™=7

Surface pressure, mN/m
[}
1

L B B S N I S R B B B B L T
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Area, cnf

Fig. 7.18.The surface pressure-area isotherms and SEM imaigin® samples taken out at

different surface pressures. Both scales are 500 nm

The films prepared from the washed particles aaidert out at different surface

pressures show that at lower surface pressurespdngcles formed monolayers with

127



Langmuir-Blodgett technique

uncompleted coverage. The similar behaviour wascet for different particle sizes.
Particles with diameters of 8.4 nm are depositetd arsilicon substrate, with an angle of 105
and from the DEG surface at two different surfacespures: one just below the collapse of
the film and another much lower (Fig. 7.18.). Awkr surface pressures the particles are
packed in large domains as monolayers. These desmagnpacked closer to each other during
the compression and at higher surface pressurepamirfilm can be formed. Some of the
domains can overlap on their boundaries loadirthedormation of double layers.

The examples demonstrate that non-washed pargiolesa LB films with poor particle
packing and lower coverage of the substrate in @oispn to the washed particles. It should
be noticed that non-washed particles are packeg amimonolayers, in contrast to washed
particles. Removing the excess of ligands by thehivey procedure gives an opportunity to
spread more particles onto the surface and incrdes@article concentration. It is already
known from literature that higher particle concatitn usually lead to overlapping and the
formation of double layer in small aré4s

These investigations can demonstrate that additis@shing of the particles is
necessary if large areas of well ordered partiatesrequired. Monolayers can be obtained on
the whole substrate surface finding the balancevdmt particle concentration and surface

pressure at which the sample is taken.
7.8.4. Influence of buffer layers on particle depos

Spin coating experiments have shown that the llest toncerning the order of the
particles have been obtained using polymers witimamroups that serve as anchor points for
the particles. The same investigations were doirgyuke LB technique. From literature it is
known that gold particles as well as FePt can becessfully deposited using the LB
technique onto a layer of block copolymers base®#4vP** 3. Therefore, polymer layers
were deposited onto silicon by spin coating firatler the same preparation conditions as
before (Experimental part - Chapter 9). The comagioin of all polymer solutions was 0.5
mass %. The same particle solution (d = 6.4 nml uiseprevious investigations was used
again. The dipper speed was 1 mm/min.

In all cases particles were deposited succesdialiy the DEG onto substrates coated
with different polymers. The substrate coverage wayg good and large compact films were
produced. Layer deposited on polymer surfaces based®EOCH show slightly lower

coverage. All samples have small aggregates timbeaecognised in AFM images as higher
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or lower peaks, and in SEM images as small irreduiighter areas. This aggregation can be
explained by interactions between the particlesndlg at lower surface pressures the main
particle spacing exceeds the distance at whiclntieeparticle potential attracts neighbouring
particles, while at high pressures the main partspacing falls within this distance, and
particle aggregat®. AFM and SEM images of two samples prepared onAP4¥id on
PEODA as a buffer layers are given in Fig. 7.19.aa example.

According to the AFM images the influence of thatteristic groups in the polymers
is not so dominant and they are not as importantoadilms prepared by spin coating
technique. With buffer layer it was not possiblentiice considerable differences in particle
packing. Polymers do not influence the driving &mcwhich lead to particle deposition. The
quality of the films only depends on the partictscentration and the surface pressure. Such
behaviour is very preferable since it enables sagfoé particle deposition on different

surfaces. This might be very important for furtbpplications.

=
N 175n0m

slow [um]

onm

P4VP PEODA
Fig. 7.19.AFM and SEM images of samples prepared on diftgrelymer buffer layers

(P4VP and PEODA) by LB technique from Gofdnoparticles under angle of 105

7.9. Conclusion

The presented results have shown that it is passldeposit CoRtnanoparticles
onto water and glycol surfaces and to form Langniiiins on water/air and glycol/air

interfaces.
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Film deposited on the water/air interface by ugimg Langmuir — Blodgett technique
leads to low substrate coverage. The LB films agéli influenced by free ligands present in
the solution. Without ligand excess the particlesld not form Langmuir films. At the same
time ligand excess prevent the formation of largsed-packed particle films.

LB films of particles deposited onto DEG/air swéa were successfully transferred
onto silicon, as well as onto different polymer feuflayers. High coverage of the substrate
and well-ordered packing was obtained with difféggarticle, under different substrate angles
and with different amounts of ligands. It was shawat ligands have only a small effect on
film formation in comparison to water/air surfacd®emoving of the ligand excess is
necessary for the production of highly ordered srea

The film compactness and particle order are infteenby the substrate angle during
the film deposition. Substrates under a bigger earlghd to a better order, while more
horizontal substrates lead to a better coverage Beposition at lower surface pressures
gives monolayers with lower coverage. At highefate pressures high coverage is observed
but with more multilayered areas. This method is/\efficient for the deposition as well on
silicon as on different polymers based on polyathgl oxide and polyvinyl pyridine. The
production of large areas of well-ordered partidadifferent surfaces can be interesting for

a lot of applications.
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Chapter 8

Ligand removal by thermal treatment of nanopartiities

8.1. Introduction

(The GISAXS measurememtsre done in collaboration with Dr. Andreas Fromddo
from the Institute for Physical Chemistry of Unisiey Hamburg.)

It was shown in previous chapters that it is pdesib produce a large area of the
closed-packed and well-ordered CpRanoparticles on different surfaces. These araas c
have electric, magnetic and catalytic propefi€5 The electronic configuration of the
nanoparticles core and the magnetic propertieshefranoparticles are influenced by the
ligand shell covering the nanoparti¢féd. Also for catalytic applications a ligand free
particle surface is favourable because it proviuktter contact between the reactants and the
particle$"®"" Therefore the procedures for the preparatiorigaind free particles are of
great interest.

Different methods can be used for the ligand rehfrean the particle surface. The
usual methods are: plasma treatrfienbeating e M0 or various chemical processes
which lead to ligand desorptiSh

First investigations on the influence of plasmaatiment on CoRt monolayers
deposited on silicon surfaces have been describedntly**. Investigations have been
carried out using oxygen plasma or a combinatiooxygen and hydrogen plasma. Oxygen
plasma removes the ligands successfully from thecpasurface. Cobalt oxide is formed in
this procedure and it can be reduced afterwardscdbalt using hydrogen plasma.
Additionally, particles show no agglomeration foowers up to 30 W, and slight
agglomeration in the region from 30-100 W (for iaNestigations the samples were treated
with plasma for 5 min). Further studies have topleeformed in order to find the optimal

conditions for plasma treatment.
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8.2. Heating of CoRtmonolayers deposited on the silicon wafers

The thermal stability and especially the anneabedaviour of CoRtnanoparticles
were already investigated. Multilayers of particlesre heated in air or under vacuum in
order to investigate the particle stability and fiod the transition temperature from a
disordered to an ordered FCC structdté€®. The investigations have shown that particles
start to oxidize if they are heated for 2 h at 3D0n the air. In contrast heating under vacuum
prevents oxidation until 508C. In this study preliminary results will be deser that were
obtained by heating of Cofmonolayers on silicon wafers under vacuum for 3@ at
different temperatures (300, 400 and 6@). The heating time is shorter than in previous
investigations because only monolayers are prasehis study. In contrast to previous, the
main focus of this investigation is the orderinglod particles on the silicon surface.

The previous thermo gravimetric analysis (Chapdehds shown that the amount of
ligands is very important for the thermal stabilitf/the sample. Ligand excess increases the
temperature at which all organics are removed filmensurface. For not cleaned samples the
temperature used for removal of ligands was arat@@°C, whilst for washed samples the
temperature decrease drastically and was around@0d@ addition, investigations show that
large amount of ligands lead to a larger organsidiee (carbon or resins), which can be
removed from the particle surface by heating theme in air. However, this procedure

should be avoided due to the easy oxidation of Italbdigher temperatures.
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Fig. 8.1. TG curve of CoRthanoparticles used for film preparation. The saenphs heated
under N with 10 K/min
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The sample was washed once before TG measurensnisthe procedure described
in the experimental part (Chapter 9.). The TG cwithe sample is displayed in Figure 8.1.
It can be seen that the particles degrade in astapeprocess. The amount of ligands is
approximately 15 mass %, which indicates that sangplell washed and ligand excess is
removed before film preparation.

The TG analysis shows that most of the ligandsatiguntil 300°C. A small amount
of organic residue can be removed until 430 At 600°C all organics should be removed.

These three temperatures were chosen for furthesiigation and comparison of particle

packing.

not heated

Fig. 8.2. GISAXS patterns; experimental and fitted curves lsigh resolution SEM images of
a sample before heating and of samples heatedt4&m and 606C.

In order to check how patrticles will behave aftgahd removal, the samples prepared
by spin coating were first heated to a certain teragre in the oven under vacuum for 30
min. All samples were prepared by spreading 50f ge particle solution (& 0.02 mol/dr)

in toluene onto silicon wafers using the procediescribed in the experimental part. The
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coverage of all samples was between 70 and 75 %r Aeating the samples were rapidly
cooled down using liquid nitrogen in order to fredhe particle position. The samples were
afterwards stored in air.

GISAXS technique has been used for the determmatigoarticle ordering on silicon
wafers before and after heating. Large areas os#mples (few square millimetres) were
investigated by this technique and the GISAXS pastare shown in Fig 8.2. Additionally,
the curves obtained by slicing the GISAXS pattealosg the gaxis and the high-resolution
SEM images of the samples are shown in the sameefifhe curves obtained from GISAXS
measurements were analysed by using the softwarattt8"** and the obtained data are
given in Table 8.1.

The specific rod-like reciprocal space map indisagevery good, two-dimensional
arrangement of particles for the not heated samgihe, samples heated until 40G.
Significant changes can be seen for samples hedt&0°C. These samples show less
pronounced features at higher values ofimficating less ordered structures at longer

distances.

Table 8.1. Parameters calculated from GISAXS aislys

Sample Unit cell Radius Standard Domain Relative
nm nm deviation size displacement
Not heated 12.6 4.9 0.13 60 19.8
Heated at 300C 12.3 4.8 0.11 60 20.3
Heated at 400C 12.3 4.9 0.13 60 24.3
Heated at 600C 12.3 4.9 0.18 50 26.0

Curves obtained from GISAXS patterns were fitteshgishe model for ideal spheres
packed in a perfect hexagonal lattice. The fitted experimental curves are in agreement as
can be seen in Figure 8.2. The calculations gigesime radius (4.9 nm) and the same size of
the unit cell for all samples. The domain size does change until 606C and further
decreases. This indicates smaller numbers of pestibat are packed in ordered domains. By
heating the samples at higher temperatures thiéveeldisplacement increases from 19.8-26.0
nm. The values for domain size and relative dispiaent indicate particle movement at the
surface and transition from a well ordered to & leslered structure. All of these results
demonstrate that the particles are still good @dlext 300°C (where the degradation step
ended) despite removal of the ligands. Furtherihgaif the samples at 40 leads to
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ordered structures with a smaller degree of ordemncomparison to the previous one. At
600 °C all ligands are removed and the patrticles starhélt and to fuse. Consequently, the
order of the particles is much lower.

The high-resolution SEM analysis confirms the reswlbtained by GISAXS. The
SEM images show that the particles are well ordenedi are packed in a hexagonal lattice
before heating. Also it can be noticed that théudince of order increases by heating (Fig
8.2.). The particles show significant changes alfteating at 600C, due to melting and
agglomeration of small clusters.

Particle movement at the surface depends on padiciface interactions. If the
amount of interactions decreases, higher mobility disorder will be achieved. In addition,
the length of the ligands is very important. Londigands keep the particles on larger
distances. In this case it will be more difficudir the particles to agglomerate and fuse after

ligand removaf"*.
8.3. Conclusion

The studies have shown that heating of GoRnoparticle films until 406C can be
used for ligand removal without significant losspairticle order. Higher temperatures (above
400°C) lead to particles fusion. The heating procedia® several advantages in comparison
to the plasma cleaning. It is easier, and it dagdaad to particle oxidation if the particles are
heated under vacuum.

Further investigations of the film stability in tifent atmospheres and at broader
range of temperatures should be done in order denstand the processes that occur during
the heating procedure. Also it will be interestitay investigate the influence of various

ligands on the stability of the films as well as thfluence of different surfaces.
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Chapter 9

Experimental part

Synthesis of CoPtz hanoparticles

9.1. Synthesis of CoPhanocrystald'?

Chemicals

Toluene, methanol, n-hexane, 2-propanol (all p.ardd), diphenyl ether (DPE, 99%,
Alfa Aesar), 1,2-hexadecandiol (HDD, 90%, Flukajadamantanecarboxylic acid (ACA, 99%,
Fluka), 1,2-dichlorobenzene (99%, Acros Organicepalt carbonyl (C4CO)), stabilised with
1-5% of hexane, Strem), and platinum(ll)-acetylacate (Pt(acag) 98%, Strem),

hexadecylamine (HDA, Merck) were of the highestitguavailable and used as received.

Synthesis of nanoparticles

High quality CoP{nanocrystals were synthesized via simultaneousctigstuof platinum
acetylacetonate (Pt(acdc)and thermal decomposition of cobalt carbonyl {C®)) in the
presence of l-adamantan carboxylic acid (ACA) aedabecylamine (HDA) as stabilizing
agents. The used concentrations were slightly neatlih comparison to the preparation method
of Shevchenko et .

The synthesis was carried out by using standardeB8kHine technique under nitrogen.
0.033 g of Pt(acag)0.13 g of 1,2-hexadecandiol and 0.043 g of lyreddancarboxylic acid
were dissolved in a mixture of coordinating solge(diphenyl ether 2 ml and HDA 4.0 g). The
reaction mixture was heated to 85 in a three-neck flask until a clear solution viasmed
(Figure 9.1.). The apparatus was evacuated antieitlisvith nitrogen three times at 86 in
order to remove traces of water and oxygen. ToygedoP4 nanocrystals, the reaction mixture
was heated to the desired temperature, in the rfoge 140°C to 220°C. The cobalt stock

solution was injected into the flask under vigorstigring. Thecobalt stock solutiomwas freshly
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prepared before the synthesis by dissolving 0.0d8@,(CO)s in 0.8 ml of 1,2-dichlorobenzene
at room temperature under nitrogen atmosphereei@ifit temperatures were used in order to
control the size and the shape of the GoRnhocrystals. After the injection the reaction tuiig
was heated one hour at the injection temperatune two hours at 2368C, in order to improve
the crystallinity of the nanoparticl¥s The reaction yield of CopPnhanocrystals was ~0.030 g

after washing.

nucelatian growth

Fig. 9.1.Apparatus for synthesis of CagRtanocrystals. Solution B: mixture of HDA, HDD, ACA
DPE and Pt(acag) solution A: solution of C4CO) in 1,2-dichlorobenzene; TC - thermocouple

9.2. Post-preparative procedures

The reaction mixture was cooled down to°60 All subsequent steps were performed in
air. The crude solution of Cofftanoparticles was mixed with 5 ml of chloroformbSequently,
15 ml of 2-propanol were added. The resulting blpcipitate was isolated by centrifugation
(20 min at 4500 rpm). The purple supernatant wasadded. The precipitate was re-dissolved in
chloroform (~2 ml) and the nanoparticles were priézipd again by addition of ~6 ml
2-propanol and centrifugation. The resulting blackcipitate containing CofPhanocrystals can
be re-dissolved in various nonpolar solvents (toéyehexane, chloroform, etc.). At the end the

nanoparticle solution was filtered through a PTEE|Om filter.
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The size distribution strongly depended on thetieademperatufé!?. If the synthesis
did not yield monodisperse particle size, a selegbrecipitation was applied by the conventional

solvent/nonsolvent precipitation techni&b%] in order to narrow particle size distribution.

9.3. Size selective precipitation

After synthesising and cleaning the CoRanoparticles were re-dissolved in chloroform
(~ 5 ml) in order to narrow the size distribution dige selective precipitation. The nanoparticle
solution was treated with 0.5 ml of 2-propanol amhtrifuged. Adding 2-propanol as a non-
solvent resulted in gentle destabilisation of thamloidal solution and aggregation of the
nanocrystals. Since larger nanocrystals exhibielaattractive van der Waals for€eaddition of
a non-solvent results in aggregation of the largesticles in a given sample, while the particles
with smaller sizes are still stable in the solution

Precipitated nanocrystals were collected and needs®d in an appropriate solvent such
as toluene, chloroform or hexane. In this way ttaetieg colloidal solution can be divided into
~ 5 to 7 fractions of particles with different siza®d size distributions (5 — 10 %).

9.4. Scaling up the reaction

The first set of syntheses yielded approximat@y®) of particles per synthesis. In some
experiments and for some of the analyses it wasssaey to use the same patrticles, e.g. from the
same batch. For this reason the reaction was soal@u order to produce larger amounts of the
particles with the same quality. The concentratiohsall chemicals, except GE&O), were
increased two times. It was found that the amofi@aprecursor has an influence on the shape
and quality of the particles. The use of a largeinge led to loss of a certain amount of the Co
stock solution, smaller amounts of cobalt precuvgene suitable for the reaction. This resulted in
non-spherical particles and a broad size distroutDifferent amounts of Co precursor were
investigated and it was found that the best resudt® achieved with 0.092 g of £GO) (7 %

higher amount than in the previous synthesis).
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9.5. Synthesis of CofPhanoparticles stabilised only with ACA

The same amounts of precursors were used as dadddiore in the scale-up reaction.
Only ACA was used as ligand, and the solvent wak D2 ml was used) instead of HDA. A
solution of Ce(CO) was injected at 178C, and the reaction mixture was heated one hour at
175 °C and two hours at 23%C. The particles were cleaned using the same pepamtive
procedure as described before.

9.6. Ligand exchange with acids

Chemicals

Sorbic acid (SA, Aldrich), undecanoic acid (UDA, MEk), linoleic acid (LA, Aldrich),
arachidic acid (ARA, Aldrich), adamantan carboxydicid (ACA, 99%, Fluka), hexadecylamine
(HDA, Merck), 2-propanol (Merck), chloroform (Merckvere used as a received without any

further purification.

Ligand exchange

CoPt nanoparticles were prepared and cleaned as dedchiéfore. Before the ligand
exchange, the rest of HDA and ACA were washed ahash as possible. In order to remove the
ligands already present on the particle surfacer &fgnthesis the particles were precipitated by
adding three times larger volume of 2-propanohi $tock solution and centrifuged for 10 min.
After centrifugation the particles were re-dissolva chloroform and the same procedure was
repeated as many times as were necessary to rahepeesent ligands.

The cleaned particles were mixed with an excess'nefv” ligands dissolved in
chloroform. Different amounts of new ligands wesed in order to find the necessary amount
for the ligand exchange. The number of surface £oPtecules was calculated based on XRD
measurements (related to the particle diameterth@drystal lattice) and thermo gravimetric
measurements (concerning the particle to ligand ratsolution). Experiments showed that the
best results were obtained using 50 times highesuatof ARA and UDA and a 100 times
larger amount of LA and SA in comparison to the antoof surface CoRtmolecules. After
mixing the particles with a solution of “new” ligds for approximately 24 hours, unattached

ligands were removed. The same amount of “newnliigawas added and the whole procedure
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was repeated once more. The excess of LA and ARé& die ligand exchange apparently
increases the solubility of the particles in thpr@panol, making their removal less effective. To
overcome this problem, a mixture of 2-propanol andthanol was used (instead of only
2-propanol). After the first washing step partipkecipitation was carried out without problems.
Similar problem appears in the case of the padid®@bilized with SA. Excess of SA was
removed with acetone that acts as a better sofeer8A compared to methanol / 2-propanol
mixture.

After ligand exchange the particles were re-dissolin chloroform, filtrated through a
PTFE 0.2 um filter and stored in the refrigeratereshly prepared solutions were stable over
months. In further discussions these solutiongeiered to as non-washed solutions. In further

text marks for one or more washing means one oeradditional washing steps.

9.7. Ligand exchange - thiols

Particles used in these experiments were firgned by the previously described post-
preparative procedure. The excess of HDA and AC&s@nt in the solutions was removed by
two additional washing procedures, as in the cddmand exchange with acids. The particles
were re-dissolved in 1-2 ml of chloroform and tfensed to a three-neck flask. Dodecanthiol
(DDT) (5 ml) was added and the mixture was stimader nitrogen or air at RC. The reaction
mixture changed the colour from black to dark ridraa few minutes. The reaction mixture was
kept at 9°C and samples were taken (trough the septum byirgsy after 24, 48, 72 or 96 h.
These samples were mixed with acetone / 2-propamgture (vol. ratio 3:1), in order to
precipitate the particles and then centrifuged. fdtkcoloured supernatant was removed and the
particles were re-dissolved in chloroform. The sgreedure was repeated as many times as it
was necessary to remove the red supernatant fremahoparticles. Cleaned nanoparticles were
re-dissolved in chloroform. A ligand exchange WwitBT was done at room temperature in small

reagent bottles.
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9.8. Ligand exchange — amines

Trihexylamine (Aldrich) and 1,4-diaminobutan (Alchi) were used as received.
Poly(2-vinylpyridine) (P2VP) (Mv = 50 000 g/mol) (Polysciences, Inc.), poly(4-vinyigine)

(P4AVP) (WW: 50 000 g/mol) (Polysciences, Inc.) were usedeagived. Poly(ethylene oxide)

terminated with one amino group (PEOA) was synitegkiby anionic polymerisatiorﬁp =

3200 g/mol — PEOA-1 an¥ , = 1750 g/mol — PEOA-2, determined by MALDI-TOEE)

9.9. Methods for particle characterization

X-ray diffraction measurements (XRD) were performed on a Philips X'Pert
diffractometer (Cu Ig-radiation, variable entrance slit, Bragg-Brentaggometry, secondary
monochromator). Colloidal solutions of Cglanocrystals in toluene or chloroform were placed
on standard single crystal Si support. After evapon of the solvent the samples were ready for
the measurements. XRD data reveal the internattsiiel of the average nanocrystals core and
permit the calculation of the nanocrystal size. Admples were characterized by XRD

measurements using following procedures:

other ligands thiols
Total time: 40 min 4 h
Start angle: 2 30
End angle: 100 100
Step size: 0.04 0.04
Time per step: 100 s 850 s

Transmission Electron Microscopy (TEM) and high-resolution transmission electron
miscroscopy (HRTEM) was performed ora Philips CM-300 UT microscope operated at
300 kV. Samples for these measurements were pkfreleposition of a droplet of particle
solution in toluene or chloroform onto carbon-cdat®pper grids. The excess of solvent was
wicked away with a filter paper, and the grids weried in air.
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EDX (Energy Disperseve X-ray Spectroscopy) measargsmwere done using the DX4 system
from EDAX. The detector was Si (Li), and accelargtivoltage CM 300 UT. The images were
made with a GATAN CCD camera, type 694.

Scanning Electron Microscope (SEM) images were obtained on a LEO 1550 scanning
electron microscope (spatial resolution of ~1 nmyigoed with EDX (Si (Li) detector) and
WDX INCA, OXFORD system). The samples were prepavacboron doped Si (100) wafers
(resistance of 1@cm).

WDX (Wavelength Dispersive X-ray Spectroscopy) nueasients were performed using
an accelerating voltage in the range of 100V — 30 Khe samples were investigated by DSC
before the WDX investigation. Aluminium crucible®m the DSC measurements were cut and
used for the WDX measurements. In this way orgamiese removed from the particles by

thermal decomposition during the DSC measurements.

Attenuated Total Reflectance Fourier Transform Infrared (Golden Gate ATR/FT-
-IR) Spectroscopy. IR spectra were recorded on a Bruker Equinoxg@getsometer. A drop of
the sample solution was placed on the crystal dtedt drying the spectra were recorded. The
transmission IR spectra were collected in the raofy®00-4000 cil. Each spectrum was

obtained by averaging 64 interferograms with altg&m of 4 cni".

Thermo Gravimetric Analysis (TGA) studies were carried out using a
Netzsch TG 209 C. All experiments were performeditrogen atmosphere. The samples were
obtained by drying the sample solution directlythie crucibles at 108C for 5 min just prior to
the measurements in order to remove solvent trafés. the drying step all TG measurements
were performed in temperature range of 100 600°C with a heating rate of 10 or 2G/min.
Thermo gravimetric analyses, of all pure ligandsrewperformed without a previous drying step.

Pure ligands were heated in the range from 25260@vith a heating rate of 10 or 2G/min.

Differential Scanning Calorimetry (DSC) experiments were performed on a Netzsch

differential scanning calorimeter 204 F1 underagén (flow rate of 10 ml/min for purge gas and
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5 ml/min for protective gas) using a sample mas2-& mg. All data were recorded in a

temperature range of 25-450 or 5at a heating rate of £&/min.

Small Angle X-ray Scattering (SAXS) investigationswere preformed with a rotating
anode (Seifert, Ahrensburg; consisting a Cu-anade @.1542 nm)), crossed Gobel mirrors and
an image plate detector (Fuji) mounted at a sardeteetor distance of 1.05 m. The full path of
X-rays was evacuated. The obtained data were awhlysing the “Scatter, version 10

software.

General principle

X-rays are used to investigate the structural ptagseof solids, liquids or gels. Photons
interact with electrons, and provide informatioroabthe fluctuations of electronic densities in
heterogeneous matter. The scattered intensityd(tpe Fourier Transform of g(r), the correlation
function of the electronic densifyr), which corresponds to the probability to finds@atter at
position p in the sample if another scatter is located atitiposQ. Small angle scattering
experiments are designed to measure 1(q) at venll Svattering vectors g (417A)0, with 20
ranging from a few micro-radians to a tenth of diaa, in order to investigate systems with
characteristic sizes ranging from crystallograplistances (few A) to colloidal sizes (up to few
microns).

The scattered intensity can be calculated as:

0 @ N,
|(CI) Dd—Q_vvparticle(pl pz) P(CI)S(CI)

N — number of scatters in volunweof the sampleV, e — Volume of the individual scattering
entity; p— density of the particlep{) or the matrix 4,); P(q) — form factor and5(q)— structure
factor

For investigations of nanoparticles size, shape @wa@ring the form and the structure
factor are important. The form factor gives infotima about particle size and shape, while the
structure factor gives information about distanoetsveen the particles.

Experimentally, théorm factor P(q) can be measured in a diluted regime where pasticle
can be considered as independent scatters witihguhteractions. There are no correlations due

to particle interactions, meaning that the struetisctor component, S(g), no longer affects the
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scattering. The form factor yields shape and si#erimation about the scatterers. It can be
calculated and is found in many references foed#nt simple shapes, such as spheres, cylinders
etc [8]. Form factor for the spherically symmetpigjects can be written as P(q) 4d) , where

F(q) is the amplitude of the form factor. The foiastor amplitude of a homogeneous sphere was

calculated already in 1911 by Lord RayléigHFor a sphere with radius R:

F.(Q.R) = 3[sin(CIR)(c—I l;q)l?cos@ R)]

The form factor of homogeneous spheres calculaadyuhis equation has zeros for gl =gR

and it is displayed in Figure 9.2.

qR

Fig. 9.2. Calculated form factor of homogeneous spheres

Structure factor S(q) - if the nanoparticles solution is concentrated atart to interact,
correlation effects become important. The corretatbehaviour appears as additional peaks in

the scattering and can be used to determine thgpantticle structure.

I (cmct)

Fig. 9.3. Experimental results obtained
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The influence of both factors, as well as the daked spectrum based on a theoretical
model is shown in Figure 9.2. Measurements of eédwgolutions of Si@spheres demonstrate the
influence of the form factor. In this case the mead data (red) can be directly related to the
form factor for spheres (blue). There is no intéoacand the structure factor is equal to 1 over
the whole g-range.

If the solution of SiQ spheres is concentrated repulsive electrostatigrantions appear
between these charged silica spheres. The expaam@sult is also shown in Figure 9.2. as
green line. An interaction peak appears at smaheposition of which is related to the distance

between neighboured particles. The signal restdta the product of P(q) and S(q).

Film preparation

9.10. Used chemicals

Solvents:

- Toluene, methanol, n-hexane, 2-propanol, eth@ibp.a. Merck);

Chemicals used for wafer cleaning:

H,SOy (Merck, 97 %) and kD, (Merck, 33 %)

Polymers as buffer layers:

- Poly(2-vinylpyridine) (P2VP) (M/ = 50 000 g/mol) (Polysciences, Inc.), poly(4-vinyipine)
(P4AVP) (M w= 50 000 g/mol) (Polysciences, Inc.), poly(ethylegigcol) bis(3-aminopropyl)
terminated (PEODA) MW= 1500 g/mol) (Aldrich) and poly(ethylene glycoljtethylether
(sz 2000 g/mol ) (Merck) were used as received. Rtihylene oxide) terminated with one
amino group (PEOA) was synthesized by anionic pelypation (l\_/lp = 3200 g/mol, determined
by MALDI-TOFF) [6]

Other chemicals:

- Ethyl-, diethylene- and triethylene-glycol (Mejokere used as received.

- Chlordimethylsilan (Fluka, p.a.)
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9.11. Procedure for wafer cleaning

In order to clean the wafers two different proceguvere used:
- chemical procedure

Prior to the deposition of polymer films doped @l substrates (P-type Boron doped,
orientation{100), thickness 475-525 um, diameter #0.5 mm, resistance 5-15) were cleaned
for 15 min in a freshly prepared 1:3 mixture of 3® H,O, and BHSQO, (piranha solution
followed by washing in water, 2-propanol and ethhano
- plasma cleaning

Silicon substrates were cleaned first with absoéibanol, and then with oxygen plasma
for 25-30 min in the plasma chamber SPI Plasma RPr&fasma cleaning removes just few atom
layers at a samples surface. For that purposeuygier recommended 10-watt plasma, but the
used plasma chamber can only produce more energktstna. This probably changed our

samples and caused different surface behavioraglthie film preparation.

9.12. Silanization of silicon wafers

Chemically cleaned silicon wafers were covered witdrop of chlordimethylsilan and
then immediately washed with THF and ethanol. Afends they were dried first with nitrogen
and then for 1 h in the oven at 8D. Another way to modify the sample surface with fame

compound was to keep the silicon wafers in the vapb chlordimethylsilan for a few minutes.

9.13. Film preparation

Spin coating was performed with the spin coater MODEL P6700. fi\ins were spin
coated on cleaned or silanized Si wafers at rotatmeeds of 1000, 2000 and 3000 rpm for 30 s.
The amounts of used solutions were 50 — 75 plrderato eliminate the effect of varying particle
size on the film morphology, nanoparticles of almafentical sizes ~ d = 6.2 nm were
synthesised as determined by X-ray powder diffoactParticles were washed with 2-propanol
three times and then dissolved in hexane or toluSo&utions were filtrated trough a 0.2 um

filter. The prepared films were stored under roemperature.
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Table 9.1. Program for spin coating:

First phase| Second phaserhird phase Fourth phase
Rotation speed, 1000 1000 1000 -
rpm (2000) (2000/3000) | (2000/3000)
Acceleration time, 1 1 1 1
S (decreasing the speed
to O rpm)
Spinning time, 1 30 1 -
S

Dip Coating was performed with dip coater KSV DC. All films weedeposited on
previously cleaned or modified silicon oxide waféfgafers were 8 x 8 mm. Speeds were varied
in the range from 1 to 40 mm/min. In all casesdbposition time was 30 s, and the sample was

dipped into the solution with a speed of 70 mm/min.

Langmuir Blodgett films were made on Langmuir Blodgget trough NIMAL®. The
program NIMA 516 was used for programming the psscand for collecting the data during
production of LB films. For all experiments Millipe water, or glycols, were used and the films
were made at room temperature £22°C). The trough was cleaned after each measureusaht,
fresh material was deposited.

If it is not specified differently, particles werprepared for Langmuir isotherm
measurements in the following way:

After synthesis and size selective precipitatidve powder of the desired particles was
weighted and then dissolved in a know amount aftsm (toluene or chloroform). The solution
was passed trough a 0.45 um pore size filter asrédin clean glassware. A 50 ul glass syringe
was utilized to disperse a known amount of theiglag uniformly across the water (glycol)
surface. Depending on the nature of the partiches @ncentration of the solution, between 10
and 250 pl of material was used. The solution eratpd usually in 10-15 min after deposition.

Pressure/area isotherm measurements were carriagsiog a compression rate of 30 mm/min
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until the surface pressure started to increase thed 5 mm/min until the end of the
measurement.

A so-called “Isotherm cycle” procedure was usedtii@r formation of Langmuir films on
glycols. Firstly, the isotherm was measured udiegaiready described procedure and the desired
pressure was chosen from the measured isothermsdine amount of solution was dropped
onto the glycol surface, and after the evaporatiaie solution, the film was compressed using a
compression rate of 30 mm/min until the surfacesguee started to increase. At that point the

barrier was stopped and certain parameters weré sie Monolayer Menu for the further

procedure:
Area increment, cfn 5
Wait interval, s 10
Target pressure, mN/m chosen from isotherm
Barrier speed, cfimin 5
Cycle required 100
Cycle Max Area, crh found from isotherm for Cycle Max Pressure
Cycle Min Area, crh found from isotherm for Cycle Min Pressure
Cycle Max Pressure, mN/m target pressure
Cycle Min Pressure, mN/m (target pressure — 1 mN/m

This procedure led to a better compression of #iréigbes since they have more time to
relax. Repetition of the compression and loosemapsoved the particle packing. If the occupied
surface is changing drastically during this progedit is an indication for a too small amount of
particles, or for a pressure that is not near ¢éocthllapse pressure (the solid phase of the film wa
not reached). In this case a new isotherm shoulthéasured and new parameters should be
chosen.

All LB films, if it is not specified differently irthe text, were taken out at the pressure just
below the collapse pressure. Samples were maderenopsly cleaned or modified silicon
wafers. The size of the wafer was 8 x 8 mm. Usudilins occupied a space of 5 x 8 mm. The
usual creep speed was 1 mm/min. Samples that wepaned by film formation on glycols were

dried in the oven under vacuum, at°@Dfor 24 h. All samples were kept under air aftanisa
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9.14. Film characterisation
9.14.1. Scanning Electron Microscope (SEM)

Images were obtained on a LEO 1550 scanning eleatm@roscope with a spatial

resolution ~ 1nm. More details are given in thetfpart of this chapter.
9.14.2. Atomic force microscopy (AFNJT2!

Experimental conditions

The AFM images were obtained on a JPK Nanowizardd®Ac Force Microscope and
MultiMode™ SPM (Veeco Instruments Inc.) with a Nano ScopeChntroller and an AS-12V
("E" vertical) SPM Scanner. All investigations wenade in intermittent contact mode using Si-
tip (v =280 kHz, r = 10 nm).

General principles of AFM:

The atomic force microscope (AFM) is special scagrmprobe microscope (SPM). In the
AFM a sharp tip placed on cantilever moves overdindace of a sample in a raster scan. The
movement of the tip or sample is performed by aimeexely precise positioning device made
from piezo-electric ceramics, most often in therfasf a tube scanner. The scanner is capable of
sub-angstrom resolution in x-, y- and z-directifiezoelectric ceramics are a class of materials
that expand or contract in the presence of a veltagdient.)

The AFM operates by measuring attractive or repaldorces between a tip and the
sample. Therefore it is necessary to have a fanem. A common type of force sensor utilizes
the relationship between the motion of a cantilemed the applied force. By monitoring the
motion of the probe, as it is scanned across thfas) a three dimensional image of the surface
is constructed. Measuring the motion of the cawtitds possible with the "light lever" method.
In the light lever method, the light is reflectedrh the backside of the cantilever into a photo-
detector (Fig. 9.4.). The motion of the cantileiethen directly proportional to the output of the
sectioned photo-detector. AFMs can achieve a latesolution of 0.2 to 3 nm, and unlike

electron microscopes, can image samples in aifrantersed liquids.
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Piezoelectric

Laser
T

AN

¢ Photodetector

Cantilever

- .

Sample

Fig. 9.4.The £heme of the primary components of the light letemic force microscope. The
light lever sensor uses a laser beam to monitordféection of the cantilever. When the

cantilever moves up and down, the light beam mawssss the surface of the photo-detector.

The image contrast can be obtained in many ways.tilitee main classes of interaction
arecontact modgtapping modendnon-contact mod€’.

Contact mode is previously the most common method used in AFM. the name
suggests, the tip and sample remain in close coatathe scanning proceeds. In contact mode
AFM, the probe directly follows the topography betsurface as it is scanned. The force of the
probe is kept constant by feedback loop while aagenis measured.

eTM

Tapping mod is nowadays the next most common mode used in AWMen
operated in air or other gases, the cantileversisllated near its resonant frequency (often
hundreds of kilohertz) and positioned above théaserso that it only taps the surface for a very
small fraction of its oscillation period. Theressll contact with the sample in the sense defined
earlier, but the very short time over which thisiteat occurs dramatically reduces lateral forces
as the tip scans over the surface. For this redgmssmethod is especially useful for investigation
of poorly immobilised or soft samples.

Tip effects ™
One of the most important factors influencing tesalution that may be achieved with an AFM
is the sharpness of the scanning tip. The besnigog have a radius of curvature of only around

5nm. The need for sharp tips is normally explaimegtrms oftip convolution This term is often
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used (slightly incorrectly) to group any influenites tip has on the image. The main influences

are: broadening, compression, interaction forcelsampect ratio.
9.14.3. Grazing Incidence Small Angle X-Ray ScateiGISAXS)

Experimental conditions

The GISAXS measurements were done in two diffefagitities:

1) Grazing Incidence Small Angle X-Ray Scatterif@ISAXS) experiments were
performed at the SAXS beam-line 5.2 L located attthird generation synchrotron light source
ELETTRA, Trieste, Italy. Samples were irradiatedhamonochromatic X-rays with an energy of
8 keV. A grazing angle of; = 0.6° (well above the critical angle of ~ 0.22°), and the 2-D
scattering pattern was recorded using an X-raygeiaoupled device (CCD) camera mounted at
a sample-detector distance of 1.08 m or 0.78 npeetively™®. In order to optimally match the
measured intensity with the given dynamic rangéhef CCD detector, an aluminium absorber
foil was introduced in front of the detector, suggBing the strong scattering intensity atd
due to the specularly reflected beam and the Yoped& [15] in favour of the GISAXS signal at
finite values for ¢

2) GISAXS measurements were done using the grammglence setup of the
experimental station BW4 [16] at HASYLAB (Hamburgf@nany) equipped with a high
resolution 2-dimenional CCD detector (MAR resea0¥8 x 2048 pixel, pixel size 79 um) at a
distance of 2.5 m (sample-detector). The wigglemibdine was set to a wavelengthrof 0.138
nm. The flight path was fully evacuated and thenbesize was focused by an additional
beryllium lens system to a size of only 30 um (eal} x 60 um (horizontal) at the sample
position. Piezo driven slits were installed in fraf the sample to reduce diffuse scattering from
the collimation devices of the beam line. With thetup it was possible to determine structures
within a scale of some nanometers up to around#®0

General principle

Grazing Incidence Small Angle X-ray Scattering (8X%) is a versatile tool for
characterizing nanoscale density correlations aad be applicable to determine internal
morphologies of thin films as well as top surfacerpmologies of thick films and substrates.

GISAXS involves a combination of two techniquesDGGrazing Incidence Diffraction)which
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uses a reflection geometry to obtain surface arat sarface sensitive X-ray scattering, and

SAXS (Small Angle X-ray Scatteringyvhich measures structures at a length scale-df0D nm

in normal transmission mod8™89 |n contrast to SAXS, the GISAXS technique is liratted

on small sample volumes in the thin film geometMoreover GISAXS has also some

advantages in comparison to AFM. With AFM only s topographies are accessible, but with

GISAXS probe the buried structure as well. Becaaskarger surface area is investigated,

GISAXS also has a much larger statistical signifmacompared to AFM and SEM. Due to that

GISAXS turned out to be a powerful advanced sdatjetechnique for the investigation of

nanostructured films specially block copolymer 8ffi?*?? as well as combinations of

polymer and nanoparticles filfig 4.

Some of the main advantages of GISAXS techniquetHté:

- a non-destructive structural investigation;

- does not require a conducting surface or samggpation (in-situ characterization possible);

- a sample preparation is easy;,

- a highly intense scattering pattern is alwaysawmiagd (even for films of nanoscale thickness)
because the X-ray beam path length through thedifme is sufficiently long;

- yields an excellent sampling statistics (averageer macroscopic regions to provide

information on nanometer scale);

- provides information on particle geometry, sizgrtbutions, spatial correlations.

74

Fig. 9.5. Schematic of the basic principle of the GISAXSpsétu
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Gl SAXS pattern

Figure 9.5. shows a scheme of the GISAXS geomateated by the use of a two-
dimensional detector. The sample surface is defaedhe X, y plane. The incident beam is
directed along the x-axis with an incident anglaated asy. The X, z plane denotes the plane of
incidence and reflection. The area detector recibrelscattering intensity of scattered rays over a
range of exit angles and scattering anglégin the surface plane. Two well-separated peaks are
recognizable on the detector: the specular peaktl@dYoneda peak. The specular peak is
obtained for the specular condition=os . The Yoneda peak is a maximum of the transmission
functions that appears in the case either the é@mtidr exit angle is equal to the critical angle of
the materidt®.

In order to make X-ray scattering surface sensitwvgrazing incidence angieis usually

chosen close to the critical angle of the total external reflection. The critical égan be

O¢ = \/5_ = )ware—l’[;e

where:\ is the wavelength of lighfy is the absorption coefficient, is classical electron radius,

calculated using the equatith

andpe is the electronic density.

From the presented equations it is concluded ttettitical angle depends on the system
to be studied. When the condition of total extemaedllection holds, the penetration depth of the
incident X-ray beam is only a few tens of angstromusd the reflectivity is near unity. By
increasing the incident angle above the criticglenthe reflectivity decreases rapidly, while the
penetration depth increases. Therefore, for fredgtg nanoparticles an incident angle belgw
may be chosen to make the scattering exclusivelfasersensitive. In order to investigate the
internal film structure the incident angle should &boveo. of the film, to ensure a full
penetration of the sampi& 2?21,

Different scans obtained from Gl SAXS pattern

Transferred into reciprocal space the two-dimerai@és, or)-map becomes a (qq,)-
map. Instead of handling the complete two-dimeraiamtensity distribution, the analysis of the
scattering data can be reduced to distinct cutsicBHy two different types of cuts are useful:
horizontal slices at constant gnd vertical slices at constant (¢he naming of horizontal and

vertical refers to the sample surface).
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A horizontal slice depends on the wave vector camepbgy only and as a consequence
only structures parallel to the sample surfaceimrestigated. The curve obtained from such a
slice is analogue to the curve obtained by SAXSsueanents and can be used for calculation of
particle-particle distance in the case of nanoplrtfilms. Additionally, it gives information
about the correlation length, and particle packihg".

The information from vertical slices depends on theeomponent of the wave vector
results. This scan basically investigates a stragberpendicular to the sample surface. As in the
two-dimensional maps, the Yoneda and the specwak pre visible. The vertical scenes give
information about Grazing Incidence Diffraction. tims way the film roughness and thickness
can be investigaté&d .

Analysis Techniques

Two different models can be used for the analy$€38AXS data:

- Born Approximatiorr use standard SAXS analysis techniques;

- Distorted Wave Born Approximationmust be used when dealing with highly reflective
surfaces or interfaces.

Influence of the substrate and the closeness tb the critical angle of total external
reflection ac, lead to necessity to modifie the Born approxioratin order to take in account
reflection-refraction effects. Therefore anotheedty is used, called the distorted-wave Born
approximation, DWBA. A physical picture for the lfealculatio?” ! for the scattering cross
section in the DWBA for an island is depicted ig.F.6., where jkand k are the incident and the
outgoing wave vectors, respectively. The four codeed terms are connected with different
scattering procedures that enclose or excludelecten of either the incident beam or the final
beam collected on the detector. These waves ingedeherently, giving rise to the following
effective form factor.

Term1l:gq=k,-k, Term2:q9q=k,+k, Term3:q=-k,-k, Terml:qgq=-k,+k,
ki kf

Qi Oy

Fig. 9.6.The four terms in the scattering for a supportddnd are shown. The first term

corresponds to the Born approximatioh
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Chapter 10

Summary

Controlling the distance between the particles and producing ligand free particles is
for instance, very important for the catalytic, magnetic or electric properties of the particle
assemblies. This thesis focuses on the investigation of ligand exchange reactions applied to
CoPt; nanoparticles after their synthesis in order to control particle-particle distance. In
addition different techniques for film preparation were investigated in order to prepare high
cover ed substrate with well-ordered packed CoPt; nanoparticles.

Ligand exchange

A new procedure was developed to exchange the ligands which were present on the
CoPt; particle surface after syntheses with new ligands. As new ligands, different carboxylic
acids, amines and thiols were used. The investigation shown that the applied ligand exchange
procedure was successful in all cases.

Four different carboxylic acids with a different alkyl chain length were chosen as new
ligands: sorbic (SA), undecanoic (UDA), linoleic (LA) and arachydic acid (ARA). Particles
stabilised with the new ligands were stable for a long period of time. TG measurements
proved that the ligand excess is completely removed after two washing steps. The number of
ligand molecules connected to the particle surface decreased with increasing the length of the
alkyl chain. Investigations of particles self-assembly revealed that particles stabilized with the
new ligands were still able to self-assemble in well ordered 2-D and 3-D structures. Due to
different alkyl chain lengths among the used acids, it was possible to vary the particle-particle
distance from 13.6 nm (for ARA) to 9.9 nm (for SA). A good ordering in 3-D structures was
obtained only in the presence of ligand excess.

In the case of thiols, the applied ligand exchange procedure led to more complex
reactions than in the case of acids. It was observed that the exchange of ligands is
accompanied by interactions of between particle atoms and dodecanthiol. The formation of
Co complexes/clusters occurs at higher (90 °C) as well as at room temperature, and in air or
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nitrogen. Particles of different sizes and different shapes express the same reactivity with
dodecanthiol.

Strong interactions between amino groups and CoPt; nanoparticles were used for the
attachment of longer polymer chains based on polyethylene oxide. Due to these interactions

the same polymers were used as substrates during particle deposition by different techniques.

Film formation

Three different techniques were used for the formation of CoPt; nanoparticles films:
spin coating, dip coating and Langmuir-Blodgett technique.

All applied techniques are appropriate for CoPt; nanoparticle films preparation. Spin
coating leads to the smooth and ultra-thin CoPt; nanoparticle films on the silicon wafer as
well as on the different polymer substrates such as: poly(2-vinylpyridine) (P2VP), poly(4-
vinylpyridine) (P4VP), poly(ethylene oxide) terminated with one (PEOA) and two amino
groups (PEODA), respectively. In all cases the particles form a defective lattice with local
hexagonal symmetry. The investigations show that amino groups strongly influence the
particle deposition. GISAXS measurements indicate that the particle correlation in the film
deposited on PEODA is superior to films that are identically prepared on PEOA, P2VP and
PAVP buffer layers. Additionaly, it is shown that the employment of P2VP and P4VP
substrate layers on silicon results in large areas covered by particles. However, particles arein
these cases packed in multi layers.

A better order of CoPt; nanoparticles on silicon wafers was obtained using the dip
coating technique. By using statistical experimental design, the influence of a few parameters
(particle concentration, dip speed, solvent and polarity of the wafer surface) and their mutual
effects on the wafer coverage were investigated. The optimal conditions for obtaining highly
covered areas on the hydrophobic substrates include application of particle solution is hexane
with concentrations between 2.5 and 4 mmol/l, and using the dip speed of 1 and 10 mm/min.

The Langmuir-Blodgett technique applied at water/air interface gives dissatisfactory
results in the case of CoPt; nanoparticles. Therefore, another approach was applied and
instead of water, diethylenglycol was used. This procedure leads to a high coverage of the
substrate and well-ordered packing. Investigations were performed with different particle size,
under different substrate angles and with different amounts of ligands. In this procedure, the
ligands have only a small effect on the film formation in comparison to the results achieved

with water/air surfaces. The experiments show that the film compactness and particle order
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are influenced by the substrate angle during the film deposition. Furthermore, this method is
very efficient for the deposition as well on silicon as on different polymers (the same polymer
substrates as in the case of spin coating). A GISAXS investigation confirms that the best
particle order was achieved for the films prepared by Langmuir-Blodgett technique.

The prepared CoPt; nanoparticles films on silicon are very stable in a broad
temperature range. A heating procedure can be used until 400 °C without a significant loss of
the particles order, despite simultaneous ligand removal. Higher temperatures lead to particles
fusion. Such particle behavior gives the opportunity to use the heating procedure in order to

produce high-order films of ligand free particles.
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Zusammenfassung

Zusammenfassung

Fir die Untersuchung von Kkatalytischen, magnetischand elektrischen
Eigenschaften an Partikelanordnung ist es bedeuttsrd Partikelabstand zu kontrollieren
und die Liganden entfernen zu konnen. Diese Arkeiizentriert sich sowohl auf die
Untersuchung von Ligandenaustausch- reaktionen arPtC Nanopartikeln um den
Partikelabstand variieren zu kdénnen als auch aw# 8ildung von CoRtNanopartikel-

Filmen. Hierbei kamen verschiedene Techniken zunrsalE.

Ligandenaustausch

FUr den Ligandenaustausch wurde eine neue Methaolgckelt, um die durch die
Synthese bedingten Liganden durch andere Ligandestsetzen. Als neue Liganden wurden
Carbonsauren, Amine und Thiole eingesetzt. Vieth@asauren mit unterschiedlich langen
Alkylresten wurden fir den Austausch gewéhlt. Heerbandelte es sich um Sorbinsaure
(SA), n-Undecansaure (UDA), Linolsaure (LA) sowigaghidinsdure (ARA). Nach dem
Ligandenaustausch sind die Partikellosungen UbaeneiZeitraum hinweg stabil. TG
Messungen bestétigten, dass ein Uberschuss andeganach zweimaliger Waschung
vollstandig entfernt werden konnte. Die Anzahl déganden auf der Partikeloberflache
verringerte sich mit steigender Alkylkettenlangentéfsuchungen zur Selbstorganisation
zeigten, dass die Partikel sich auch nach dem dgaaustausch regelmaflig in 2-D und 3-D
Strukturen anordneten. Durch die unterschiedlichgém Alkylketten der verwendeten
Carbonsauren war es mdglich, den Partikel zu Rarfikstand zwischen 13.6 nm bis 9.9 nm
zu variieren. Regelmafiig angeordnete 3-D Struktli@mten nur bei Ligandeniberschuf3
erhalten werden.

Bei der Verwendung von Thiolen kam es zu komplexdReaktionen als bei den
Carbonsauren. Die Ergebnisse der Experimente reijtdht nur einen Ligandenaustausch,
sondern zusatzlich Wechselwirkunken mit AtomenRgrtikel. Co Komplexe/Cluster bilden
sich bei Temperaturen tber 90 °C genauso wie bemamperatur und in Sauerstoff oder
Stickstoff Atmosphare. Partikel mit verschiedeneti®2n und verschiedenen Formen zeigten

die gleiche Reaktivitdt mit 1-Dodencanthiol.
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Die starken Wechselwirkungen zwischen Aminogrupped CoPt3 Nanopartikeln
wurden ausgenutzt fur die Bindung von auf Polyethgkid basierenden langen
Polymerketten. Wegen dieser Wechselwirkungen wurdiese Polymere auch als Substrate
verwendet, auf denen die Partikel mit unterschad@ih Techniken abgeschieden wurden.

Filmpraparation

Zur Herstellung von Filmen bestehend aus @odRanopartikeln wurden drei
verschiedene Techniken angewendet: Spin coating,cBating und das Langmuir Blodgett
Verfahren. Alle verwendeten Techniken sind zur Fatiom von CoRtNanopartikel Filmen
geeignet. Mittels Spin coating konnten ultra dir@@Pt Nanopartikel Filme sowohl auf
Silizium-Tragern als auch auf verschiedenen Polgotestraten wie Poly(2-vinylpyridine)
(P2VP), Poly(4-vinylpyridine) (P4VP), Poly(ethylemead) terminiert mit (PEOA) und zwei
Aminogruppen (PEODA) erzeugt werden. In allen Falidden sich Partikelanordungen mit
Fehlstellen aber lokaler hexagonaler Symmetrie AZIS Messungen deuten darauf hin, dass
die Ordnung der Partikel in den auf PEODA abgestdrien Filmen starker ausgepragt ist als
bei den auf PEOA, P2VP und P4VP Puffer-Schichtegeathiedenen Filmen. Zusatzlich
konnte gezeigt werden, dass dinne P2VP und P4VRIeh auf Siliziumsubstraten gute
Pufferschichten sind, um eine hohe Bedeckung zelerewas zu Mutischichten fihrt.

Eine bessere Anordnung der CoRanopartikel auf Siliziumsubstraten konnte mit der
Dip coating Technik erzielt werden. Durch ,Statiali Experimental Design“ konnten die
Einflisse verschiedener Parameter (Partikelkonagoir, Dipgeschwindigkeit, Losungsmittel
und Polaritat der Substratoberflache) auf die Satimdeckung untersucht werden. Die
Ergebnisse dieser Untersuchungsreihen zeigten, dlast die Verwendung von n-Hexan
Partikel-Lésungen mit Konzentrationen zwischen 2uhd 4 mmol/L, und einer
Dipgeschwindigkeit zwischen 1 und 10 mm/min ein étoBedeckungsgrade erzielt werden
konnte.

Die Langmuir-Blodgett Technik mit einer Wasser/LufBrenzflache liefert
unbefriedigende Ergebnisse fur CoManopartikel. Aus diesem Grund wurde ein neuer
Ansatz gewahlt, bei dem Anstelle von Wasser Diethglycol verwendet wurde, was zu
einem hoéheren Bedeckungsgrad des Substrates raitm&gig angeordneten Partikeln fuhrte.
Gute Ergebnisse konnten mit unterschiedlichen Rdgi6lRen, Substratwinkeln und

Ligandenkonzentrationen erzeugt werden. In diesalhibt auch die Art der Liganden nur
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einen geringen Einflu auf die Ausbildung der FilmeGegensatz zu den Ergebnissen mit
einer Wasser/Luft Grenzflache aus. Die Experimeeigen, dass die Kompaktheit der Filme
und die regelmalige Anordnung der Partikel durch &ibstrat Winkel wahrend der
Filmabscheidung beeinflusst werden. Weiterhin istMethode sehr effizient sowohl fur die
Abscheidung auf Siliziumtragern als auch auf veestdénen Polymeren (die selben Polymere
wie im Fall des Spin coatings). Eine GISAXS Untetsung bestatigt, das die (regelméfiigste)
beste Partikelanordung durch die Langmuir-Blod@etthnik erzielt wird.

Die hergestellten CoptNanopartikel Filme auf Siliziumtragern sind Uban breites
Temperaturfenster hinweg stabil. Bis 400 °C blal@ Anordnung der Partikel auf dem
Substrat ohne nennenswerte Veranderung trotz deemjehenden Abtrennung der Liganden
erhalten. Daher kdénnen durch Erhitzen ligandenf@idt Nanopartikel Filme hergestellt

werden.
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Appendix 1. IR spectra of different ligands

IR spectra of ligands used during the synthes{Sai®t nanoparticles

o

TRANSHITTANCE I %1

HIT-ND-084 [SCORE- (  1[80BS-NO=28 [IR-NIDA-65137 : KBR D15C

TRICYCLOC3.3.1.113-7110ECANE-1-CARBOXYLIC RACID

CuiHisle

HAVENUMGER! -1

Fig. 1. IR spectra of adamantane carboxylic acid on KBcdis

TRANSHITTANCE | 41

HIT-ND=1564 [SCORE= ( 1]8O0BS-NO=1£02 [IR-NIDA-1GL16 : KBRF OISC
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Fig. 2. IR spectra of hexadecylamine on KBr disc

IR spectra of different ligands used during lig&xdhange procedure
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Fig. 3. IR spectra of sorbic acid on KBr disc (Chapter 2.)
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Fig. 4. IR spectra of undecanoic acid on KBr disc (Chaj2gr
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Fig. 5. IR spectra of linoleic acid — liquid film (Chapt2r)
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Fig. 6. IR spectra of arachidic acid on KBr disc (Chaptey 2
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Fig. 7. IR spectra of trihexylamine — liquid film (Chapt)
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Fig. 7. IR spectra of 1-dodecanthiol — liquid film (Chapte)
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Appendix 2.Safety precaution information on the used chemicals

Substance

Acetone
Adamantanecarboxylic acid
Arachaidic acid -
Chloroform
1,2-dichlorobenzene

Dicobalt octacarbonyl

Di-phenyl ether
Dioctylether
Dodecylamine
Dodecanthiol
Dyethylene glycol
Ethanol

Ethylene glycol
1,2-Hexadecandiol
1-Hexadecanol
Hexadecylamine
Hexane
Isopropanol
Lynoleic acid
Methanol
Platinum(ll)-acetylacetonate

Sorbic acid
Sulfuric acid, HSO,
Toluene
Triethylene glycol
Undecanoic acid

R-phrases

11-36-66-67
1
22-38-40-48-/20/22
22-36/37/38-50/53
11-22-26-40-

48/20-52/53-62-

65-67
51/53
1
22-35
36/37/38
11
22
1
36/37/38
22-35
11-48/20
11-36-67
11-23/25
20/21/22-
36/37/38-63
34
35
11-20

36/37/38

S-phrases Hazard signs
9-16-26 [FI[Xi]
26-24/25
36/37 [Xn]
23-60-61 [Xn][N]

16-28-36/37-45-62 [F][T]
60-61 [Xi]
23-24/25
26-28.1-36/37/39-45  [C]
26-28.1 [Xi]
7-16 [F]

22-24/25 [Xn]

22-24/25

26-36/37/39-45 [C]
9-16-24/25-29-51 [FIIXN]IN]
7-16-24/25-26 [F]IXi]
7-16-24-45 [FIIT+]
26-36737/39 [Xn]
26-36/37/39-45 [C]

26-30-45 [C]
16-25-29-33 [FI[Xn]
24/25 -

26-36 [Xi]
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Risk (R-) and safety precaution (S-) phrases used in the classification, packaging, labeling
and provision of information on dangerous substance

Risk phrases (R-Phrases)

R1: Explosive when dry

R2: Risk of explosion by shock, friction fire other sources of ignition
R3: Extreme risk of explosion by shock frictiorrgfior other sources of ignition
R4: Forms very sensitive explosive metallic compmisun
R5: Heating may cause an explosion

R6: Explosive with or without contact with air

R7: May cause fire

R8: Contact with combustible material may cause fir
R9: Explosive when mixed with combustible material
R10: Flammable

R11: Highly flammable

R12 : Extremely flammable

R13: Extremely flammable liquefied gas

R14: Reacts violently with water

R15: Contact with water liberates highly flammagéeses
R16: Explosive when mixed with oxidising substances
R17: Spontaneously flammable in air

R18: In use, may form flammable/explosive vaporraixture
R19: May form explosive peroxides

R20: Harmful by inhalation

R21: Harmful in contact with skin

R22: Harmful if swallowed

R23: Toxic by inhalation

R24: Toxic in contact with skin

R25: Toxic if swallowed

R26: Very toxic by inhalation

R27: Very toxic in contact with skin

R28: Very toxic if swallowed

R29: Contact with water liberates toxic gas

R30: Can become highly flammable in use

R31: Contact with acids liberates toxic gas

R32: Contact with acids liberates very toxic gas

R33: Danger of cumulative effects

R34: Causes burns

R35: Causes severe burns

R36: Irritating to eyes

R37: Irritating to respiratory system

R38: Irritating to skin

R39: Danger of very serious irreversible effects

R40: Possible risk of irreversible effects

R41: Risk of serious damage to eyes

R42: May cause sensitisation by inhalation

R43: May cause sensitisation by skin contact

R44: Risk of explosion if heated under confinement
R45: May cause cancer

R46: May cause heritable genetic damage

R47: May cause birth defects

R48: Danger of serious damage to health by prolbregposure
R49: May cause cancer by inhalation

R50: Very toxic to aquatic organisms

R51: Toxic to aquatic organisms

R52: Harmful to aquatic organisms

R53: May cause long-term adverse effects in thatgenvironment
R54: Toxic to flora

R55: Toxic to fauna

R56: Toxic to soil organisms

R57: Toxic to bees

R58: May cause long-term adverse effects in ther@mwent
R59: Dangerous to the ozone layer

R60: May impair fertility

R61: May cause harm to the unborn child

R62: Possible risk of impaired fertility
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R63: Possible risk of harm to the unborn child
R64: May cause harm to breastfed babies

Combination of risks

R14/15: Reacts violently with water, liberating ligflammable gases

R15/29: Contact with water liberates toxic, highmmable gas

R20/21: Harmful by inhalation and in contact wikins

R20/21/22: Harmful by inhalation, in contact witkirsand if swallowed

R20/22: Harmful by inhalation and if swallowed

R21/22: Harmful in contact with skin and if swalledv

R23/24: Toxic by inhalation and in contact withrski

R23/24/25: Toxic by inhalation, in contact withiskind if swallowed

R23/25: Toxic by inhalation and if swallowed

R24/25: Toxic in contact with skin and if swallowed

R26/27: Very toxic by inhalation and in contactwakin

R26/27/28: Very toxic by inhalation, in contact lwikin and if swallowed

R26/28: Very toxic by inhalation and if swallowed

R27/28: Very toxic in contact with skin and if s\eaved

R36/37: Irritating to eyes and respiratory system

R36/37138: Irritating to eyes, respiratory systerd akin

R36/38: Irritating to eyes and skin

R37/38: Irritating to respiratory system and skin

R42/43: May cause sensitisation by inhalation dal sontact.

R48/20: Harmful: danger of serious damage to hdajthrolonged exposure

R48/20/21: Harmful: danger of serious damage tdtindwy prolonged exposure through inhalation andantact with the
skin

R48/20/21/22: Harmful: danger of serious damagee@lth by prolonged exposure through inhalatiorgdntact with skin
and if swallowed

R48/20/22: Harmful: danger of serious damage tdtthés prolonged exposure through inhalation, dreviallowed
R48/21: Harmful: danger of serious damage to hdsjthrolonged exposure in contact with skin

R48/21/22: Harmful: danger of serious damage tdtitnésy prolonged exposure in contact with skin &rmvallowed
R48/22: Harmful: danger of serious damage to hdsjthrolonged exposure if swallowed

R48/23: Toxic: danger of serious damage to healtprblonged exposure through inhalation

R48/23/24: Toxic: danger of serious damage to hdajtprolonged exposure through inhalation andimtact with skin
R48/23/24/25: Toxic: danger of serious damage &dthdy prolonged exposure through inhalation,antact with skin and
if swallowed

R48/23/25: Toxic: danger of serious damage to hdajtprolonged exposure through inhalation andvilwed
R48/24: Toxic: danger of serious damage to healthrblonged exposure in contact with skin

R48/24/25: Toxic: danger of serious damage to hdajtprolonged exposure in contact with skin argléllowed
R48/25: Toxic: danger of serious damage to healthrblonged exposure if swallowed

R50/53: Very toxic to aquatic organisms, may cdarg term adverse effects in the aquatic envirorimen

R51/53: Toxic to aquatic organisms, may cause teng adverse effects in the aquatic environment

R52/53: Harmful to aquatic organisms, may causg-tenm adverse effects in the aquatic Environment

Safety precaution phrases (S-Phrases)

S1: Keep locked up

S2: Keep out of reach of children

S3: Keep in a cool place

S4: Keep away from living quarters

S5: Keep contents under . . . (appropriate ligaibde specified by the manufacturer)
S6: Keep under . . . (inert gas to be specifiethbymanufacturer)

S7: Keep container tightly closed

S8: Keep container dry

S9: Keep container in a well-ventilated place

S12: Do not keep the container sealed

S13: Keep away from food, drink and animal feedingfs

S14: Keep away from . . . (incompatible materialb¢ indicated by the manufacturer)
S15: Keep away from heat

S16: Keep away from sources of ignition-No Smoking

S17: Keep away from combustible material

S18: Handle and open container with care

S20: When using do not eat or drink

S21: When using do not smoke

S22: Do not breathe dust

S23: Do not breathe gas/fumes/vapor/spray (apmtgpwording to be specified by manufacturer)
S24: Avoid contact with skin

S25: Avoid contact with eyes
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S26: In case of contact with eyes, rinse immediatéth plenty of water and seek medical advice

S27: Take off immediately all contaminated clothing

S28: After contact with skin, wash immediately witlenty of . . (to be specified by the manufacturer
S29: Do not empty into drains

S30: Never add water to this product

S33: Take precautionary measures against statibatiges

S34: Avoid shock and friction

S35: This material and its container must be diegas in a safe way

S36: Wear suitable protective clothing

S37: Wear suitable gloves

S38: In case of insufficient ventilation, wear abie respiratory equipment

S39: Wear eye/face protection

S40: To clean the floor and all objects contamidhdi this material use (to be specified by the nfeacturer)
S41: In case of fire and/or explosion do not bréathes

S42: During fumigation/spraying wear suitable resfory equipment (appropriate wording to be spedifiby the
manufacturer)

S43: In case of fire, use ... (indicate in the spthe precise type of fire fighting equipment. kiter increases the risk add
"never use water".)

S44: If you feel unwell, seek medical advice (shiba/label where possible)

S45: In case of accident or if you feel unwell kseeedical advice immediately (show the label whasssible)
S46: If swallowed, seek medical advice immediagalgl show the container or label

S47: Keep at temperature not exceeding ... °Cdtspecified by the manufacturer)

S48: Keep wetted with ... (appropriate materidiécspecified by the manufacturer)

S49: Keep only in the original container

S50: Do not mix with ... (to be specified by thenutacturer)

S51: Use only in well ventilated areas

S52: Not recommended for interior use on largeamgrfareas

S53: Avoid exposure - obtain special instructioa®be use

S54: Obtain the consent of pollution control auities before discharging to waste-water treatméanttp
S55: Treat using the best available techniquesréefischarge into drains or the aquatic environment
S56: Do not discharge into drains or the envirortimdispose to an authorised waste collection point
S57: Use appropriate containment to avoid envirerieleontamination

S58: To be disposed of as hazardous waste

S59: Refer to manufacturer/supplier for informatiomrecovery/recycling

S60: This material and/or its container must bpaied of as hazardous waste

S61: Avoid release to the environment. Refer taigpénstructions / safety data sheet

S62: If swallowed, do not induce vomiting: seek roabadvice immediately and show the containembel

Combined safety phrases

S1/2: Keep locked up and out of reach of children

S3/9: Keep in a cool, well-ventilated place

S3/7/9: Keep container tightly closed in a coolllwentilated place

S3/14: Keep in a cool place away from ... (inconfpatmaterials to be indicated by the manufacturer)
S3/9/14: Keep in a cool, well-ventilated place avirayn ... (incompatible materials to be indicatgdie manufacturer)
S3/9/49: Keep only in the original container inalc well-ventilated place

S3/9/14/49: Keep only in the original containerinool, well-ventilated place away from

(Incompatible materials to be indicated by the nfiacturer)

S3/9/49: Keep only in the original container inal; well-ventilated place

S3/14: Keep in a cool place away from...(incompatibaterials to be indicated by the manufacturer)

S7/8: Keep container tightly closed and dry

S7/9: Keep container tightly closed and in a wehtiated place

S7/47: Keep container tightly closed and at a teatpee not exceeding ...°C (to be specified by mactufar
S20/21: When using do not eat, drink or smoke

S24/25: Avoid contact with skin and eyes

S29/56: Do not empty into drains, dispose of thigerial and its container to hazardous or specist&vcollection point
S36/37: Wear suitable protective clothing and giove

S36/37/39: Wear suitable protective clothing, gioaed eye/face protection

S36/39: Wear suitable protective clothing, and feyef protection

S37/39: Wear suitable gloves and eye/face protectio

S47/49: Keep only in the original container at tenapure not exceeding ...°C (to be specified bynteaeufacturer)
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