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Kurzfassung

Selbstreinigende Oberflachen sind eine der wichtigsten Entwicklungen in der
Glastechnologie der letzten Jahre. Es handelt sich dabei um photokatalytisch aktive
Beschichtungen, die unter Einstrahlung von Licht organische Verunreinigungen
abbauen konnen. Solche Systeme sind fur organische Oberflachen nicht einsetzbar, da
durch den photokatalytischen Prozess nahezu alle organischen Verbindungen
angegriffen werden, das Substrat eingeschlossen. Dariliberhinaus wird flr organische
Substrate, um eine stabile Anbindung zu gewahrleisten, ein Kupplungsreagenz bendétigt.
In dieser Arbeit sollte daher ein System entwickelt werden, das eine stabile Anbindung
des photokatalytisch aktiven Films an organische Substrate ermoéglicht.

Zunachst wurde die Synthese von photokatalytisch aktiverr N&nhopartikeln
durch Sol-Gel Chemie und der Einfluss unterschiedlicher Parameter auf Gré3e und
Morphologie der Partikel untersucht. Die photokatalytische Aktivitat der Partikel wurde
studiert und mit kommerziell erhaltlichen Systemen verglichen. Um eine Anbindung an
organische Substrate zu ermdglichen, wurden die photokatalytisch aktiven Nanopartikel
mit organischen Phosphonaten und Phosphaten modifiziert, die eine stabile kovalente
Bindung zu TiQ bilden. Die Stabilitat dieser Systeme wurde unter photokatalytischen
Bedingungen untersucht. Die Ergebnisse zeigten, dass eine Phosphonat-Briicke die
organischen Gruppen nicht vor dem Abbau schitzen kann. Mechanistische
Untersuchungen ergaben, dass der Abbau sowohl durch Hydroxylradikale als auch
durch Lécher im Valenzband des Halbleiters initiiert werden kann. Durch Festkorper-
NMR Spektroskopie konnten diverse Zwischenprodukte identifiziert werden, was auf
einen sequentiellen Abbau der organischen Gruppen hinweist. Es konnte aul3erdem
gezeigt werden, dass die nach dem Abbau der Organik zurtickbleibenden
Phosphatgruppen die photokatalytische Aktivitat der Partikel drastisch erhdhen.

Eine kovalente Anbindung unter Erhalt der photokatalytischen Aktivitat kann durch
anisotrope Modifizierung der T&ONanopartikel erreicht werden. Eine Hemisphare der
sogenannten ,Janus” Partikel kann an das Substrat angebunden werden, wahrend die
andere ,nackt® — also photokatalytisch aktiv — bleibt. Solche anisotrop modifizierten
Partikel wurden durch Modifizierung in einer Partikel-stabilisierten Emulsion erhalten.
Die amphiphile Natur der Partikel konnte durch eine drastisch erhthte Stabilitat der
Emulsion beobachtet werden. Weitere Untersuchungen zielten auf einen optischen
Nachweis der Anisotropie ab.
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Abstract

Titanium dioxide nanoparticles are photocatalytically active and the light-induced
redox process can lead to the degradation of organic compounds. This effect can be
used for dirt-degrading films on inorganic substrates such as glass or ceramics. The
application of such coatings for organic surfaces is, however, a challenging task. Two
major problems arise: (i) The organic substrate can be degraded upon direct contact
with the photocatalytic film and (ii) for a stable connection between the substrate and
the photocatalytic film, coupling agents are required. Aim of this work was the
development of a system that allows a stable connection of the photocatalytic coating to
the organic substrate.

In this work, the synthesis of photocatalytically active J@noparticles by the
sol-gel process and the influence of different parameters on the size and morphology of
the particles were investigated. In order to achieve covalent interaction with the
substrate, the particles were modified with organic phosphonates and phosphates, which
are known to form a stable covalent bonding to ;T8Drfaces. Investigations on the
stability of these systems under photocatalytic conditions revealed that a phosphonate
bridge cannot protect the organic moieties from degradation. Mechanistic studies
showed that the degradation can be initated by at least two different species: hydroxyl
radicals and surface trapped holes. Various degradation intermediates identified by solid
state*C NMR studies lead to the conclusion that the organic species are degraded
sequentially. Moreover, it was shown that after complete degradation of the organic
moieties, a phosphate species is left on the particles’ surface. A drastically increased
photocatalytic activity of the particles after illumination could be assigned to the
presence of these phosphate species.

An additional requirement for the coating is a bare photocatalytic surface. Thus, in
this work photocatalytic titanium dioxide nanoparticles exhibiting anisotropic surface
modification were prepared. One side of the nanopatrticles’ surface should remain blank
and photocatalytically active, while the functionalized section protects the substrate
from degradation and can in addition interact with the substrate. These so called “Janus”
particles were obtained by modification in a differentiating environment, which is
provided by particle-stabilized emulsions. The amphiphilic nature of particles modified
in emulsion could be observed by a drastically increased stability of the emulsion.
Nevertheless, further investigations were conducted, aiming an optical proof for the
anisotropic nature of these particles.
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Introduction

1 Introduction

1.1 Motivation

Self-cleaning surfaces are state of the art and commercially available coatings allow
the photocatalytic degradation of organic species on inorganic surfaces such as glass,
ceramics or stonk® However, all kinds of organic molecules can be decomposed by the
phobcatalytic process, which renders these films unsuitable for organic substrates like
polymers. Goal of this work was the development of a system that allows the formation
of self-cleaning photocatalytic flms on organic substrates. It is obvious that such
systems need to involve an intermediate layer that protects the substrate from
degradation and at the same time provides a linkage between the organic surface and the
photocatalytic film. Such protective linkage could be provided by the formation of an
inorganic barrier layer either on the substrate or on the particles. A more
straightforward approach is provided by coupling molecules that exhibit a
photocatalytically stable linkage to the photocatalyst and prevent the degradation of the
substrate concurrently. Moreover, anisotropic modification of photocatalytic
nanoparticles was aimed in order to make a connection to the substrate possible and
render the particles photocatalytically active concurrently.

1.2 Photocatalysis

1.2.1 General Remarks

Semiconductor photocatalysis represents a versatile tool for the removal of
pollutants from water and air and has thus gained considerable interest in Green
Chemistry in the last decad®¥’ The generation of charge carriers by exposure to light
has first been noticed by Wilderman and Meyer in 1408hey observed a “current
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produced by the action of light” when one electrode in a galvanic cell was irradiated. In
1972, Fujishima and Honda reported the successful splitting of water to hydrogen and
oxygen by photoelectrocatalysisThey constructed an electrochemical cell with a,TiO
anode and a platinum black cathode in water. When the @li€xtrode was irradiated

with light, they observed current flowing from the platinum electrode to the TiO
electrode. They concluded that water was oxidized at the @l€ztrode and reduced at

the platinum electrode. This finding attracted much attention in terms of converting
solar energy to chemical energy oJHfor combustion engines or fuel cetfs.’
Environmental interest in photocatalysis has arisen since Frank and Bard reported the
decomposition of cyanide in water in 1977.)% In 1983, Ollis and coworkers
implemented semiconductor-initiated reactions for the oxidation of organic pollttants.

% They studied the mineralization of halogenated organic compounds in the presence of
a titanium dioxide photocatalyst. Numerous investigations on photo-induced processes
followed up, leading to a wide variety of applications, especially for self-cleaning and
anti-fogging surface§® **wastewater treatméent™* ??and photovoltaicé’ 2

1.2.2 Principles of Photocatalysis

Semiconductor materials are able to create photo-electrons and photo-holes upon
illumination with photons of energy higher than or equal to their band gap (Equation 1).
Excited electrons and holes can recombine and dissipate their energy as heat or be
trapped in metastable states (Equations 2-4). In titanium dioxide photocatalysts,
reactions of electrons and holes wih ¥OH result in reactive surface trapped charge
carriers (Equations 2+3), while trapping of electrons upon reaction withegids to the
irreversible formation of T (Equation 4). The recombination of surface trapped
electrons and holes leads to the formation of hydroxyl groups on the photocatalysts’
surface (Equations 5+6). In fluid systems like water or air, reactants can adsorb on the
surface of semiconductor materials and react with the photogenerated electrons or holes.
In the presence of water, holes can form the highly oxidizing hydroxyl radicals
(Equation 7), while electrons are consumed upon creation eadcals in the presence
of oxygen which can form hydrogen peroxide and subsquently hydroxyl radicals
(Equations 8-11). Degradation of organic compounds can take place by hydroxyl radical
addition or by reaction with surface trapped héle€.Although the two processes are
vastly different, they lead to similar products which makes the distinction between them
difficult. It has been generally accepted that in agueous environments the degradation of
organic compounds proceeds mainly via hydroxyl raditald’ However, in 2000

2
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Hashimoto and coworkers found experimentally that the quantum yields of hydroxyl
radicals (7x10) are much lower compared to photocatalytic reactiong)(¥0They
concluded that the oxidation via valence band holes and surface trapped holes plays a
major role. Furthermore, studies by Pelizzetti and coworkers on the degradation of
phenol on fluorinated titanium dioxide indicated that holes can react directly with
adsorbed organic molecules before they are trappEdese results are in concordance

with earlier reports by Carraway et *alwho observed oxidation of tightly bound
electron donors by valence band holes.

In Scheme 1-1 the processes involved in a photocatalytic process are presented.

(N (2)

)
(7)
A — — — CO, HO, ..

HOG OTIZN
i h*

(4)

B
3) <4>
—— d &
Ti >
A

(6)

Scheme 1-1: Mechanism of photocatalysis, primary steps: (1) generation of charge carriers by a
photon; (2) recombination of charge carriers; (3) trapping of an excited electron to yield *i; (4)
trapping of a hole to yield reactive [>TI"OH**]; (5) initiation of a reduction process by a
conduction band electron; (6) initiation of an oxidation process by a valence band hole; (7) further
photocatalytic reactions that lead to mineralization of organic compounds.

Based on laser-flash photolysis measurements, the following processes have been
proposed to be involved in photocatalytic reactions by Hoffmann and cowdtk&rs:

Excitation:

TiO,+hv> h' +¢€ Equation 1

Trapping:

h* + >TiVOH > [>TiOH*"] Equation 2 shallow trap
e +>TiVOH D[Ti"OH] Equation 3 shallow trap
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e +>TiV > Ti" Equation 4 deep trap, irreversible
Recombination:

e + [>TiVOH""] > >TiYOH Equation 5

h* + [Ti"OH] = >Ti"YOH Equation 6

Charge transfer of positive charge:

h"+H,O > °*OH + H Equation 7

Charge transfer of negative charge:

O+€ > 0" Equation 8
0,* + H" = HOO* Equation 9
2HOCO > H,0, + O Equation 10
H,0, + G, > *OH + OH + O; Equation 11

The surface-trapped holes, hydroxyl radicals, hydroperoxyl radicals and superoxide
ions formed upon illumination of a photocatalyst are highly oxidative species that can
degrade a large number of organic pollutants, including bioaerosols and volatile organic
compounds (VOCsY ** Complete mineralization of organic compounds can be
achieved resulting in CQand water and — depending on the functionalities involved —
NOs, SQ7, PQ or halide ions.

The overall efficiency of a photochemical process is determined by two critical
processes: (i) the competition between recombination and trapping and (i) the
competition between recombination of trapped charge carriers and interfacial charge
transfer (i.e. the oxidation and reduction of donor and acceptor species respectively).

Photocatalytic materials need to fulfill a series of requirements: (i) for the excitation
of eletrons to the conduction band, a band gap that is in the energy range of UV or
visible light is needed, which is provided by semiconductor materials. (ii) The chemical
potentials of the photo-generated charge carriers need to be high enough for the
oxidation and reduction of the donor and acceptor species respetiivélgiii) The
phobcatalyst needs to be stable upon UV irradiation which rules out for example CdS
or GaP, which are degraded during repeated catalytic cycles upon formation of toxic
products. (iv) As sunlight is the most economic source for photons, photocatalysts that
are active upon illumination with sunlight are generally aimed.
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Among many semiconductor materials that fulfill these requirements, titanium
dioxide has been demonstrated by several groups to be the most active and stable
photocatalyst® *4

1.2.3 Photocatalytic Activity

No normed testing method for the photocatalytic activity is existent, as the
efficiency of a photocatalyst in degrading an organic compound depends on a variety of
parameters:

. Light intensity

The kinetics of a photocatalytic degradation reaction depend on the amount of absorbed
photons as confirmed by several investigatitig.

. Substrate

As photocatalysis proceeds in the adsorbed state, the interaction of the organic
compound with the photocatalysts’ surface plays an importantfoidt has been

found for example that nitrophenol is degraded faster on titanium dioxide photocatalyst
compared to phenol, owing to stronger adsorptioMoreover, at high substrate
concentration, the photocatalysts’ surface becomes saturated leading to deactivation of
the catalyst?

. Photocatalyst nature

For heterogeneous reactions, the surface properties and surface area are crucial. Hence,
the nature, surface, size and morphology of the photocatalyst have a significant impact
on the photocatalytic reaction rate as discussed in a variety of publicitions.

. Concentration of photocatalyst

Heterogeneous photocatalysis is strongly affected by the concentration of photocatalyst.
Generally, the rate of photocatalytic reactions increases with increasing catalyst loading.
However, with an excess of photocatalyst, unfavourable light scattering and reduction
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of light penetration into the dispersion has been obséfvéd.Thus, an optimal
concentration of photocatalyst is required when the photocatalytic activity is tested.

[] pH

The pH controls surface charge properties and the size of agglomerates and is thus an
important parameter in reactions taking place on a surface. The effect of pH on the
photocatalytic reactions and adorption of organic compounds on titanium dioxide has
been studied intensely. *° Reaction rates revealed a maximum at moderately low pH,
where the TiQ surface exhibits positive charge (pzc ~ 6). However, an excessaf H

the photocatalysts’ surface at very low pH can decrease reactiof’rates.

*  Reaction temperature

Various investigations reveal the dependence of the photocatalytic degradation on the
temperature. An optimum temperature range for efficient photocatalysis has been
observed by several authdrs.>” °* At relatively low temperatures (< 20°C), the
desorption of the products is the rate determining factor, whereas at elevated
temperatures (> 80°C) the recombination of charge carriers and the desorption of
reactants have been found to be enhanced, decreasing the reaction rate.

Hence, the photocatalytic activity cannot be studied by a normed procedure, but is
rather investigated with regard to the aimed application. Photocatalysts are generally
tested monitoring the degradation of a compound similar to the one that should be
degraded in final application. For applications, where various different kinds of organic
molecules should be degraded, model compounds are chosen. Most versatile testing
procedures involve the degradation of phenol in liquid phase or 2-propanol in gas
phase®® Moreover organic dyes with a characteristic UV-vis absorption spectrum are
often used? ®®as a fast and reproducible characterization method is favorable.

As no normed testing procedure is existant, the investigations on the photocatalytic
activity of a new photocatalyst include the comparison with a standard commercial
photocatalyst (typically Evonik AEROXIDE TiO, P25) tested under similar
conditions®* ®* ®°If photocatalytic films are investigated, the standard commercial self-
cleaning glass Pilkington Activ¥ is used for comparisdfi.
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1.2.4 Sdf-Cleaning Surfaces

Self-cleaning surfaces present the most important advance in surface technology in
recent year8. Two oppositional approaches exist in this field of research: (i) Numerous
investigations focus on superhydrophobic surfaces that are not wetted by water. (ii)
Photocatalytic surfaces are able to degrade organic pollutants and at the same time
photo-induced hydrophilicity leads to a perfect spread of water across the surface.

e Superhydrophobic surfaces

Superhydrophobic surfaces are based on the so-called lotus effect occuring in
nature. A non-wetting surface is formed by a microstructured hydrophobic film
imitating the leaves of the lotus plant. Correlations between the roughness of a surface
and its wettability have already been studied in 1944 by Cassie and Baxaer it
was found by Barthlott and Neinhffighat the water-repellant effect of microstructured
surfaces leads to self-cleaning of the surface: contaminants adhere to the surface of the
water droplets and are removed as the water rolls off as presented in Schéine 1-2.

Scheme 1-2: Schematic representation of a rolling water droplet on a rough hydrophobic surface,
adsorbing dirt particles on its surface. Scheme taken from Barthlott and Neinhufé.

* Photocatalytic coatings

Photocatalytic surfaces do not only take advantage of the photocatalytic
decomposition of organic compounds, but also of the photoinduced hydrophilicity
effect™ 2 33 Thus, upon illumination with UV light the surface of a photocatalyst
changes due to reactions of photo-electrons and holes with surface species. For titanium
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dioxide photocatalysts, oxygen vacancies are created wheis Feduced to T upon
gection of Q anions. Water molecules occupy these vacancies upon formation of Ti-
OH groups which make the surface hydrophilic as shown in Scheme 1-3.

vacancies
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Scheme 1-3: Photoinduced superhydrophilicity. Scheme taken from Carp et &l

It has been proven that the water contact angle is decreasing with illumination time
approaching zero after 30 minutes even with UV light sources of moderate intensity.
Hence, the surface is perfectly wetted by water which allows the removal of pollutants
by water films?

1.3 Titanium Dioxide

1.3.1 Properties of Titanium Dioxide

Titanium dioxide is a semiconductor material with a variety of interesting
properties and is thus one of the most widely used oxidic materials nowadays. In nature
titanium(lV)oxide exists in three modifications: anatase, rutile and brookite. All of these
polymorphs can be described as more or less distortegl daahedra connected in
different ways via edges and verti®@s’®’?> While anatase and rutile crystallize in
tetragonal arrangements, brookite exhibits an orthorhombic structure. In anatase and
rutile two of the Ti-O bonds are slightly longer than the other four and for anatase the
distortion is slightly higher compared to rutile. The octahedra share four edges in
anatase and two in rutile as presented in Scheme 1-4. Brookite on the other hand
exhibits a more complicated structure with 6 different Ti-O bond lerdgths.
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Scheme 1-4: Crystal structures of (a) anatase; (b) rutile and (c) brookite. Scheme taken from Carp
et al.*.

Anatase can easily be obtained by low-temperature synthesis methods and rutile
becomes predominant upon annealing at elevated temper&tdfdrookite is hard to
obtain and has thus hardly been investigated. In contrast, anatase and rutile have been
studied intensely and are widely used in commercial and industrial products due to their
high stability, non-toxicity and easy availabilf§Rutile is used as a white pigment in
pants’, paper§’, plastics® and even in food and as a UV absorber in sunscre€ns.
Applications of the anatase modification use the energy of photogenerated charge
carriers either (i) electrically (photovoltaféy (ii) chemically (photocatalystd or (iii)
for changing the surface of the semiconductor (photoinduced superhydroghilicity

TiO, is an n-type semiconductor owing to a low amount of oxygen vacancies
compensated by the presence of TThe valence band of titanium dioxide is formed by
ovelapping oxygen 2p orbitals, while the conduction band consists mainly of empty 3d
orbitals of Tf*. The band gaps of 3.2 eV for anatase and 3.0 eV for rutile are in the
region of the energy of light in the near ultraviolet range, which makes both
modifications suitable for solar light photocatalySis® 3* % %At the same time the
redox potentials of the photo-electrons and holes allows the reduction of protons and the
oxidation of water, the key processes for water splitting (Scheme®1-%8).7% 72
Moreover, the formation of hydroxyl radicals and the reduction of oxygen to superoxide
ions are possible, which makes titanium dioxide a versatile material for
photocatalysig® "
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Scheme 1-5: Band gaps and redox potentials (reference: normal hydrogen electrode - NHE) for
tianium dioxide (anatase). Standardpotentials of redox couples important for photocatalytic
processes are indicated on the right side. Data according to Linsebigler et'&Henglein®, Rao and
Hayon’® and Kudo and Misekf.

Anatase is generally considered to exhibit highest photoactivity among the different
TiO, polymorphs®® #% ™®This fact has been attributed to its higher Fermi level, lower
capacity for the adsorption of oxygen and higher number of hydroxy groups on its
surface®* However, several investigations revealed the enhancing effect of both, rutile
and brookite®*®* This finding has been attributed to an improved efficiency of charge
separation owing to the formation of n-p junctions at the contact area of the different
phased? &

If the photo-generated charge carriers attack the semiconductor material, corrosion
of photocatalysts can occur. However, for anatase the oxidation of water is
thermodynamically favoured. Thus, titanium dioxide is the most versatile photocatalyst
material for environmental applications, which generally include the presence of

WaterEI.S, 32,33,42,70

1.3.2 Titanium Dioxide Nanoparticles

Semiconductor nanoparticles have been shown to exhibit significantly increased
phobcatalytic activity compared to bulk materi&1®’ especially when a particle size
bdow 20 nm is reache®: ® Such small structures lead to better charge transport and
higher surface area, which is crucial for heterogeneous reattidmiditionally, the

10
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photocatalytic activity is strongly influenced by surface defects (especially oxygen
vacancies), which are uprated for nanopartities.

Properties of bulk materials are independent of their size, while for objects in the
nanometer regime chemical and electronic behaviour depend on their expansion. The
small amount of atoms present in nanosized objects leads to changes in the electronic
structure of materials, which is specifically true for semiconductors and metals. The
continuous bands created by overlap of many descrete states, are objected to ‘quantum
confinement® When the amount of atoms that participate in such a material is
decreasing, the enery levels become discteléhe band gap of a semiconductor is thus
widened and consequently the redox potentials of the charge carriers are enhanced.
However, such changes in band gap are small and the photoactivity changes are rather
assigned to the above mentioned efféttin metals the quantum effect leads to
confinement of electrons which induces changes in optical and electronic properties
compared to bulk materials. Gold nanoparticles for example exhibit different colour
depending on their sizé>*

Furthermore, owing to a drastically increased surface to volume ratio, surface
atoms have higher influence on the overall properties of the material. Surface atoms
exhibit higher energy compared to bulk atoms due to under-coordination. The high
surface area of such nanostructures leads to high surface energy which results in
agglomeration of the particlé3. Thus, anticipating agglomeration is one major
challenge in nanotechnology nowadays.

1.3.3 Synthesis of Titanium Dioxide Nanoparticles

As discussed above, anatase is generally accepted to exhibit the highest
phobocatalytic activity and photostability among the modifications of titanium
dioxide** °° The initial crystalline phase formed upon synthesis of titanium dioxide
nanoparticles is generally anata€e® which can be assigned to a less constrained
molecular construction or to its lower surface free energy compared to *futile.
Approaches for the preparation of anatase nanoparticles include flame pyf8iy&is,
hydro- and solvothermal methodfs1%?***chemical and physical vapour depositfBn
1% and sol-gel process” *°® The size, shape and modification of FiGanomaterials
can generally be tailored by any of these approaches. However, limitations for particle
size tailoring, dispersibility and surface activity exist for most of these methods. The

sol-gel process is a versatile synthesis method for highly dispersible titanium dioxide

11
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nanoparticles with small particle sizes and high surface activity (high amount of Ti-OH
groups) by mild reaction conditions.

Sol-Gel Process

The sol-gel process is a straightforward low-cost route for the synthesis of oxidic
nanostructures under mild conditions. It was first developed as a low-temperature
preparation method for silicon dioxide and later expanded on metal d%de80wing
to its solvent based chemistry and mild reaction conditions the sol-gel process opens
many possibilities for the structural design of oxidic matefidisMoreover, the
incorporation of organic moieties has been widely applied for the preparation of
inorganic-organic hybrid materials, due to the hydrolytic stability of Si-C bbAds.

Starting materials for a sol-gel process are silicon- or metal alkoxides or salts.
Controlled hydrolysis and condensation of these precursors lead to the formation of
colloidal sols as described in Scheme 1-6. Such sols are nanoparticle dispersions which
can — depending on the conditions — either be stable or condense further to form a so-
called gel, a continuous network enclosing a liquid phHse.

=M—OR + HO —— =M—OH + R—OH Hydrolysis
=—M—OH + HO—M=— ——> =—=M—0—~N= + H,0

Condensation
=—M—OR + HO—M== ——> =M—0—M= + R—-OH

Scheme 1-6: Reaction sequence of a sol-gel process.

The reactivity of (semi)metal alkoxides depends on the electronegativity of the
metal atom and its ability to increase the coordination number. Silicon exhibits low
reactivity in hydrolysis and condensation reactions owing to its low electrophilicity and
its fully saturated fourfold substitution. Thus, acid or base catalysts are generally
required for silicon sol-gel chemistry. Metal alkoxides in contrast are highly reactive
against hydrolysis due to their more electropositive character and the larger number of
coordination sites which facilitate nucleophilic attatkThus, for the preparation of
metal alkoxide nanoparticles the hydrolysis and condensation reactions need to be
controlled in order to prevent the formation of bulk oxidic materials. Such control can
be provided by introduction of complexing ligahtfsor addition of acids, which

12
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anticipate extensive growth of the particles by electrostatic repulsion f8fdesother
possibility is the reaction in microemulsion, where the particle size is limited to the size
of the emulsion droplét:* However, M-C bonds are in contrast to Si-C bonds broken
upon hydrolysis. Hence, for the introduction of organic moieties strong complexing
ligands, such ag-diketones or carboxylates, are requit&dSuch ligands provide thus
control over the hydrolysis and condensation reactions and at the same time allow the
introduction of organic groups.

1.4 Phosphonates and Phosphates on Ti(surfaces

Most versatile coupling molecules for metal oxide surfaces are traditionally
organoalkoxy- or chlorosilané$® ®Due to the hydrolytic stability of Si-C bonds, they
can be used in sol-gel processing resulting in M-O-Si-C bonds. However, silane
coupling agents exhibit homocondensation and the conditions need to be adjusted
carefully if monolayers of coupling molecules are aimed on metal or transition metal
oxides™***® Thus, organophosphonates have been investigated thoroughly in recent
years, regarding their applicability as coupling agents for metal oxide sutfac®s.
Organophosphonates are compounds of the general formula R-PO@&RYing to
metal oxide surfaces takes place via stable M-O-P bonds formed upon condensation of
P-OR groups and M-OH surface groups. The bonding of organophosphates — of the
general formula R-O-PO(OR})- proceeds in a similar way and exhibits thus equal
stability.*?% 1%

1.4.1 Synthesis of Organic Phosphonates and Phosphates

Synthetic approaches for the preparation of phosphonate and phosphate coupling
agents are discussed beneath. The conversion of phosphonate or phosphate esters to the
respective acids is normally carried out by hydrolysis under harsh condfffons.
However, if milder conditions are required, a transesterification reaction with trimethyl
silyl bromide can be carried out before hydroly$fs.

13
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1.4.1.1Synthesis of Organic Phosphonates

Various synthetic approaches for the preparation of organophosphonate esters have
been developed, starting either from alkyl halides or from unsaturated compounds:

Michaelis-Arbusov Reaction

Michealis-Arbusov reactid® is a straightforward approach for the formation of
organophosphonates by reaction of alkyl halides with triethyl phosphite. The reaction
does not require any solvent and results in high yields of phosphonate upon heating to
reflux.*?* The reaction is initiated by the nucleophilic attack of phosphorus on-the
cabon of the alkyl halide upon formation of a transition statg2{®action). In a
subsequent reaction step the formed trialkylphosphonium salt is dealkylated upon
release of alkyl bromide (Scheme 1-7).

_ ox
oT . 1 OR
OR R 1
AN R—Br — & e - - OR\l/R
OR OR 4 C (‘) RBr I
R/ Br
L ‘_/ -

Scheme 1-7: Mechanism of the Michaelis-Arbusov reaction.

A versatile approach if lower reaction temperatures are required is the Michaelis-
Becker reactiorf?” However, the reaction requires two steps and leads to lower yields of
phoghonate. In a first step, a metal phosphite is prepared by reaction of dialkyl
phosphite with a strong base. Subsqueyi &action with alkyl bromide analogue to
the Michaelis-Arbusov reaction yields alkylphosphonates.

Pudovik-Abramov Reaction

The Pudovik-Abramov reactidff allows the preparation of organic phosphonates
by reaction of P-H bonds (e.g. dialkyl phosphite) with unsaturated Bdhds! It is
widely applicable to a many unsaturated functionalities yielding a variety of different
phosphonates. The reaction can proceed via radical or ionic mechanism, being initiated
either by radical starter or bak& The most versatile Pudovik-Abramov reaction is the

14
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conversion of dialkyl phosphite with a terminal double bond initiated by decomposition
of AIBN (Scheme 1-8§3% 133

OR OR

OR\FL/H \/R1 AIBN OR\'L/\/R1
I
o)
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Scheme 1-8: Pudovik-Abramov reaction of alkenes.

1.4.1.2Synthesis of Organic Phosphates

The preparation of phosphate coupling agents is simple compared their
phosphonate analogues. Phosphates are generally obtained by the conversion of the
respective alcohol with phosphoryl chloritfé.

1.4.2 Modification of Titanium Dioxide with Organic Phosphonates

Organophosphonates exhibit high affinity to metal and transition metal dxides.
120, 135, 136Thejr bonding to such surfaces involves the formation of M-O-P bonds whose
stability is proven by many examples of metal phosphates and phosphonates reported in
literature*?* 3" 8% oreover, P-C and P-O-C bonds are stable towards hydrolysis and a
variety of functional organic groups is availapfé. 3> 139143

Highly stable Ti-O-P bonds are formed upon heterocondensation of P-OR groups
with Ti-OH groups located at the surface of the partitd&n addition to that Ti-O-P
bondscan also result from the coordination of the phosphoryl oxygen to titanium. As
stated by Vioux and coworkers, the bond formation is likely to be intiated by such
coordination of phosphoryl oxygen, which leads to an increased electrophilicity of the P
atom and thus facilitates heterocondensdtiorthe bond formation of phosphonate
esters with titanium dioxide surfaces, despite the relatively high hydrolytic stability of
P-O-C bonds, is explained by this mechantd.

The formation of P-O-Ti bonds has been proven by FT3IR,MAS NMR and
elemental analysi&?® Owing to the coordination of the phosphoryl oxygen to titanium
and the heterocondensation of P-OH groups with Ti-OH groups, the connection can be
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mono-, bi- or trivalent bridging or chelatii¢f **> Moreover, several investigations
suggest that also hydrogen bonds are involVedThus, various different bonding
modes are possible (Scheme 1-9).
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Scheme 1-9: Schematic representation of different possible bonding modes for phosphonates on
titanium dioxide surfaces: (a) monodentate, (b,c,d) bridging/chelating bidentate, (e) tridentate and
(f,g,h) various possible modes involving hydrogen bonds.

However, investigations on the bonding modes of such species are difficult. Due to
the formation of hydrogen bonds, the disappearance of P-OH and P=0 vibrational
signals do not prove trivalent bondiffj.Furthermore, due to a variety of factors that
influence the phosphorus shift, only limited conclusions about the bonding mode can be
drawn from**P NMR. Mutin and coworkers conducté® MAS experiments in order
to determine the bonding mode of organophosphonates to titanium dioxide stfffaces.
They observed chemical shifts consistent with bridging P-O-Ti bonds. Moreover, they

concluded from the presence of residual P=0O and P-OH bonds that several different
binding modes are co-existant.

Furthermore, as stated by Guerrero efaphosphonic acids can break Ti-O-Ti
bondson the particles’ surface under harsh conditions. Thus, the formation of bulk
titanium phosphate species is possible when titanium dioxide is treated with phosphoric
acid or upon heating during modification with organophosphonates.
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1.4.3 Stability of Organophosphonates under Photocatalytic
Conditions

The stable P-O-Ti bond is not broken upon thermal treatment of midlified
with organic phosphonates or phosphates as shown in numerous publi®afitfis°
First investigations on the stability under photocatalytic conditions by Vioux and
coworkers revealed a high stability of the P-O-Ti bond under photocatalytic conditions
and indicated the formation of phosphate during UV illuminatidiowever, they did
not confirm this assumption by extended characterization of the illuminated particles.

Furthermore, several investigations on the photocatalytic degradation of organic
phosphonates in a fluid phase (gas or water) have been conthic¢tééHowever, the
decomposition of pesticides and chemical warfare agents and the preclusion of the
formation of toxic intermediates was of interest in all of these investigations. Hence, the
organic compounds present in the fluid phase were studied while the anchoring of these
compounds to the photocatalysts’ surface was not considered. Only few publications
exist where the degradation of organic phosphonates adsorbed to titanium dioxide
surfaces is studied. Osterlund and coworkers for example studied the photocatalytic
degradation of diisopropyl fluorophosphates (DFP) and dimethyl methylphosphonate
(DMMP) preadsorbed on wet and dry titanium dioxide surfate3hey identified
reaction intermediates and monitored the change of characteristic vibrational signals by
DRIFT spectroscopy. Moreover, similar rates of decomposition for wet and dry surfaces
were observed, but no conclusions on the mechanism of degradation were drawn.
Hoffmann and coworkers performed similar investigations on DMMP including DRIFT
and GC-MS analysis of the released degradation protiictEhey revealed the
degradation of DMMP to P¢Y via a stepwise release of @bH, which is further
degraded to CQ

Moreover, enhanced photocatalytic activity has been detected by several groups in
the presence of phosphdté. *® % Several investigations involved temperature
treatment when organic phosphonates were appifedhich does not only generate
phogphate on the surface of the particles, but also induces a migration inside the
particles. Korosi et al. observed that the band gap energy is decreasing with increasing
calcination temperaturé’ They assigned the decrease in band gap energy to the doping
of phosphorus into the titanium dioxide framework. However, Zhao*ét mported an
enhanced photoactivity due to the formation of phosphate on the titanium dioxide
surface by immersing the photocatalyst inPB, even without calcination. They
assigned the activity enhancement to the facilitated formation of hydroxyl radicals on
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the photocatalysts surface due to hydrogen bond formation between the phosphate
anions and water. Additionally, studies by Zhao and coworkers indicated an obstruction
of the oxidation by surface trapped hot&&They assign this observation to a hindrance

of interaction between the substrate and the, Sid®face.

1.5 Janus Particles

The term ‘Janus’ particles was first introduced by deGennes in®9@gerring to
the roman god Janus who had two faces looking into opposite directions. DeGennes
described particles exhibiting different properties on their two hemispheres. His
intention was the self-assembly of amphiphilic particles at the air-water interface
resulting in a ‘breathing skin’ which would still allow small molecules to diffuse across
the particle layer. Nowadays a huge potential of applications has been brought up,
including switchable devic€¥, particular surfactant®’ optical device$* ®° and
many more-***"* For example particles with anisotropic superparamagnetic properties
can be used to form superstructures for tissue engineering, photonic crystals and
sensing\

1.5.1 Synthesis of Janus Particles

Generally, Janus particles are divided in particles exhibiting either (i) two
compartments of different materials or (ii) anisotropic surfaces. A variety of synthetic
approaches for the generation of particles exhibiting anisotropic properties has been
developed.

Janus particles consisting of two different compartments can be prepared by
microfluidic systems like electrohydrodynamic co-jetting of two different materials
(Scheme 1-10). Such approaches have been extensively used in numerous v&riations
for the preparation of Janus particles consisting of different polytfferé®*">Two-
component polymers have been prepared by this method in different $ffap&s-
Moreover, Lahann and coworkers prepared nanoparticles exhibiting anisotropic
magnetic properties for magnetically switchable surfaces by electrohydrodynamic co-
jetting*®° Additionally, photocuring or photolithography within such microfluidic
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devices has been used for the preparation of polymer particles with anisotropic

properties:*
Janus droplets  Agqueous p?.'

- m =
135° ‘»___,
200 um Aqueous phase “gap

Scheme 1-10: Schematic representation of a microfluidic device. Scheme taken from Wurm and
Kilbinger'®2
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Snowman like structures of two different materials have been prepared by
sonochemical routes taking advantage of nucleation-induced phase sepération.

Most versatile approaches for the preparation of particles exhibiting anisotropic
properties involve anisotropic surface modification. Various methods have been
developed for the anisotropic surface functionalization of small particles — mostly based
on the differentiating environment at interfac&s'®’ The oldest method is the masking
of one hemisphere allowing the selective modification of the other. This approach has
already been reported by Veyssie and coworkers in 1988 for the preparation of
amphiphilic glass microspher&.Other approaches involve the deposition of particles
at solid-gas, solid-liquid or liquid-liquid interfaces and subsequent functionalization
from one side. In such monolayers, particles can be modified by sputf&ring,
microcontact printin> ¢ or Langmuir Blodgett depositidi’ However, these
approaches yield only a small amount of modified particles, as they all rely on the
modification of a monolayer of particles. A versatile method for the anisotropic
modification of a large amount of particles was recently developed by Granick and
coworkers'®® They used the differentiating environment at oil-water interfaces in
paticle stabilized emulsions, the so-called Pickering emulsith&his approach
increases the yield of modified particles drastically as the water-oil interface area is
maximized by the formation of an emulsion. The different strategies for the anisotropic
surface modification of particles are presented in Scheme 1-11.
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Scheme 1-11: Schematic representation of the stragies for anisotropic surface modification: (a)
masking; (b) strategies using directional fluxes (sputtering); (c) microcontact printing and (d)
strategies based on the differentiating environment at interfaces. Scheme taken from Perro etl.

1.5.2 Pickering Emulsions

Since Pickering discovered the ability of small particles to stabilize emulsions in
1907°! colloidal particles represent an important class of emulsifying agents.
Generally Pickering emulsions are oil-in-water (o/w) or water-in-oil (w/0) emulsions
which are stabilized by solid particles. When an oil is mixed with the water phase
containing colloidal particles, the colloids move to the interface between the two
immiscible phases.

The efficiency of such colloids in stabilizing an emulsion depends on various
parameters. Finkle et al. found that the stability and the type of emulsion depend on the
wetting ability of aqueous and oil phase for the partiti’é3hey stated that a powder
must be wetted by both liquids to be able to form an interfacial film, and that the better
wetting liquid will form the continuous phase. Schulman and Leja investigated the
effect of different angles at the oil-water-solid line of contact on the type of
emulsions® They found that for contact angles slightly below 90°, oil-in-water
emulsions were stabilized. However, if the contact angle is slightly greater than 90°,
water-in-oil emulsions are stabilized. It was also shown that the contact angle needs to
be near 90° to obtain stable emulsions (Scheme 1-12). Particles that are completely
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wetted by either water or oil cannot be held at the interface but rather become dispersed
in one phase.

ol / ] \ A )
water )/__D N N

Ooy < 90° Ooy = 90° Ogw > 90°

Scheme 1-12: Schematic representation of the possible contact angles in Pickering emulsions.

Briggs observed that colloidal silica stabilized o/w emulsions, while carbon black
stabilized w/o emulsionS® But when appropriate quantities of both compounds were
mixed, the resulting mixture did not stabilize any emulsion. He concluded that for the
stabilization of emulsions, the particles need to form a stable interfacial film. For this
reason, the particles need to be in a state of incipient flocculation. No emulsion can be
formed if the particles are either completely flocculated or completely dispePsee
state of flocculation depends on the interparticle interactions and thus on the surface
charge of the particles. As reported by Binks et%ithe stability of emulsions can be
controlled by the pH or by addition of electrolytes.

Numerous investigations have been conducted on emulsions stabilized by silica
particles’® 97?1 including even mixtures of hydrophilic and hydrophobic silica
particles?°? Also different other metal oxidé%>?% clay mineral particleg®?° noble
metal particle$® polymer particle$!°?*?and even cellulose fibrfl§* % have been
widely used for the stabilization of emulsions. Moreover, colloidal particles are used to
stabilize emulsions in food or cosmetic products. For example, lipoprotein particles and
fatty acid crystals have been used for stabilizing the emulsion state in mayonnaise or
margarine*

Using TiO, particles as emulsifying agents can lead to various applications
taking advantage either of their photocatalytic activity, UV absorption, non-toxicity, the
good mechanical properties or the positively charged surface at pH below 6 (contrary to
the negatively charged silica surface above p&%¥?The most important application
for titania particle stabilized emulsions are emulsifier-free cosnfélic€? but also
porous polymer foams have been prepared utilizing these emuf&fd®sng et al. used
titania nanoparticles not only for the stabilization of styrene-in-water emulsions, but
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also for the first time for the initiation of the styrene polymerization by illuminating the
emulsions with UV light*’

1.5.3 Anisotropic Modification in Pickering Emulsion

The interface of water and oil provides the ideal medium for the synthesis of
amphiphilic Janus particles because the reaction environment of the titania particles is
differentiated between a hydrophobic and a hydrophilic phase.

In Pickering emulsions, the particles remain more or less mobile at the interface of
two immiscible liquids. However, introducing oil-soluble coupling molecules that react
very fast with the particles’ surface, makes the particles less mobile and thus increases
the stability of the emulsiort§® It is still unclear to what extent the rotation of the
paticles at the interface effects the modification reaction. However, amphiphilic
particles are more strongly adsorbed at the oil/water interface as shown by Binks and
Fletcher*®® Thus it is generally accepted that once the colloids have been grafted with
hydrophilic and/or hydrophobic coupling molecules, rotation is hindered and the
particles are immobilized at the interface. Especially for systems with fast reaction
kinetics an amphiphilic surface is formed immediatéfyNevertheless, frozen wax-in-
water emulsions are often applied, where the rotation is prohiBftéd’

1.5.4 Proving Anisotropicity by Imaging Techniques

The applicability of Pickering emulsions for the anisotropic surface modification of
small particles has been proven extensively by eletron microscopy. Most investigations
in this field focus on the selective labelling of one hemisphere with metal
nanoparticles’® 223225 Several investigations reported the selective decoration of a
hemisphere containing amine groups with gbi,? while Yang and coworkers
utilized the interaction of poly(acryl amide) with colloidal géfd.Moreover, confocal
microscopy can be applied for the visualization of fluorescent hemisptié@isen and
coworkers proved the anisotropic nature by adhesion force studies applying atomic
force microscopy?®
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1.6 Gold Nanopatrticles

1.6.1 Properties of Gold Nanoparticles

Despite the inertness of bulk gold, its nanoparticles have been proven to be highly
active catalysts for several reactions, including low-temperature CO oxidatich®
oxidation of alcohols to acids and aldehyd@s?*°the water-gas shift reactiotl %%
and the reduction of nitrogen oxid&%: *** Moreover, possible applications for gold
colloids in medicin are currently studied, focussing mainly on tumor deté&tittiand

drug carriers®’

Owing to the emerging use of gold nanopatrticles in catalytic and medical processes,

extensive research on the preparation of gold nanostructures is currently in prgress.
243

1.6.2 Synthetic Strategies for the Formation of Gold Nanopatrticles

Colloidal gold has been known since ancient times and was originally used as a
method for staining glass. The first pure sample of colloidal gold was prepared by
Michael Faraday in 1857 by reduction of gold chloride with phospH8fi$®Faraday
described the obtained colloid as “finely divided metallic state” and ascribed the red
colour to the small size of gold crystals.

Gold nanoparticles are generally prepared by the reduction of Au(lll) (auric acid) to
elemental gold in solution. The main challenge in the synthesis of gold nanostructures is
the stabilization of small particles with narrow size distributions and minimum
coarsening.

Turkevich Method

The traditional method for the preparation of colloidal gold was developed by
Turkevich and refined by FreA¥ ?*"In this approach, sodium citrate is applied for
both, the reduction of auric acid and the stabilization of gold nanoparticles. The size of
the formed particles can easily be tailored by the amount of citrate.
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Brust Method

A synthetic approach for the preparation of hydrophobic gold nanoparticles was
developed by Brust and Schifff® They reported the reduction of auric acid in
toluene, enabled by the addition of tetraoctylammonium bromide (TOAB), which acts
as a phase transfer agent. The gold nanoparticles exhibit limited stability owing to the
weak interaction of TOAB with the gold surface. Hence, for long-term stabilization
organic thiols are added, which bind to the gold covaléfilly.

Perrault Method

In 2009, Perrault reported the controlled growth of gold on gold nanoparticle
seed$™ In conjunction with hydroquinone gold nanoseeds can reduce auric acid on
their surface. By this method particles of up to 250 nm can be obtained.

Martin Method

By this approach reported by Eah and coworkers, ‘naked’ gold nanoparticles can be
obtained by the reduction of auric acid with sodium borohydriti@he addition of
hydrochloric acid and sodium hydroxide allows the stabilization of small gold
nanoparticles by electrostatic repulsion. Functionalization of these particles is
performed bringing the aqueous suspension in contact with an organic solvent
containing hydrophobic coupling molecules (i.e. organic thiols). The functionalized
particles are then dispersed in the organic solvent, while the impurities remain in the
agueous phase. Moreover, Eah and coworkers report the preparation of 2D self-
assembled films on air-toluene interfaces. Such monolayers of gold nanoparticles are
formed when highly apolar coupling agents are applied for the functionalization. The
modified particles are dispersible in n-hexane, but upon addition of toluene and slow
evaporation of n-hexane, self-assembled monolayers at the air-toluene interface have
been observed.
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2 Scope of the Work

Aim of this work was the development of self-cleaning coatings for organic
substrates. In order to protect the substrate from being degraded, a barrier layer between
the substrate and the photocatalytic film was required. Owing to the high stability of P-
O-M bonds and an inhibited hole oxidatifi,organic phosphonates were assumed to
suit the requirements. Moreover, upon formation of a dense film, the organic substrate
as well as the organic moiety of the coupling agent might be protected from oxidation
by hydroxyl radicals. However, the photocatalytic material could only be modified from
one side in order to render the other side photocatalytically active. This work covers (i)
investigations on the stability of photocatalytic particles modified with organic
phosphonates under photocatalytic conditions and (ii) the anisotropic modification of
photocatalytic nanopatrticles.

2.1 Photocatalytic TiO, Nanoparticles

First investigations in this work focused on the development of a photocatalyst
system exhibiting high photocatalytic activity and good film formation properties. A
straightforward sol-gel synthesis method developed by Choi'& ahs investigated
regarding the influence of different parameters on the size and morphology of the
particles. The photocatalytic activity of films prepared from suspensions of these
particles was investigated and compared with commercially available and literature
known products.

2.2 Stability of Coupling Agents under Photocatalytic
Conditions

The stability of the linkage between the substrate and the photocatalytic films is
crucial in order to provide long term stability of the coating. Hence, different coupling
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agents were investigated regarding their stability under photocatalytic conditions. The
kinetic of the degradation reaction was investigated under various conditions in order to
gain information on the mechanism of degradation and on the initiating species.

2.3 Anisotropic Surface Modification

A differentiated surface of TiDnanoparticles was required in order provide
interaction with the organic substrate on the one hand and render the other side
accessible for photocatalysis on the other hand. For this reason, anisotropic surface
modification represented another main issue of this work. Modification in Pickering
emulsion is a straightforward technique for the preparation of large amounts of particles
exhibiting anisotropic properties. One main scope of this work was thus the
investigation of Pickering emulsions stabilized by titanium dioxide nanoparticles.
Anisotropic modification of these particles was performed upon addition of
hydrophobic or hydrophilic coupling molecules to the Pickering emulsion. An
additional challenge that should be covered in this work was proving the anisotropic
modification by imaging techniques.
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3 Results and Discussion

3.1 Photocatalytic TiO, Nanoparticles

For photocatalytic coatings, nanoparticle suspensions are required exhibiting
significant photocatalytic activity and good film formation properties. Subsequent
modification with organic coupling agents demands a high amount of surface hydroxyl
groups and for modification in Pickering emulsion a spherical shape is favorable.
Hence, a synthetic approach for the preparation of Ti@hoparticles exhibiting the
described properties was aimed.

3.1.1 Sd-Gel Synthesis of TiQ Nanoparticles

Various preparation methods for photocatalytic titanium dioxide nanoparticles have
been described in literature using titanium salts or alkoxides as precursors, such as
thermolysis, hydrothermal treatment or the sol-gel pro@%<g8! For further
modification with phosphonates, a sol-gel synthesis method — which leaves many free
surface hydroxyl groups for subsequent modification reactions on the particles’ surface
— was chosen. A simple sol-gel synthesis for anatase nanoparticles with diameters of
about 5 nm was developed by Choi et®8land refined by Ivanovié®? In this
procedure Ti(CPr) in ethanol is hydrolyzed by addition to distilled water acidified with
nitric acid. Anatase nanoparticles obtained after evaporation of the solvent still contain
nitrate as found by Choi et #° and confirmed by Ivanovié? This straightforward
method does not require harsh conditions and yields phase pure spherical anatase
nanoparticles that are redispersible in water. The only drawback is the high solvent
volume necessary for the synthesis of a rather low amount of particles. Thus, the first
aim of this work was a scale-up of the synthesis method reducing the solvent volume by
increasing the precursor concentration. Thus, titanium dioxide nanoparticles were
prepared according to the procedure by lvandvieirying the precursor concentration
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in ethanol between 0.17 M and 3.6 M. After three days of stirring at room temperature,
samples were taken for DLS measurement and the solvent was removed under reduced
pressure. In order to prove the reproducibility, three samples for every precursor
concentration were prepared and the particle size of the original suspension as well as
the particle size of the isolated particles were measured after redispersion. Before DLS
measurement, the optical density of the DLS samples was adjusted to 0.02 in order to
prevent multiple scattering. Particle size measured from the original suspension was
found to be more reproducible compared to dried and redispersed particles due to a
lower degree of agglomeration.

As observed from Figure 3-1, the particle size increased linearly from 4.2 + 0.4 nm to
9.8 + 0.4 nm diameter with increasing precursor concentration (Figure 3-1). However,
the standard deviation did not increase with increasing particle size. Thus, the particle
size can be tailored by varying the precursor concentration and narrow size distributions
are obtained for all particle sizes.
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—24M
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| S
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Figure 3-1: DLS plot of titanium dioxide nanoparticles prepared from different precursor
concentrations. Insert: graph particle size versus precursor concentration, grey bars: standard
deviation.

The sizes of the smallest particles as well as the largest particles were proven by HR-
TEM. The smaller particles were found to exhibit a diameter of about 4 nm, whereas the
larger particles obtained with higher precursor concentration were about 10 nm in
diameter (Figure 3-2). These observations confirmed the results obtained by light
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scattering. Furthermore, spherical particles were obtained for all precursor

concentrations as seen from the electron microscope images.

Figure 3-2: HR-TEM images of titanium dioxide nanoparticles prepared with 0.17 M Ti(CPr),
(left) and 3.6 M Ti(O'Pr), (right).

XRD analyses presented in Figure 3-3 revealed pure anatase phase (JCPDS-21-1272)
for samples prepared from low precursor concentrations (0.17 M — 1.2 M). At higher
precursor concentration Rietveld analysis revealed increasing contribution of brookite

with increasing precursor concentration.
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Figure 3-3: XRD plot of titanium dioxide nanoparticles prepared with 0.17 M and 3.6 M precursor
concentrations.
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For 3.6 M a composition of ~60% brookite, ~40% anatase and a small amount of rutile
(~3%) was observed. However, an enhancing effect on the photocatalytic activity of
both, brookite and rutile has been reported befbr&>® Moreover particle size was
found to be 3.6 nm for the anatase phase for both samples and 1.9 nm for the brookite
particles at high precursor concentrations.

Thus, it has been shown that the particle size can be tuned between 4 and 10 nm
without increasing the standard deviation by adjusting the precursor concentration.
Particle size of Ti@ nanoparticles is typically controlled by varying the Pf,%*°
temperature treatment or by addition of surfactants’ However, also the precursor
concentration has been reported previously to control the particlé%ias.all other
factors were kept constant, the larger particle size can definitely be assigned to the
higher precursor amount present in the reaction mixture. Additionally, the morphology
of the particles can be tuned from pure anatase at low precursor concentration to 40%
anatase and 60% brookite at high precursor concentrations. Sol-gel synthesis of TiO
usually yields amorphous titanium dioxide, which is converted to anatase at moderate
temperature treatment. Brookite, however, is hard to obtain and only few low
temperature synthesis methods have been reported to yield this modification. Generally
basic condition$>® heat treatmefi’ or phase selective additivésare required for the
selective formation of brookite. Phase pure brookite has been prepared by hydrothermal
treatment of Ti(SG), under basic conditiorf§? Vioux and coworkers were able to
control the morphology by etherolysis and alcoholysis of fJi@lith different
acohols?®® However, anatase-brookite mixed phase nanoparticles have been obtained
by hydrolysis of Ti(®Pr), in nitric acid and an increasing brookite content has been
reported when the Ti/lD ratio was increased, which is in concordance with the
presented result€* Moreover, the yield per volume solvent could be increased 20-fold
by increasing the precursor concentration compared to the highest yield obtained by
lvanovici.

3.1.2 Photocatalytic Activity of Sol-Gel TiO, Nanopatrticles

3.1.2.1Photocatalytic Activtiy in Suspension

The photocatalytic activity of the prepared Ti@anoparticles was investigated by
monitoring the degradation of methylene blue in an aqueous solution containing the
dispersed particles according to a procedure by Nogueira and Jariama fast and
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highly reproducible method for monitoring the degradation of an organic substance was
required, methylene blue was chosen as a substrate, whose extent of degradation can
easily be studied by UV-Vis measurements. lllumination experiments were conducted
in a water-cooled chamber equipped with magnetic stirring and two 9 W UVA black
light lamps (Sylvana Lynx-S 9W BLB) (Scheme 3-1). Furthermore, in order to ensure
the presence of oxygen, the chambers exhibited a hole with 1 cm diameter. The
presence of oxygen is essential for photocatalysis in order to prevent charge
accumulation upon the consumption of holes (either for the formation of hydroxyl
radicals or for direct oxidation). Electrons can be transferred to adsorbed oxygen to
produce Q radicals, which react with 4 to produce hydroxyl radicals as discussed in
the introduction.

o _
dispersion
of particles

cooling water e
[ ]

/& @
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Scheme 3-1: Experimental setup for the illumination of particle dispersions.

0.25 g/L suspensions of the corresponding particles (10 nm diameter) in 20 pM
methylene blue (MB, Scheme 3-2) solution were prepared and stirred for 1 hour in the
dark prior to UV illumination. The degradation of methylene blue was monitored by
UV-Vis measurements of centrifuged samples taken after stirring in the dark and
various illumination intervals. Moreover a reference sample without particles was
investigated, in order to account for eventual auto-degradation of methylene blue under
UV illumination. The absorption maximum of the methylene blue dye at 664 nm was
taken as a measure for the concentration of the dye (C). The initial absorbance at 664
nm of the suspensions stirred in the dark was taken as a measure for the initial dye
concentration (g). The adsorption amount is the difference between the absorption of
the methylene blue solution and the sample stirred in the dark for 1 hour. Figure 3-4
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shows an example of a sequence of UV-Vis spectra taken after various illumination

times.
N
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Scheme 3-2: Methylene Blue (MB).
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Figure 3-4: UV-Vis spectra of Methylene Blue illuminated in the presence of TiQInsert: Plot for
determining the reaction constant k.

According to literature reports, the degradation of methylene blue follows Langmuir-
Hinshelwood reaction kinetic¢s: ®* 2°® The rate law is presented in Equation 12 and
after integration Equation 13 is obtained.

KAl = —% Equation 12
kt = In(%) Equation 13

Plotting In(Ay/A) versus time the rate constant k can be determined from the slope in the
graph. Thus, In(#/A) is plotted versus time to determine k (Figure 3-4-insert), which is
ameasure for the photocatalytic activity.
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As explained in the introduction, no normed testing procedure for the photocatalytic
activity is existent. Hence, the efficiency of the prepared,Tianoparticles in
degrading methylene blue can only be estimated in comparison with the commercially
available standard catalyst Evonik AEROXIDEIO, P25 (P25, Ti@ nanoparticles of

21 nm diameter consisting of 80% anatase and 20% rutile). In Figure 3-5 the adsorption
and k values obtained for sol-gel synthesized particles are compared with the standard
photocatalyst P25.
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Figure 3-5: K-values for P25 and sol-gel synthesized titanium dioxide nanoparticles.

As seen from Figure 3-5, the photocatalytic activity of the, i@hoparticles was found

to be low compared to commercially available Evonik P25. However, comparing with
the blank experiment, the sol-gel particles exhibit significant photocatalytic activity. A
possible explanation for the lower activity compared to P25 might be worse adsorption
of dye on the sol-gel particles (Figure 3-5) owing to a high amount of ionic species
(mainly nitrate) covering the surface. Moreover, an enhancing effect can be assigned to
a synergism between anatase and rutile present in P25 as found by OHrndletieéd,

an enhancing effect has also been ascribed to brotkipeesent in the sol-gel
synthesized TiQ@ nanoparticles. However, the enhancing effect on the photocatalytic
activity for anatase-brookite nanoparticles has been found to be highest at 25%
brookite®* 2®*while the studied particles exhibited a brookite content of 60% (prepared
from 1.6 M Ti(OPr),). The found degradation rate for MB is comparable to literature
reports on anatase-brookite nanoparticles with 50% bro@kitehich is in the range of

the brookite content of the investigated particles.
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However, for film formation P25 is not suitable due to its bad dispersibility. Scattering
of light on large agglomerates leads to opaque films, which makes this material
unsuitable for films on transparent surfaces like glass or plexijiag&® Moreover,
owing to their pyrolytic preparation route, P25 particles exhibit a lower amount of
surface hydroxyl groups available for condensation reactions compared to sol-gel TiO
nanoparticles’*® Hence, the connection of P25 to glass surfaces is in&t&Bfe?"%and

only low interaction with coupling molecules required for films on organic surfaces can
be achieved. Thus, the sol-gel prepared ;Ti@anoparticles are used for further
investigations, even if higher photocatalytic activity can be achieved with commercially
available P25.

As the main aim of this work was the preparation of photocatalytically active coatings,
films of the prepared Ti©nanoparticles on glass substrates were prepared and their
phobcatalytic activity was tested.

3.1.2.2Photocatalytic Activity of Films on Glass

Films of sol-gel titanium dioxide nanoparticles on glass substrates were prepared in
order to measure their photocatalytic activity. Different formulations of suspensions
with 4 g/L particle concentration were tested regarding the homogeneity of the films
after dip-coating. Glass substrates were cleaned and immersed in 3 M HF for 30
seconds to activate the surface. Subsequently the substrates were washed with acetone,
dried and dip-coated in different suspension formulations with 0.4 cm/s withdrawing
velocity.

It was found that suspensions in pure water or with high water/ethanol ratios resulted in
very inhomogeneous films (Figure 3-6).
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Figure 3-6: Films of titanium dioxide nanopatrticles dip-coated from different suspensions.

Owing to its high surface tension and low fugacity, the homogeneity of the films

increased with decreasing amount of water in the suspension. However, the TiO
paticles are not dispersible in pure ethanol. For this reason, the optimal balance
between particle dispersibility and film formation was investigated. A water/ethanol

ratio of 1:9 was found to result in homogeneous films. However, from the DLS plot

(Figure 3-7) a high amount of agglomerates was observed between 20 and 300 nm.
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1 10 100 1000
Radius, nm

Figure 3-7: DLS plot of titanium dioxide nanoparticles dispersed in water/ethanol 1:9.

The dispersibility can be improved either (i) by addition of a surfactant or (ii) by
dilution of the system. For this reason, the commercially available surfactant P123 was
added to the suspensions.
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Dip coating was performed from these suspensions according to the procedure
described above. The films were dried at 100°C for 30 minutes before depositing the
subsequent layer. The coating process was repeated several times, therefore several
layers of TiQ nanoparticles were deposited on the substrates (5 or 8). After deposition
of the last layer, the films were calcined at 500°C and the film thickness was measured
by ellipsometry. The photocatalytic activity was measured by tracking the degradation
of methylene blue in an experimental setup shown in Scheme 3-3. 1.6 muMf 5
methylene blue solution were brought in contact with the film and illuminated with
UVA light. The degradation of methylene blue was investigated by in-situ UV-Vis
measurements. Data analysis was then performed similar as explained in section 3.1.2.1
for suspensions of particles. As illumination with UV light was performed through the
glass slide, the slides exhibited similar thickness and composition. The use of quartz
glass was not necessary because the intensity of UV radiation penetrating through the
substrate was constant for slides with similar thickness.

20 mm
‘-

photametric lamp | —> MB — | detectar
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Scheme 3-3: Experimental setup for the measurement of the photocatalytic activity of films.

Scheme taken from Lorret®°

As seen from Figure 3-8, thin films of about 15 nm thickness were obtained (due to
dilute suspensions). These films exhibit significant photocatalytic activity compared to a
blank glass slide (Figure 3-8). However, the photocatalytic activity of the films was
significantly lower compared to commercially available Pilkington glass with similar
film thickness.
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Figure 3-8: Photocatalytic activity of titanium dioxide films with different thickness on glass
substrate.

Pilkington glass is obtained by atmospheric pressure chemical vapor deposition
(APCVD) using TiCk and ethyl acetate as precursors. Before deposition of the
phobcatalytic film, a silicon oxide layer is deposited on the glass surface in order to
prevent the migration of alkaline metal ions into the ;l@@ating. Decreased efficiency

of photocatalytic coatings has been observed by Heller and coworkers on soda-lime
glass compared to quarz gld5s.They assigned this effect to the introduction of
recombination centres by alkaline metal ions. Films of,Tp@rticles deposited by
APCVD have been reported to exhibit a thickness of 15 nm, while SEM investigations
revealed particle sizes of 30 nm. It has been concluded that the particles are
consequently broad domes rather than spherical parfticRitkington Activéd™ TiO,

films have been reported to consist of anatase and 7iftildence, the lower
phobcatalytic activity of flms of sol-gel Ti@nanoparticles compared to Pilkington
Active™ glass can be ascribed to inhibition by alkaline metal ions. Moreover, owing to
larger particle sizes, a higher surface roughness is likely for Pilkington glass, leading to
a higher surface area available for photocatafysis.

Unfortunately, due to different experimental conditions the photocatalytic activity of
films cannot be compared to the results obtained for particle dispersions.

It is concluded that the prepared sol-gel Ji@anoparticles are suitable for the
formation of photocatalytic films. The particles exhibit significant photocatalytic
activity and show good film formation behaviour.
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3.1.3 Conclusions

TiO, nanoparticles with diameters ranging from 4 to 10 nm have been prepared by
a straighforward low-temperature synthesis method. The particles are nicely
redispersible in water owing to nitrate on their surface and show spherical shape. The
phase composition of the particles can be tuned between pure anatase and 4:6
anatase/brookite by adjusting the precursor concentration. Investigations on the
photocatalytic activity of the particles in suspension and as films on glass susbtrates
revealed significant photocatalytic activity, even if commercially available systems
could not be surpassed. The high amount of surface hydroxyl groups available for
subsequent modification reactions and the spherical shape of the obtained particles
render the obtained particles appropriate for further modification reactions.
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3.2 Stability of Organophosphonates under Photocatalytic
Conditions

In order to achieve interaction of photocatalytic titanium dioxide nanoparticles with
organic substrates, coupling agents are required. Highly stable coupling molecules are
needed which should anticipate release of particles and degradation of the organic
substrate. It is well known that organophosphonates exhibit a stable interaction with
titanium dioxide surfaces as discussed in the introduction. Hence, the above prepared
sol-gel TiGQ nanoparticles (7 nm diameter) were modified with different organic
phoghonates and phosphates and the UV stability of different organic moieties under
various conditions was investigated in order to elucidate the mechanism of degradation.
The photocatalytic degradation behaviour of organic molecules in the presence of TiO
nanoparticles has been investigated thoroughly recently in order to exclude the
formation of toxic intermediates when photocatalytic degradation is applied for
wastewater treatment or self-cleaning surfdc&s?’>4"9t is nowadays well known that
in the presence of water hydroxyl radicals are created on the surface of photocatalytic
particles, which can initiate the degradation of any organic compGutowever, the
degradation of substances that bind to the surface of the photocatalyst has hardly been
investigated up to now as discussed in the introduction. It is assumed that in the
degradation of such molecules direct hole oxidation and oxidation by surface trapped
holes might play a major role, owing to the steric proximity to the photocatlyst.
However, as elucidated in the introduction, these processes have been reported to be
hindered in the presence of phosphoniatddoreover, as discussed above the P-O-Ti
bondwas found to be photocatalytically stable. Thus, only the organic part is degraded,
for which two possibilities exist: either (i) the P-C bond breaks or (ii) the organic
moiety is degraded sequentially. This mechanism can be different for unequal organic
moieties. For this reason, phosphonates with different organic moieties were
investigated regarding their photocatalytic degradation. Another question that arises is,
what species is left on the surface if the P-O-Ti bond is not broken. Eventual phosphate
remaining on the particles’ surface might lead to increased photocatalytic activity, as
found in earlier investigationd” ***Such phosphate doped photocatalysts are obtained
by calcination of titanium dioxide photocatalysts modified with organophosphdifates.
Taking into account that the organic moieties are degraded upon UV illumination, it
might be possible to prepare phosphate enhanced photocatalysts in-situ upon
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illumination, which would render the calzination step unnecessary. Thus, the particles
were investigated thoroughly after complete degradation of the organic moieties.
Furthermore, it is assumed that the degradation of organic phosphates and phosphonates
might exhibit unequal reaction kinetics, due to the different stabilities of P-C and P-O-C
bonds and different electronic properties. In addition to that, surface coverage is
believed to play a key role for the degradation kinetics due to shielding of the surface
against the species required for photocatalysis: photons, water and oxygen. For this
reason, degradation kinetics was studied for different organic moieties under different
conditions.

Thus, the degradation behaviour of organic phosphonates and phosphates bound to
the surface of titanium dioxide nanoparticles under illumination with two 9 W UVA
black light lamps was investigated. Sol-gel Ti@anoparticles (10 nm) were prepared
and modified with phenylphosphonic acid (PPA), phenylphosphoric acid (PPoA) and
DPA by stirring for 3 days in methanol/water 3:1 mixtures containing 3 mM coupling
agent according to a procedure by IvanofitiAfter centrifugation, the modified
paticles were washed thoroughly with ethanol to remove unreacted coupling agent,
dried and analyzed bYP MAS NMR, *C CPMAS NMR, FT-IR, TGA and elemental
analysis. Titanium dioxide nanoparticles modified with different phosphonic and
phosphoric acids were investigated regarding degradation intermediates and product.
Furthermore, the influences of different parameters and coupling molecules on the
kinetics of the degradation reaction were investigated. In order to study differences in
the degradation of phosphates and phosphonates, PPA@MMOPPOA@TIQ were
compared regarding the kinetics of their degradation under UVA illumination. In a
subsequent study, the degradations of PPA@ & DPA@TIQ were compared
regarding their kinetics in order to elucidate the degradation mechanism of organic
compounds that exhibit a covalent connection to the photocatalyst. In addition, the
degradation kinetics of modified particles exhibiting different surface coverage were
investigated. Moreover, the photocatalytic activity of the degradation products was
investigated and compared with the unmodified titanium dioxide nanopatrticles.

3.2.1 Degradation of Phenylphosphonic acid

Realistic conditions for the investigations on the photocatalytic stability include the
presence of water. Thus, for first investigations particles modified with moderately
hydrophobic PPA were applied due to their water-dispersibility and easy accessability.
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The degradation experiments were conducted in an experimental setup similar to the
one presented in section 3.1.2.1. PPA@MWas dispersed in water at a concentration

of 2 wt% applying an ultrasonic finger and subsequently exposed to UV light in an
illumination chamber. In Figure 3-9 the FT-IR spectra after different times of
illumination are presented.

14d

29d

59d

I 8 T i T i T e T i T
1800 1600 1400 1200 1000 800
Wavenumber, cm’™

Figure 3-9: FT-IR spectra of PPA@TIQ after different times of UV-illumination.

The P-O-Ti signal between 970 and 1150 cmaintained its intensity throughout the
illumination process. Thus, it is assumed that the P-O-Ti bond is stable which is in
agreement with earlier investigations on the degradation of DMEP However, the

P-Ar (1150 and 1450 cHj vibration was decreasing with illumination time compared

to the Ti-O and the P-O-Ti signal. From this observation it can be concluded that the
organic moiety was degraded. However, from FT-IR a breakage of the P-C bond cannot
be verified due to overlapping of an eventually arising P-aliphatic/olefinic signal with
the broad P-O-Ti band. Intermediately arising weak signals at 1220 and 140&rem
assigned to olefinic or alcoholic degradation intermediates. In order to identify such
intermediates, the degradation was also tracked WittCPMAS NMR. From FT-IR, a
phoghate species seemed to be left on the surface of the particles after degradation of
the organic moiety. However, incomplete degradation would also present phosphonates
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on the surface. Thus, the reaction was also tracked*##tMAS NMR, which allows
to distinguish between phosphate and phosphonate species.

Figure 3-10 presenfSP MAS NMR collected after different times of illumination.
While the phosphonate was identified at 15 ppm before illumination, a second signal at
-2 ppm was arising upon illumination which could be assigned to a phosphate species.
After 95 days of illumination the degradation was complete and only phosphate was left
on the surface.

22d

95d

80 60 40 20 0 -20 -40 -60

Figure 3-10:3'P MAS NMR of PPA@TIO; after different times of illumination at 2 wt%.

Figure 3-11 presents tHéC CPMAS NMR spectra measured after different times
of illumination of PPA@TIiQ. The spectrum without illumination exhibited an intense
aromatic signal for the phenyl ring and a sharp signal in the ©Hion. While the
aromatic band was decreasing with illumination time, the; Gignal was increasing.
Moreover, after 22 days of illumination minor peaks were observed between 50 and 70
ppm (alcohol), at 110 ppm (olefin) and between 150 and 170 ppm (aldehyde or
carboxylate). However, these signals have disappeared after 95 days of illumination
indicating degradation intermediates. Thus it is concluded that the degradation proceeds
rather sequentially than via breakage of the P-C bond.
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Figure 3-11:*C CPMAS NMR of PPA@TIO, after different times of illumination at 2 wt%.

The methyl signal on the other hand did not disappear upon illumination. Non-
spinning*C HPDEC NMR of the illuminated sample (Figure 3-12) revealed a second
signal at 55 ppm, indicating that the signals can be assigned to ethanol, which might
exhibit hydrogen bonds to Ti-OH groups on the J#Qrface.

PPA@TIO,_94d

PPA@TIO, 94d-HPDEC

200 150 100 50 0 -50
ppm

Figure 3-12:*C CPMAS NMR and non-spinning**C HPDEC NMRof PPA@TIO, after 94 days of
illumination and **C HPDEC NMR of TiO after stirring in MeOH/water and washing with
ethanol.
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In CPMAS NMR spectroscopy the magnetization is transferred from protons to a
carbon nucleus. Hence, the methyl carbon appears more intense compared to the
methylene group. The adsorbed ethanol originates from washing of the particles after
illumination. Ethanol has been shown to adsorb on titanium dioxide surfaces in different
ways, including molecularly adsorbed ethanol and ethoxy sp&Giddolecularly
adsorbed ethanol is adsorbed via hydrogen bonds and has been found to be released
upon drying at 200°E"’

In order to prove the presence of ethanol that interacts with thesti@ace by
hydrogen bonding, the particles were dispersed #DMSO and sonicated in an
ultrasonic bath for 3 days to assure quantitative extraction of ethanol. The DMSO was
able to break the hydrogen bonds and HSQC NMR (Figure 3-13) of the liquid
confirmed that ethanol was in the system. Moreov&, HPDEC NMR after the
extraction of ethanol revealed no other carbon species on the particles.

PPM I 45 40 35 30 25 20 15 1.0 ppm

30
40
50

60+

T I T I I I
45 40 35 30 25 20 15 1.0 ppm

Figure 3-13: HSQC NMR spectrum of §-DMSO with which TiO , particles have been extracted.

Thermogravimetric analysis of PPA@TiGhown in Figure 3-14 revealed a
decrease in mass loss between 250 and 600 °C of the illuminated samples compared to
the not illuminated particles. Moreover, no defined onset temperature was observed for
the samples illuminated for 29 and 94 days, but a rather diffuse mass loss over the
whole temperature range between 100 and 500 °C was monitored. This continuous mass
loss can be assigned to water as well as hydrogen bonded ethanol (identified by NMR)
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which desorb from the surface. For particles illuminated for 29 days the diffuse mass
loss is ascribed to various different degradation intermediates and volatile compounds
(similar as after 94 days of illumination) concurrently.
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Figure 3-14: TGA plots of PPA@TIiG; without illumination and after 94 days of illumination of 2
wt% particle dispersions with 9W UVA light.

Elemental analysis presented in Figure 3-15 confirmed the stability of the P-O-Ti

bond showing a constant phosphorus conteit \While the carbon contenm) was
decreasing.
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Figure 3-15: Elemental analysis of PPA@Ti@after different times of illumination: wt% C: = and
wt% P: e.
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Hence, the degradation of the organic moiety as well as the stability of the P-O-Ti
bond is confirmed. However, due to adsorbed ethanol ang @® sample still
contained between 3 and 4 wt% carbon after organics were no more detectable by
means of NMR (94d).

The discussed investigations on the UV stability of PPA@T&ealed that the
organic moiety cannot be protected from degradation by a phosphonate intermediate
layer. Complete degradation of the organic moiety was confirmed by FT-IR and NMR.
The degradation was found to proceed rather sequentially than via breakage of the P-C
bond as detected BYC CPMAS NMR and FT-IR. Organic species left on the surface
of the illuminated particles could be assigned to hydrogen-bonded ethanol. The P-O-Ti
bond is stable upon UV-illumination and upon degradation of the aromatic moiety a
phosphate species is formed on the particles’ surface as shown by EP-MVIR and
elemental analysis. In order to elucidate the mechanism of degradation, the degradation
kinetics were investigated varying different parameters.

3.2.2 Kinetics and Mechanism

In order to determine the rate constant k of the degradation reactions, a first-order
kinetic is assumed and the rate law is thus the same as for the photocatalytic degradation
of methylene blue discussed in section 3.1.2.1 (Equation 11).

Plotting In(As/A) versus time the rate constant k can be determined from the slope
in the graph. As discussed above, the rate constant k was determined varying different
parameters in order to elucidate the degradation mechanism as well as differences in the
stability of different coupling agents.

The reproducibility of the method was proven using 0.2 wt% dispersions of
PPA@TIQ with a surface coverage of 4.3 molecules/nm? - corresponding to full
surface coveradd® — in ethanol/water 4:1. The degradation was tracked by monitoring
the absorption of the P-Ar vibration at 1143 trin Figure 3-16 the kinetic plots of the
reproducibility experiments are presented. It is concluded that minor deviations can
occur and the reproducibility is limited to + 0.009 fbr the rate constant k.
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Figure 3-16: Kinetic plots and k-values of various illumination experiments of PPA@Ti@under
similar conditions.

Thus, the accuracy of the method was determined and allows correct interpretation
of the data discussed on the following pages.

3.2.2.1Phosphonate versus Phosphate

It is assumed that the different charge distribution in phosphonates and phosphates
might lead to unequal kinetics of degradation. Thus, the rate constants k of degradation
of PPA@TIQ and PPoA@Ti@were investigated under similar conditions. 0.2 wt% of
modified particles exhibiting 4.4 molecules/nm? surface coverage were dispersed in a
mixture of ethanol and water (4:1) applying an ultrasonic bath. FT-IR spectra of both
compounds after different times of illumination are presented in Figure 3-17. For
PPA@TIQ the vibrational absorption at 1143 ¢nfP-C) was monitored while the
degradation kinetics of PPOA@TiQvas determined by tracking the absorption at 1222
cm?* (P-O-C). It is observed from Figure 3-17 that the tracked vibrations were
decreasing with illumination time for both compounds compared to the stable P-O-Ti
bond.
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Figure 3-17: FT-IR spectra of PPA@TIGQ and PPoA@TIQ, after different times of illumination.

The kinetic plots for the degradation of both compounds were created from the
absorptions at the respective wavenuber after different illumination times (Figure 3-18).
Ao is the absorption (peakmaximum) before illumination and A describes the absorption

after the respective illumination time.
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Figure 3-18: Kinetic plots of PPA@TIG, and PPOA@TIG; illuminated under equal conditions.
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In both cases the degradation can be described as linear. Applying a linear fit, it is
observed that the P-O-Ar vibration was decreasing faster compared to the P-C vibration.
The difference between the two rate constants k significantly exceeded the error range
of 0.009 d".

Thus it is concluded that the phosphonate moiety is more stable upon UV
illumination than the phosphate. This might be attributed to the fact that the P-C bond
exhibits higher stablility than the P-O-C bond. However, this would mean that — at least
for the phosphate — the degradation proceeds via cleavage of these bonds rather than via
sequential degradation. For this reas66, CPMAS NMR was applied to elucidate the
mechanism of degradation of PPoA (Figure 3-19).

alcohol

EtOH ads

94d

200 150 100 50 0
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Figure 3-19:*C solid state NMR of PPoA@TIQ after different times of illumination at 2 wt%
(CPMAS for 0 and 94 days, 22 days: HPDEC).

As seen from Figure 3-19, various degradation intermediates were identified in the
alcoholic and carboxylic region, suggesting a sequential degradation also for the
phosphate. Degradation intermediates observed ff6nNMR may also be ascribed to
species adsorbed physically from the solution. However, owing to the high amount of
intermediate species present on the titanium dioxide surface, a sequential degradation is
rather suggested than cleavage of the P-O-Ti bond. A possible explanation for the
unequal degradation kinetics of PPA and PPoA is a facilitated hydroxyl radical
formation owing to hydrogen bond formation between the phosphate group and water,
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enabled by the free lone pairs of the bridging oxygen. As discussed in the introduction,
the photocatalytic activity of Ti©@can be enhanced by phosphate-doping. As stated by
Zhao et al*” the increased photocatalytic activity is assigned to facilitated hydroxyl
radical formation owing to hydrogen bond formation between the phosphate group and
water. However, not only ionic phosphate species form hydrogen bonds with water, but
also the additional lone pairs of the bridging oxygen in organophosphates might enable
hydrogen bond formation. Indeed several theoretical studies confirm the hydrogen bond
acceptor nature of the phosphoester oxyg&R’

The investigations on the degradations of PPA@EOJ PPOA@TiQrevealed a
sequential degradation of the aromatic moieties for both compounds. This
decomposition can either (i) be a consequence of the UV absorption of the organic
moiety itself or (ii) be initiated by radicals. In order to study the influence of direct
photolysis on the degradation, the degradation kinetics and mechanism of an
alkylphosphonic acid is investigated. However, if radical species originating from the
titanium dioxide photocatalyst are responsible for the degradation, two different
possibilities exist for the nature of such radicals. As discussed above, owing to the steric
proximity of the organic moiety to the TiGurface, a direct degradation via surface
trapped holes might be possible. Moreover, the formation of hydroxyl radicals in the
presence of water is possible. The role of direct hole oxidation was investigated by
studying the degradation of organic phosphonates in a water free environment where the
formation of hydroxyl radicals is limited.

3.2.2.2Arylphosphonate versus Alkylphosphonate

The degradation of an alkylphosphonic acid was investigated in order to study the
influence of direct photolysis on the degradation. Furthermore, pure PPA was
illuminated under similar conditions. The latter investigations did not reveal any
decomposition of PPA after 30 days of illumination. Hence direct photolysis was
assumed to play no role in the degradation of PPA@T@vertheless the degradation
of DPA@TIO, was monitored in order to gain further insight in the mechanism of
decomposition. Comparing the degradation of DPA@sIwith PPA@TIQ, two major
problems arise: First, no vibrational absorption for the P-C bond can be identified in the
infrared spectra of DPA. Thus, the absorption at 292T wras monitored, which is
assigned to the aliphatic CH stretching vibration. However, the changes of this CH
vibration cannot be compared with the decrease of P-Ar vibration of PPA, because due
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to sequential degradation, a faster decrease of the CH vibrations is expected compared
to the P-C signal. Hence, the CH stretching vibrations of PPA need to be compared with
the CH stretching vibrations of DPA. Thus, the decomposition of the aromatic ring was
tracked by monitoring the absorbance change at 3056 ldowever, the CH stretching
vibration was shifted slightly upon increasing decomposition as seen from Figure 3-20
which is assigned to an increased force constant of the C-H bond owing to reduced
stacking. Thus, the absorption was not tracked at a fixed wavenumber, but the
maximum of the CH vibrational signal was monitored.

T T —==F T T T T T 1
3100 3050 3000 2950 2900
Wavenumber, cm’

Figure 3-20: CH stretching region of the FT-IR spectra of PPA@Ti@after different times of
illumination.

In Figure 3-21 the k-values calculated from the degradation of the P-C bond are
compared with the k-values obtained by tracking the absorption in the aromatic region.
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Figure 3-21: Kinetic plots of PPA@TiQ, monitoring the absorptions at 1143 cit and 3055 crit.

It is observed from Figure 3-21 that the aromatic CH vibration was decreasing
significantly faster compared to the P-Ar signal. Thus, it was shown that a comparison
of the CH vibration of DPA with the CH vibration of PPA is more reasonable than with
the P-Ar vibration of PPA. Moreover, this result could be another evidence for a
sequential degradation of the organic compound.

The second problem that arises is the limited surface coverage obtainable with
DPA. While previously prepared PPA@Ti®xceeds 4 molecules/nm?, for DPA only 3
molecules/nm? could be achieved. The higher surface coverage obtained for PPA is in
agreement with literature repofi$ and is ascribed ta-n stacking of the aromatic
moieties on the Ti@surface. It is assumed that surface coverage plays an important role
in the degradation kinetics, not only because surface hydroxyl groups act as traps for
holes but also due to steric effects that inhibit the contact of species required for
photocatalysis to the particles’ surface. Thus, PPA@EQ DPA@TIQ exhibiting
similar surface coverage (3.4 and 3.1 molecules/nm2 respectively) were prepared by
adjusting the concentration of PPA and DPA used for modification. The modified
particles were dispersed at 0.2 wt% in ethanol/water 4:1 and illuminated in the
experimental setup described in section 3.1.2.1. Samples taken after certain time
intervals were centrifuged and washed with ethanol. Quantitative IR spectra of
DPA@TIO; after different times of illumination are presented in Figure 3-22. From the
recorded spectra, also for DPA a shift of the CH stretching vibrations to higher
wavenumbers was observed upon degradation. This effect is assigned to less ordering
and conformational changes as found by Snyder &tal..
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Figure 3-22: FT-IR spectra of DPA@TIQ, after different times of illumination.

While the broad P-O-Ti signal between 930 and 1180 was stable, a decrease of the

CH stretching (2921 cHj and bending (1460 cf was observed. Thus it is concluded

that the organic moiety was degraded while a phosphate species remained on the
particles’ surface. The presence of a phosphate species was confirmed by a signal at 0
ppm in the®P MAS NMR (Figure 3-23). For NMR investigations, the modified
paticles were illuminated at a concentration of 2 wt% in ethanol/water mixtures
because larger amounts of particles were required for solid state NMR.
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Figure 3-23:3'P MAS NMR spectra of DPA@TIO; after different times of illumination.
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Moreover, intermediately arising C=0 vibrations (1700*}mbserved in the FT-IR
spectra in Figure 3-22 confirmed the assumption that the degradation does not proceed
via breakage of the P-C bond but is rather sequential via formation of alcohol, aldehyde
and acid to C@ These findings are in agreement with the results obtained upon
illumination of PPA@TIQ (vide supra).

The kinetic plots of DPA@Ti@and PPA@Ti@are compared in Figure 3-24.
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Figure 3-24: Kinetic plots of PPA@TIQ, and DPA@TIO; illuminated under equal conditions.

The degradation of DPA@TiO proceeded significantly faster compared to the
degradation of PPA@TIi®(Figure 3-24). This result is assigned to worse stabilization
of radicals by the alkyl chain compared to the aromatic ring, where the radicals can
encounter mesomeric stabilization.

These results show insistently that the degradation via direct UV absorption of the
aromatic ring does not exhibit a reaction rate in the same regime as the photocatalytic
degradation. Thus, the degradation is initiated by a radical species which can either be a
hole or a hydroxyl radical. For the formation of hydroxyl radicals the presence of water
is required. Thus, the mechanism can be elucidated by investigation of the degradation
kinetics in dependence of the water present in the system as discussed in section 3.2.2.3.

54



Results and Discussion

3.2.2.3Solvent

The effect of water on the degradation rate of PPA@ T¥@s investigated using
different solvents ranging from water over ethanol/water (1:1) to dry n-heptane. 0.2
wt% suspensions of PPA@Ti@xhibiting a surface coverage of 4.5 molecules/nmz2 in
the respective solvents were prepared by ultrasonication and illuminated in an
experimental setup described in section 3.1.2.1. For illumination experiments in dry n-
heptane the relative humidity was kept below 20%. Figure 3-25 shows the kinetic plots
of PPA@TIQ illuminated in different solvents. It is observed that the degradation
kinetics were the same for a water-free environment as for ethanol/water mixtures.

0.25
0.20 y=kx+d
. = water, k=0.064d"
d=0.014

< 01°7 ¢ ethanol/ k= "
< ethanol/water, k = 0.039 d
§( d=-0.010
T 0.10- 4  heptane, k =0.033 d”
- d =-0.007

0.05 1

0.00 1

T T T T T T T

0 1 2 3 4
Illumination Time, d

Figure 3-25: Kinetic plots of PPA@TIQ; illuminated in different solvents.

It can be concluded that the degradation of PPA@Ti&es not only proceed via
hydroxyl radicals, but also via hole oxidation (valence band or surface trapped hole),
because the degradation reaction was not slowed down in the absence of water. Hence,
it is assumed that the degradation is initiated by the transfer of electrons from the
organic moiety to surface trapped holes and is thus not affected by the presence of
water. However, when illuminated in pure water, the degradation proceeds significantly
faster than for all other solvent mixtures. This result can be explained by the fact that
both mechanisms — hole oxidation and degradation via hydroxyl radicals — are co-
existent and when the amount of water is increased above a certain ratio, the
degradation via hydroxyl radicals can proceed faster and thus accelerate the whole
degradation process.
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Due to the different reactivity of aliphatic and aromatic moieties with the two
radical species it is possible that the degradation kinetics of DPAgekitbit unequal
dependence on the solvent compared to PPA@.TiGus, also DPA@Ti®was studied
regarding its degradation in the presence and absence of water. However, the
degradation in pure water could not be investigated because the hydrophobic particles
are not wetted by water. From the kinetic plots presented in Figure 3-26 it is shown that
the degradation rate was slightly inferior in the absence of humidity.
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Figure 3-26: Kinetic plots of DPA@TIG; illuminated in different solvents.

However, the decrease in the rate constant was quite low, indicating that the direct hole
degradation constitutes a considerable part of the degradation also for DPA.

In order to intensify the study on the dependence of the degradation of PPA@ITIO

the solvent, the particles were illuminated without solvent at different relative humidity.
Samples taken after 2, 5 and 9 days were compared with the results after the same time
in 0.2 wt% ethanol/water mixtures (Figure 3-27). The rate of degradation was
significantly decreased for illumination of the dry samples compared to degradation in
suspension. However, degradation took place and was accelerated with increasing
relative humidity.
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Figure 3-27: Kinetic plots of PPA@TIQ illuminated in ethanol/water 4:1 (0.2 wt%) and dry with
20% and 60% relative humidity.

The study on the different humidities might not be unambiguous and reproducible
because a homogeneous illumination of the powder is experimentally challenging due to
varying thickness of the powder film. Nevertheless, it could be revealed that both
compounds are also degraded in dry state at low relative humidity. Hence, it is
emphasized that the degradation mechanism depends strongly on the conditions. In dry
state the degradation is assumed to proceed via direct hole oxidation while in the
presence of water both degradation mechanisms — hole oxidation and degradation via
hydroxyl radicals — occur at the same time. Which mechanism is dominant depends on
the conditions — in particular on the water present in the system. This confirms the
results obtained from the investigations in different solvents.

Thus it was found that the degradation is initiated by hydroxyl radicals to a large
extent. It is assumed that oxidation by valence band holes or surface trapped holes
contributes considerably to the degradation due to only slightly lower degradation rates
in the absence of water. However, no definite conclusion can be drawn from the
described investigations as water is adsorbed on the particles’ surface even after
vigorous drying. Despite drying at 100°C in vacuo the presence of hydrogen bonded
water on the surface cannot be precluded. However, earlier investigations on the
degradation of organic compounds without covalent connection to the titanium dioxide
surface revealed no degradation in organic solV&hthus it is concluded that organic
phoghonates on titanium dioxide can in contrast to organic species without covalent
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connection be degraded by direct hole oxidation, despite the results by Zhao and
coworkers, indicating an obstruction of direct hole oxidation by the presence of
phosphaté?’

3.2.2.4Surface Coverage

It is assumed that the titanium dioxide surface can be shielded against species
required for photocatalysis — photons, water and oxygen — by coupling agents present
on the surface of the particles. Therefore, the degradation kinetics might depend on the
surface coverage with organic phosphonate. For this reason, PPA@asJprepared
a three different coverage grades - 3.4, 3.8 and 4.5 molecules/nm? - by adjusting the
concentration of PPA used for the modification reaction. The particles were dispersed at
0.2 wt% in ethanol/water 4:1 and illuminated similar to previous experiments. Figure
3-28 presents the kinetic plots of PPA@7 &Xhibiting different surface coverage.

0.7 H

0.6
0.5
| y=kx+d
—~ 0.4 2 A
< ] = 3.4 molecules/nm? k = 0.062 d
< 03- d =0.066
£ : ¢ 3.8 molecules/nm?® k =0.050 d”
0.2 d=0.015
A v 4.5 molecules/nmz, k=0.039d"
0.1 d=-0.010
0.0
T T T T T T T T T T ]
0 2 4 6 8 10

lllumination Time, d

Figure 3-28: Kinetic plots of PPA@TIQ, with different surface coverage illuminated at 0.2 wt% in
4:1 ethanol/water with two 9 W UVA lamps.

As displayed in Figure 3-28, the rate constant k for the photocatalytic degradation of
PPA was increasing with decreasing surface coverage. This result approves the
assumption that the modification of the particles’ surface can inhibit the photocatalytic
processes. As discussed above, it is assumed that at least part of the species required for
photocatalysis are sterically shielded from the surface. Thus, it is suggested that at high
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surface coverage the main degradation mechanism occurs via direct hole oxidation,
while at low coverage the degradation via hydroxyl radicals can enhance the rate.
However, it is concluded from the rate constants that the influence of the surface
coverage on the degradation kinetics is limited. Hence, the comparison of PPA@TIO
exhibiting 3.4 molecules/nm? with DPA@TiChaving 3.1 molecules/nm?2 has been
proven to be feasible.

3.2.2.5Particle Concentration

The degradation kinetics of PPA@TiQvere investigated at different particle
concentrations in order to investigate the effect of dispersibility on the degradation
kinetics. From the kinetic plots presented in Figure 3-29 it can be concluded that the
photocatalytic degradation rate was drastically decreased at higher particle
concentration. This effect is mainly ascribed to worse dispersibility as seen from Figure
3-30.
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Figure 3-29: Kinetic plots of PPA@TIQ illuminated at different particle concentrations in water
with two 9 W UVA lamps.

It is assumed that the degradation was slowed down at high particle concentration due
to the lower transparancy of the dispersion caused by agglomeration of particles. Thus,
particles modified with PPA@TiOwere dispersed in ethanol/water 4:1 at 0.2 wt% and

2 wt% and investigated optically and by DLS. From the DLS plots presented in Figure
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3-30 it could be observed that the dispersibility of modified particles was strongly
decreased at high concentrations. Moreover, the photograph image presented in Figure
3-30 illustrates that a 2 wt% suspension exhibits much lower transparency than a 0.2
wt% suspension. Thus, it is assumed that the majority of particles is inaccessible for UV
light due to larger agglomerates which lead to a lower active surface as well as
absorption and scattering of the irradiated UV light.

— 0.2 wt% [l
2 wt% [

Radius, nm

Figure 3-30: DLS plot and optical photograph image of DPA@Ti@dispersed in ethanol/water
(4:1) at 0.2 wt% and 2 wt%.

3.2.2.6Degradation of the Solvent

Owing to the formation of hydroxyl radicals on the surface of,; Fi@noparticles in
the presence of water any organic compound can be degraded photocataf§tically.
Thus, also the solvent might be degraded, which may influence the degradation of
organic phosphonates present on the surface. If radicals are consumed for the
degradation of the solvent, the degradation rate of the phosphonates might be decreased.
Hence, the degradation of n-heptane was studied in the presence of unmodified titanium
dioxide nanoparticles as well as PPA@JT#&nhd DPA@TIQ. The respective particles
were dispersed in n-heptane and illuminated for 3 days in the experimental setup
described in section 3.1.2.1. From the NMR spectra presented in Figure 3-31 no
degradation products were identified. However, a volume change of the dispersion was
observed, which can either be ascribed to the degradation of heptane or to its high
volatility.

60



Results and Discussion

n-heptane U (

n-heptane + TiO, _ 3d L

4 3 2 1 0
ppm

Figure 3-31:'H NMR of n-heptane and n-heptane illuminated for 3 days in the presence of
DPA@TIO,.

In order to elucidate whether n-heptane was degraded or evaporated, the stability of
dodecane was investigated. As dodecane exhibits a low volatility an eventual volume
change can only be attributed to its degradation. When dodecane was illuminated for 4
days, no volume change was observed. Furthermore, frotNMR no degradation
products were detected.

Thus, the solvent was not degraded and the volume change observed for n-heptane
can be assigned to evaporation. Hence it was shown that degradation of the solvent does
not take place in the same time scales as the degradation of the surface-bound species
does.

3.2.3 Characterization of lllumination Products

The products obtained after degradation of the organic moieties were characterized by
FT-IR, 1*C CPMAS NMR,*P MAS NMR, TGA, XRD and elemental analysis. As
discussed in sections 3.2.1 and 3.2.2, the FT-IR spectra after different times of
illumination revealed a decrease of the signals which can be assigned to organic
moieties, while the P-O-Ti bond was stable. The spectra obtained after illumination
were similar for all investigated coupling agents and show a phosphate signal (Figure
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3-32). A similar signal was obtained after temperature treatment of particles modified
with organophosphonates as observed from Figure 3-32.

PPA@TIO,_94d
PPOA@TIO, 94d

DPA@TIO, 94d
PPA@TIO, _cal

1800 1600 1400 1200 1000 800 600
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Figure 3-32: FT-IR spectra of PPA@TIQ, PPOA@TIO, and DPA@TIO, after illumination and
PPA@TIO, after calcination at 500°C.

From the stable P-O-Ti vibration it is assumed that a phosphate species remained on the
particles’ surface®P MAS NMR spectra (Figure 3-10 and Figure 3-23) confirmed this
assumption by the presence of a signal in the®R@&gion. No other phosphorus species
were detected for all samples. Again, a similar spectrum was obtained after calcination
of the modified particles and no salt phase was obseR@CPMAS NMR spectra for
PPA@TIO, and PPOA@TIiQ revealed the presence of ethanol after illumination as
discussed in section 3.2.1, while for DPA@Ti@ organic species were found after
illumination. It is assumed that the highly hydrophobic surface of DPA@do®s not

allow the formation of hydrogen bonds with ethanol. Thermogravimetric analyses of the
modified particles after illumination exhibited a continuous mass loss over the measured
temperature range similar to PPA@7iéiter illumination (Figure 3-14). The observed
mass loss is assigned to desorption of volatile compounds and condensation of surface
hydroxyl groups. Elemental analysis revealed a decrease in carbon content throughout
the illumination process due to degradation of the organic compoundstar@Qvater
(Figure 3-33). However, a small carbon content was also observed on the patrticles after
illumination owing to adsorbed ethanol. The phosphorus content on the other hand was
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constant for all investigated samples which confirms the UV stability of the P-O-Ti
bonds.
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Figure 3-33: Elemental analysis of PPA@TiQ PPoOA@TIiO, and DPA@TIO, after different times
of illumination at 2 wt% with two 9 W UVA lamps.

The degradation product was thus found to be a phosphate species remaining on the
TiO, surface. A similar product can be obtained by calcination of the same modified
paticles. However, it is assumed that temperature treatment, in contrast to UV
treatment, might lead to modification changes of the titanium dioxide. Moreover it is
possible that upon temperature treatment phosphate can migrate inside Aneafri©®
and act as a dopant and in addition a titanium phosphate phase might be formed on the
surface on the particléd? For this reason, DPA@TiCand PPA@TIi® were calcined
at 500°C for 24 hours and the X-ray diffraction patterns of illuminated and calcined
particles were compared. The phase contents obtained by Rietveld refinement of
illuminated and calcined particles are compared with bare sol-gelnE@oparticles in
Figure 3-34. Crystallite sizes of the different phases are presented in the respective
columns. It is concluded that no phase transformations took place upon illumination,
while upon calcination the anatase content was increasing significantly upon decreasing
brookite content. Furthermore, the crystallite sizes of brookite were growing upon
calcination. Additional reflexions present in the diffraction patterns of illuminated
samples, which cannot be assigned to a titanium oxide phase, could be assigned to
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sodium ethanolate. However, this assignment is ambiguous due to the instability of
sodium ethanolate to hydrolysis.
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Figure 3-34: Composition of illuminated and calcined PPA@Ti@and DPA@TIO, calculated from
XRD patterns by Rietveld refinement.

Thus it was found that the phase composition of, i@nopatrticles did not change upon
illumination, while upon calcination a higher anatase content was obtained. Moreover,
crystallite sizes were not changed by illumination, while upon calcination crytallite
sizes of brookite were increasing drastically from 1.9 to 4.5 nm.

As reported by several groups, the photocatalytic activity of titanium dioxide
nanoparticles is enhanced by the presence of phosphate species on the'Surfacé?®
Several investigations involved temperature treatment when organic phosphonates were
applied**® which does not only generate phosphate on the surface of the particles, but
also induces a migration inside the particles. However, Zhao and coworkers found an
enhanced photocatalytic activity after immersion of Ji@ Hz;PO, even without
calcinationst*’ Thus, it is concluded that the activity enhancement is caused by a
facilitated hydroxyl radical formation owing to hydrogen bond formation between the
phosphate anions and water. Hence, the photocatalytic activity cannot only be increased
by doping phosphorus into the Ti@amework, but also by surface modification with
PO,>. For this reason, the activity of the UV treated particles in degrading methylene
blue under UV irradiation was investigated and compared to bare titanium dioxide
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particles as well as modified particles and calcined particles. The photocatalytic activity
was tested following the procedure described in section 3.1.2.1.

In order to determine an eventual change in the photocatalytic activity of the
modified and UV degraded particles compared to the unmodified A@Dopatrticles,
the particles were tested at various stages of preparation. Thus, bareamd@articles
were tested as well as particles modified with phosphonic and phosphoric acids (PPA,
PPoA and DPA) and illuminated particles. Furthermore, the modified particles were
calcined at 500 °C for 10 hours in order to degrade the organics and generate phosphate
species. The photocatalytic activity of thus obtained phosphate doped particles was
compared to the ones obtained by UV degradation.

In Figures 3-35-37 the k-values of the different samples are presented.
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Figure 3-35: K-values and absorption behaviour of the bare particles compared to differently
treated PPA@TIO..

It is seen that the photocatalytic activity decreased when the particles were
modified. This is assigned to the fact that the adsorption of dye on the particles’ surface
is reduced when the surface is covered by hydrophobic moieties (Figure 3-35).
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Figure 3-36: K-values and adsorption behaviour of the bare particles compared to differently
treated PPOA@TIO.

It is well known, that the adsorption of the organic species on the photocatalysts’
surface plays an important role in photocatalytic degradation process. From Figures 3-
35-37 it is seen that generally the photocatalytic activity was higher when the adsorption
of the dye was improved. The adsorption was enhanced when phosphate species were
present on the surface of the particles owing to charge accumulation on the surface.
However, as seen from the Figures, the adsorption of dye on PPA@aR®
PPOA@TIO, was higher compared to bare particles, which exhibit nevertheless higher
photbcatalytic activity. Thus, the bad activity of the modified particles is rather assigned
to the consumption of electrons and holes for the degradation of the organic coupling
molecules. Moreover, as stated above (section 3.2.2.4) the modification with coupling
molecules makes the titanium dioxide surface sterically inaccessible for species required
for photocatalysis. Another explanation might be the deceleration of hole initiated
oxidation in the presence of phosphonates and phosphates as stated by Zhao and
coworkers:*’
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Figure 3-37: K-values and adsorption behaviour of the bare particles compared to differently
treated DPA@TIO..

Comparing Figures 3-35 and 3-37, it is seen that the photocatalytic activity was
higher for PPA@TIiQ than for DPA@TIiQ, which is in concordance with the above
mentioned theory of worse adsorption of dye due to a more hydrophobic moiety present
on the surface. However, after degradation of the organics by UV illumination, the
samples exhibited again higher photocatalytic activity, which did not depend on the type
of phosphonate they had been modified with. Moreover, the illuminated samples
showed higher photocatalytic activity compared to bare, Ti@hoparticles. This result
converges with literature reports on the enhancement of the photocatalytic activity by
phosphate doping> " *®However, the calcined particles exhibited a significantly
higher photocatalytic activity compared to illuminated particles. It is assumed that
phosphate can migrate into the bulk titanium dioxide nanoparticles at elevated
temperatures, whereas upon illumination the created phosphate stays on the surface of
the particles. However, it is possible that the organics were not yet fully degraded and
inhibited the MB degradation. For this reason, titanium dioxide nanoparticles were
modified with phosphoric acid and the photocatalytic activity of thus obtained particles
was compared to the illuminated samples.

In Figure 3-38 the photocatalytic activities of the illuminated and calcined particles
and the activity of particles treated with phosphoric acid (PA) are presented. It is seen
that after illumination the samples were slightly less photocatalytically active than
PA@TIO,. The absence of an organic moiety in phosphoric acid compared to
organophosphonates and phosphates is assumed to make a higher surface coverage
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possible, which can lead to a higher photocatalytic activity. However, it is also possible
that traces of organics that could not be detected by spectroscopic methods are left on
the particles’ surface, decreasing the degradation rate of methylene blue.

,0x107 7

Figure 3-38: K-values of PA@TiQ without and with calcination compared to differently treated
PPA, PPoA and DPA@TIQ.

Moreover, it is seen that the photocatalytic activity increased drastically upon
calcination also for PA@Ti® Thus, it assumed that during calcination not only the
organic compounds were degraded as upon illumination, but in addition to that side
reactions occurred. As elucidated above, from XRD measurements including Rietveld
analysis higher amounts of anatase were observed for calcined samples compared to
illuminated particles. Anatase is known to exhibit best photocatalytic activity among the
different phases of titanium dioxide as elucidated in the introduction. As mentioned in
the introduction, phosphorus might migrate into the titanium dioxide matrix upon
temperature treatment, be doped into the framework and cause a band gap shortening.
However, it is interesting, that the photocatalytic activity of calcined PA@W&s
significantly higher than the activities of the calcined particles modified with
organophosphonates and phosphates. Calcined PA@V@® calculated to consist of
60% anatase and 34% brookite. This composition might be optimal for photocatalytic
activity. However, the increased activity might also be attributed to a higher surface
coverage achieved with phosphoric acid.
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3.2.4 Conclusions

The degradation of organic phosphonates and phosphates on photocatalytic
titanium dioxide nanoparticles was investigated. The organic moieties were found to be
completely degraded while the P-O-Ti bond is photocatalytically stable and a phosphate
species remains on the particles’ surface. This phosphate species was found to enhance
the photocatalytic activity significantly compared to bare;Tim@noparticles, even if a
calcination step is more effective to obtain increased photocatalytic activity. Moreover,
the degradation of the organic moieties was found to proceed sequentially via addition
of hydroxyl radicals as well as by electron transfer from the organic compound to
surface trapped holes. The degradation reaction rate of phosphate was shown to be
faster compared to phosphonate which is assigned to facilitated hydroxyl radical
formation due to the accessory lone pair of the additional oxygen, which is a hydrogen
bond acceptor. Furthermore, the degradation rate of alkylphosphonate was found to be
faster compared to aromatic phosphonates owing to worse stabilization of radicals.

Hence, the phosphonate bridge cannot protect the organic species from degradation.
This finding makes such modified particles unsuitable for monolayer coatings on
organic substrates. However, as found by Lorret &t dbr an optimal photocatalytic
activity the film thickness of such coatings should be in the range of 100 nm. Thus,
multilayer coatings are required. Such coatings should be prepared in such a way that
the first layers exhibit functional groups for the interaction with the substrate.
Subsequent layers should be composed of barg A&doparticles. Due to the short
lifetime and diffusion length of photogenerated electrons and ffoilels, assumed that
the substrate and the first layers of functionalized particles can thus be protected from
degradation. Nevertheless, the particles in the first layers need a bare surface for
interaction with subsequent layers of bare Jli@noparticles.

Two different possibilities exist for the connection of titanium dioxide
nanoparticles to an organic substrate when the particles should exhibit one bare side for
photocatalysis: First, the coupling agent can be deposited on the substrate before
subsequently depositing the particles. The second possibility is an anisotropic surface
modification of the particles and subsequent deposition of the modified particles on the
substrate. Since a one-step coating process was desired, anisotropic surface modification
was investigated.
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3.3 Anisotropic Modification of TiO , Nanoparticles

As found by Lorret et al., for optimal photocatalytic activity the film thickness
should be in the range of 100 rfiff. Thus, multilayers of titanium dioxide nanoparticles
are required. However, for interaction with the substrate modification with organic
molecules is necessary, while on the other hand a bare titanium dioxide surface is
needed for high photocatalytic activity. For economic reasons, only the first layers
should involve modified particles, while the main coating consists of barg TiO
nanoparticles. Owing to the short diffusion length of photogenerated charge carriers, the
substrate and coupling agents should be protected from degradation by this approach
(Scheme 3-4). However, interaction of modified particles with bare p@bticles is
only possible, if the modification is anisotropic, so that the interface layer of particles
can interact with both, the substrate and the bare patrticles.

dirt CO, H,0 H,O

BEES

Organic substrate
=

Scheme 3-4: Schematic representation of a multilayer film composed of one layer of anisotropically
modified particles and subsequent layers of unmodified particles.

Anisotropic surface modification can be achieved by various different methods as
discussed in the introduction. Due to the fast reaction kinetics between phosphonates
and TiQ surfaces, modification in Pickering emulsitnwas assumed to be adequate
for the anisotropic modification of titanium dioxide nanoparticles with organic
phosphonates.
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3.3.1 Pickering Emulsions Stabilized by TiG, Nanoparticles

Numerous investigations on the stability of Pickering emulsion have been
conducted applying various kinds of particles as stabifizerg® #!as discussed in the
introduction. The stability of such particle stabilized emulsions was found to depend on
the wettability of the particles as well as interactions between the patttlE8The
wettability is influenced by surface properties and the polarity of the oil phase, while
interactions between the particles can be determined by adjusting pH, electrolytes and
particle concentration. All of these factors were investigated and optimized fer TiO
nanoparticles prepared according to the above described sol-gel method.

Particle stabilized emulsions were prepared by addition of 20 vol% oil phase to a
suspension of the particles in water under agitation with arf’ IK25 Ultra Turra®
dispenser. Investigations on the stability of Pickering emulsions were conducted
according to a procedure by Binks and Lumstiémfter agitation the emulsions were
stored in closed vessels with a small diameter. Height changes of the oil/emulsion and
emulsion/water interfaces were tracked and the total volumes of oil and water released
from the emulsion were calculated. Upon creaming continuous phase (water) is released
while coalescence describes the release of dispersed phase (oil). When the amount of
released phase is related to the totally added amount of the respective phase, a value for
the stability to creaming/coalascence is obtained. As all emulsions were found to be
extremely instable to creaming, only the stability to coalescence will be discussed on
the following pages. However, as seen from Scheme 3-5, upon creaming the emulsion
droplets pack more closely by releasing continuous phase and no destruction of droplets
occurs. For this reason, the stability to creaming is not crucial if modification of the
particles with coupling agents present in the oil phase is aimed.
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Scheme 3-5: Stability of emulsions measured by tracking the change of the water-emulsion
(creaming) and the emulsion-oil (coalescence) interfaces.
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In Figure 3-39 optical photographs of a typical emulsion immediately after agitation and
30 minutes after agitation are presented.

t=0 t =30 min

Figure 3-39: Photograph image (left) and optical microscope image (right) of a typical emulsion (1
wt% particle concentration, pH = 3, no salt, cyclohexane) immediately after agitation and 30
minutes after agtitation.

While the emulsion droplets are dispersed in the whole water phase in picthey

are packed in the upper part in pictbreThus, the emulsion is instable to creaming but
stable to coalescence as no oil phase is emerged from the emulsion. The optical
microscope image taken immediately after agitation presented in Figure 3-39 exhibits
droplet sizes of 50-500m.

The stability and the type of emulsion that is formed depends on the wetting
behaviour of the particles. For a stable emulsion the particles need to be wetted by both
liquids, which means that the oil-water-solid angle of contact needs to be near 90°. As
discussed in the introduction, for contact angles slightly below 90°, oil-in-water
emulsions are stabilized, while for contact angles above 90° water-in-oil emulsions are
formed®**

Titanium dioxide nanoparticles exhibit a high wettability with water due to their
hydrophilic surface. Thus it is assumed that oil-in-water emulsions are stabilized by
TiO, nanoparticles. Conductivity measurements were perfomed in order to determine
the type of emulsion. High conductivities in the range of seyeBatm to mS/cm
indicated a conducting continous phase (water) and thus the formation of o/w emulsions
was confirmed. Moreover the polarity of the oil phase influences the oil-water-solid
angle of contact and plays an important role when the stability of a Pickering emulsion
is optimized. For this reason the stability of emulsions with different oil phases were
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investigated. It was found that emulsions with highly apolar cyclohexane as the oil
phase exhibited higher stability compared to emulsions with the more polar oil phase
toluene. Obviously an optimal oil-water-solid angle of contact (slightly below 90°) is
obtained for highly polar oil phases. For this reason cyclohexane was used for further
investigations.

Surface properties and especially ionic species present on the particles’ surface
have a high impact on the stability of emulsions. The surface charge can be regulated by
adjusting the pH or electrolyte concentration. To form a stable interfacial film it is
necessary that the particles show interactions with each other without being
flocculated™®® For this reason the stability of the emulsions is expected to be highest at
a pH slightly below the flocculation point. The pH of flocculation was investigated for
various particle and salt concentrations. In Figure 3-40 the pH of coagulation for
different NaCl and particle concentrations with cyclohexane as the oil phase is
presented. This graph makes a prediction of the optimal pH for stable emulsions
possible.
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Figure 3-40: Critical coagulation pH for different salt and particle concentrations.

The coagulation point describes the pH where the suspension starts to be non-
transparent for visible light, but no sedimentation occurs. It is seen from Figure 3-40
that the pH of flocculation is decreasing with increasing salt and particle concentration.

For emulsions without salt and 1 wt% particles most stable emulsions are assumed to be
obtained at pH values around 3.7. For 0.5 wt% on the other hand the particles start to
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flocculate at a pH of 4.2 which leads to the assumption that emulsions might be stable at
pH values around 4.

In Figure 3-41 the stability of emulsions without salt and 1 wt% particle
concentration to coalescence at different pH values is presented as a function of time.
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Figure 3-41: Stability of emulsions without NaCl and with 1 wt% particles to coalescence
depending on the pH: re-emerged oil phase as a function of time.

After 20 minutes the lowest amount of emerged oil phase was distinguished at pH 3.2.
Moreover, it is seen from Figure 3-41 that no coalescence was observed for 10 minutes
for this sample, while at pH 1.0 the emulsion started to coalesce already after 2 minutes.

Figure 3-42 compares the stability of emulsions depending on pH and salt
concentration. Similar trends were observed for emulsions with or without salt.
Regardless the addition of electrolyte, the emulsions exhibited a minimum for the
amount of re-emerged oil phase and thus maximum stability at a certain pH. However,
the minimum was shifted to lower pH for samples with salt.

For emulsions without salt, highest stability was obtained at pH values slightly
above 3 (3.2), whereas for emulsions with 0.1 M NaCl concentration the highest
stability was gained for pH 2.8. As explained above, optimal film formation at the o/w
interface is obtained in a state of incipient flocculation, where the particles exhibit
significant attractive interaction but do not agglomerate. Thus, most stable emulsions
were expected at pH values slightly below the flocculation point. These results are in
concordance with the measured flocculation points of 1 wt% suspensions without NacCl
(3.9) and with 0.1 M NacCl (3.4).
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Figure 3-42: Stability of emulsions with 1 wt% particles to coalescence depending on pH and
addition of NaCl.

Moreover, it is observed that the stability of emulsions can be enhanced by addition of
NaCl if the pH is slightly below the flocculation point of the respective salt
concentration. This finding is in concordance with investigations by Binks'&t @
emulsions stabilized by silica particles. They found that the addition of electrolytes can
enhance the stability of emulsions. However, the point of zero charge (pzc) for silica is
around pH 2, whereas the pzc of titanium dioxide is close to pH 6. For this reason, the
negative surface charge on silica is increasing with increasing pH (above pH 2), while
for titanium dioxide the positive surface charge is decreasing with increasing pH (up to
pH 6). Hence the critical coagulation concentration increases with increasing pH for
silica, but it decreases for TiOThese observations are in concordance with the DLVO
theory?®® 284 which combines the effects of the van der Waals attraction and the

electrostatic repulsion forces as charged particles approach each other.

As discussed above, the pH of flocculation depends on the particle concentration
(Figure 3-40). Thus, when the stabilities of emulsions exhibiting different particle
concentrations are compared, the pH needs to be optimized for every concentration. In
Figure 3-43 the time-dependent stabilities of emulsions with different particle
concentrations are compared. The stability to coalescence was increasing from 0.5 to 1
wt%, but did not increase significantly when the particle concentration was elevated
above 1 wt%. Therefore, all subsequent investigations were carried out at 1 wt% of
particles.
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Figure 3-43: Stability of emulsions without salt to coalescence depending on the particle
concentration as a function of time.

The following conclusions can be drawn from the investigations on the stability of
Pickering emulsions stabilized by sol-gel Fi@anoparticles: The pH of coagulation
decreases with increasing particle and salt concentration. This behaviour is assigned to
the decreasing positive surface charge of titanium dioxide nanoparticles with increasing
pH (until pH 6 — point of zero charge) and is in concordance with the DLVO theory.
Most stable Pickering emulsions are obtained at pH values slightly below the critical
coagulation point — where the particles are in a state of incipient flocculation. The
stability of the emulsions can be enhanced by addition of salt in the water phase.
Furhtermore, the efficiency of titanium dioxide particles in stabilizing Pickering
emulsions is increasing with particle concentration. The investigated particles are
efficient in stabilizing emulsions at pH values near 3. This finding is very promising for
this work, taking into account that the phosphonic acid derivatives at this pH value are
dissociated, favoring the reaction with the positively charged titania surface.

3.3.2 Modification in Pickering Emulsion

The addition of hydrophobic coupling agents to the oil phase of a Pickering
emulsion provides a straightforward route to Janus nanoparticles. As discussed above, it
is assumed that this method can be applied for the anisotropic modification of metal
oxide surfaces with phosphonates due to the fast reaction kiffét\sdified particles
are assumed to be immobilized at the interface of the emulsion owing to
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hydrophilic/hydrophobic interactions with the solvents. For this reason an increased
stability of emulsions containing organic phosphonates is expected.

Pickering emulsions were prepared by addition of 20 vol% cyclohexane containing
3 mM dodecylphosphonic acid (DPA) to a 1 wt% suspension of m&dopatrticles in
water upon agitation with an IKAT25 Ultra TurraX disperser. In Figure 3-44 the
stability of such emulsions to coalescence is presented as a function of time compared
to a similar emulsion without phosphonate. It is seen that the stability was enhanced
drastically upon addition of DPA. No coalescence was observed for several days.
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Figure 3-44: Stability of emulsions with 1 wt% particles, no salt and pH = 2.9 to coalescence,
without and with DPA.

The significantly increased stability of emulsions with DPA suggests that the
particles are immobile at the o/w interface. Such drastically decreased mobility of the
particles can only be ascribed to a differentiated surface, one hydrophilic and one
hydrophobic side.

The Pickering emulsion was broken by centrifugation and the obtained particles
were washed thoroughly with ethanol. Thus obtained Janus nanoparticles were
characterized by FT-IR, TGA and NMR. Thermogravimetric analysis presented in
Figure 3-45 revealed similar onset temperatures for anisotropically modified particles
and particles modified in suspension. Both TG plots showed a continuous mass loss at
low temperatures which is assigned to the release of volatile compounds due to
desorption and condensation of surface hydroxyl groups. At low temperatures the
release of adsorbed species (water, ethanol) and the condensation of Ti-OH groups was
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observed. Due to higher free surface area the mass loss at low temperatures was higher
for particles modified in emulsion. In the temperature range between 260 and 600 °C a
lower mass loss was observed for particles modified in emulsion, indicating lower
surface coverage due to anisoptropic modification.
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Figure 3-45: TGA plots of particles modified with DPA in suspension and emulsion.

In Figure 3-46 the FT-IR spectra of particles modified with DPA in suspension and in
emulsion are presented.
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Figure 3-46: FT-IR spectra of DPA and particles modified in suspension and emulsion.
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For both compounds the formation of P-O-Ti bonds could be proven by a broad signal
observed between 970 and 1150“crMoreover, the presence of characteristic CH
stretching vibrations at 2850 and 2920 tmroved the successful modification with
DPA. The disappearance of the P=O signal at 1220 @nin concordance with
literature reports on isotropic modification and indicated similar bonding modes of
particles modified in suspension and in emulsitin.

3P NMR spectra of DPA and particles modified with DPA in emulsion are
presented in Figure 3-47. The phosphorus signal was shifted highfield and broadened
when particles were modified with DPA.

Janus-DPA@TIO,

ppm

Figure 3-47:3'P NMR spectrum of DPA and*'P MAS NMR spectrum of particles modified with
DPA in emulsion.

The 3P NMR signal shift and shape was similar to the one observed for particles
modified in suspension (Figure 3-23 — section 3.2.2.2) and can be assigned to P-O-Ti
bonds. Unfortunately, due to the influence of numerous factors oftRHEMR shift,

the content of P-O-Ti bonds could not be quantified. Howel®, MAS NMR
investigations on titanium dioxide modified with different organic phosphonates by
Brodard-Severac et &° revealed the presence of several different binding modes.
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3.4 Proof of the Anisotropicity

A drastically increased stability of Pickering emulsions was achieved upon addition
of hydrophobic coupling molecules to the oil phase. This fact can be considered as an
evidence for a differentiated surface of the particles. In addition, a direct proof by an
electron microscope technigque was aimed. However, in electron micrsocopy the organic
coupling agents cannot be identified owing to their transparency for the electron beam.
Thus, the decoration of the modified side of the particles with metal nanoparticles,
which exhibit high contrast in electron microscopy, seemed to be a straightforward
technique to make the anisotropicity visible in TEM. Literature reports on selective
labeling of one hemisphere of Janus particles with metal nanoparticles usually involve
gold nanoparticles as discussed in the introductidr?® Hence phosphonates that
exhibit organic groups capable for interaction with gold are required. For this reason,
poly(ethylene glycol) (PEG) with one phosphonate end group was prepared and used
for the anisotropic modification of titania nanoparticles. Interaction between the
hydrophilic polymer chain and gold nanoparticles exhibiting citrate groups on their
surface was assumed to make a selective labeling of the PEG-modified side of the
particles possible (Scheme 3-7, page 87). In another approach, the interaction between
the alkyl chains of dodecylphosphonic acid and a hydrophobic stabilizing agent on the
gold nanopatrticles was utilized (Scheme 3-11, page 97). Covalent interaction was aimed
when mercapto undecylphosphonic acid (MPA) was used. The decoration of Janus
particles exhibiting MPA on one side with gold nanoparticles was hoped to be achieved
by exchange of the stabilizing agent on the gold surface with the thiol group of MPA
(Scheme 3-6). For creating covalent interaction, two approaches are possible: The first
possibility involves the modification of TiO nanoparticles with the respective
phoghonate and then gold nanoparticles are added in a second step. In this approach
the exchange reaction is highly diffusion limited due to immobilization of the
phosphonate on TiOnanoparticles. Thus, a second approach was investigated where
the stabilizing agent of gold nanoparticles was exchanged with MPA in a first step
followed by anisotropic modification of titanium dioxide nanoparticles with such
modified gold particles (Scheme 3-6). Owing to the fast reaction of phosphonates with
metal oxide surfacé® this approach was assumed to be highly promising.
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Pickering emulsion

[

Scheme 3-6: Schematic representation of different approaches for the anisotropic decoration of
Janus particles with colloidal gold. (a) Anisotropic modification of TiQ particles with functional
group A (thiol) that can interact with gold or (b) Modification of gold nanoparticles with functional
group B (phosphonate) that can interact with TiQ.

Gold nanoparticles exhibiting different stabilizing agents on their surface were
required to address the various interactions. Hence, colloidal gold was prepared by
different methods involving hydrophilic and hydrophobic stabilizing agents.
Furthermore, the influence of size and surface properties of titanium dioxide
nanoparticles as well as different modification methods were investigated regarding the
applicability for proving the anisotropic nature of the titanium dioxide nanoparticles.

3.4.1 Synthesis of Gold Nanopatrticles

Gold nanoparticles exhibiting different stabilizing agents on their surface were
required in order to achieve different interactions with Janus nanoparticles. Various
literature known approaches for the preparation of such colloidal gold were optimized in
this work.
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3.4.1.1Synthesis of Gold Nanopatrticles by the Turkevich Method

Gold nanoparticles decorated with hydrophilic stabilizers were prepared for
hydrophilic interaction of organic phosphonates with the gold surface. A well-
established method for the synthesis of such colloids is the reduction of auric acid by
sodium citrate®® 2’ Gold nanoparticles were prepared by addition of sodium citrate to
a boiling auric acid solution. Sodium citrate does not only reduce the auric acid to
elemental gold but also acts as a stabilizing agent for gold nanoparticles and thus no
other reagents are required. Particle size of the gold nanoparticles was optimized
varying the auric acid/citrate ratio between 1:1 and 1:4.

DLS measurements revealed that the particle size decreased with increasing amount of
stabilizing agent (Figure 3-48). The stabilization of smaller particles is in concordance
with literature reports and is ascribed to the possibility to cover a higher surface area
with higher amounts of stabilizing agéfif. The size of the gold nanoparticles can
consequently be designed by adjusting the auric acid/citrate ratio.

— HAuClI citrate = 1:4
— HAuCl citrate = 1:3

HAuCI,:citrate = 1:2
-------- HAuCI,:citrate = 1:1

T T T T T

L L L |
1 10 100
Radius, nm

Figure 3-48: DLS plot of citrate stabilized gold nanopatrticles prepared with different auric
acid/citrate ratios.

3.4.1.2Reduction of Auric Acid in the Presence of an Organic Thiol

Phosphonates are known to react fast with titanium dioxide surfaces. Thus, it is
assumed that effective anisotropic interaction between titania nanoparticles and gold
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nanoparticles can be achieved even if the coupling agent is immobilized on the gold
nanoparticles. Various reports on the formation of self-assembled monolayers of
mercapto alkylphosphonic acids on gold indicate that successful stabilization of gold
nanostructures might be possible by this appré%cHi° Auric acid was thus reduced by
NaBH, in the presence of mercapto undecanyl phosphonic acid (MPA) in order to
obtain gold nanoparticles stabilized by MPA. Janus nanoparticles can then be obtained
by addition of MPA stabilized gold nanopatrticles to a Pickering emulsion (Scheme 3-6,
b). The DLS plots presented in Figure 3-49 revealed that nanoparticles exhibiting
considerable stability against agglomeration and growth can be obtained. However, in
order to decorate titanium dioxide nanoparticles (between 6 and 80 nm) with
considerable amounts of gold nanoparticles, smaller gold particles are required. The
addition of higher amounts of stabilizing agent did not result in smaller particles.
However, the obtained particle sizes are in concordance with studies by Lu and
coworkers on phosphonic-acid functionalized gold nanoparfittes.

1 10 100
Radius, nm

Figure 3-49: DLS plot of gold nanoparticles stabilized by MPA.

Hence, this approach is not suitable for proving the applicability of Pickering
emulsions for anisotropic modification of titanium dioxide nanoparticles with organic
phosphonates, as smaller gold nanoparticles are required.
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3.4.1.3Synthesis of Gold Nanopatrticles by the Brust Method

Gold nanoparticles were prepared according to Brust and Sciiftfeipplying a
phase transfer reaction. Auric acid in water was added to a solution of the phase transfer
agent tetraoctylammonium bromide (TOAB) in toluene. By stirring the mixture for
several minutes auric acid could be transferred to the organic phase. Reduction to gold
nanoparticles was performed by addition of NaBHhe synthesis method was
modified from the literature known Brust method by avoiding the addition of a
stabilizing agent. The obtained gold nanoparticles were not stable but grew quite fast
owing to the weak interaction of TOAB with gold (Figure 3-50). Nevertheless, the
particle size was highly reproducible and such patrticles can be used for the decoration
of Janus TiQ patrticles if they are freshly prepared before application. Moreover, the
paticle size was optimized by variation of the amount of TOAB. The DLS plots
presented in Figure 3-50 revealed a decreasing particle size with increasing TOAB
concentration. The possibility to stabilize smaller particles with higher amount of
stabilizing agent is assigned to a higher surface area that can be ¢6(ered.

/ ——0.02M, t = 5 min
" ——0.1M, t =5 min
X ----0.1M, t = 60 min

\
\

1 10 100 1000
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Figure 3-50: DLS plots of gold nanoparticles stabilized with different amount of TOAB measured
after different altering times.
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3.4.1.4Stabilization of Gold Nanoparticles obtained by the Brust Method with an
Organic Thiol

It is assumed that the instable gold nanoparticles can be stabilized by addition of an
organic thiol to the colloid. If MPA is applied the particles can moreover be used for
creating anisotropic gold nanoparticle decorated,Tp@rticles by addition of such
MPA stabilized gold to a Pickering emulsion (Scheme I3-6Thus, MPA was added to
the colloid after reduction. TOAB was removed by vigorous washing with toluene.
From the DLS plots presented in Figure 3-51 it is seen that the particles were growing
upon addition of MPA. Similar particle sizes as for the reduction of auric acid in the
presence of MPA were obtained (section 3.4.1.2). This result was not unexpected, as the
same final product was aimed by different techniques. Gold nanoparticles exhibiting a
diameter of 30 nm are too large for decorating;ln@noparticles between 6 and 80 nm.
Thus, the suggested approach of using gold nanoparticles exhibiting phosphonate
groups for anisotropic surface modification of FiGanoparticles is not possible.

TOAB-AuNP
—— before

addition of MPA

1 10 100
Radius, nm

Figure 3-51: DLS plot of gold nanoparticles before and after exchange of TOAB with MPA.

3.4.1.5Synthesis of Gold Nanopatrticles by the Martin Method

Gold nanoparticles exhibiting no stabilizing agent on their surface could be useful
for creating interaction with thiols as no competing surface groups are present. Thus,
bare gold nanoparticles were prepared according to a procedure by Martit atha.
concept of the method is the stabilization of nanoparticles by ionic species present on
their surface. Thus, auric acid was reduced by NaiBHhe presence of hydrochloric
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acid and sodium hydroxide. Stable colloidal gold can be obtained applying this
procedure even without addition of stabilizing agent. Particle size was optimized
varying the ratio of auric acid to NaBHAs seen from the DLS plots presented in
Figure 3-52 patrticle size was increasing with increasing, Bithount, which is in
concordance with reports by Martin et?ad.

—HAuCI4 : NaBH4 =11
HAuCI4 : NaBH4 =12

B B .
0.1 1 10 100
Radius, nm

Figure 3-52: DLS plots of gold nanopatrticles prepared by the Martin method.

3.4.2 Synthesis of Janus TiQ Nanoparticles

As discussed above, various organic phosphonates were used in order to achieve
different interactions with gold nanoparticles. Dodecylphosphonate and poly(ethylene
glycol) (PEG) exhibiting a phosphonate end group were used for non-covalent
interactions with hydrophobic and hydrophilic gold particles while mercapto
alkylphosphonates were applied in order to achieve covalent interaction with gold.

3.4.2.1Poly(ethylene glycol) Janus Nanoparticles

Poly(ethylene glycol) (PEG) is assumed to exhibit considerable interaction with
gold nanoparticles stabilized by citrate due to its hydrophilic nature. Thus,
poly(ethylene glycol) exhibiting one phosphonate end group (PEG-PA) was prepared
from monomethyl poly(ethylene glycol) via vinyl terminated polymer radical addition
of diethyl phosphite. The titanium dioxide nanoparticles were modified in Pickering
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emulsion with DPA in the oil phase and PEG-PA in the aqueous phase in order to
render the other side hydrophobic for selective interaction of the PEG modified side
with the hydrophilic gold nanoparticles (Scheme 3-7). Modification with gold

nanoparticles was achieved by addition of citrate modified gold nanopatrticles to the
agueous phase of the emulsion.

Scheme 3-7: Schematic representation of the preparation of Janus-DPA/PEG@ Ti€xhibiting
interaction with citrate stabilized gold nanoparticles (PEG1-3).

Thermogravimetric analysis of Janus particles before addition of gold nanoparticles was
compared with particles modified with PEG-PA and DPA (Figure 3-53). At low
temperatures a continuous mass loss was observed similar to PEG-PA@Mii© an

onset temperature at 290 °C similar to DPA@7i6dicated the presence of DPA.
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Figure 3-53: TGA plots of particles modified with PEG-PA or DPA in suspension and with PEG-
PA and DPA in emulsion.
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FT-IR analysis revealed the presence of phosphonate as seen from the broad P-O-Ti
vibration between 970 and 1150 ¢rfFigure 3-54). Successful modification with DPA

was confirmed by the characteristic CH stretching vibrations at 2850 and 2920 cm
The presence of PEG-PA was hard to detect as all characteristic signals are overlapping
with other signals. However, the broadening of the P-O-Ti vibration at high
wavenumbers compared to DPA@7Fi€uld be assigned to the presence of PEG-PA as
observed when comparing the FT-IR spectra of the Janus particles with PEG-PA and
PEG-PA@TIQ.

CH

P-O-Ti

DPA@TIO,

J-PEG/DPA@TIO,
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Figure 3-54: FT-IR spectra of DPA@TIiQ,, Janus-PEG/DPA@TIQ, and PEG@TIO.,.

The TEM image presented in Figure 3-55 revealed that the used sol-gel particles were
too small to detect anisotropicity by TEM. No single particles but only large
agglomerates were observed (PEG1). Thus, Evonik AEROXIDB, P25 (d = 21

nm) particles were modified applying the same procedures and investigated by TEM
(PEG2). The particle size was suitable for analysis by electron microscopy. Several dark
spots indicating the presence of gold were observed from the TEM images presented in
Figure 3-55, but no particles with anisotropic spreading of contrast could be detected. It
is assumed that the interaction of PEG with the gold nanoparticles was too weak to
obtain considerable selective decoration. Activation of the P25 surface prior to
modification with PEG-PA and DPA by itching with HF or UV illuminatfowas
performed in order to obtain higher surface coverage (PEG3). Emulsion droplets were
observed as large grey spots in the TEM images because the emulsion was not broken
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prior to deposition of the particles on the TEM grids. Gold nanoparticles (black spots)
exhibited no interaction with the particles stabilizing the emulsion but were rather
randomly distributed on the grid.

Figure 3-55: TEM images of PEG1, PEG2 and PEG3.

It is concluded that the interaction between PEG and gold was too weak. Hence, further
investigations were based on mercapto undecanylphosphonate, which renders a covalent
interaction between the gold nanoparticles and the thiol groups possible while the
phosphate moiety binds to the TGiGurface. The alkyl spacer minimizes steric
hindrance and increases the hydrophobicity for a better dispersibility in the oil phase of
the emulsion.

3.4.2.2Thiol-functionalized Janus Nanopartices

Mercapto undecanylphosphonic acid (MPA) was prepared from 1,11-
dibromoundecane via Arbuzov reactidhwith one equivalent triethylphosphite and
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subsequent reaction with thiourea according to a procedure developed by Tsai et al. for
the synthesis of mercaptodecanyl phosphonic 48itihe reaction was tracked by NMR

(*H and®P) and FT-IR spectroscopy. THe NMR spectrum (Figure 3-56) revealed the
presence of a thiol functionality by a signal at 7.4 pptR. NMR revealed only one
phoghonate signal at 49.9 ppm proving the purity of the compound.

CHZ-Br
Dibromoundecane
Sl CHZ-SH
8 7 6 5 4 3 2 1 0

ppm

Figure 3-56:"H NMR spectrum of Dibromoundecane and MPA.

Various different approaches for anisotropic modification of,Tim@noparticles
with MPA and proving the anisotropicity were investigated involving all kinds of gold
nanoparticles presented above. Anisotropic modification of titanium dioxide
nanoparticles was performed rendering the other side either hydrophilic (bare) or
hydrophobic (DPA).

Thermogravimetric analysis presented in Figure 3-57 revealed the same onset
temperature for both compounds. However, a lower mass loss was observed for
particles modified in emulsion, indicating anisotropic modification.
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Figure 3-57: TGA plot of MPA@TIiO, and Janus-MPA@TIO..

From the FT-IR spectra presented in Figure 3-58 the presence of P-O-Ti bonds and the

disappearance of the P=0O signal were observed indicating a similar bonding mode as
obtained for DPA@TIQ
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Figure 3-58: FT-IR spectra of MPA, MPA@TIO, and Janus-MPA@TIO,.

Different procedures were applied for creating interaction of the thiol functionality
with gold nanoparticles. In a first approach the modified particles were exposed to
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citrate stabilized gold nanopatrticles in order to make the differentiated surface visible in
electron microscope. An exchange reaction of citrate with thiol was expected which
would lead to particles anisotropically decorated with gold nanoparticles (MPAL,
Scheme 3-8).

Scheme 3-8: Schematic representation the preparation of MPA1.

Janus-MPA@TIiQ@ was dispersed in ethanol applying ultrasonication. After addition of
the previously prepared citrate stabilized gold colloid, the suspension was again agitated
ultrasonically. Samples for TEM analysis were prepared by immersing a carbon coated
copper grid in the suspension followed by drying in air. TEM analysis revealed that the
gold particles exhibited about the same size as the titanium dioxide particles (Figure
3-59, MPAL1). Thus, no selective decoration of the thiol modified side with gold
particles was possible.

It is assumed that the exchange reaction of citrate with thiol is not favourable in
such a diffusion limited system. Thus, no selective decoration of the thiol modified area
of TiO, particles was possible. For this reason, in a second approach auric acid was
reduced in the presence of Janus particles (MPA2) as presented in Scheme 3-9. Thiol
groups were expected to stabilize gold nanostructures given that sufficient interaction
with the gold could be created for avoiding growth of bigger structures.

reduction
-+ HAuCl4 e

Scheme 3-9: Schematic representation of the preparation of MPA2.
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Janus-MPA@TIQ particles were suspended in ethanol by ultrasonication. After
addition of 1 mM HAuC] the suspension was again agitated ultrasonically and different
amounts of NaBlH were added subsequently. In the TEM image presented in Figure
3-59 (MPA2) the gold is observed as black spots. It is concluded that gold nanoparticles
have successfully been prepared applying in situ reduction of auric acid. However, the
metal particles are again too large for selective decoration of one side of the TiO
paticles.

For the stabilization of smaller gold nanoparticles it is assumed that higher amounts
of stabilizing agent are required. Thus, either a second stabilizing agent should be added
or the amount of thiol on the surface of Fi@articles should be increased. The latter
would require higher surface coverage which can be achieved using particles with a
more active surface.

In order to improve the stabilization of small gold nanoparticles tetraoctylammonium
bromide (TOAB) was used. TOAB stabilized particles were prepared by a slightly
modified Brust-Method as described above. Upon addition of such gold particles to
Janus nanoparticles, exchange of TOAB with thiol is expected resulting in anisotropic
decoration with gold nanoparticles (MPA3) as presented in Scheme 3-10.

Scheme 3-10: Schematic representation of the preparation of MPA3.

Two different approaches were applied for the decoration with TOAB gold
nanoparticles: Synthesis of gold nanoparticles in the presence of Janus particles
(MPA3a) or subsequent addition of gold colloid to Janus nanoparticles (MPA3b). For
the latter approach again two possibilities exist: addition in emulsion (MPA3bl) or
suspension (MPA3b2).
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For the preparation of gold nanoparticles in the presence of Janus particles, auric acid
was added to a suspension of Janus-MPA@TiOtoluene containing TOAB. The
reaction mixture was sonicated followed by addition of NaBFbr the subsequent
decoration methods, TOAB stabilized gold nanoparticles were added to a Pickering
emulsion or a suspension of Janus-MPA@Tr@spectively and altered for several
hours.

A TEM image representative for all three approaches is presented in Figure 3-59
(MPA3a). As seen from the TEM picture, the gold nanoparticles exhibited a diameter of
about 5 nm, making them suitable for our purpose. However, it is seen that the coverage
of TiO, with gold nanoparticles was quite low and thus no selective decoration of one
side of the TiQ particles could be observed. Furthermore, the gold particles were rather
randomly distributed on the surface of the Fi@articles than selectively interacting

with one side of the particles.

Figure 3-59: TEM images of Janus particles prepared prepared with MPA and P25 (MPA1, MPA2
and MPA3a).
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The TEM image reveaed that P25 particles exhibited high agglomeration which
makes the interpretation of pictures obtained from electron microscopy nearly
impossible. Moreover, the bad dispersibility of the used, Ti@hoparticles might also
have an influence on the structure of the Pickering emulsion. It is assumed that due to
the high amount of agglomerates, the emulsion was not stabilized by single particles,
but rather by agglomerates of particles. Thus, for subsequent investigations the
synthesis of well dispersible titanium dioxide nanoparticles was necessary. From the
fact that the gold particles were randomly distributed rather than deposited on the
modified side of the particles, it is concluded that stronger interaction between the gold
nanoparticles and the modified side of the Janus particles is required. Owing to the
immobilization of thiol on titanium dioxide nanoparticles the reaction with gold is
highly diffusion limited. Increased interaction was assumed to be achieved by
modification of gold nanoparticles with MPA and subsequent modification of TiO
nanoparticles with such modified gold particles (Schemel3-8However, as discussed
in sections 3.4.1.2 and 3.4.1.4 of this work, no small gold nanostructures could be
stabilized with MPA. Thus, the density of thiol groups on the titanium dioxide surface
needed to be increased. For this reason, dispersiblg Ma@oparticles exhibiting a
more active surface were prepared by slight modification of a method by Jiang and
Herricks?®® Titanium glycolate was hydrolysed by dropwise addition to acetone
containing <0.5 % water. However, the obtained particles still contained considerable
amounts of glycolate and thus calcination was required; f&oparticles with particle
sizes between 50 and 100 nm were obtained as seen from the TEM image presented in
Figure 3-60.

Figure 3-60: TEM image of prepared TiQ, nanoparticles.
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The particle size distribution presented in Figure 3-61 determined from the TEM
image revealed a mean diameter of 80 nm.
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Figure 3-61: Particle size distribution determined from TEM images using ImageJ.

Nitrogen sorption experiments revealed a relatively low surface area (21 m2/g) due to
the large particle size and XRD analysis of calcined particles revealed pure anatase
phase (JCPDS-21-1272) as seen from Figure 3-62.

(101)

(200)

(
(105
211)

(204)
(220)
(215)

)

004)

J

T y T U T y 1

20 40 60 80
20,°

Figure 3-62: XRD pattern of TiO, nanoparticles obtained by hydrolysis of Titanium glycolate.
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The obtained Ti@ nanopatrticles were modified with MPA in suspension and in
emulsion. Thermogravimetric analysis revealed a higher surface coverage compared to
P25 particles as seen from Table 3-1 owing to more active groups on the surface. Thus,
the as prepared particles were confirmed to be adequate for creating more effective
interaction between the modified surface and gold nanopatrticles.

Table 3-1: Surface coverage of 60 nm Titnanoparticles compared to Evonik AEROXIDE®

P25
surface area (BET) | surface coverage
mass loss (%
m2/g (molecules/nm?)
MPA@P25 4.3 50 2.8
MPA@TiO-80 nm 2.5 21 3.9

Different approaches involving covalent and non-covalent interaction with gold
nanoparticles were investigated using the as-prepared 80 ngnpa@r€cles. Covalent
interaction was assumed to be achieved between MPA and gold nanoparticles. Non-
covalent interaction was based either on the interaction of alkylphosphonate with TOAB
stabilized gold nanoparticles or on hydrophilic interaction between the bare TiO
surface and bare gold nanoparticles prepared by the Martin method. Non-covalent
hydrophobic interaction was studied applying DPA for anisotropic modification and
TOAB stabilized gold nanoparticles in the oil phase of a Pickering emulsion stabilized
by TiO, nanoparticles (DPA1, Scheme 3-11).

Scheme 3-11: Schematic representation of the preparation of DPAL.
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In this approach DPA was mixed with pre-formed gold colloid in toluene and added to
an aqueous suspension of titanium dioxide nanoparticles under agitation with an
Ultraturrax disperser.

Non-covalent hydrophilic interaction was studied using bare gold nanoparticles (DPA2)
or auric acid (DPA3) and Ti#Dnanoparticles anisotropically modified with DPA.
Selective hydrophilic interaction of the gold with the bare side of, Th@noparticles

was expected (Scheme 3-12 and Scheme 3-13).

Scheme 3-12: Schematic representation of the preparation of DPA2.

When bare gold nanoparticles were applied a Pickering emulsion stabilized py TiO
paticles with DPA in the oil phase was formed. Subsequently, gold colloid prepared by
the Martin method was added in the water phase of the emulsion.

Scheme 3-13: Schematic representatio of the preparation of DPA3.

When auric acid was used for the decoration of the bare side of titanium dioxide
nanoparticles, a Pickering emulsion with DPA in the oil phase was prepared, followed
by addition of auric acid in the water phase.
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For covalent interaction 3 different approaches were investigated: First, janus-thiol
particles were exposed to TOAB stabilized gold nanoparticles. Upon exchange reaction
of weakly binding TOAB with thiol, selective decoration of the modified side was
expected (MPA4, Scheme 3-14).

Scheme 3-14: Schematic representation of the preparation of MPA4.

In a second approach, the bare side of, a@rticles was protected with DPA (MPADS).
Due to more hydrophobic nature of DPA compared to MPA, which exhibits also limited
solubility in water, higher selectivity in anisotropic surface modification was expected
by this approach (Scheme 3-15).

Scheme 3-15: Schematic representation of the preparation of MPAS5.
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It is assumed that TOAB particles might also interact with the hydrophobic side of the
Janus particles. Thus, in order to obtain selective decoration of the thiol modified side,
the same particles were exposed to auric acid in a third approach (MPA6, Scheme 3-16).

Scheme 3-16: Schematic representation of the preparation of MPAG.

TEM images of 60 nm anatase nanoparticles decorated with gold nanoparticles by
different approaches are presented in Figure .34@88vever, a selective decoration of
oneside of Janus particles with gold could not be observed.

Figure 3-63: TEM images of DPA1-3 and MPA4-6.
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As seen from the images obtained by electron microscopy, only low (or no) coverage of
titanium dioxide nanoparticles with gold could be achieved. Quite high decoration was
obtained when Janus-DPA/MPA@Ti@as treated with gold particles prepared by the
Brust method as presented in Scheme 3-15 (MPA5). However, this approach did not
result in selective decoration of one side of the particles. It is assumed that low surface
coverage led to bad interaction between the two kinds of particles. TGA results
revealing high surface coverage cannot be trusted owing to the low mass loss of 1-2%.
The measurement accuracy of TGA is limited owing to volatile compounds that can be
adsorbed on the particles’ surface. Additionally, interaction of thiol with the titanium
dioxide surface might anticipate its interaction with g&fdEven if a fast modification
kinetic of phosphonates with titanium dioxide surfaces is assumed to prohibit such
interaction of thiol with TiQ, a low surface coverage renders it possible. However,
owing to the strong interaction of thiol with gold, such interaction might be cleaved
upon addition of gold. Hence it is assumed that low surface coverage is rather to blame
for the bad interaction. Moreover, poor dispersibility resulted in bad film formation on
the oil/water interface in Pickering emulsions and led to difficult or impossible
interpretation of TEM images. Literature reports on the visualization of Janus particles
decorated with gold nanoparticles usually involve particle sizes considerably larger than
100 nm?*’® 223 294gych particles can be visualized by SEM, which provides a three
dimensional picture of the sample, facilitating the interpretation of images of
agglomerates. Moreover, silica particles obtained by the Stéber process are generally
used, which are nicely dispersible and observed separated in electron micrd$éopy.

The numerous unsuccessful investigations on the selective anisotropic decoration of
Janus particles with gold suggest that a completely new approach for proving the
anisotropicity might be more successful. Nevertheless it is stated that the drastically
increased stability of Pickering emulsions with DPA in the oil phase and the immobility
of the particles at the oil/water interface can be considered as an evidence for the
anisotropic nature of these particles. Thus, the applicability of Pickering emulsions for
the anisotropic modification of TgDnanoparticles with organic phosphonates is
strongly suggested.
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4 Summary

In this work the modification of photocatalytic titanium dioxide nanoparticles in
suspension and in Pickering emulsion has been investigated. The degradation of
different organic coupling agents under photocatalytic conditions was studied aiming
the applicability for a stable connection to organic substrates.

4.1 Photocatalytic TiO, Nanoparticles

First investigations in this work covered an optimization of a literature known
procedure for the synthesis of photocatalytic titanium dioxide nanoparticles. The effect
of precursor concentration on the size and morphology of the particles was investigated.
A linear increase in particle size was observed when the precursor concentration was
increased. While at low precursor concentration pure anatase phase was obtained, the
brookite content was increased up to 60% at high precursor concentrations. The
obtained particles exhibited significant photocatalytic activity and good film formation
properties.

4.2 Stability of Organophosphonates under Photocatalytic
Conditions

In order to provide a stable connection of the photocatalytic film to the substrate,
coupling agents were required, that can bind to the photocatalytic particles and interact
with the substrate at the same time. Moreover, the stability of the connection under
photocatalytic conditions was essential, as the release of nanoparticles should be
avoided. Phosphonates are known to form stable covalent connections suffe@es.
Additionally, the direct hole degradation has been suggested to be inhibited in the
presence of phosphonates as discussed in the introdtfttibra dense film could be
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formed — anticipating the contact of water or hydroxyl radicals with the substrate —
direct hole degradation was assumed to be the only mechanism that can degrade the
substrate. For this reason phosphonates were assumed to provide a versatile coupling
agent for the aimed systems. The degradation of different organic phosphonates and
phosphates under photocatalytic conditions was investigated in order to gain further
insight in the degradation mechanism. Thus, photocatalytic titanium dioxide
nanoparticles modified with different organic phosphonates and phosphates were
illuminated under various different conditions. The studies revealed a complete removal
of all organic compounds from the photocatalysts’ surface while the P-O-Ti bonds were
found to be stable even upon prolonged illumination (Figure 4-1).
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Figure 4-1: FT-IR spectra of PPA@TIG; after different times of illumination

Hence, after complete removal of the organic moieties phosphate species remain on
the particles’ surface. These phosphate species were found to enhance the photocatalytic
activity of the particles, which is in concordance with literature repott§*®Moreover,
investigations on the degradation rate of phosphonic acids under different conditions
lead to the conclusion that the degradation proceeds via hydroxyl radicals and via
electron transfer from the organic compounds to surface-trapped holes concufi@ntly.
CPMAS NMR studies after different illumination times revealed degradation
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intermediates on the particles’ surface, which indicates a sequential degradation rather
than breakage of the P-C bond. This assumption was approved by faster decrease of
vibrational signals assigned to organic moieties compared to the P-C bond. The
degradation rate of organic phosphates was shown to be faster compared to
phosphonates which is assigned to a facilitated hydroxyl radical formation owing to the
accessory lone pair of the additional oxygen, which can act as a hydrogen bond
acceptor. Moreover, the degradation rate of alkylphosphonate was found to be higher
compared to arylphosphonate which is assigned to better stabilization of radicals in
aromatic moieties.

Hence it was found that the phosphonate bridge cannot act as a protecting barrier
for the organic substrate. Direct oxidation by surface trapped holes was found to be
possible even in the absence of water. These results suggest that this system cannot
protect the substrate when monolayer coatings are applied. However, as found by
Lorret® for an optimal photocatalytic activity the film thickness of such coatings
should be in the range of 100 nm. Thus, multilayer coatings are required. Such coatings
should be prepared in such a way that the first layers exhibit functional groups for the
interaction with the substrate. Subsequent layers should be composed of bare TiO
nanoparticles. Due to the short lifetime and diffusion length of photogenerated electrons
and holes? it is assumed that the substrate and the first layers of functionalized
paticles can thus be protected from degradation. Nevertheless, the particles in the first
layers need a bare surface for interaction with subsequent layers of bare TiO
nanopatrticles.

dit CO, H,0 H,0

QOrganic substrate

Scheme 4-1: Multilayer film composed of 1 layer of anisotropically modified Ti@nanoparticles
and subsequent layers of bare nanoparticles.
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4.3 Anisotropic Modification with Organophosphonates

A differentiated surface of Ti© nanoparticles is required in order provide
interaction with the organic substrate on the one hand and render the other side
accessible for interaction with subsequent ;Ti@yers on the other hand. For this
reason, anisotropic surface modification represented another main issue of this work. A
differentiated environment was created applying Pickering emulsions, where the
particles are located at the oil/water interfateAnisotropic surface modification was
achieved by addition of hydrophobic coupling molecules to the oil phase of the
emulsion. A drastically increased stability of the emulsion indicated an amphiphilic
nature of the particles. Moreover, particles modified in Pickering emulsion were found
to exhibit similar bonding modes of phosphonates to the titanium dioxide surface as
particles modified in suspension.

Furthermore, an optical proof for the anisotropic nature of such particles was
aimed. Literature reports on electron microscopic visualization of organic moieties
mostly involve selective labeling with gold nanopartidi€s?*****For this reason, Ti©
nanoparticles were modified anisotropically with organic phosphonates that allow
interaction with gold. Non covalent interaction was aimed applying poly(ethylene
glycol), while organophosphonates with thiol functionalities were used for covalent
interaction. Various approaches including different Janus particles as well as gold
nanoparticles exhibiting different surface functionalities were investigated. However, no
selective decoration of one side of FiQarticles with gold could be detected by
electron microscopy. The failure of this method is ascribed to weak interaction between
the Janus particles and gold and to the bad agglomeration behaviour of the particles.

However, the drastically increased stability of Pickering emulsions upon addition of
hydrophobic coupling molecules is a strong hint for the anisotropic nature of the
particles. Furthermore, owing to the degradation of the organic moieties leaving
phosphate on the surface — which has been proven to enhance the photocatalytic activity
— applying particles fully covered with organophosphonates might be worth
investigating.
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5 Experimental

5.1 Materials

All chemicals used for synthesis of molecular compounds and modification reactions
were obtained by commercial suppliers (Aldrich, Fluka, ABCR) and used as received.
Allyl bromide (97%, Aldrich) was freshly distilled before use.

The solvents used for reactions where the absence of water was required were dried
applying standard procedures and stored under argon over a molecular sieve (3 or 4 A).
Operations where the absence of humidity or oxygen was required were carried out
under argon atmosphere using Schlenk techniques.

5.2 Analytical Techniques

Nuclear Magnetic Resonance (NMR)

NMR spectra in solution were recorded on a Bruker Avance ‘80®60.13 MHz *C:
62.89MHz, *'P: 101.25 MHz) equipped with a 5 mm broadband probe head and a z-
gradient unit.

Solid state NMR spectra were recorded on a Bruker AVANCE DPX300 equipped with
a 4 mm broadband MAS probe hedHi:(299.87 MHz,*C: 75.40 MHz,*'P: 121.39
MHz). Spectra were acquired using magic angle spinning (MAS) and high power proton
decoupling at a rotor spinning rate of 4-9 kHz.
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Infrared Spectroscopy (IR)

Infrared spectroscopic measurements were performed on a Bruker Tensor 27 instrument
under ambient atmosphere working in ATR MicroFocusing MVP-QL with a diamond
crystal or in transmission mode using KBr (IR-grade, Aldrich) disks as a sample matrix.
Spectra were recorded with 32 scans at a resolution of 4 €he software used for
analysis was OPUY' version 4.0.

Thermogravimetric Analysis (TGA)

Thermogravimetric analyses were performed on a Netzsch Iris TG 209 C with a 414
TASC controller in a platinum crucible with a heating rate of 10 K/min under synthetic
air.

Raman Spectroscopy

Raman spectra were recorded on a Bruker RFS 100/S Raman spectrometer. Samples
were excited with a Nd-YAG laser of 1064 nm wavelength.

Nitrogen Sorption

Nitrogen sorption experiments were carried out on a Micromeritics ASAP 2020 or an
ASAP 2010 instrument. The samples were degassed for 5 hours at 40°C prior to
measurement. For the interpretation of the data the Brunauer, Emmett and Teller (BET)
model was applied.

Transmission Electron Microscopy

Samples for transmission electron microscopy (TEM) measurements were prepared by
ultrasonically dispersing the particles in ethanol prior to deposition on a carbon coated
TEM Cu grid. TEM measurements were performed on a TECNAI F20 FEGTEM
(USTEM, Vienna University of Technology).

Elemental Analysis
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Elemental analyses were carried out on a 2400 CHN Elemental Analyzer by Perkin
Elmer at the Microanalytical Laboratory, Institute of Physical Chemistry, University of
Vienna.

Powder Diffractometry (XRD)

XRD experiments of powders were carried out on a Philips X'Pert diffractometer (Cu
Ka line: A = 1.54060, 1.54439 A) equipped with an XCelerataoitiithannel detector,
Bragg Brentano geometr and a silicon single crystal sample holder. The diffraction
pattern was recorded between 5 and 90y \i@th 1 s/step and a step size of 0.02°.

Dynamic Light Scattering (DLS)

DLS measurements were performed with an ALV/CGS-3 Compact Goniometer
controlled by an ALV/LSE-5003 Multiple Tau Digital Correlator at a scattering angle of
90° and a temperature of 25 °C.

Ultraviolet-Visible Spectroscopy

UV-Vis measurements were performed on a PerkinElmer Lambda 35 with a scan speed
of 480 nm/min and a slit width of 1 nm.

Photocatalytic Activity Measurements

The photocatalytic activity was investigated by monitoring the degradation of
methylene blue in an aqueous solution containing the dispersed particles according to a
procedure by Lorret et &1° The suspensions were illuminated under continuous stirring

in a water-cooled chamber equipped with two 9W UVA black light lamps as described
above. 5 mg of the corresponding particles were dispersed in 18 mL of distilled water
using an ultrasonic bath for 30 minutes. To the suspension, 2 mL of 200 uM methylene
blue solution in water was added and the pH was adjusted to 4 with nitric acid. The
resulting suspensions were stirred in the dark for 1 hour and then illuminated with UV-
light. The degradation was monitored by sampling at different time intervals. The
samples were centrifuged and the UV-Vis-absorption spectra were collected between
800 and 400 nm. The absorption maximum of the methylene blue dye at 664 nm was
taken as a measure for the concentration of the dye (C). The initial absorbance at 664
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nm of the suspensions stirred in the dark was taken as a measure for the initial dye
concentration ().

Other Techniques

The pH was measured using a Mettler Toledo SevenMuitieter with saturated KCI
glass electrode. The conductivity was determined using a Mettler Toledo SevéMMulti
conductivity meter with Pt/Pt black electrodes.

5.3 Experiments

5.3.1 Synthesis of TiO, Nanopatrticles

5.3.1.1Synthesis of TiO, Nanoparticles with 4-10 nm Diameter

TiO, nanoparticles with small diameters were prepared by slight modification a
procedure by Ivanovid> 7.5 mL (37.5 mmol) of Ti({®r) were dissolved in 25 mL of
dry ethanol and added dropwise under vigorous stirring to 250 mL of distilled water
(4°C) adjusted to pH 1.5 with nitric acid. After 3 days of stirring at room temperature,
the solvent was evaporated (40°C) under reduced pressure. 2.8 g (93%) of the particles
were obtained as a white powder.

XRD: Anatase (40-100%): a (A) = 3.79959, ¢ (A) = 9.4778; crystallite size: 2.7-3.6
nm; brookite (0-60%): a (A) = 9.247, b = 5.463, ¢ = 5.189; crystallite size: 1.9 nm. FT-
IR: 3244, 1638, 1413, 1310, 795. TGA (mass loss, %): 30 — 400°C: 15.3%, 400 —
700°C: 0.5%. BET: 270 m2/g.

DLS results obtained upon variation of the precursor concentration are presented in
Table 5-1.

109



Experimental

Table 5-1: DLS results obtained for TiQ nanoparticles prepared applying different precursor

cocentrations.

Ti(O'Pr)4/ mL Ti(O'Pr)4 / mol/L DLS / radius, nm
1.25 0.17 2.1+0.19
3.75 0.51 2.3+0.20
5.9 0.8 2.8+0.20
7.5 1.02 3.1+0.20
11.8 1.6 3.4+0.20
17.6 2.4 3.8+0.21
23.5 3.2 49+0.21

5.3.1.2Synthesis of TiQ Nanoparticles with 60 nm Diameter

TiO, nanoparticles with diameters larger than 60 nm were prepared by slight
modification of a procedure by Jiang and Herrieksl mL (3 mmol) of Ti(OBu) were
mixed with 5 mL (90 mmol) of ethylene glycol in a Schlenk flask equipped with an
argon inlet and a magnetic stirrer under an argon atmosphere. The reaction mixture was
stirred for 20 hours at room temperature. 2 mL of the resulting oil containing
Ti(OCH,CH;0), were added dropwise to 50 mL of dry acteone (< 0.05% water)
provided in an ice cooled round bottom flask equipped with an argon inlet and a
magnetic stirrer under an argon atmosphere. The resulting mixture was stirred for 30
minutes and subsequently altered for 1 hour. The particles were separated by
centrifugation, washed with water and ethanol and calcined at 500°C for 10 hours. 70
mg (87%) of the particles were obtained as a white powder.

XRD: Anatase 96%: a (A) = 3.78287, ¢ (A) = 9.49938; crystallite size: 38.8 nm;
rutile 4%: a (A) = 4.6720, ¢ (A) = 2.7720. TGA (mass loss, %): 30 — 400°C: 2.3%, 400
—700°C: 0.5%. BET: 21 m?/g. TEM (radius, nm): 38.9 + 7.5.
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5.3.2 Synthesis of Dodecylphosphonic Acid (DPA)

5.3.2.1Synthesis of Diethyl Dodecylphosphonate (DPA-Et)

Diethyl dodecylphosphonate was prepared by the Michealis Arbuzov reaction of 1-
bromododecane according to Kosolapoff et'?al.15.6 mL (64 mmol) of 1-
bromododecane were mixed with 12.4 mL (74 mmol) of triethyl phosphite in a round
bottom flask equipped with a reflux condenser and a magnetic stirrer. The reaction
mixture was heated to reflux for 10 hours and the excess triethyl phosphite was
subsequently removed by distillation. 13.6 g (66%) of diethyl dodecylphosphonate were
obtained as a clear liquid.

'H NMR (CDCk, &, ppm): 4.08 (m, 4H, -O-C§), 1.77-1.50 (m, 4H,GHx-CH.-P),
1.3341.24 (m, 24H, €H,-, -O-CH,-CHs), 0.87 (t, J = 6.4 Hz, 3H, -GHCH3). °C NMR
(CDCl;, 8, ppm): 61.3 (-OSH,-CHs), 31.8 (CH»-CH,-CH,-P), 30.5 (-&»-P), 29.5-
24.5 (-CH,-), 22.6 (CH»-CHs), 22.3 (CH»-CH,-P), 16.3 (-O-CH-CH3), 14.0 (-Ch-
CHs). *'P NMR (CDCE, 8, ppm): 32.8.

5.3.2.2Synthesis of Dodecylphosphonic Acid (DPA)

13.1 g (42 mmol) of diethyl dodecylphosphonate were mixed with 70 mL of
concentrated HCI in a round bottom flask equipped with a reflux condensor and a
magnetic stirrer. The reaction mixture was refluxed for 20 hours and the volatile
byproducts were removed in vacuo. The remaining brown oil was washed with
acetonitrile and recrystallized from from n-hexane to afford 9.5 g (90%) of
dodecylphosphonic acid as white crystals.

'H NMR (CDCE, 8, ppm): 4.49 (m, 2H, -OH), 1.85-1.50 (m, 4HGH,-CH»-P), 1.43-
1.19(m, 18H, CH.-), 0.88 (t, 3H, -CH-CHs). **C NMR (CDCE, 5, ppm): 31.9 (-CH
CH,-CHx-P), 30.4 (-®2-P), 29.6-24.0 EH,-), 22.7 (CH.-CHs), 21.9 (CH2-CH,-P),
14.1 ¢(CH,-CHs). **P NMR (CDC}, &, ppm): 38.0.
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5.3.3 Synthesis of Poly(ethylene glykol)phosphonic Acid (PEG-PA)

5.3.3.1Synthesis of Poly(ethylene glykol) Monovinyl Ether

6.19 g (8.3 mmol) of poly(ethylene glycol) monomethyl ether (Aldrich, Mn=750
g/mol) were dissolved in 20 mL of dry THF and 2 g of fine crunched KOH (35 mmol)
were added and stirred at room temperature in a round bottom flask equipped with a
magnetic stirrer, a reflux condenser and a dropping funnel for 30 min. 1.9 g (16 mmol)
of allyl bromide were dissolved in 10 mL of dry THF and added dropwisely to the
reaction mixture via a dropping funnel. After complete addition of allyl bromide the
reaction mixture was heated to reflux for 12 hours. The thus obtained yellow oil was
filtrated, washed three times with 2 N NaOH and dried oveSNa The solvent was
evaporated and after drying in vacuum 3.3 g (50%) of the product were obtained as
clear oil.

'H NMR (CDCE, &, ppm): 5.44 (m, 1H, CkCH-), 5.18 (m, 2HCH,=CH-), 4.10
(M, 2H, CH=CH-CH,-0), 3.65 (s, 56H, GGH,-CH,-0), 3.36 (s, 3H, GBHJ). FT-IR
(ATR, v, cni): 2868, 1681, 1454, 1350, 1199, 1099, 1009, 949, 848.

5.3.3.2Synthesis of Diethyl Poly(ethylene glycol)phosphonate

Poly(ethylene glycol) phosphonate was prepared by a radical addition of diethyl
phosphite to vinyl poly(ethylene glycdf® 3.1 g (3.9 mmol) of vinyl terminated PEG
were dissolved in 2 mL (15 mmol) of diethyl phosphite in a round bottom flask under
an argon atmosphere and 0.07 g (0.41 mmol) of AIBN were added to the solution. In a
three-necked round bottom flask equipped with a reflux condenser, a dropping funnel
and a magnetic stirrer, 5 mL (39 mmol) of diethyl phosphite were heated to 120°C
under an argon atmosphere. The mixture of PEG and AIBN in diethyl phosphite was
added dropwise and after 2 hours of stirring at 120°C the reaction mixture was distilled
to remove the excess diethyl phosphite. 2.4 g (73%) of the product were obtained as a
clear liquid.

'H NMR (CDCl, 8, ppm): 4.11 (m, 4H OEH,-CHs), 3.65 (s, 54H, G5H,-CH,-0),
3.38(s, 3H, OCHy), 1.87 (m, 2H, CHCH2-P), 1.32 (m, 6H, O-CHCH3). *'P NMR
(CDCls, 8, ppm): 45.5. FT-IR (ATR, ycnmit): 2877, 1455, 1351, 1059, 1006, 929, 810.
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5.3.3.3Synthesis of Poly(ethylene glycol)phosphonic Acid (PEG-PA)

2.3 g (2.6 mmol) of diethyl poly(ethylene glycol) phosphonate were mixed with 20
mL of concentrated HCI in a round bottom flask equipped with a reflux condensor and a
magnetic stirrer. The reaction mixture was refluxed for 20 hours and the volatile
byproducts were removed in vacuo. The resulting clear liquid was dissolved in
dichloromethane and extracted with water to yield 1 g (43%) of the product as a clear
liquid.

'H NMR (CDCk, 8, ppm): 3.65 (s, 54H, @H,-CH,-O), 3.38 (s, 3H, GBH3), 1.87
(m, 2H, CH-CH.-P). 3P NMR (CDC}, &, ppm): 19.6. FT-IR (ATRy, cm?): 2875,
1455, 1352, 1058, 1006, 929, 810.

5.3.4 Synthesis of 11-Mercapto Undecanylphosphonic Acid

5.3.4.1Synthesis of Diethyl 11-Bromo Undecanylphosphonate

11-Mercapto-undecylphosphonic acid was prepared according to a procedure by
Tsai et al*° 10 g (32 mmol) of 1,11-dibromoundecane were mixed with 4.5 mL (27
mmol) of triethylphosphite in a round bottom flask equipped with a reflux condenser, a
bubble trap and an argon inlet. The reaction mixture was stirred at 130°C for 15 hours.
After cooling the reaction mixture to room temperature, 5 mL of distilled water were
added and stirred for 2 hours. The mixture was extracted withClgHhe united
organic phases were washed with water and brine, dried over Ma30the solvent
was removed under reduced pressure to yield 10.2 g (84%) of a colourless oil.

'H NMR (CDCk, 8, ppm): 4.0 (m, 4H, GEH,-CHs), 3.3 (t, J = 6.6 Hz, 2HCH -
Br), 1.9-1.2 (m, 26H, chain + O-GHCHs). 3'P NMR (CDC}, 8, ppn): 44.5.

5.3.4.2Synthesis of 11-Bromo Undecanylphosphonic Acid

5 g (13 mmol) of diethyl 11-bromo-undecanylphosphonate were dissolved in 10
mL of dry CHCI, under an argon atmosphere in a round bottom flask equipped with a
reflux condenser, a bubble trap and an argon inlett 5 mL (37 mmol)
bromotrimethylsilane were added via syringe under an argon flow and the mixture was
stirred for 15 hours at room temperature and refluxed for additional 2 hours. The excess
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reagent and solvent were removed under reduced pressure and the orange liquid was
hydrolyzed with water for 2 hours. The white precipitate was removed by filtration and
the filtrate was extracted with GBI,. The united organic phases were washed with
water and dried over MgSOThe solvent was removed under reduced pressure and the
resulting white powder was recrystallized from L£/n-hexane. 1.8 g (45%) of the
product was obtained as colorless crystals.

'H NMR (CDCk, 8, ppm): 3.4 (t, J = 6.8 Hz, 2KGH,-Br), 1.9-1.3 (m, 20H, chain).
3P NMR (CDC}, 8, ppm): 50.4.

5.3.4.3Synthesis of 11-Mercapto Undecanylphosphonic Acid (MPA)

0.5 g (1.6 mmol) of 11-bromo-undecanylphosphonic acid were dissolved in 10 mL
ethanol and mixed with a solution of 0.54 g (7.1 mmol) thiourea in 10 mL of distilled
water in a round bottom flask equipped with a reflux condenser. After 15 hours of
reflux, the ethanol was removed under reduced pressure followed by addition of 6 mL
30% NH,OH. The reaction mixture was stirred at 75°C for 2 hours and after cooling to
room temperature the pH was adjusted to 1.3 with 6 N HCI. The acidic aqueous solution
was extracted with diethyl ether, the organic phase was washed with 1 N HCI and dried
over MgSQ. After removing the solvent under reduced pressure, 0.32 g (75%) of the
product was obtained as a white solid.

'H NMR (CDCl, 8, ppn): 7.4 (s, 1H, SH 2.5 (g, J = 7.3 Hz, 2H, GF5H), 1.8-1.2
(m, 21H, chain)*C NMR (CDCEk, &, ppm): 34.0 (€H,-SH), 30.5 (-&»-CH»-SH),
30.2 (CH,-P), 29.5-23.9 (EH.-), 21.9 (CH,-CH,-P).*P NMR (CDC}, &, ppm): 49.9.

5.3.5 Modification of TiO, Nanopatrticles in Suspension

Different amounts of the respective coupling agent were dissolved in 500 mL of a
3:1 mixture of methanol and water. 100 mL of a 1 wt% suspension of TiO
nanoparticles (sol-gel prepared particles with 6 or 80 nm diameter or P25) in water were
added and the suspension was stirred at room temperature for 3 days. The particles were
separated by centrifugation, washed several times with ethanol and dried at 100°C under
reduced pressure.
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DPA@TIQ: 3P MAS NMR @, ppm): 30.6.°C CPMAS NMR (§ ppm): 20.2,
13.1, 4.3. F-IR (KBr, v, cm?): 2922, 2851, 1627, 1466, 1406, 1378, 1190-910, 789.

Table 5-2: Mass loss and surface coverage obtained from thermogravimetric analysis for different
TiO, nanoparticles modified with dodecyl phosphonic acid.

) Survace
i Surface Area | Coupling Agent,
Particle 3 Mass Loss, % Coverage,
(BET), m3/g *10™” M
molecules/nm?

6 nm 270 2.5 21.7 3.1

6 Nnm 270 1.25 14.2 2.1

P25 50 2.5 4.4 3.4
P25-HF 50 2.5 6.7 5.2
P25-UV 50 2.5 4.1 3.2

80 nm 21 2.5 2.5 4.7

PPA@TIQ: %P MAS NMR §, ppm): 14.8°C MAS NMR @, ppm): 123.3, 119.3.
FT-IR (KBr, v, cmit): 3057, 2970, 1627, 1486, 1439, 1383, 1145, 1300-920, 849.

Table 5-3: Mass loss and surface coverage obtained from thermogravimetric analyis for TiO
nanoparticles modified with different amounts of phenyl phosphonic acid.

) Survace
. Surface Area | Coupling Agent,
Particle 3 Mass Loss, %| Coverage,
(BET), m3/g *10™ M s
molecules/nm
6 Nm 270 2.5 9.3 3.4
6 nm 270 3.5 10.1 3.8
6 nm 270 6.3 11.7 4.5

PPOA@TIQ: *P MAS NMR ¢, ppm): 1.2. °C MAS NMR @, ppm): 125.1,
117.9.FT-IR (KBr, v, cmi%): 3069, 2972, 1625, 1593, 1491, 1226, 1100-924, 777. TGA
(mass loss, %): 30 — 260°C: 4.3%, 260 — 600°C: 11.4%.
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PEG-PA@TIQ: *'P MAS NMR §, ppm): 15.2. FT-IR (KBry, cm?): 1627, 1170-
980, 774. GA: 30 — 600°C: 9.7%.

MPA@TIOy: 3P MAS NMR §, ppm): 42.1 . FT-IR (KBry, cm'): 2921, 2851,
1625, 1465, 1385, 1138, 1050, 991, 823.

Table 5-4: Mass loss and surface coverage obtained from thermogravimetric analyis for different
TiO, nanoparticles modified with 11-mercaptoundecyl phosphonic acid.

. Surface Area Coupling Survace Coverage,
Particle 3 Mass Loss, %
(BET), m?/g | Agent, *10° M molecules/nm?2
6 Nm 270 2.5 19.1 2.3
P25 50 2.5 4.3 2.8
80 nm 21 2.5 2.5 3.9

5.3.6 Preparation of Pickering Emulsions

In a glass vessel with 5 cm height and 1 cm diameter, 4 mL of a suspension of TiO
nanoparticles in distilled water (0.5, 1 or 2 wt%) was prepared. The corresponding
amount of NaCl (0 to 1 M) was added and the suspension was adjusted to the requested
pH with 1M NaOH or 1M HCI. Upon agitation with an IKAT25 Ultra TurraX at
12000rpm, 1 mL of oil phase (cyclohexane with or without DPA, toluene or hexane)
was added dropwise. The emulsion was agitated for another 10 minutes at 12 rpm.
Immediately after stopping the agitation, conductivity of the emulsions was measured.
The water-emulsion and the oil-emulsion interfaces were tracked and the changes were
recorded after 1, 2, 3, 4, 5, 7.5, 10, 15 and 20 minutes.
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5.3.7 Modification of TiO, in Pickering Emulsion

5.3.7.1M odification of one Hemisphere

A suspension of 1 wt% sol-gel 6 nm or 80 nm nanoparticles, AEROXIDE,
P25 in 4 mL of distilled water was prepared and adjusted to pH 3 with 1 M NaOH or 1
M HCI. Upon agitation with an IK& T25 Ultra TurraX at 20000 rpm, 1 mL of oil
phase (cyclohexane or toluene) containing 2.5*1fol/L of the hydrophobic coupling
agent (DPA or MPA) was added dropwise. The emulsion was agitated for another 20
minutes at 20000 rpm and subsequently aged for 1 hour. The particles were separated
by centrifugation, washed several times with ethanol and dried under reduced pressure.

Janus-DPA@TIQ: *P MAS NMR @, ppm): 30.3. FT-IR (KBry, cmil): 2921,
2851, 1623, 1464, 1185-910, 791. TGA (mass loss, %): 30 — 260°C: 6.3%, 260 —

600°C: 7.6%.

Table 5-5: Mass loss and surface coverage obtained from thermogravimetric analyis for different
TiO, nanoparticles anisotropically modified with dodecyl phosphonic acid.

Surface Area Survace Coverage,
Particle (BET), m3/g Mass Loss, % molecules/nm?
6 nm 270 7.6 11
P25 50 3.7 2.9
80 nm 21 1.9 35

Janus-MPA@TIQ: P MAS NMR @, ppm): 41.9. FT-IR (KBry, cm?): 2971,
1626, 1448, 1384, 1135, 1049, 912, 807.

Table 5-6: Mass loss and surface coverage obtained from thermogravimetric analyis for different
TiO, nanoparticles anisotropically modified with 11-mercaptoundecyl phosphonic acid.

Particle

Surface Area
(BET), m2/g

Mass Loss, %

Survace Coverage,

molecules/nm2

P25 ‘

50

4.9

3.2
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80 Nrm 21 1.8 2.8

5.3.7.2Modification of two Hemispheres with Different Coupling Agents

Hydrophobic and Hydrophilic Coupling Agent:

A suspension of 1 wt% sol-gel 80 nm nanoparticles in 4 mL of distilled water was
prepared and adjusted to pH 3 with 1 M HCI. Upon agitation with ar’ IK25 Ultra
TurraxX® at 20000 rpm, 1 mL of toluene containing 2.5*1Mol/L of DPA was added
dropwise. The emulsion was agitated for another 10 minutes followed by addition of
2.5*10° mol/L of PEG-PA to the aqueous phase. After agitating for 20 minutes the
paticles were separated by centrifugation, washed several times with water and ethanol
and dried under reduced pressure.

FT-IR (ATR, v, cmi'): 2922, 2852, 1629, 1467, 1150-1020, 803. TGA (mass loss,
%): 30 — 160°C: 2.8%; 160 — 280°C: 4.8%, 280 — 600°C: 16.0%.

Two Hydrophobic Coupling Agents:

7 mg of Janus-DPA@TKD(80 nm particles) were dispersed in 5 mL of ethanol
applying an ultrasonic bath. 3 mg (0.01 mmol) of MPA were added to the suspension
and the mixture was sonicated for 30 minutes. The particles were separated by
centrifugation, washed several times with ethanol and dried under reduced pressure.

FT-IR (ATR, v, cmi'): 2924, 2853, 1632, 1465, 1150-1020, 805. TGA(mass loss,
%): 30 — 200°C: 0.3%; 200 — 600°C: 3.5%.

5.3.8 Synthesis of Gold Nanopatrticles

5.3.8.1Synthesis of Gold Nanoparticles according to Turkevicfi*®

1 mL of a 2 mM sodium citrate solution was added to different amounts of a boiling
1mM HAUCI, solution (the molar ratio of HAugt sodium citrate was varied between
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1:4 an 1:1). The reaction mixture was kept at 100°C until the color changed from yellow
to deep red, violet or blue.

Table 5-7: Particle size obtained from DLS for different HAuCl/citrate ratios

HAuCI 4/ Na Citrate

1:1 ‘ 1:2 ‘ 1:3 ‘ 1:4

DLS radius, nm ‘ 15.3 + 0.05 ‘ 9.6 +0.13 ‘ 25+ 0.2% 1.5+0.23

5.3.8.2Synthesis of Gold Nanoparticles according to Brust®

0.2 mL of 0.05 M HAuUC} (0.01 mmol) were added to a solution of different
amounts of tetraoctylammoniumbromide (TOAB) in 1.5 mL of toluene and stirred for
several minutes until the water phase was colorless. 1 mL of 0.02 M N@EBbB2
mmol) solution were added and the reaction mixture was stirred until the colour of the
organic phase changed from yellow to deep red.

Table 5-8: Particle size obtained from DLS for different TOAB concentrations and altering times.

TOAB, mol/L 0.02 0.07 0.1

t=5min 40 £ 0.08 3.3+0.13 29+0.1
DLS radius, nm
t =30 min - - 19.8 £ 0.08

5.3.8.3Synthesis of Gold Nanoparticles according to Martif™*

To 5 mL of an equimolar solution containing of HAW@nd HCI (0.025 M) in
water different amounts of an aqueous 0.05 M N@RBEOH solution were added upon
vigorous stirring. The colour changed from yellow to deep red.
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Table 5-9: Particle size obtained from DLS for different HAuCl/NaBH, ratios and altering times.

HAuCI 4,/ NaBH, 2:1 1:1 1:2

t=5min 0.6+0.14 0.6 +0.21 5.0+0.07
DLS radius, nm
t =60 min 1.2+0.14 0.8+0.08 2.0+0.14

5.3.8.4Reduction of Auric Acid in the Presence of MPA

To 5 mL of a solution of 2 mg of MPA (7*T0mmol) in ethanol 2.5 mL of a 1 mM
HAUCI, solution in water (2.5*16 mmol) were added. The mixture was stirred for 10
minutes prior to addition of 2 mL of an aqueous 5 mM NaBblution (1*10° mmol).

The colour of the reaction mixture changed from yellow to light red immediately upon
addition of NaBH.

DLS (radius, nm): 12.0 £ 0.025.

5.3.8.5Exchange Reaction on TOAB Stabilized Gold Nanoparticles

5 mg of MPA were added to 2 mL of TOAB stabilized colloidal gold in toluene
prepared according to the Brust MetH8%iThe suspension was stirred for one hour in
the dark. After that time the particles were isolated by centrifugation and residual
TOAB was removed by washing and redispersing two times in toluene.

DLS (radius, nm): t =5 min: 10.0 £ 0.27, t = 20 min: 14.1 £ 0.18.

5.3.9 Experiments for Proving the Anisotropicity

5.3.9.1Decoration of Janus-DPA/PEG@TIiIQ with Gold Nanoparticles (AuNP)
(PEG1-3)

Janus-DPA/PEG@Ti9Y was decorated with gold nanoparticles in situ in the
emulsion. An emulsion containing DPA in the oil phase and PEG-PA in the water phase
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was prepared according to the procedure described in section 5.3.7.2. To the aqueous
phase containing PEG-PA, 1 mL of citrate stabilized gold colloid (prepared according to
the procedure in section 5.3.8.1 with auric acid/citrate = 1:3) was added. After agitation
for another 15 minutes the emulsion was altered for 2 hours. The particles were
separated by centrifugation and washed several times with water and ethanol. Samples
for TEM analysis were prepared by dispersing 1 mg of the product in 5 mL of ethanol
applying an ultrasonic bath. A carbon-coated copper grid was dip-coated in the resulting
suspension and dried in air.

5.3.9.2Decoration of Janus-MPA@TIG;, with Citrate Stabilized AUNP (MPA1)

7 mg of Janus-MPA@TIi® were dispersed in 5 mL of ethanol applying an
ultrasonic bath for 30 minutes. 2 mL of citrate stabilized gold colloid (prepared
according to the procedure described in section 5.3.8.1 with auric acid/citrate = 1.3) was
added and the mixture was sonicated for another 2 hours. The resulting light red
suspension was diluted with 5 mL of ethanol and sonicated for another 10 minutes prior
to preparation of samples for TEM by immersing a carbon-coated copper grid in the
suspension.

5.3.9.3Reduction of Auric Acid in the Presence of Janus-MPA@TiQ(MPA2)

7 mg of Janus-MPA@TIi® were dispersed in 5 mL of ethanol applying an
ultrasonic bath for 30 minutes. After addition of 5 mL of 1 mM HALGE suspension
was agitated in an ultrasonic bath for 2 hours and subsequently different amounts of
NaBH, were added. Samples for TEM analysis were prepared by dispersing 1 mg of the
product in 5 mL of ethanol or toluene applying an ultrasonic bath. A carbon-coated
copper grid was dip-coated in the resulting suspension and dried in air.

5.3.9.4Decoration of Janus-MPA@TIO, with TOAB Stabilized AuNP (MPA3+4)

Synthesis of AUNP in the Presence of Janus-MPA@TiMMPA3a):

0.2 m_L 0.05 M HAuCl, were added to 1.5 mL of a suspension in toluene containing
0.11g TOAB and 1.5 mg Janus-MPA@T4iOTlhe reaction mixture was agitated using
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the ultrasonic bath for 30 minutes followed by addition of 1 mL of 0.02 M NaBke
suspension was again agitated in the ultrasonic bath for 30 minutes and altered for 2
hours. The particles were separated by centriguation and washed several times with
toluene and ethanol. Samples for TEM analysis were prepared by dispersing 1 mg of the
product in 5 mL of ethanol or toluene applying an ultrasonic bath. A carbon-coated
copper grid was dip-coated in the resulting suspension and dried in air.

Addition of AUNP to Janus-MPA@Ti®@in Emulsion (MPA3b1+MPA4):

Janus-MPA@TIQ was decorated with gold nanoparticles in situ in the emulsion.
An emulsion containing MPA in toluene was prepared according to the procedure
described in section 5.3.7.1. After 10 minutes of agitation, 1 mL of TOAB stabilized
gold colloid (prepared according to section 5.3.8.2, with 0.1 M TOAB) in toluene was
added and the emulsion was agitated for another 15 minutes. The emulsion was altered
for 2 hours and the particles were separated by centrifugation and washed several times
with toluene and ethanol. Samples for TEM analysis were prepared by dispersing 1 mg
of the product in 5 mL of ethanol or toluene applying an ultrasonic bath. A carbon-
coated copper grid was dip-coated in the resulting suspension and dried in air.

Addition of AUNP to Janus-MPA@Ti®@in Suspension (MPA3b2):

To a suspension of 1.5 mg of Janus-MPA@xIif01.5 mL of toluene, a suspension
of TOAB-stabilized AuNP in toluene was added (0.2 mL containing 3 mg AuNP) and
agitated in the ultrasonic bath for 30 minutes. After altering for 2 hours, the particles
were separated by centriguation and washed several times with toluene and ethanol.
Samples for TEM analysis were prepared by dispersing 1 mg of the product in 5 mL of
ethanol or toluene applying an ultrasonic bath. A carbon-coated copper grid was dip-
coated in the resulting suspension and dried in air.

5.3.9.5Decoration of Janus-DPA@TIiQ with TOAB stabilized AuNP (DPA1)

Janus-DPA@TIQ was decorated with gold nanoparticles in situ in the emulsion.
0.4 mL of toluene containing 3 mg (0.01 mmol) of DPA were mixed with 0.3 mL of
TOAB stabilized gold colloid prepared according to the procedure described in section
5.3.8.2 (with 0.1 M TOAB). An emulsion containing DPA and gold colloid in toluene
was prepared according to the procedure described in section 5.3.7.1. The emulsion was
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agitated for 20 minutes and altered for 2 hours. The particles were separated by
centrifugation and washed several times with toluene and ethanol. Samples for TEM
analysis were prepared by dispersing 1 mg of the product in 5 mL of ethanol or toluene
applying an ultrasonic bath. A carbon-coated copper grid was dip-coated in the resulting
suspension and dried in air.

5.3.9.6Decoration of Janus-DPA@TIiQ with bare AUNP (DPA2)

Janus-DPA@TIQ was decorated with bare gold nanoparticles in situ in the
emulsion. An emulsion containing DPA in toluene was prepared according to the
procedure described in section 5.3.7.1. After 10 minutes of agitation, 1 mL of bare gold
nanoparticles (prepared according to section 5.3.8.3, with auric acid/NaBtR) in
water was added and the emulsion was agitated for another 15 minutes. The emulsion
was altered for 2 hours and the particles were separated by centrifugation and washed
several times with water and ethanol. Samples for TEM analysis were prepared by
dispersing 1 mg of the product in 5 mL of ethanol or toluene applying an ultrasonic
bath. A carbon-coated copper grid was dip-coated in the resulting suspension and dried
in air.

5.3.9.7Staining of Janus-DPA@TIQ with Auric Acid (DPA3)

Janus-DPA@TIiQ was stained with auric acid in situ in the emulsion. An emulsion
containing DPA in toluene was prepared according to the procedure described in section
5.3.7.1. After 10 minutes of agitation, 0.5 mL of 0.05 M HAuSlution in water was
added and the emulsion was agitated for another 15 minutes. The emulsion was altered
for 2 hours and the particles were separated by centrifugation and washed several times
with water and ethanol. Samples for TEM analysis were prepared by dispersing 1 mg of
the product in 5 mL of ethanol or toluene applying an ultrasonic bath. A carbon-coated
copper grid was dip-coated in the resulting suspension and dried in air.
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5.3.9.8Decoration of Janus-DPA/MPA@TIO, with TOAB stabilized AuNP
(MPADb)

3 mg of Janus-DPA/MPA@TiOwere dispersed in 2 mL of toluene applying an
ultrasonic bath for 30 minutes. 2 mL of TOAB stabilized gold colloid (prepared
according to the procedure described in section 5.3.8.2 with 0.1 M TOAB) was added
and the mixture was sonicated for another 2 hours. The particles were separated by
centrifugation and washed several times with toluene and ethanol. Samples for TEM
analysis were prepared by dispersing 1 mg of the product in 5 mL of ethanol or toluene
applying an ultrasonic bath. A carbon-coated copper grid was dip-coated in the resulting
suspension and dried in air.

5.3.9.9Staining of Janus-DPA/MPA@TIO, with Auric Acid (MPAG)

13 mg of HAuUCl, were dissolved in 5 mL of ethanol prior to addition of 3 mg of
Janus-DPA/MPA@TIQ (prepared according to the procedure described in section
5.3.7.2) The mixture was sonicated for 30 minutes and then altered for 2 hours. The
particles were separated by centrifugation and washed several times with water and
ethanol. Samples for TEM analysis were prepared by dispersing 1 mg of the product in
5 mL of ethanol applying an ultrasonic bath. A carbon-coated copper grid was dip-
coated in the resulting suspension and dried in air.

5.3.10 lllumination Experiments

lllumination experiments were conducted in a water-cooled chamber equipped with
two 9 W UVA black light lamps (Sylvana UVA-BLB Lynx S). The UV-light intensities
were quantified using a Vilber Lourmat VLX-3W 365 nm (x 10 nm) detector. The
emission spectrum of the used UVA lamp was integrated over 300-400 nm. The
irradiance value | (mW/cm?) was calculated using the following equation:

| _ I deéctor 355-375nm [ Aspectrum,300—400nm
306-400nm

Aspectrum,355375nm
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The measured irradiance values (355-375 nm) range from 0.9 nANbztween
the two lamps) to 1.3 mW/cm? (directly under one of the lamps). The calculated
irradiance over the wavelength range from 300 to 400 nm thus ranges from 1.5 to 2.2
mW.cmZ2. The illumination studies were conducted by placing the samples directly
unde one of the lamps in order to obtain reproducable results.

The dried powders were dispersed at different concentrations in water,
ethanol/water mixtures or n-heptane and illuminated under continuous stirring. Samples
were taken after certain time intervals, centrifuged, washed with ethanol and dried in
vacuum. The samples were analyzed'ty CPMAS NMR,%*'P MAS NMR, FT-IR,

TGA and elemental analysis. For FT-IR measurements, 2 mg 0.3 of the samples were
homogenized and pressed with 150 mg +2 of KBr. The kinetics of the photocatalytic
degradation were investigated by monitoring the intensity change

- of the P-C vibrational signal at 1140 ¢ror the CH stretching signal at 3056
cm™ for PPA@TIQ

- of the P-O-C vibration at 1220 ¢hfor PPoA@TIQ

- of the asymmetric aliphatic CH stretching vibration at 2921 &on DPA@TIO,
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