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"The heavens are in motion ceaselessly,

the enlightened exert themselves constantly.

While the earth is supportive and natural,

only the virtuous can bear the utmost.”

Book of Change s
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1 Introduction

Gold is one of the most ancient and important metals for mankind. It is still the key to
world finance as a traded metal.! The extraction of gold originated in the 5" millennium
B.C. near Varna (Bulgaria), and gold production of 10 tons per year was achieved in
Egypt around 1200 i 1300 B.C.2 Until now it has been estimated that nearly 161,000
tons of gold have been mined during the history of man. The discovery of gold
nanoparticles (AuNP) was historically closely related to the exploitation of gold ruby
glass. The Lycurgus cup at the British Museum in London, as the milestone of the
history of gold ruby glass from the 4" century AD, opened the door to the journey of
AuNP 1. 3.4

AuNP?, among nanoparticles (NP) of various noble metals are the oldest and have
been the most extensively studied in the past few years in many research fields, such
as catalysis,® biology,®2 electronics® 1°, and photonics.? 113 In comparison with bulk
materials or small molecules, NP present unique physical and chemical properties due
to their high chemical and physical stabilities and large surface area.? Meanwhile, NP
have attracted extensive attention in the field of biotechnology because of their bio-
compatibility, low toxicity, photothermal effect, and easy functionalization with organic
and biological molecules. Moreover, the size and shape dependent properties of AUNP
also show great potential in nanoscience and nanotechnology applications. In the past
years, AUNP conjugated to small molecules, macromolecules and supramolecules
have been widely investigated, to expand their applications and to improve their usa-
bility and accessibility.241® This work aims at studying and developing AuNP conju-
gates and assessing their applications in the areas of catalysis, separation and photo-

biology.

This thesis focuses, firstly, on the fundamental study of AUNP catalysts and the influ-
encing factors of their catalytic performances. The major aim is to provide novel in-
sights into the design of excellent gold catalysts for future applications. The thesis will
also describe the design of efficient support for the AUNP. To achieve these goals, the
understanding of the intrinsic nature of AUNP and their catalytic mechanisms are cru-

cial. Furthermore, the exploration of new knowledge of how AuNP interact with their



carriers also plays an important role in developing novel catalytic carriers, which can

be potentially used in the industry.

To design the carrier for the AuNP, electrospinning as a versatile method to create
diverse platforms for AUNP should be introduced here. Using the technique of electro-
spinning has rapidly been increased and developed tremendously and utilized in nu-
merous fields, such as catalysis,'” energy harvesting,'8 biological application,® stimuli-
responsive material,?° air and water purification since the beginning of the 2000s.! In
this thesis, novel materials (two-dimensional (2D) materials and three-dimensional (3D)
materials) as the support for AUNP are developed via electrospinning along with other
polymer processing techniques, such as wet-laid, self-assembly supramolecule and
sponge fabrication. The major aims of the development of effective support for AUNP
are to: 1) develop novel types of support differing from previous literatures; 2) improve
the catalytic activities of the AuNP; 3) reduce leaching of the AuNP during catalytic

reaction processes and 4) explore their applications, such as the filtration of the NP.

In addition, self-assembly of AUNP is also covered in this thesis, which has been a hot
topic in the past decade that has attracted huge attention. The assembly of the NP can
generally be triggered by various ligands?>24 and under diverse conditions.?>2° Light-
responsive self-assembly of AUNP has great potential in the field of biology. In com-
parison with the other types of stimuli, light leads to a non-destructive method that can
also be widely used in biological environments, providing more possibilities. This thesis
work further develops this concept by combining photobiology and material science, to
realize the photobiological directing assembly of AUNP under the control of light.

Fundamental knowledge of AuNP and their various applications will be introduced in
detail in the next chapter. Moreover, the fabrication methods, such as electrospinning,
wet-laid process, sponges and the self-assembly of benzene-1,3,5-tricarboxamide
(BTA) nanofibers will also be reviewed in this thesis, as they are closely related to the

work undertaken.



2 Theoretical Background

2.1 Gold nanoparticles (AuNP)

2.1.1 Properties of AUNP

The AuNP in aqueous solution present a wide range of colors, such as brown, orange,
red, and purple. An example is given in Figure 2.1, which shows the characteristic
smooth color transition of AUNP from dark red to violet with increasing sizes from 30
to 90 nm.3% A set of ultraviolet-visible (UV-Vis) spectra showing the corresponding
maximal absorbance increase from 519 to 569 nm for typical spherical AuNP is
included in Figure 2.2.3! These two pieces of information can be combined to give a
clear picture of the relationship between absorbance peak and particle size (Figure
2.3). The absorption band is a so-called surface plasmon band governed by the
collective oscillation of the conduction electrons. The electromagnetic field of the
incident light wave induces the formation of an electron gas that deviates from what is
known as the surface plasma oscillation. A schematic display of the generation of a
surface plasmon oscillation is presented in Figure 2.4. The surface plasmon resonance
effect as one of the most important physical properties of AUNP is dependent on the
morphology and chemical environments of AuUNP, such as size, shape, inter-particle
interaction, dielectric properties, solvent, surface ligand, core charge, temperature and
physiology.3? 33 This property of AuNP has led to numerous applications in

bioimaging.3? 34
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Figure 2.1. Colloidal AuNP of different sizes show different colors.3° Reprinted from

reference 30 with permission.
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Figure 2.2. UV-Vis absorption spectra of colloidal solutions of AuNP of different

sizes.® Reprinted from reference 30 with permission.
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Figure 2.3. Correlation between surface plasmon resonance band amax and the NP

size.3° Reprinted from reference 30 with permission.
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Figure 2.4. Schematic representation of conduction electron oscillation across the NP
in the incident light electromagnetic field.3®> Reprinted from reference 35 with

permission.

2.1.2 The concept of colloid stability

The stability of AUNP in suspensions plays an important role in nanomaterials. The
AuNP lose their functionality after aggregation or settling down. Hence, extensive
efforts have been devoted to retaining the stability of AUNP in the suspension. The NP
is prone to reversible agglomeration or irreversible aggregation in suspension because
of the attractive force composed of the Van der Waals, electrostatic or magnetic forces.
On the contrary, the electrostatic and steric stabilization as the repulsive force prevents
the NP from aggregation, agglomeration, and undergoing coalescent processes.36

The DLVO theory was developed 70 years ago by two Russian (Derjaguin and Laudau)
and two Dutch scientists (Verwey and Overbeek) as the theory to explain colloid
stability. In this theory, the total force between two NP is the addition of the attractive
Van der Waals (I vaw) and repulsive electrostatic interactions regarded as the electric
double layer (I electrostastic), as well as the hydration (I nydration) and osmotic forces (I osmotic)

(shown in Equation 2.1 and Figure 2.5).
(8 h) = (évdw) + (8 electrostastic) + (E hydration) + (E osmotic) Equation 2.1

Various parameters generally affect the stability of NP, such as chemical composition,
size,3’ surface charge, shape and ion concentration.3%-4! The size of the NP has a great
influence on its stability. Stability generally increases with the increasing size of the
NP.4% 43 The attractive Van der Waal force is not dependent on the ion concentration.
However, the repulsive force is entirely dependent on the ion concentration. Therefore,
a higher ion concentration leads to a lower repulsive force.®¢ In addition, the shape of

5



a NP influences the aggregation in a wide range of electrolyte conditions, which was
studied by the Navid B. Saleh Group. The poly-acrylic acid capped AuNP and gold
nanorods were selected as representatives. In this work, the gold nanospheres
showed a higher aggregation tendency than the gold nanorods. The gold nanorod has
higher stability originating from the steric repulsion of poly-acrylic acid coatings (shown
in Figure 2.6). Functionalization and modification of NP can provide steric and

hydration repulsions to increase their stability in the high ionic strength media.
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Figure 2.5. Interactions between core-shell NP: Parameters employed for DLVO
calculations: two NP having the same core radius rcore and the same polymer shell
thickness U, R = rcore + U can be seen as the core-shell radius. Traditional forces for
the colloid interactions (electrostastic, VdW) together with the other structural
contributions (hydration and osmotic) that take place when particles are suspended in

fluid media. Reprinted from reference 44 with permission.**
2.1.3 Synthesis of AUNP

The first scientific report about the synthesis of AUNP was made in 1857 by Michael
Faraday; the fbeautiful ruby fluido of ffine nanoparticleso was obtained from the
reduction of gold chloride by phosphorous, using carbon disulfide as a stabilizer.*®
Countless efforts have thereafter explored the preparation of monodispersed AuNP
with controlled sizes and shapes over the years. The synthetic method of creating
AuNP can generally be divided into three main classes: physical, chemical and
biological procedures.*®: 4’ Chemical methods can be further divided into two major

approaches. One approach focuses on the investigation of reductive reagents, such

6



as borohydrides, citric acids and oxalic acids. The gold ion (Au®*) can, firstly, be
reduced into Au'*, before it is further converted into Au®. The other main approach of
chemical synthesis is the formation of AuNP using stabilization agents, such as
trisodium citrate, sulfur ligands, polymers or surfactant. Aggregation of the AUNP can
be avoided in this approach by enhancing the repulsive force between the AuNP.

Meanwhile, the stabilizing reagents can also be regarded as the reduction agents.46 48
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Figure 2.6. The effect of AUNP shape on the deposition and aggregation performance.
37 Graphical abstract reprinted from reference 37 with permission.

2.1.3.1 The Turkevich-Frens method

The synthesis of AUNP based on the reduction of HAuCls using citrate as the reductive
and stabilizing reagent under boiling temperature was first introduced by Turkevich in
1951.%% Spherical AUNP with a size distribution from 10 to 20 nm can be obtained by
this method. The Turkevich method was then modified by Frens in 1973 to obtain AUNP
with diameters from 15 to 150 nm by controlling the ratio between sodium citrate and
gold acid.*® The Turkevich-Frens method was later verified and has been studied by
many research groups in the past decades.*® 5052 |t has remained popular and
frequently used till now because of its facile synthetic conditions, well controlled size,
and easy preparation, modification and functionalization.*”- 53 Ji et al.>* demonstrated
that the size and morphology of AuNP was strongly affected by the variation of the
NasCt/HAuClI4 ratio from 0.7:1 to 28:1 (Figure 2.7), if the auric acid concentration was
fixed at 0.25 mM. When the ratio of NasCt/HAuUCls is smaller than 3.5:1, which covers
most of the NasCt/HAuCls ratios in the Frens method, the final size of AuNP will

decrease with the increasing concentration of sodium citrate. However, a further
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increase of the NasCt/HAuCls concentration ratio from 3.5:1 to 28 induced an increase
of the size of the AuNP and leveled off. Their work proved that sodium citrate as a
weak base can change the pH of solutions in the traditional Frens method by varying
its concentrations. Consequently, the reactivity of the gold complexes is changed and

the growth mechanism and final size distribution are affected.

Na,Ct:HAuCl,=0.7:1 Na,Ct:HAuCl,=2.0:1 Na,Ct:HAuCl,=3.5:1

z [Au*1=0.25 mM
545
5 1 T=100 C
230 o
£ \ /
©
815 |
."4" S 0 10 2 0
i P s0om ® Na,CtHACI, o

Figure 2.7. Transmission electron microscopy (TEM) images (a - €) and summary (f)
of gold nanocrystals average sizes. The NP were synthesized using different
NasCt/HAuCls precursor ratios, which are labeled in each image. All nanocrystals were
grown with an initial HAuCls concentration of 0.25 mM in boiling water.>* Reprinted

from reference 54 with permission.

The growth of particles follows one of the two pathways shown in Figure 2.8. Under
low pH (3.7-6.5), the intermediate [AuCl3(OH)]" goes through nucleation within 10 s,
followed by the fast and random attachment to polycrystalline nanowires and
intraparticle ripening of the nanowires, which finally lead to particle formation. If the pH
is higher than 6.5, namely 6.51 7.7, the formation of AuNP follows the common
nucleation-growth route: Reduction through [AuCl2(OH)]2 and [AuCI(OH)]s with about
60 s nucleation, followed by diffusion-controlled growth.

In addition, numerous efforts have been made by many research groups to understand
the nucleation and growth processes of the particles.5° Ji et al.>® presented a reliable

deduction that the formation of AUNP was completed following a four-step procedure.
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(Figure 2.9) The initial step is the rapid formation of small nuclei (particle radius around
2 nm), consuming 20% of the initial gold salt within 60 s with 45% polydispersity. The
small nuclei undergo Ostwald ripening®® or coalescence®’ to generate particles of
around 4 nm radius with 20% polydispersity in 20 min. Self-sharpening diffusional
growth through the reduction of the gold precursor occurs during the 251 50 min period.
This long-time diffusion-controlled growth is due to the limited concentration of gold
metal in the solution. The final step is said to be autocatalytic reduction by consumption
of the remaining gold salt in the solution with polydispersity decreased to 10%.

intra-particle

) . (1)fast random Pl
[AuCl,(OH)]- nuc/eatlon= S attachment | e } M, ...
+ H,Ct/HC: | < 10sec " (2)intra-particle o & o0
\ ripening
NasCt | pH=3.7-6.5
Na-Ct [AuClx(OH)], ; . Slow o3 @
JaCUB T | [[AUCI(OH)],- | TUCIeaton Sks arowth , g ¢,
boiling water pH=6.57.7| +HCE/Ct> |~60sec o0

Figure 2.8. lllustration of two reaction pathways for the gold nanocrystal synthesis via
citrate reduction.>* Reprinted from reference 54 with permission.
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Figure 2.9. Schematic illustration of the AUNP formation process deduced.>® Reprinted

from reference 58 with permission.
2.1.3.2 The Brusti Schiffrin method

Another widely used synthetic method of creating small AuNP is the two-phase Brusti
Schiffrin method, which was first published by Brust and Schiffrin in 1944, to prepare
the thiolate functionated AuNP in an in situ condition.®® Since then, extensive efforts
have been made to elucidate the mechanism of AUNP formation via the Brusti Schiffrin
method.®* One widely accepted hypothesis developed by T o n g &°sstatgsrthatu p

gold precursors are transferred from aqueous solution to a toluene phase and generate

9



a tetraoctylammonium (TOA) metal (I) halide complex [TOA][AuXz] by using TOA as
the phase transfer reagent. The metal ion precursor was then converted into
[TOA][Au(I)X2]-AuNP in the presence of thiol. The metal ions are converted into naked
metal by the addition of sodium borohydride (NaBH4) and the diffusion of the ligand
through the TOA shell, and the Au-S forms on the water/organic solvent interface in
the presence of a ligand. (Figure 2.10) This method shows several advantages, such
as facile synthetic conditions, and AUNP being thermally stable and stable in air without
aggregation and decomposition. The AuNP synthesized have also a low dispersity,
controllable size (21 5 nm) and normal cuboctahedral and icosahedral shapes, while

facile surface modification by ligand substitution is possible.5: 64

M~ + TOABR _toluene REH, RSeSeR, or RTeTeR ;
{agq) (toluene) Iayar % {‘

M(l)

AT

n h & o MO (aq)
ng’i;““*? Rw tﬁ'_n A ﬁ\ﬁ A=S, Se, or Te

L.

3
ga
;

v:;w

Figure 2.10. Mechanism of the synthesis of chalcogenate-protected metal NP via the

Brust-Schiffrin Method.®® Reprinted from reference 65 with permission.
2.1.3.3 The Seed growth method

Another widely adopted synthetic method of creating AuNP in the past has been the
seed growth method.%¢ It becomes more and more difficult to control the size and shape
of the AuNP with increasing size using the traditional method. Compared with the in
situ method, the seed-growth method offers better control of the size and shape of the
AuNP, extending the attainable size and morphology of AUNP. To date, monodisperse
AuUNP up to 300 nm have been synthesized,? 7 of which many have been reported
by Natan and co-workers. To obtain AuNP up to 100 nm, the gold nano seed is
prepared by the reduction of gold acid with NaBH4 in the presence of citrate as a
capping ligand. It was then added to the growth solution, which contains citrate or
hydroxylamine®® as a reductant.®® Although this method can indeed enlarge the size
distribution of AuNP, rod shape particles are also produced. Bastus et.al.?¢ reported

10



an improved method, which enabled the preparation of monodisperse citrate-stabilized
AuUNP up to 200 nm in size with narrow size distribution (Figure 2.11). The successful
kinetic control of the growth process was achieved via adjusting the temperature, the
ratio between the gold precursor to the seed concentration, and the pH. The final
citrate-capped AuNP (Ct@AuNP) can be easily modified by other ligands and lead to

various application possibilities.

Figure 2.11. Seed growth with seed solution dilution. Transmission electron

microscopy images of Au seed particles and those obtained after different growth steps.
An increase of particle size from 8.4 + 1.0 to 180.5 + 10.7 nm and a decrease of
concentration from ~3 x 102 to ~5 x 10° NP / mL can be observed.®® Reprinted from

reference 66 with permission.
2.1.3.4 Other methods

Methods such as o-irradiation, microwave irradiation, the sonochemical method, UV
radiation, laser ablation, the thermolytic and photochemical process are regarded as
physical procedures. Meanwhile, the synthesis of AUNP via biological methods related
to the conceptoffg r e e n ¢ h leasndlss énrergeil and been well developed in the
past few years. Different plant extracts,’® plant-based compounds and derivatives,
amino acid, fungi, algae, enzymes, flavonoid, microbes,”* and proteins have been
demonstrated to act as reductive agents and stabilizers.*¢ Different types of AuNP

have also been synthesized.”?

11



2.2 Surface modification strategies for the AuNP

The functionalization of AuNP can be achieved by conjugation with different
functionalized materials, such as surfactants, small molecules, supramolecular

polymers, proteins, peptides, DNAs, RNAs and oligonucleotides.? 73

2.2.1 Surface modification with polymer

(a) Grafting-from Method

S
R =

3 @ . o
S Au* @  Reducing agent ! 5 Monomers \ AUNP
worrn@  Stabilizer “e Initiator d%? z:la\;:\seric . ey

Figure 2.12. Three techniques for polymer-stabilized AuNP synthesis: (a) grafting-from,
(b) grafting-to and (c) post-synthetic modification.”* Reprinted from reference 74 with

permission.

The first production of polymer stabilized AUNP was documented in 1781 by Helcher
and polysaccharide was used.’”* > The polymer functionalized NP can generally be
obtained by three main strategies: The grafting from approach, grafting to method and
post-synthetic modification method (Figure 2.12). The grafting from approach was
carried out by attaching the small initiators to the AuNP, followed by the growth of the
polymer chain from scaffolds. This method includes living radical polymerization”® and

surface-confined atom-transfer radical polymerization.’” This method provides various

12



advantages, such as good control of the molecular weight of polymers related to the
thickness of the brush, designed architectures of the polymers, and good control of the
density of the polymer grafting to the surface by fixing and varying the initiators on the
surface of the AuNP. In addition, it also promotes the uniform distribution of polymer

films on the surface of various solids.

TheA Gr afti ng t o o-potrsgnthbses thethiod noranallp pedormed with sulfur
containing polymers, which contain functional groups such as dithioester, trithioester,
thiol, thioether and disulfide, at the end or in the middle of the polymer. It should be
noted that the sulfur functional group can be attached only on one side of the terminal,
and the other side is capped with sulfur-free functional groups. Thus, the preparation
of polymer by reversible additioni fragmentation chain-transfer using chain transfer
reagents containing sulfur atoms will provide a facile way to undergo the grafting to
method.”® This method has advantages such as a simplified synthetic procedure and
purification steps, high stability over years even in the solid state, and possible

functionalization with various polymers.

The post-synthetic modification method is defined as the synthesis of AUNP is carried
out through the traditional methods and was modified with polymers by using the ligand
exchange method. It processes either NP or the polymer matrix that are well controlled.
At the same time, the incorporation method of the NP with a polymer matrix affects the

material properties, such as catalytic activity, conductivity, and optical properties.

4
TOABr 2@} & surface
S s D . .
HAuUClze 3H,0 +\\—©'SH NaBH, "@ o JIT  polymerization
—_——

) ACPA
TNaBH,, > ﬁ s 5O

TOABT = tetra-n-octylammoniumbromide, ACPA = 4,4'-azobis-(4-cyanopentanoic acid)

Initiator

surface
polymerization

Figure 2.13. Schematic description of the graft around method to produce

monofunctionalized AuNP.”® Reprinted from reference 79 with permission.
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Besides these above-mentioned methods, our group introduced for the first time a
Agraft aroudme metnltepda. of t he Iididgpiced in Figare
2.13. A layer of the 4-vinyl-thiophenol moieties was firstly immobilized on the surface
of the AuNP via traditional Brusti Schriffrin method, followed by free radical
polymerization of the vinyl gr oups wi thin the s iazolgd(4
cyanopentanoic acid) as the initiator. Remarkably, the decomposition of the initiator
should be slower than the surface polymerization. This graft around method provides
foundation to realize the precise stoichiometric control of the functionality on the

surface of the AuNP.”®

2.2.2 Conjugation strategies for AUNP

The labile citrates, thiols and amine ligands can be easily obtained by chemical syn-
thesis. However, the Ct@AuUNP is not stable over a range of buffer conditions, which
limits their bio-application of AUNP.”3 80-82 The AuNP should be modified by undergoing
ligand exchange reaction to replace the original ligand by others.®® Place ligand ex-
change provides AuNP with the possibility of binding to the secondary organic mole-
cules or biomolecules on the surface.®* Thus, AUNP can present a great potential in
biotechnological and biomedical applications.8> The procedure of ligand exchange is
relatively simple: The AuNP is mixed with free ligands, and the incoming ligands grad-
ually replace the initial ligands on the surface of the AuNP. In this way, place ligand
exchange offers the chance for AUNP to attach to ligands that cannot be bound during

the synthetic procedure.8

The AuNP conjugates can be obtained by both non-covalent and covalent methods.
(Figure 2.14) The non-covalent methods depend mainly on the ionic attraction between
the negatively charged gold and positively charged incoming conjugates, the hydro-
phobic interaction between the conjugates and the gold surface and dative binding
between conjugates and the gold-conducting electrons.?”- 88 The non-covalent method
has been widely used in drug delivery and biosensing applications. Figure 2.15 de-
scribes the drug delivery by the incorporation of drugs into AuNP via the hydrophobic
entrapment method. It has the potential to prevent the reduced efficiency of drug re-
lease caused by the attachment of the drug to AuNP via covalent binding and the in-

tracellular process of the prodrug.
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Covalent conjugation

Peptide Drug

Protein

Non-covalent conjugation

Figure 2.14. AuNP conjugation approaches through covalent and non-covalent

conjugation.3! Reprinted from reference 31 with permission.
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Figure 2.15. Drugs entrapped inside the hydrophobic layer of AUNP.8%> Reprinted from
reference 85 with permission.
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reference 88 with permission.

Table 2.1 NP functionalization chemistry via covalent bonding.88 Reprinted from
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The conjugation of AUNP can also be achieved by covalent attachment to surface lig-
ands. The conjugation of the biomolecules (proteins, DNASs, carbohydrates, lipids, an-
tibodies) depends strongly on the surface modification. Table 2.1 has listed many of
the chemistries which can be used for the functionalization of AUNP. The modification
of AUNP can be implemented by various chemical reactions, such as Michael addition,
epoxide opening, amidation, amide bond formation, imine formation, click reaction, ad-
dition of amine to cyanates, cross metathesis and Diels-Alder reaction. The covalent
conjugations always take place between free molecules and the pre-grafted thiolate

ligands on the surface of AUNP.

\
enzymatic activity

Figure 2.16. Schematic illustration of the stimuli-responsive NP assemblies that can
be used in a variety of biomedical applications.?® Reprinted from reference 89 with

permission.

2.3 Self-assembly of AUNP

Countless efforts have been made to develop smart materials with highly organized
self-assembly structures for many years. The self-assembly of NP presents innovative
physical and chemical properties differing from those of the single dispersed NP and

the bulk aggregates. Remarkably, dynamic and controlled self-assembly of NP at
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nanoscale possess great potential in many applications, including optoelectronic
devices,® sensors,’! switchable catalysts®? and biomedicine.®® The construction of
smart materials is still confronted with the challenge of achieving stimuli reversible self-
assembly of NP.%* The NP generally undergoes self-assembly into high-order
superstructure via various interactions, s uch as hydrogen bofidi ng,

coordination, host-guest, dipole-dipole and van der Waals.%

The precisely controlled self-assembly of NP can be achieved by the incorporation of
moieties in the conjugates of the NP. These particular moieties, for example, can
respond to external stimuli (e.g., solvent, acid/base, metal ions, pH, light, magnetism,
electricity, temperature, and redox)®* (Figure 2.16). They present diverse biomedical
applications, such as drug delivery, biosensors, molecule imaging and tissue

engineering.

Among the stimuli mentioned previously, light offers many advantages in realizing the
well-controlled self-assembly of NP. It has the following unique features: 1) the stimuli
exerted can be initiated and removed rapidly on demand; 2) the procedure is
noninvasive; 3) it offers precise temporal and spatial control at a precise location; 4)
different wavelengths can be used; and 5) good control of the organized, three-

dimensional suprastructures is possible.

The most popular moieties currently employed in response to light for the control of the
self-assembly of NP are azobenzene, stilbene, and spiropyran.®-°” Azobenzene (1,2-
diphenyldiazene) has been widely investigated in light-controlled self-assembly of
AuNP owing to its reversible isomerization. The trans-cis isomerization process leads
to a big change in the structure of the molecule, significantly decreasing the distance
between the two substituents from ~ 9 to 6.5 A. (Figure 2.17) The thermodynamically
more stable trans isomer of azobenzene is converted to cis isomer under UV light ( & =
365 nm). However, the cis isomer reverts spontaneously to the trans form once the UV
light is switched off. Although this thermal re-isomerization is slow, the reversing
process can be achieved in picoseconds with the help of external heating or exposure
t o visi bE 30 hm).glthshould aso be noted that the sample presents a
photostationary state consisting of up to 90% cis isomer and trans isomer under UV
light. The cis isomer constantly relaxes into trans form because of thermostability.%®
The incorporation of azobenzene with the AuNP triggers the aggregation of AuNP
18



under UV light.°” % (Figure 2.17) The cause is the attractive dipole-dipole force
between the cis isomers on the surface of the AuNP, after they enter the close
proximity of each other due to Brownian motion. It has also been suggested that the
dipole moment of the cis isomer leads to the instability of the NP in nonpolar
solvents.1% The resulting NP aggregates are metastable, and recover in the dark within

hours or days.
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Figure 2.17. Light-controlled dynamic self-assembly that is based on azobenzene
switches. (a) An azobenzene switch in trans and cis (top and bottom) conformations.
The cis form possesses a dipole moment of D3 D. (b) Schemes of nanoparticles that
are covered by azobenzene-terminated ligands and interacting via light-induced
dipoles (when the azobenzenes are in its cis form). The electron-microscopy images
show the crystals formed by the particles.®® Reprinted from reference 99 with

permission.

Another major type of light-responsive compound is spiropyran.®® As a photo-
switchable molecule, its structural isomerization can be triggered by light. The
incorporation of spiropyran molecules with polymer, biomacromolecules and inorganic
particles to create dynamic materials that are responsive to light has been widely
studied in the past few years. The spiropyran molecule consists of an indoline and a
chromene building block, which are spatially perpendicular to each other via a spiro
junction. Conversion to the open-ring isomer (merocyanine) can be triggered by UV
illumination. (Figure 2.18) It undergoes a cleavage of the Cspiro-O bond that gives rise
to a cis form of the merocyanine and, finally, transforms into the trans-merocyanine

because of the rotation around the central C-C bonds. Merocyanine has higher basicity
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than spiropyran and its protonation can generate MCH*. The corresponding pKa is
2.25 due to the formation of the 2-hydroxy-4-nitrophenyl building block. Thus, these
property differences between spiropyran and merocyanine make the reversible
isomerization achievable by altering the pH. Spiropyran can be converted to
merocyanine in the presence of an acid due to the affinity of the ring-open form to the

proton. (Figure 2.18)

Protonated spiropyran (SPH*)

Protonated merocyanine (MCH?*)

Figure 2.18. Spiropyran isomerization: the conversion from the closed-ring isomer of
spiropyran to the open-ring isomer (Merocyanine).*® Reprinted from reference 96 with

permission.

The dynamic conversion between the opened and closed spiropyran constructions
responsive to orthogonal stimuli facilitates their applications in light-controlled self-
assembly of AuNP.10% 102 (Figure 2.19) The reversible non-photoresponsive AuNP, for
example, can be triggered by light in photo-responsive media containing light-
switchable spiropyran molecules. Spiropyran molecules can release and attract
protons (H*), thus, they can influence the stability of the AUNP modified by pH-sensitive
capping ligands. The concept and process of the self-assembly of the AuNP are
illustrated in Figure 2.19. It will be described briefly that the AUNP modified with ligand
consisting of COOH functional group at the end and, at the same time, the dispersion
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contains photoswitchable photonated merocyanine (MCH*) molecule. The acidity of
the aqueous media increases when exposed to blue light, and can induce the
disassembly of the AuNP. By contrast, the assembly of AuNP takes place

spontaneously in the dark.

SPE -
&0

Blue light

HOOC
HOOC

HOOC, %

Assembled NPs

Non-interacting NPs

Spontaneous

SP

Figure 2.19. Blue light-triggered AuNP self-assembly in the presence of the photos-
witchable spiropyran molecule and the AuNP having COOH functional group at the

end.?8 Reprinted from reference 26 with permission.
2.4 The catalytic applications of AUNP

Noble metal NP have received a lot of attention in the field of catalysis since the last
century due to their high surface to volume ratios. The NP present excellent catalytic
activities and selectivity in comparison with a traditional catalyst. However, the catalytic
properties of NP remained unexploited for a very long time. The AuNP, for example,
was considered an inert catalyst to chemical reactions, until Haruta et al. reported CO
oxidation at a low temperature in the presence of a metal oxide supported AUNP as a
catalyst in 1987. This breakthrough opened the door to the application of AUNP 1°2 in
the field of catalysis, and a lot of significant progress has been made in the past few

decades.104

The AuNP has become the catalyst of choice for many reactions, such as CO oxidation,
hydrogenation, coupling reaction, epoxidation reactions, oxidation of alcohols and se-

lective oxidation of alkanes.> 195106 Two of the targets of this thesis work is to study
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the influence of the surface of AUNP on the catalytic reaction and to design novel and

reliable supports for AUNP and evaluate the corresponding catalytic activity.
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Figure 2.20. The UV-Vis absorption spectra of the reduction of nitrophenol by sodium
borohydride. The main 400 nm peak from nitrophenolate ions shows an decreasing
height (blue arrow) with reaction time, whereas another peak (aminophenol) is slowly
emerging at 300 nm. The two isosbestic points can be observed at 280 and 314 nm.1%7

Reprinted from reference 107 with permission.

Therefore, only 4-nitrophenol reduction as the model reaction is selected to determine
the catalytic behavior of AUNP in aqueous media in this work.1%® The catalytic reaction
can be monitored using UV-Vis spectroscopy (Figure 2.20). Details about the mecha-
nism and the parameters affecting the reaction will be introduced in the following part.
The earliest attempt to employ this reaction to test the activity of a catalyst was reported
by Pal and co-workers in 2001.1%° The main benefit of using this reaction is its facile
catalytic conditions without any side products. In addition, the reaction can be quanti-
tatively monitored using UV-Vis spectroscopy. This reaction also accords to the con-
cept of green chemistry, as 4-nitrophenol is one of the major toxic pollutants in industry,
agriculture and wastewater. The nitro group in the aromatic ring enhances its chemical
stability, hence, the decomposition of the 4-nitrophenol becomes very difficult via sim-
ple chemical and biological degradation. However, by employing the catalytic reaction

it can be converted to a commercially important product, namely 4-aminophenol. The
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latter is an important intermediate for the production of analgesic and anti-pyretic drugs,

such as acetanilide and paracetamol.1°

Figure 2.21. Langmuir-Hinshelwood mechanism model for the nano-gold catalyzed
reduction of 4-NP to 4-AP in the presence of NaBH4.1%8 Reprinted from reference 108

with permission.

The nitrophenol reduction on the surface of AUNP using sodium borohydride as the
reductant undergoes a Langmiur-Hinshelwood mechanism.*% 112 (Figure 2.21) In the
first step, the 4-NP and the borohydride ions are adsorbed onto the surface of AUNP
along with the hydrolysis of the NaBH4. Borohydride ions then transfer a surface-hy-
drogen species onto the surface of the AuNP. The adsorption of nitrophenol and the
generation of the hydrogen species are reversible, which can be understood in terms
of a Langmuir isotherm. It can be assumed that the adsorption and desorption of both
reagents on the surface are reversible and rapid. Furthermore, the diffusion of the re-
actant to the surface of the AUNP can be regarded as very fast. Thus, some research
groups have suggested that the reduction of nitrophenol adsorbed on the surface of
AuNP by the hydrogen species is the rate-determining step of the catalytic reaction.
The desorption step of the catalytic cycle is also fast and cannot be counted in the
kinetic determining step. Meanwhile, the evaluation of the rate constant can be carried
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out according to the Langmiur-Hinshelwood model. By using the latter model, the ap-
parent kinetic constant rate constant, Kapp, is proportional to the total surface, S, of all
the AuNP. The kinetic constants kapp and ki can be described by the following Equation
2.2.

~

— KoJNe Q oY Equation 2.2
The Langmiur-Hinshelwood model implies that
— Y- — Equation 2.3

Where — and — describe the surface coverage of the NP by nitrophenol and

borohydride, respectively, and k is the rate constant of the surface reaction. This Equa-
tion 2.3 implies that "¥— is proportional to the number of nitrophenol molecules ad-
sorbed in the system and — describes the probability of finding a hydrogen specie
in the vicinity of a nitrophenol molecule. As an assumption in the Langmuir-Hinshel-
wood mechanism, the total number of molecules absorbed on the surface of the AUNP
does not affect the concentration of the species given in the solution. Therefore, the
change of the concentration of the solution is undetectable because of the adsorption

of the small molecules on the surface of the AuNP.

The induction time, for many cases, (Figure 2.22) can be measured during the reaction
using AuNP as the catalyst. Itis a time interval at the beginning of the catalytic reaction
where the decay of the peak at 400 nm is not apparent over time by adding the AuNP
catalyst. Although the 4-nitrophenol reduction has been widely studied in the past few
decades, the exact mechanism of the catalytic reaction is still contentious. Initially, Pal
described the induction time as a time for re-reduction of the surface of the AuNP, and
the induction time vanished under the nitrogen gas condition. Some other literature
points out that the induction time is the time for the diffusion of the reactants onto the
surface of the AuNP.113-115 However, Ballauff and co-workers demonstrated that the
induction period is not initiated by the diffusion of the reactants to the catalyst based
on the evaluation of the Damkdhler number. The work of Nereitina and coworkers re-
cently revealed that the content of the dissolved oxygen within the aqueous solution

plays an important role in the determination of the induction time.
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Figure 2.22. Typical time dependence of the 4-nitrophenolate ion absorption at 400

nm. The linear section is displayed by the blue portion of the line, from which kapp is

taken. The induction period to is marked with the black arrow, which is 20 s in this

case.?® Reprinted from reference 115 with permission.

According to previous kinetic studies, several parameters of AUNP are considered as
key factors determining the activity of AUNP, such as size, shape,'® crystallinity,'’
ligand packing, hydrophobicity, catalyst-reactant interactions, porosities of the nano-
composites.!® The catalytic reaction is also affected by the reaction conditions, such

as irradiation, dissolved oxygen and pH.

In addition to the factors mentioned above, aggregation of the AuNP during the reac-
tion also affects the catalytic activity dramatically. High surface areas of AUNP result
in high surface energy of the AuNP, which gives rise to their instability, and leads to
the aggregation of the AuNP during the catalytic reaction and reduces their catalytic
activity. Hence, the support is essential to ensure the long-term stability of AUNP and
the development of novel supports for them to prevent their aggregation and leaching
has become a hot topic in NP research. To date, AUNP immobilized on different sup-
ports catalyzing 4-nitrophenol reduction have been widely reported in the literature.
The support of AUNP can generally be categorized into 1) small molecules, such as
citrate and cetyltrimethylammonium bromide;18 11° 2) polymer and dentrimer such as
poly (ethylene glycol), polyvinylpyrrolidone, polyaniline, polyethyleneimine and polyvi-

nyl alcohol. 3) biological molecules and natural extract, such as peptide and protein; 4)
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carbon materials, such as carbon dot and carbon nanotube; 5) oxide metal or compo-
sites of two or three oxides, such as TiOz, Al203 FesOas; 6) metal and covalent organic
frameworks; and 7) silicon. Especially polymer nanocomposites, such as porous poly-
mer, polymer film and membrane, hydrogel, aerogel, sponge and nonwoven offer nu-

merous possibilities as support.11?

2.5 Electrospinning

The history of electrospinning dates back to 1600 and its concept was initially
introduced by William Gibert. Thereafter, electrospinning had been gradually
developed over several centuries. Remarkably, the production of fibers was recorded
by Chlarles V.Boys in 1887 through drawing from a viscous liquid with the help of an
external electric field. Dramatically significant developments have been realized in the
past few decades (Figure 2.23). In 2009, more than 1500 papers were published on
the topic of electrospinning. To date, electrospinning as a simple and easily controlled
technique has been commonly used in scientific research and industrial production.
The electrospinning process enables the fabrication of fibers with a diameter ranging

from several micrometers down to a nanometer or even below.

Donaldson Company Inc. produced and sold filters
comprised of electrospun fibers for air filtration

William Gilbert reported the formation of
a cone-shaped water droplet in the
presence of an external electric field

Charles Boys generated electrospun
fibers from a viscoelastic liquid

John Cooley and William Morton filed two
patents to describe a prototype of the setup
for electrospinning

Darrell Reneker and Gregory Rutledge
demonstrated that many different organic

Stephen Gray observed the r :
polymers could be electrospun into nanofibers

electrohydrodynamic atomization

of a water droplet

Abbé Nollet performed
the electrospraying
experiment during
which water could be
sprayed as an aerosol

Electrospun nancfibers were first
implemented for the development
of aerosol capturing air filters

Geoffrey Taylor reported
the formation of Taylor cone

Development of composite and ceramic
fibers, core-sheath and hollow fibers,
aligned fibers, and continuous yarns of fibers

Industrial production lines based on
multiple-needle electrospinning and
needleless electrospinning

, I
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Figure 2.23. A summary of the history of the electrospinning technique. (The
contribution from Anton Formhals, who issued at least 22 patents starting from 1931
until 1944 about electrospinning, is missing).1?° Reprinted from reference 120 with

permission.

The materials for electrospinning are normally natural and synthetic polymers
dissolved in solution or melt. Until now more than 100 different polymers have been
employed in electrospinning. In addition, small molecules can also be directly
investigated in electrospinning, if a stable electrified jet can be obtained by the
formation of the chain entanglement, such as amphiphiles and cyclodextrin derivatives.
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Even colloidal particles and the composites obtained by combing the sol-gel chemistry

have also been widely studied for electrospinning.

Polymer solutin

Capillary tip

/ Fiber formation

High voltage

Fiber mat
Counter electrode

Figure 2.24. A laboratory setup for an electrospinning experiment. The electrode was

arranged perpendicularly.'?* Reprinted from reference 121 with permission.

Figure 2.24 describes the basic setup for electrospinning. It consists of three main
parts: A high-voltage power supply, spinneret (normally hypodermic needle equipped
with a blunt tip) with a syringe pump and a conductive collector (metal screen plate,
rotator, etc.). The electrospun solution is normally held in a syringe and a constant flow
rate is applied and controlled by the syringe pump. During the electrospinning process,
a pendant droplet of the polymer solution at the nozzle of the spinneret is extruded and
held because of the surface tension. An external high voltage is then exerted to the
spinneret connected to a syringe containing a polymer solution and the changes are
built on the surface of the droplet. Once the electronic field is increased to a critical
value, the charge repulsion reaches a level that is strong enough to overcome the
surface tension. As a result, the liquid drop will be elongated and deformed into a so-

cal ITegyl &dir coned shape and the fine clafrge | e
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the Taylor cone and moves towards the grounded collector. Figure 2.25 describes the
3D trajectory of the jet that is caused by many instabilities. The initial trajectory of the
jet presents a nearly straight line at a certain distance from the spinneret, then the jet
bends into a whipping path. The jet undergoes an instable and whipping process before
reaching the collector, thus, the jet is stretched long and thinly. Meanwhile, the solvent
begins to evaporate immediately after the jet is formed. In the end, the jet is solidified

and the fibers formed are deposited on the collector.?1-125
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Figure 2.25. Schematic illustration displaying the path of an electrospun jet. Reprinted

from reference 126 with permission.12®

Many parameters have influences on the morphology and the diameter of the fibers,
such as the intrinsic properties of the polymer solution: Structure, molecule weight and
molecular weight distribution, melting point, glass-transition temperature, solubility of
the polymer, polymer concentration, viscoelasticity, surface tension and electronic
conductivity. The processing parameters and the ambient conditions also have an
impact, for example, the voltage appllied, flow rate of the polymer solution, the working

distance between the spinneret and the collector, the temperature and the humidity.
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Nowadays, electrospinning has been applied in various fields, such as shape memory,
self-cleaning and healing. Sensing applications have been developed depending on
its stimuli responsive properties. Electrospinning has also been widely adopted in
diverse filtration applications (air filtration, water treatment), benefiting from the large
surface-to-volume ratio, high porosity and high flux with effective adsorption. It has also
been tested in the fields of catalysis, energy harvesting, photonics and electronics due
to the large surface area, high porosity and high stability features. Furthermore, the
electrospun nanofibers have high potential in bio-applications, such as drug delivery,

scaffolds in tissue engineering, biomedical and wound healing.*?!

It is not the aim of this thesis to introduce every aspect of the applications of
electrospinning in detail. Therefore, only the incorporation of NP into the electropunk
nanofibers and their corresponding catalytic applications are highlighted. There are
generally several major strategies to incorporate the NP inside the electrospun
nanofibers or on their surface: Incorporation of the NP directly during the
electrospinning, pretreatment of the as-spun nanofibers, surface deposition of NP on
the surface of the electrospun fibers, in situ synthesis and hydrothermal treatment. The
simplest preparation method of NP-decorated fibers is immersing the as-spun fibers in
the NP solution. The NP can absorb on the fiber surface by electrostatic force,
hydrogen bonding or chemical binding. They can be attached on the surface via the in
situ reduction method. The electrospun nonwoven is immersed in the precursor
solution and the precursor of the NP is stabilized on the surface of the nonwoven. With
the help of reductive agents, the NP form on the surface. This method can yield a
uniform distribution of NP on the surface of nanofibers.

2.6 Wet-laid process

The fabrication of wet-laid nonwovens is derived from the paper-making technology.
Wet-laid nonwoven differs from wet-laid papers, and is defined by EDANA as nonwo-
ven if more than 50% by mass of its fibrous content is made up of fibers (excluding
chemically-digested vegetable fibers) with a length to diameter ratio greater than 300,
or more than 30% fiber content for materials with a density less than 0.4 g/cm3.1?” The
manufacturing of the nonwovens via the wet-laid process requires a large amount of
solvent in order to obtain homogenous dispersion of fibers. The preparation of wet-laid

nonwoven can be achieved by the following steps: Stable dispersion of the fibers in
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solution, formation of a web on a fine mesh screen via filtration and bonding of the
fibers within the web.12 The polyacrylonitrile (PAN)/ p o | -gapralactone) (PCL)/ silver
nanowire (AgNW) nonwovens, for example, were prepared via the wet-laid process
and are illustrated in Figure 2.26. It should be noted that the preparation of the uni-
formed distribution of fibers in the solution in advance plays a crucial role in the fabri-
cation of homogenous wet-laid nonwovens.'?® The fabrication of nonwovens via the
wet-laid process generally has several advantages over the other procedures, such as
the viability of the pore size of the nonwovens, flexibility of the blending of different
kinds of fibers and other materials, low energy consumption, easy large-scale fabrica-
tions and higher industrial application potential.*?° In addition, one or more layers of
membrane materials, woven materials, plastic or metal materials can be used as sup-
porters. Consequently, the properties and the application range of the wet-laid nonwo-
ven can be broadened.’®® The wet-laid nonwovens have a great potential in fields
such as battery separation,3° filtration, high-temperature insulation, fire protection and
medical wipes. Among them, glass fiber, the most common reinforcement material in
the composites market, has been widely fabricated and studied regarding usage in the
wet-laid process. The homogenous dispersion of glass fibers in aqueous solution al-
ways require the addition of a surfactant, to overcome the intrinsic hydrophobicity of
the fibers.13! Polypropylene, polyethylene polyester, aramid, carbon, and regenerated

cellulose fibers have also been widely used in wet-laid nonwoven manufacture.32-134

Previous work in our group also provided a new perspective on the preparation of nan-
ofiber nonwovens. (Figure 2.27) It was demonstrated that they can be prepared by the
combination of the electrospinning technique and the wet-laid process. Wet-laid
nonwovens can be obtained by filtrating the dispersion of the shot cut electrospun fi-
bers on the filtration substrates. The product provided similar properties in aerosol fil-
tration compared with nonwovens obtained by the electrospinning. This method can
provide advantages such as the controlled thickness and large-scale fabrication (Fig-
ure 2.27). In addition, the nonwovens can also be mixed with other materials, such as

inorganic NP, polymers, supramolecules, and surfactants.
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Figure 2.26. Preparation procedure of PAN/PCL/AgNW nonwovens via the wet-laid
process and the nonwoven morphology.*®> Reprinted from reference 135 with permis-

sion.

Syringe .
Electrospun fiber Filter B from
mat (filter A) short fibers

Polymer
solution

Cutting .
1 of fibers T Drying

Collector Blender

Figure 2.27. Schematic displaying of the preparation of nonwoven to be used in filtra-
tion applications by electrospinning directly (A) and by short nanofiber filtration from

suspension (B).1% Reprinted from reference 136 with permission.

2.7 Fabrication of sponge

The 3D materials such as cork, wood, bamboo and corals, as can be found in nature,
consist of cellular structures. The latter comprise either open or closed cell forms or
both. Numerous efforts have been made to design synthetic 3D materials. Two repre-
sentative materials used in industry and daily life currently are polystyrene and polyu-

rethane foams, each with a closed cellular structure (Figure 2.28). Another main type
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of material containing a cellular structure is aerogel. However, the definition of the aer-
ogel is still controversial. This type of material typically has extremely high porosities
and large surface to volume ratios. The aerogel is defined by the Union of Pure and
Applied Chemistry as a fimicroporous solid in which the dispersed phase is a gasa
There is currently no clear definition of aerogels and sponges which can distinguish
them. This is an aspect regarding sponges that will also be introduced in the following
part.

The 3D composite materials with multistage pore structures have become a hot re-
search topic recently and been extensively studied worldwide. As a family of 3D porous
materials consisting of open cellular structures (Figure 2.28), investigation of sponges
based on short electrospun fibers was initiated by the Ding research group and our
group simultaneously. Thereatfter, this technique opened the door to the preparation of
3D interconnected networks presenting open porous structures with electrospinning.
Many potential applications of this novel type of sponge have also emerged. The 3D
structure of sponges typically consists of large pores with a diameter up to a hundred
micrometers and small pores with a diameter of several nanometers. Sponges can
provide excellent reversibly, elasticity and toughness, ultralow density with excellent
porosity (up to 99.99%), large specific surface area, ultralow thermal conductivity and
a large capacity of fluid uptake.'3”- 138 Moreover, the properties of the sponges can be
easily adjusted by varying the composites, solvent, density, shape and the processing
steps of creating the sponges to satisfy different needs. The preparation of sponges,
for example, with ultralight and soft properties via self-assembly of the short fibers was

first reported by our group. (Figure 2.29)

Figure 2.28. (a) open and (b) closed cellular structures. Pores are represented by gray

spots.13% Reprinted from reference 139 with permission.
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The processing procedure involves the nonwoven being cut into short nanofibers,
which are regarded as the one-dimensional building block and freeze-drying of the
homogeneous dispersion of those fibers. The mechanically stable 3D structure can be
obtained by chemical or physical crosslinking, such as chemical annealing, photo-

crosslinking and thermal annealing of the entangled fibers.

(C) —200 pnt

Figure 2.29. An ultra-light sponge that is composed of short electrospun fibers. (a) The
mechanical flexibility of the sponges is demonstrated. (b) The sponge is placed on a
feather. (c) and (d) SEM images showing pore morphology of the sponge at different

magnifications.'#? Reprinted from reference 142 with permission.

The sponges can be used in a wide range of applications, such as a catalyst carrier,
tissue engineering, insulation materials, sound absorption, electronics, energy harvest-

ing, oil-water separation, electricity conduction and an actuator.
2.8 Self-assembly of BTA

Benzene-1,3,5-tricarboxamide!*?, is an interesting and well-studied supramolecular
building block.*! It was first documented in 1915 by Curtius,*#? and has been widely
adopted to date.'*3 The basic structure of BTA contains three N-centered or three C=0-
centered amides bonded to a benzene ring (Figure 2.30). The formation of supra-
molecules can be achieved by threefold hydrogen bonding between the amides and
results in one dimensional stacks with a helical character under certain conditions (Fig-

ure 2.31), which were driven by the mechanism of the cooperative self-assembly.144
33



147 Many deviations of the position of R-groups on the BTA structures have been doc-
umented in the last decade, such as alkyl, aryl, pyridyl, bipyridyl, porphyrinyl and tri-
phenylyl. The solvent, processing conditions, variant of the amide units and their con-
centration all play important roles in the self-assembly process and have an impact on
the properties and suitable applications of the BTA molecules. The BTAs, for example,
containing long alkyl chain present liquid crystalline properties. They can be used to
obtain different functional materials depending on the variation of the side chain (R).
Such examples include hydrogels, organogelators, metallogels, porous organic mate-

rials, microcapsules and MRI contrast agents.#® (Figure 2.32)

- WO R._O
N @)

I:l
R _N N R
0 o T
H O

Hs o OYN\H

h
R

Figure 2.30. General structures of C=0O (left) and N-centred (right) benzene-
1,3,5,tricarboxamide (BTA) molecules.'*® Reprinted from reference 149 with
permission.
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Figure 2.31. Schematic representation of benzene-1,3,5-tricarboxamide self-

assembly into helical one-dimensional aggregates, which are stabilized by threefold

intermolecular H-bonding.'*° Reprinted from reference 150 with permission.
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Figure 2.32. A generalized view of BTA molecules possessing different substituents
that are found in various applications in different research fields.'*° Adapted from

reference 149 with permission.

The fabrication of nanofibers has been attracting increasing attention in the past few
years. Extensive research has been conducted as nanofibers possess the following
advantages: (1) Facile fabrication conditions; (2) large-scale fabrication; (3) controlled
responsivity with temperature, pH and other parameters; (4) reversibility and (5)
outstanding mechanical properties. Thus, the supramolecular-based nanofibers show
great potential in filter media, drug delivery and release, selective cell migration and
adsorbent and catalyst support.1>! The self-assembly of BTA molecules into nanofibers
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are normally carried out by a bottom-up method.5-1%5 The Schmidt group, for example,
described (Figure 2.33) that the formation of nanofibers can be achieved inside
nonwoven. This procedure can be performed by immersing the nonwoven in the
supramolecule solution at a high temperature, which ensures that the supramolecular
motifs are totally dissolved. After the nonwoven was dragged out and evaporation of

the solvent, the self-assembly nanofibers formed within the nonwoven.

Figure 2.33. schematic representation of the in-situ supramocular nanofibers
formation by self-assembly, which yields microfiber-nanofiber composites. Blue fibers:
nonwoven scaffold; red fibers: supramolecular nanofibers; blue dots: solvent; red dots:
dissolved supramolecular building units.*®> Reprinted from reference 155 with

permission.
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3 Aim and Concept

Despite the fact that AUNP have been widely studied in the past few years because of
their high potential in the field of catalysis and biology, vast areas still remain unex-
plored. This thesis focuses on the study and designing of AUNP conjugates for catalytic
and photobiological applications. Firstly, efforts were devoted to figuring out the influ-
ence of the size of AUNP on the catalytic reactions. The work is continued by a study
of the design of excellent carriers for AUNP. Furthermore, investigation into the photo-
biological directed assembly of AUNP has been performed and is presented in the the-
sis. The thesis is accordingly divided into four parts in which more details about the

respective work are described and discussed.

1. A consensus in this research field is that smaller AUNP present higher catalytic ac-
tivities than the bigger particles as they possess higher surface areas. However, very
few researchers have studied the influence of the size of AUNP on the nitrophenol
reductive reaction when the total surface of AUNP is kept the same. It is reasonable to
predict that the total surface area is not the only dominating factor affecting the catalytic
behavior. Hence, the aim of this part of the work is to shed more light on this scientific
guestion, offering novel insights into the understanding of the catalytic reaction and

making contributions to figuring out how to improve the catalyst activity.

2. In order to build on the first work mentioned previously, applications of AUNP cata-
lysts were further investigated after the fundamental study. Despite the fact that various
types of AuUNP carriers have been developed in the past years, the design of novel
carriers to stabilize AUNP with high catalytic activities without aggregation and leaching
still remains a challenging task. New composites combining electrospun nonwoven
with functionalized self-assembly nanofibers to stabilize the AUNP were studied in this
project work. The ultimate goal is to yield high catalytic activity, reusability without

leaching and aggregation even with extremely small AUNP with this framework.

3. Itis well-known that the nonwoven bears some intrinsic drawbacks, for example, low
porosity and long-term stability in the separation of the metal NP which hinder the effi-
cient utilization of a wide variety of AUNP in the carrier and the efficiency of the sepa-
ration of the AuNP. Inspired by the previous work, sponge was evaluated as it has

higher surface to volume ratio than nonwoven. To the best of our knowledge, this is
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the first time that sponge containing self-assembly nanofibers and short electrospun
fibers have been developed. Thus, the primary aim of this project work is to develop
mechanically stable sponge-type material containing the functionalized self-assembly
nanofibers and electrospun fibers and study its properties. Based on the findings, ex-
ploration of their application potential in catalysis and filtration have also been per-

formed.

4. It has already been demonstrated by several research groups that photoreceptor
proteins undergo molecular responses to light under mild reaction conditions. In order
to pioneer this property in material science, one project was done attempting to utilize
and conjugate the light-induced homodimerization of light-oxygen-voltage (LOV) pho-
toreceptors with AUNP. The assembly of AUNP can be achieved through the light-re-
sponsive photoreceptor. The ultimate goal of this work is to establish a new concept
for reaction control from biology to macromolecular chemistry and extend the applica-

tion scope of AUNP conjugated with genetically encoded light-responsive proteins.
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4 Results and Discussion

4.1 Size-dependent AuNP catalytic behavior in 4-nitrophenol reduc-

tion

This work aims to study the influence of the size of the AuNP on their catalytic behavior.
The nitrophenol reduction, which has been frequently studied in the past decades, was
selected as the model reaction for this purpose. Previous studies have proven that the
size, shape, chemical composition and ligand on the surface of the AuNP all have
significant influences on their catalytic activities. However, the studies on the effects of
the size of the AUNP on its catalytic behavior were normally based on the same amount
of gold.*®% 157 To the best of our knowledge, only very a few studies have investigated
the effect of the size of the AUNP on the condition that the total surface area of the
AUNP was kept the same in the colloidal solution.1%8 159 Therefore, in this work, we
adopted this precondition and AuNP of different sizes were investigated in nitrophenol
reduction, to determine the apparent reaction rates of the nitrophenol reduction with
AuNP catalysts. The AuNP with citrate and PVP capping ligand of different sizes were
prepared and characterized, to study the effect of the average diameter of the AuNP

on the catalytic reactivity.

Table 4.1.1. The preparation and the characterization of the AuNP of different sizes.

Vol ume Zet a

, albl TE g DL @
citrate ( ) ( ) ( ) Pot e il

- nm nm nm
(OL) ( mV)
1 37 %0 518 9.8 N 1 4N1.6 335N 3.
2 650 519 16.9 K 18N84€. -36.2 K
3 438 520 19.68K 22.5 N -335N 0.
4 375 58 35 N8.3 36.3 N -445N 4.
5 313 528 42.1 K 41.0 N -32.N40.
6 250 538 58. I N 52.9 N -3008 0.




[a] The concentratonof HAu Qls 13M.* 10

[ b] @& r e pwaeekmyih tvhere thdineaximal UV-Vis absorption of the Ct@AuNP
colloidal dispersion appears.

[c] The average diameter of the AUNP was determined by TEM with at least 100 AuUNP
counted.

[d] The error was estimated error for the mean value. (Three measurements were taken

into account)
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4.1.1 Preparation of the Ct@AuNP and PVP@AUNP

The preparation of the AuNP of different sizes followed the traditional Frens method
with small modifications. The AuNP of different sizes (10 T 58 nm) were synthesized
by varying the ratio between the trisodium citrate and the chloroauric acid (HAuCls),
while the concentration of the HAuCIs was fixed at 0.25*10* M for all the procedures
except the synthesis of the 10 nm AuNP (Table 4.1). The concentration of the HAuCl4

was particularly tuned to 1.0* 1-30M for the preparation of the 10 nm AuNP. As is widely
40



known, the ligand on the surface of the AuNP also affects its catalytic performance.

Thus, the synthetic method used to prepare the AuNP in this study can effectively

eliminate the influence of the ligand on the catalytic behavior of the AuNP of different

sizes. In addition, an excessive amount of trisodium citrate was employed in the syn-

thetic procedure to exclude the influence of the residual HAuCls on the catalytic reac-

tion.

4.1.2 Characterization of the Ct@AuNP and PVP@AuUNP

The results indicated that the size of the Ct@AuNP presented a decrease with an in-

crease of the ratio between trisodium citrate and HAuCl4, which can be observed via

transmission electron microscopy (Figure 4.1.1). The size distribution of the Ct@AuNP

was shown in Figure 4.1.2.
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41. 1The i998® nm PVP@AuNP wat hlgirgeapnadr eedx chhyange me
agueous solamimbmemndemnondi tion from thkRke corr e
evaation results of the morphol ogy and the
shown i mM.Bi.gmpkey that the PVP@ AuNP has kept
si ze di stribution as Thesecoserisponadif ngt hAeu NI
i nvestigated in the | ater cavailigtitbeapmphil oa
unreacted gold and cit bathea vwif iogaredl A@MNWBitVei e c a-
anal ysigs panecanntailaylssi s wer e vear fygedcheesustf utlo | i ¢
exchahgepresents a slight red shidi sosptelte rm
of the AuNP after the | igand exchange. The |
mol ecul art haei gthhte citr at e qvmeirkheecpuwoltee.nt Mal s 0
PVP@AUNP of different sizes are in the range of -25.4 to -37.5 mV, due to the
interaction of the PVP molecules with the su
PVP@AUNP present a slight decrease in comparison to Ct@AuNP with the same size

(Table 4.1.2). This is generally in a good agreement with what has been reported in

the literature.1®! In addition, another piece of solid evidence proving the successful

ligand exchange of the Ct@AuNP and PVP@AUNP comes from the examination of

the stability of the colloidal dispersion by adding a large amount of sodium chloride,

which could initiate the aggregation of the Ct@AuUNP.'%? Nevertheless, the
PVP@AUNP will present good stability under the same condition. Hence, the

significant red shift of the UV-Vis absorption spectra can be observed with the

Ct@AuUNP of different sizes after the investigation of 0.3 M sodium chloride (Figure

4.1.4), whereas the UV-Vis spectra of the PVP@AUNP of different sizes remained the

same before and after the addition of a same amount of sodium chloride (Figure 4.1.5).
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Table 4.1.2. Experimental details of the preparation of the PVP@AUNP and their

characterizations.
Entry Si ze alal albl ZetPot efflt i a
(nm) ( nm) ( nm) ( mV)
1 9.8 K 521 520 297N 1.5
2 16.9 K 520 520 271N 0. 9
3 19. 68N 523 523 375N 2. 4
4 35 N8. 3 528 528 25N40. 21
5 42.1 N 530 530 294N 0. 2
6 58. 7. N 539 5309 270 1.2
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[a] The wavelength where the maximal UV-Vis absorption peak of the PVP@AUNP
colloidal dispersion is.

[b] The wavelength where the maximal UV-Vis absorption peak of the PVP@AuUNP
colloidal dispersion after the addition of 1 mL 0.3 M NaCl aqueous solution.

[c] The error was estimated error for the mean value. (Three measurements were taken

into account.)
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I n our work, the evaluation of the tot
roleomparing the apparent catalytic re
T h éollowing equations were used for the calculation of the total surface area and
deducing how the total surface area can be kept the same (Figure 4.1.6). This work is
based on the assumption that both the small and the big AUNP match the spherical
model and were investigated in the catalytic solution with the equal total areas.
However, the shape of the AuUNP will deviate on average from the spherical shape with
an increasing size. Thus, the small-angle x-ray scattering (SAXS) as a volume-
sensitive technique was performed to evaluate the average size of the AuNP (Figure
4.1.7). Herein, a concentrated 10 nm PVP@AUNP and a diluted 42 nm AuNP were
selected to be measured. The experimental data of both colloidal dispersions can be
modeled by a spherical NP with a Gaussian distribution. Herein, the radius of the small
NP (10 nm PVP@AUNP evaluated by TEM) was determined by SAXS and has a value
of 5.6 + 0.5 nm, and the radius of the big NP (42 nm PVP@AuUNP by TEM) was
determined by SAXS to be 15.8 = 2.4 nm. Hence, the assumption of the spherical
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model of AuNP is adequate enough for the calculation of total surface area (Figure

4.1.6).

Stotall= Stotal2 S: surface area

N14" r1?2 = N24" r2? N1: the number of the AUNP-1
N1 di>=Nz2"d 2 N2: the number of the AUNP-2
m1 = Ni"v1 ri: the radius of the AuNP-1
m2 = N2" v2 r2: the radius of the AuNP-2

If m1is known di: the diameter of the AuNP-1
ma=1 — d2: the diameter of the AUNP-2

vi: the volume of single AuNP-1
v2: the volume of the AUNP-2
Figure 4.1.6. The procedure for the calculation of total surface areas of the AuUNP

investigated in the catalytic reaction.
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Figure 4.1.7. (a) PVP@AUNP dispersion measured by small angle X-ray scattering

(SAXS). a, 10 nm AuNP in main text with average diameters dtem= 9.8 £ 0.9 nm; b,
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42 nm AuNP in main text with average diameters dtem = 42.1 =+ 7.8 nm. The polydis-
perse non-interacting hard spheres model was used to fit the experimental data (sym-
bols) in SAXS with a Gaussian distribution and Radius R (solid lines, index SAXS). For
the small and bigger AuNP, the results are Rsaxs = 5.6 = 0.5 nm and Rsaxs = 15.8
2.4 nm, respectively. The error in SAXS stands for the standard deviation of the Gauss-
ian particle distribution. What should be noted here is that the Au core strongly domi-
nates the scattering intensity 1(q), as the contrast of the stabilizing PVP ligand is low
(excess electron densities: ca. 4300 nm for Au, ca. 330 nm2 for PVP). In another
word, the patrticle size determined corresponds largely to the core size. (b) This simple
model can be used to describe the diluted dispersion of the 42nm AuNP very well. For
the small AuNPs derivations are noticed at low g, which might be explained by inter-
particular interactions. As this dispersion has a much higher concentration and the
likelihood of inter-particular interactions are higher, the stick hard spheres model'®3is
used to describe the data more accurately (dashed lines in Figure 4.1.7a). This model
has the inter-particle structure factor of a hard sphere fluid included, together with a

narrow attractive potential well.

The interaction potential U(r) is given by 7Y m ¢Y Y, where o
Yho Qo 0 QQ¢

of the square well and Uo the depth in units of kT (k Boltzmann constant, T

temperature). The interaction strength

perturbation parameter t which are connected to Uo by R

and t Ly The

calculation shown in Figure 4.1.7a (dashed line) is done with dsaxs = 11.2 £ 1.0 nm
(Gaussian distri bdt 0.0 WAdaptith frem réferedce 168 mith

permission.

4.1.3 Catalytic Study of Ct@AuUNP and PVP@AUNP for 4-nitrophenol reduction

I n this sntiudyophtehneol4 reducti on was chosen
i¢ta@ashéytr ack-¥Fids buwndlevr ambsweintth ocuotn daintyi osni d e

Further mor e, this mo d e | reduction has

which can be of great help Iin the eval
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highlights the influence onfi pthheenodi zzee dafctt loe
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Figure 4.1.8. (a) The change of the maximal absorption in the UV-Vis spectra of the
reduction of nitrophenol by sodium borohydride over time using 10 nm Ct@AuNP as
the catalyst. (b) The first-order linear fitting of the nitrophenol reduction, and the
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apparent reaction rate constant (kapp) obtained from the linear fit.! ® %Adaption from

reference 160 with permission.
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constalmtu s, the catalytic reacti on, for the
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Table 4.1.3. Rate constant values (ktem) observed employing citrate and PVP@AUNP
catalysts of different sizes and the mass of gold in the AuNP colloidal solution used in

the catalytic reaction.

Size mlal kremLP] krem!®

(nm) (Hg) (mint) (min-t)
9.8 N 0 0.26 0.03 + 0.006 0.052 £ 0.016
16.9 KN 0.44 0.054 £ 0.017 0.063 £ 0.005
19. 68K 0.51 0.063 £+ 0.006 0.081 +£0.019
35 N8. 3 0.92 0.083 £ 0.010 0.088 = 0.006
42.1 N 1.10 0.092 + 0.008 0.097 £ 0.006
58. . W 1.53 0.10 0.11 + 0.022

[a] The mass of gold was determined by ICP-OES.
[b] Ct@AuUNP was investigated in the catalytic reaction.

[c] PYP@AUNP was investigated in the catalytic reaction.

The AuNP of six different sizes with a citrate or PVP ligand were investigated in the 4-
nitrophenol reduction under the same conditions. The effect of the AuUNP particle size
was studied by tuning the amounts of Ct@AuUNP and PVP@AUuUNP of different sizes to
keep the AuNP total surface area constant. Figure 4.1.9 displays the plot of the In(A/Ao)
of the reaction catalyzed by Ct@AuNP of different sizes over time, and the apparent
reaction rate constant can be estimated as the slope of the linear correction of In(A/Ao)

over time (results were summarized in Table 4.1.3). Herein, the highest catalytic
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reaction rate constant was achieved by using 58 nm Ct@AuNP as the catalyst (ktem =
0.10 min't). On the contrary, 10 nm Ct@AuNP presented the lowest apparent reaction
rate constant for the 4-nitrophenol reduction (ktem=0.03 min't). These results indicated
that the apparent reaction rate constant of 4-nitrophenol gradually increased with the
increasing size of the Ct@AuNP (Figure 4.1.10) if the total surface area of the AUNP
of different sizes was kept the same. The Ct@AuNP of larger diameters presented

better catalytic performance than those of smaller diameters.

0.2
0.0
-0.2"
-0.4"
-0.6"

In(AJA,)

-0.87 M
-1.0 4

1.2
1.4

f

2 4 6 8 10 12

Time (min)

Figure 4.1.9. First-order linear fitting of the In(A/Ao) over time of 4-nitrophenol reduction
by investigating Ct@AuNP ranged from 10 to 58 nm.* & Adaption from reference 160

with permission.
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Figure 4.1.10. The apparent rate constants (ktem) with standard deviations of the 4-
nitrophenol reduction reaction by investigating Ct@AuNP of different sizes (10 to 58

nm).! & Adaption from reference 160 with permission.
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Figure 4.1.11. First-order linear fitting of the In(A/Ao) over time of 4-nitrophenol
reduction by investigating PVP@AUNP ranged from 10 to 58 nm.! ¢ Adaption from

reference 160 with permission.
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The PVP@AUNP was prepared via place ligand exchange method from the original
Ct@AuUNP in agueous dispersion to exclude the influence of the ligand and unreacted
gold on the catalytic behavior of the AUNP catalyst. The dispersion of the PVP@AuUNP
was then investigated in 4-nitrophenol reduction under exactly the same conditions as
the Ct@AuUNP catalyst. The 4-nitrophenol reduction reaction catalyzed by PVP@AUNP
ranging from 10 to 42 nm has a characteristic induction period during which no reaction
takes place (Figure 4.1.11). The apparent reaction rate constant can be evaluated by
linear fitting of the In(A/Ao) of the reaction catalyzed by 10 to 58 nm PVP@AuUNP versus
time. After the induction time, the apparent reaction rate constant presents an
increasing trend with an increasing size of the AUNP (Table 4.1.3 and Figure 4.1.12).
The highest ktem value (0.11 min't) was reached by investigating 58 nm PVP@AuUNP
as the catalyst, while the lowest ktem value (0.052 min-) was obtained by using the 10
nm PVP@AUNP as the catalyst. The total surface area of the PVP@AUNP for all the
catalytic reactions was kept the same by varying the amount of gold used in the
reaction. The results indicated that a bigger PVP@AUNP presented higher catalytic
activities than a smaller one in the range of 10 to 58 nm (Figure 4.1.12). Thus, the
PVP@AUNP as the catalyst has a similar tendency to that of Ct@AuUNP. The apparent
reaction rate constant presented an increase with the increasing size of Ct@AuNP and
PVP@AUNP.

0.02 +—1/———"—7m"+—"7"—""—"7—""—"7—""
10 20 30 40 50 60

Size (nm)
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Figure 4.1.12. The apparent rate constants (ktem ) with standard deviations of the 4-
nitrophenol reduction reaction by investigating PVP@AUNP of different sizes (10 to 58

nm).! & Adaption from reference 160 with permission.

Table 4.1.4. Rate constant values observed by investigating Ct@AuNP and
PVP@AUNP as the catalysts with size evaluation by SAXS.

Sizeld m o] ksaxsl®! ksaxsld]
(nm) (1g) (min't) (min't)
31.6 nm 0.83 0.073 = 0.009 0081N 0. 00:

[a] The size (diameter) of PVP@AUNP was determined by SAXS measurement.
[b] The mass of gold was determined by ICP-OES.
[c] Ct@AuNP were investigated in the catalytic reaction.

[d] PVP@AUNP were investigated in the catalytic reaction.

As has been discussed before, the catalytic reaction was carried out in another way,
namely, with the total surface area calculated based on the diameter determined by
SAXS. The apparent reaction rate constant was evaluated by the aforementioned
method. The ksaxs value reached 0.073 + 0.009 min? for the 32 nm Ct@AuNP
(determined by SAXS) and 0.081+ 0.009 min? for the corresponding PVP@AUNP
(Table 4.1.4). Therefore, the catalytic reaction rate achieved using bigger AuNP is
higher than that from using the smaller AUNP. It can be deduced that the value of ksaxs
is in the same range as the krewm. It can be concluded that the spherical model is suitable
for inserting the equation for calculating the total surface area (Figure 4.1.6), to obtain

an average value of the catalytic reaction rate constant.

The effect of the surface area has been very well studied and reported in many
published articles. The surface area is generally regarded as the dominating factor of
the catalytic activity. The AuUNP with higher total surface areas in the system present
higher catalytic activity, thus, leading to a higher catalytic reaction rate. The total
surface area was kept constant for all AUNP of different sizes in this work. The results
indicated that the catalytic reaction rate does not only depend on the surface area but

also on the size of the particles. The bigger AuNP offers higher catalytic activity than

54



the smaller ones when the total surface area is kept the same. Three different plausible
causes to explain these results are discussed in the following part: the defect on the
surface of the AuNP (crystalline structure of the surface of the AuNP), the diffusion of
the reactants to the catalytic surface, and the ligand density on the surface of the AuNP.

The high resolution of TEM was performed to investigate how the catalytic behavior of
the AuNP is influenced by their surface morphology. (Figure 4.1.13) Herein, the 10 and
42 nm Ct@AuUNP were selected as the representatives to study their crystal structures.
The selected area diffraction (SAED) patterns of both 10 and 42 nm Ct@AuNP present
the characteristic polycrystalline features (Figure 4.1.14 and 4.1.15). However,
apparent differences can still be observed among individual Ct@AuNP (Figure 4.1.13).
In detail, there is either single crystalline or polycrystalline structure for 10 nm
Ct@AuUNP (Figure 4.1.13 b and d). The 42 nm Ct@AuNP contains a polycrystalline
structure proven by the HR-TEM (Figure 4.1.13f). In addition, amorphous regions seem
to be contained within the surface of the AuNP. However, previous studies have
already proven that the AuNP normally can form crystalline structures. Therefore, it
can be assumed that the amorphous regions (Figure 4.1.13f) were contributed by the
different crystallographic planes. Figure 4.1.13f also indicated that 42 nm Ct@AuNP
has more defects between the different crystalline domains. Defects of this type might
be the twin boundary, grain boundary, edge dislocation, screw dislocation, stepped
surface, kink or island.'®* In summary, the bigger AuUNP are expected to contain more

defects than the smaller AUNP as a result of the synthetic method.
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Figure 4.1.13. (a) TEM image of the 10 nm Ct@AuNP with a single crystalline
structure. (b) HR-TEM image of the 10 nm Ct@AuNP. (c) HR-TEM image of the 10 nm
Ct@AuUNP containing a polycrystalline structure. (d) HR-TEM image of the 10 nm
Ct@AuUNP with a polycrystalline structure. (e) TEM image of the 42 nm Ct@AuNP (f)
HR-TEM image of the 42 nm Ct@AuNP with polycrystalline and amorphous

structures.! ® Adaption from reference 160 with permission.
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Figure 4.1.14. SAED patterns of 10 nm Ct@AuNP.! ¢ A\daption from reference 160

with permission.

Figure 4.1.15. SAED patterns of 42 nm Ct@AuNP.! ¢ A\daption from reference 160

with permission.

Au NP
(10 nm)

Au NP
(42 nm)

Limited catalytic activity

Catalytic Reaction

Catalytic Reaction

Figure 4.1.16. lllustration of the plausible mechanism of 42 nm AuNP processing

higher catalytic activity than 10 nm AuNP.! ® Adaption from reference 160 with permis-

sion.
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The 10 nm and 42 nm AuNP that are different in their crystallinity degrees might be the
core factor influencing their catalytic performance in the nitrophenol reduction. An il-
lustration (Figure 4.1.16) will yield the hypothesis to explain the influence of the defects
on the catalytic behavior of the AUNP of 10 and 42 nm in detail. It was described that
the 10 nm AuNP contains both single crystalline and polycrystalline structures. By con-
trast, the 42 nm AuNP possesses a polycrystalline and distortional structure. These
types of structures indicated that the bigger NP has more defects than the smaller one.
A lot of literature has already suggested that the defects on the surface of the NP can
ease the association and dissociation of the reagents on the surface of the NP, and
can also facilitate the attachment of the active species of the catalytic reactions onto
the surface of the NP.165167 |n addition, it can also be assumed that the defects on the
surface of the AuNP are inclined to leach gold atoms to the catalytic solution, which
can be useful for catalyzing the nitrophenol reduction. Hence, the defects of the bigger
AuNP can be the key factor leading to the higher catalytic activity than the smaller
AUNP.

The simulation work was solely done by Gabriel Sitaru and is described here for the

sake of the completement of this thesis.
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Figure 4.1.17. (a) lllustration of the product species concentrations for the scenario of

small spheres at — 1@&1 p Low and high concentrations are represented by blue

and red lines, respectively. (b) In contrast to the experimental findings, It is suggested

by our diffusion-reaction model that very similar catalytic activities are exhibited by
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small and large particles. Thus, surface-modified diffusion is not an possible
explanation for the experimental findings.! ¢ °Adaption from reference 160 with

permission.

Another reason why larger NP possess higher catalytic activity might be that the reac-
tant diffusion in the vicinity of the surface of AUNP is modified. The time that a molecule
stays close to the surface of AUNP is extended. To verify if this assumption stands, a
computational algorithm was employed, together with a Lattice-Boltzmann scheme, in
order to solve with the convection-diffusion-equation (see Methods). To perform this
simulation, either one big or two small AUNP are set to be contained in a periodic box,
and the box is surrounded by reactant species A (nitrophenol) solution with a homog-
enous concentration initially. NaBHa4 investigated is in excessive amount in comparison
with nitrophenol, just like in the experiment. Therefore, a first-order reaction from nitro-
phenol (A) to aminophenol (B) was set to occur whenever the reactant reaches the
close territory of the AuNP. Either one large or two small NP that are placed in a peri-
odic box was compared with two simulation scenarios. The selection of the radius of
NP yielded the same total surface area for both cases. Figure 4.1.17a displays a snap-

shot of the latter simulation.

1.0

(a) (b)

— O-B -

0.6

C/Cpax

0.4

0.2

Large catalytic particles
—— Small catalytic particles

0.0

T T T T
0.0 0.2 0.4 0.6 0.8 1.0
t/t

max

Figure 4.1.18. (a) Illustration of the product concentration if hydrodynamic advection
is included (flow direction from left to right) in addition to reaction and diffusion. (b)
However, the resulting catalytic activity is virtually not influenced.?  Adaption from

reference 160 with permission.
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The reaction progress was illustrated in Figure 4.1.17b for both scenarios. In the sim-
ulation, the reaction rate showed no dependency on the size of AUNP, which is clearly
the opposite to the experimental findings. An additional hydrodynamic flow in the ex-
periment that corresponds to stirring applied did not have any influence on the results,
which is shown in Figure 4.1.18. Further study was performed to study whether the
surface of AUNP has an influence on the diffusion coefficients of the reactant molecules
or not. What is known from literature is that molecule diffusion can be slowed down by
an increasing hydrodynamic resistance and an anisotropy is induced in the system.
This means perpendicular diffusion to the surface is more obstructed in comparison
with lateral diffusion. Therefore, a particle model (see Methods) taking into considera-
tion the anisotropic surface-modified diffusion was adopted to evaluate this effect. 168
169 However, it can be seen in Figure 4.1.19 that the effects on the overall reaction
efficiency are practically no different for the small and large NP. As a conclusion of this
theoretical study, reactant diffusion modified by the surface near the NP cannot be the
cause of the experimentally observed enhanced catalytic performance of the larger
AUNP.

C/C,

0.4 4

Large, anisotropic diffusion

Large, isotropic diffusion

0.2 —— Small, anisotropic diffusion
—— Small, isotropic diffusion

0-0 T T T T I
0.0 0.2 0.4 0.6 0.8 1.0

t/t

max

Figure 4.1.19. Reaction progress in the simple particle model with isotropic,
homogeneous diffusion (red and blue curves), and reaction progress in a more

complex particle model that has the anisotropic, non-homogeneous surface-modified
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diffusion coefficients (cyan and brown curves) accounted for. In all cases, the reaction
progress is very similar. Thus, the conclusion in the main text that even a complex
surface-modified diffusion scenario is not a possible explanation for the enhanced
catalytic activity experimentally observed for the large particles is underlined.! 6 ¢

Adaption from reference 160 with permission.
Methods: Lattice-Boltzmann

For the reactant () and product (&) concentrations, the time- and space-dependent

convection-diffusion-reaction (CDR) equations were solved as follows:
1o &

e
T @b

e

O oo Vot odad @ v o

e @ Yol oad @D ao) o

'O stands for the diffusion coefficient; ¥ @ represents the external convection velocity;
and Qis the rate constant of the reaction. The symbol| @ indicates that it is only
possible for the reaction to take place on the nanoparticle surfaces. Using a Lattice-
Boltzmann method together with a single relaxation time, the CDR equations are
solved. The grid has a size of 180x100x100 nodes. The large sphere owns a radius of
21 grid nodes while the small one has 15 grid nodes as radius. The reaction rate Qis

set to be m® in simulation units.

The outer velocity is assumed to be constant temporally for the simulations, including
external flow shown in Figure 4.1.18. The outer velocity is acquired using the free
software package ESPResSo and from a separate Lattice-Boltzmann simulation of the
Navier-Stokes equations. The Péclet number 0 Gs set to be 27, which represents the

ratio between advection and diffusion.
Methods: Particle Model

To account for the anisotropic diffusion illustrated in Figure 4.1.19, 2D simulations
based on particle were performed. A set of 25000 point particles were used and labeled
A initially. They represented the reactant species that were placed randomly in a
periodic box that has a size of 160x160 simulation units. With a constant step size of
0.1, each reactant particle follows a random walk. The walk are set to be in an
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unexpected direction that represents normal, isotropic diffusion with a diffusion
coefficient O. Whenever a reactant particle hits the catalytic nanoparticle surface, a
first-order A to B reaction takes place with a fixed probability. The large and small
nanoparticles have a radius of 30 and 25 simulation units, respectively. Within a corona
of 1 around the nanoparticles, the diffusion is anisotropic: lateral diffusion is slowed
down mildly with setting O at T®0O, while perpendicular diffusion to the nanoparticle
surface is set to have a O of M®0O that corresponds to being more strongly slowed
down. These choices is approximately corresponding to the well-known anisotropic
diffusion to near-flat surfaces.

This is the end of the simulation.

Furthermore, the effect of the ligand density on the surface of the AUNP has also been
studied for this reaction. For this purpose, the number of ligands on the surface of the
AuUNP can be evaluated according to the literature.1’° The study was carried out on the
ligand density of the 10 nm 11-mercaptoundecanoic-capped AuNP (MUA@AUNP) and
42 nm MUA@AUNP. MUA@AUNP can be synthesized via the ligand exchange method
(details can be found in the experimental part). It is worth pointing out here that the
MUA ligand was firstly dissolved in an aqueous solution with the help of NaOH before
the Ct@AuUNP was slowly added in a dropwise fashion. Regarding the amount of ligand
in the MUA@AUNP, the MUA@AUNP should be firstly dissolved in aqua regia
overnight to reduce the influence of the AUNP on the accuracy of the nuclear magnetic
resonance (NMR) spectroscopy, as the NMR peak can be broadened with the
presence of the AUNP in the dispersion. Regarding the evaluation of the amount of the
ligand in the solution with NMR, ACN can be selected as the reference, which does
not give any peak overlapping with the peak from MUA (Figure 4.1.21a). A five-point
calibration curve can then be drawn by plotting the integration ratio of the characteristic
peak coming from MUA and from ACN against the concentration of the MUA in the
agueous solution (Figure 4.1.20). The results were summarized in Table 4.1.5. The
amounts of gold in the solutions of the 10 and 42 nm@AuUNP are determined to be
0.105 and 0.0454 mg, respectively, with the help of the ICP-OES measurement. At the
same time, the ratios of the MUA/ACN of the corresponding 10 nm MUA@AuUNP and
42 nm MUA@AUNP digested solution are 0.72 and 0.82, respectively. Based on the

calibration curve, the mol of the ligand can be deduced to be 0.378*10* mmol and
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0.426*10* mmol in the solutions of the digested 10 nm MUA@AUNP and the digested
42 nm MUA@AUNP, respectively. Furthermore, the number of ligands in the solution
are also documented in Table 4.1.5. In addition, the total surface area of the AUNP can
be calculated based on the equation shown in Figure 4.1.6. The ligand densities of the
AuUNP of the 10 nm and 42 nm MUA@AUNP are 6.9/ nm? and 7.5/ nm?, respectively
(Table 4.1.5). This is an indication that if the total surface of the AuNP of different sizes
are kept the same, the particles should have the same ligand density on the surface.
Finally, the ligand density on the surface of the AuNP can be ruled out as a main factor

which influences the catalytic activity in this work.

Table 4.1.5. Parameters of the MUA@AUNP of different diameters for the calculation
of ligand density.

The total
The
i The mol of surface )
Ct@AUNPH mMayl®! Ratio of _ number of Ligand
ligand*10* _ ) area of the
(nm) (mg) MUA/ACNIc] ligands in _ (nm?)
(mmol)tl _ AUNP in
solution )
solution
10 0. 105 0.72 0.378 2.27*10%6  3.3*10%° 6.9
42 0.454 0.82 0.426 2.56*1016  3.4*10%° 7.5

[a] The size of MUA@AUNP was obtained by TEM and at least 100 NP were counted
to evaluate the size of the MUA@AUNP.

[b] The amount of Au in the dispersion of the 10 and 42 nm MUA@AUNP for *H-NMR
spectroscopy was evaluated with the help of ICP-OES.

[c] The ratio of the protons of the particular peak of MUA ligand against ACN.

[d] The concentration of ligands can be calculated from a five-point curve, which is
plotted in Figure 4.1.20.
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Figure 4.1.20. Representative calibration curve for the determination of the

concentration of MUA ligands by plotting the integrated ratio of the characteristic

protons from MUA and those of ACN versus the MUA concentration. * ¢ Adaption from

reference 160 with permission.
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Figure 4.1.21. (a) *H-NMR spectrum of MUA dissolved in D20 by investigating ACN
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as the reference. (b) tH-NMR spectrum of MUA originating from the solution of 10 nm
of MUA@AUNP in D20 by investigating ACN as the reference. (c) *H-NMR spectrum
of MUA originating from the solution of 42 nm of MUA@AUNP in D20 by investigating
ACN as reference. * © Adaption from reference 160 with permission.

4.1.4 Conclusion

In this work, 10 nm to 58 nm Ct@AuUNP were synthesized by the traditional Frens
method and the corresponding PVP@AUNP were prepared by the ligand exchange
method. The nitrophenol reduction reaction was selected as the model reaction to
study the catalytic performances of the AUNP. The amount of AUNP investigated was
varied during the catalytic experiments in order to have the same total surface area for
all the AuNP invested in the catalytic reactions. The results showed that the apparent
catalytic reaction rate constant presented an increasing tendency with an increase of
the average size of the AUNP when the total surface area of the AUNP is kept the same.
To explore the reason behind this observation, the differences in crystalline structure
of the AuNP of different sizes, the diffusion of the reactant to the active sites of the
AuNP and the ligand density of the AUNP were thoroughly studied. The results indi-
cated that the large NP most likely own more defects than the smaller NP, and this
might be the crucial factor resulting in their higher catalytic activities in the 4-nitrophe-
nol reduction. At the same time, the effect of ligand density and the diffusion of the
reactant to the active site of the AUNP were ruled out.
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4.2 Stable mesoscale nonwovens of electrospun polyacrylonitrile
and interpenetrating supramolecular 1,3,5-Benzenetrisamide fibers

as efficient carrier for gold nanoparticles

I. Preparation of fiber dispersions

Route A Route B

Wl L | "

BB ey A Moy
BTA PAN BTA PAN
Mixing of Self-assembly of
two dispersions supramolecular fibers
during mixing

ﬁ Dispersion of supramolecular BTA

e procei/ AL and electrospun PAN short fibers

o 1. Sheet formation
e
il @ Ii 2. Drying i' S i‘
P

N’ p

™,  Mechanically stable
composite nonwoven

Immersion and in situ
formation of AuNP

Catalytically active composite nonwoven

Figure 4.2.1. Schematic illustration of the fabrication process of the composite
nonwoven from electrospun short PAN fibers (yellow fibers) and the supramolecular
terpyridine-functionalized BTA nanofibers (blue fibers) via wet-laid technique. There
are two different ways that can be used for the fabrication of the nonwoven, namely,
route A, direct mixing of the dispersion of BTA nanofibers and the dispersion of short
PAN fibers; route B, mixing BTA solution with short PAN fibers. The composite

nonwoven can be obtained by the wet-laid process, and the AuNP immobilized
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nonwoven can then be produced by the in situ formation method.1’* Adaption from

reference 171 with permission.

The aggregation of AUNP during immobilization on the supports and leaching of the
AuUNP during the catalytic reaction are of great concern during the preparation of the
AuNP catalyst. Many groups have already made efforts to develop new catalysts to
prevent the aggregation of the AuNP and the leaching of the AuNP from the catalyst,
as well as to improve the catalytic efficiency. In this work, we prepared a new
nonwoven composite combining the electrospun short polyacrylonitrile (PAN) fibers
and the supramolecular terpyridine-functionalized benzene-1,3,5-tricarboxamide (BTA)
nanofibers via wet-laid technique. Owing to the entanglement of the BTA nanofibers
and the short PAN fibers, the composite nonwoven presents good mechanical property.
Thus, this nonwoven can be used as the support to immobilize the AuNP and then
used in the catalytic reactions. In addition, functional BTA employed to attach the noble
metal has been reported in the literature.1’?174 For example, the peripheral terpyridine
moieties, and the terpyridine-substituted BTA can be employed to produce the

supramolecular gels with luminescent properties.'”

4.2.1 Fabrication of the composite nonwoven

Figure 4.2.2. SEM images of as-spun PAN fibers (a) and short PAN fibers (b).1"*

Adaption from reference 171 with permission.

There are two main paths to fabricate the interpenetrating mesoscale nonwoven via
the wet-laid process. Route A (Figure 4.2.1) is through direct mixing of the BTA nano-
fibers with short PAN fibers, and Route B (Figure 4.2.1) is via mixing of the BTA solu-

tions of different concentrations with the dispersion of the short PAN fibers. The BTA

67









































































































































































































































































































































































































