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11l1. Abstract

The art of nanocrystal synthesis has been the focus of interest for many years and many researchers.
Finding the "right" synthesis for a desired product can be time consuming and very frustrating. Often,
syntheses suffer from low reproducibility and comparability when different preparative methods are
used.

Therefore, the main objective of this work was to find suitable ways to synthesize nanocrystals of
various reduced tungsten oxides, tungsten bronzes and metal tungstates. For tungsten oxides, a synthesis
was developed starting from ammonium metatungstate and a combination of oleic acid and oleylamine,
which acts both, as solvent and protective surfactant. The simultaneous development of WO3 hanorods
of Magnéli type and hexagonal ammonium tungstate bronzes was observed. The selectivity was
analyzed by varying the reaction parameters, e.g., precursor concentration, heating rate and solvent ratio.
An unintended quantitative chemical reaction of the solvents towards their condensation product oleyl
oleamide was observed and its effect for suppressing ammonium bronze formation was further
investigated. A strong absorption of near-infrared light by the anisotropic nanorods and nanocrystals
due to localized surface plasmon resonance was observed. It was also found that the maximum of the

resonance can be tuned by changing the aspect ratio of the respective nanocrystals synthetically.

WOs.x nanorods catalyze the oxidation of sulfides to sulfoxides with the cheap and green oxidant H2O».
The selectivity in the formation of sulfoxides compared to sulfones is high with reaction times of less
than one hour. An advantage of WOz« nanorods is the low overoxidation to sulfones. The catalytic
oxidation of a wide range of sulfides with different chemical structure and the reusability of the catalyst

was demonstrated.

As this work progressed, it became apparent that impurities of iron in oleic acid (from the container
material) can strongly impact the size and phase selectivity of the nanorod synthesis. A more detailed
investigation of this process led to the formation of iron tungstate nanocrystals, which crystallize in the
ferberite structure. At the same time, the use of oleyl oleamide led to the formation of a potentially new
ferrotungstate phase. The basic structural analysis of this phase was based on a known, related

magnesium tungstate phase of still unknown structure, which can be prepared in a similar way.

Synthesis and applications have been investigated for cesium-tungsten bronzes. These nanocrystals have
a hexagonal and/or pyrochlore-like cubic crystal structure. The formation of the phases depends on the
cesium-tungsten ratio, the heating rate and excess of oleylamine during synthesis. Cubic cesium-
tungsten bronzes showed promising haloperoxidase-like properties, which were detected by a phenol
red assay. Strong biofilm inhibition of the nosocomial bacterium Pseudomonas aeruginosa up to 35 %

and strong suppression of the growth of the fungus Fusarium graminearum up to 54 % were observed
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for both WOsx nanorods and cubic cesium-tungsten bronzes. In addition, a significant reduction of
mycelium was observed with WO3.x nanorods, while cubic cesium-tungsten bronze showed a smaller
but comparable effect. Mixed hexagonal/cubic cesium-tungsten bronzes, on the other hand, showed an
influence on bacterial growth of Staphylococcus aureus, Pseudomonas aeruginosa and Phaeobacter
gallaeciensis under infrared light. Compared to non-irradiated samples, a reduction in bacterial growth
of up to 30 % was observed. This effect could be attributed to hyperthermia, which in turn is due to the

strong plasmonic absorption of these nanocrystals in the red to near infrared range of light.

In a final project, the influence of transition metals in steel on the biofilm formation of bacteria was
investigated. In addition to iron, steel contains other metals such as tungsten, manganese, copper, cobalt
and zinc. Steel promotes the proliferation and biofilm formation of the bacterium Phaeobacter
gallaeciensis significantly compared to glass and polymer surfaces. The study of metal salts showed
that primarily iron and secondarily manganese have a positive effect on bacterial biofilm formation, as
they serve as a nutrient for bacteria. Following these results, different (transition-) metal tungstate
nanocrystals were tested for their effect on bacterial growth and biofilm formation. In contrast to
manganese salts, the manganese tungstate nanocrystals with hibnerite structure significantly reduced
biofilm formation by up to 40 % while increasing the number of planktonic cells in the supernatant. The
same effect was observed with Pseudomonas aeruginosa and cannot be due to haloperoxidase properties
of the nanocrystals. Iron tungstate nanocrystals with ferberite structure showed a similar but less intense
influence. The effect could be due to the fact that the surfaces of the iron and manganese tungstate

nanocrystals mimic nutrients and cause dispersion of the biofilm by binding relevant siderophores.
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V. Kurzzusammenfassung

Die Kunst der Nanokristall-Synthese steht seit vielen Jahren im Zentrum des Interesses vieler Forscher.
Es kann zeitraubend und sehr frustrierend sein, die ,,richtige* Synthese fiir ein gewiinschtes Produkt zu
finden. Die Synthesen leiden oft unter geringer Reproduzierbarkeit und Vergleichbarkeit, wenn

verschiedene Herstellungsmethoden verwendet werden.

Daher war ein Ziel dieser Arbeit, geeignete Wege zur Synthese von Nanokristallen verschiedener
reduzierter Wolframoxide, Wolframbronzen und Metall-Wolframate zu finden. Fir Wolframoxide
wurde eine Synthese ausgehend von Ammoniummetawolframat und einer Kombination aus Olséure und
Oleylamin entwickelt, die sowohl als Lésungsmittel als auch als schutzendes Tensid fungieren. Dabei
bildeten sich  gleichzeitig WOs.-Nanostdbchen vom  Magnéli-Typ und  hexagonale
Ammoniumwolframat-Bronzen. Die Selektivitdt der Reaktion wurde durch Variation der
Reaktionsparameter, z.B. der Konzentration der Vorstufe, der Heizrate und des
Losungsmittelverhéltnisses analysiert. Bei den Reaktionen trat unbeabsichtigt die quantitative Reaktion
der beiden Losungsmittel zu ihrem Kondensationsprodukt Oleyl-Oleamid auf und die Auswirkung
dieser Kondensation zur Unterdriickung der Bildung von Ammoniumbronzen wurde weiterverfolgt.
Alle Nanostédbchen und Nanokristalle der reduzierten Wolframoxide und -bronzen zeigen eine starke
Absorption im nahen Infrarotbereich die auf die Anregung lokalisierter Oberflachenplasmonen
zurlickgeht. Das Resonanzmaximum l&sst sich durch synthesebedingte Verdnderung des

Aspektverhaltnisses der jeweiligen Nanokristalle einstellen.

WOs.x-Nanostébchen katalysieren die Oxidation von Sulfiden zu Sulfoxiden mit dem billigen und
vergleichsweise umweltvertréglichen Oxidationsmittel H.O,. Die Selektivitat bei der Bildung von
Sulfoxiden im Vergleich zu Sulfonen ist hoch, die Reaktionszeiten betragen weniger als eine Stunde.
Ein Vorteil der Katalyse mit WOs«-Nanostabchen ist die geringe Uberoxidation zu Sulfonen. Die
katalytische Oxidation ist fir eine breiten Palette von Sulfiden mit unterschiedlicher chemischer

Struktur moéglich und der Katalysator kann wiederverwendet werden.

Eisenverunreinigungen in Olsaure (eingetragen lber das Behaltermaterial) beeinflussen die GroRe und
Phasenselektivitat der Nanostdbchensynthese. Eine genauere Untersuchung dieses Prozesses fihrte zur
Bildung von Eisenwolframat-Nanokristallen, die in der Ferberitstruktur kristallisieren. Gleichzeitig
fihrte die Verwendung von Oleyl-Oleamid zur Bildung einer neuen Eisenwolframatphase, deren
Struktur der Struktur einer bekannten Magnesiumwolframatphase ahnelt. Die Struktur des neuen
Eisenwolframats konnte jedoch bisher weder aus Rontgen-Pulverdaten noch aus Einkristall-

Elektronenbeugungsdaten geldst werden.
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Neben Wolframbronzen vom Magneli-Typ wurde die Synthese und mogliche Anwendungen Césium-
Wolframbronzen untersucht. Nanokristalle von Alkalimetall-Wolframbronzen haben eine hexagonale
und/oder kubische pyrochlor-analoge Kristallstruktur. Die Bildung der Phasen héngt sowohl vom
Casium-Wolfram-Verhéltnis als auch von der Heizrate und dem Uberschuss an Oleylamin wéhrend der
Synthese ab. Kubische Casium-Wolframbronzen zeigten vielversprechende katalytische Aktivitat fiir
oxidativen Halogenierung (d.h. die Haloperoxidase-Reaktion), die mit Hilfe eines Phenolrot-
Enzymassays nachgewiesen wurde. Sowohl fir WO;.x-Nanostédbchen als auch fur kubische Césium-
Wolframbronzen wurde eine starke Hemmung des Biofilmbildung des nosokomialen Bakteriums
Pseudomonas aeruginosa um bis zu 35 % sowie eine starke Unterdriickung des Wachstums des Pilzes
Fusarium graminearum um bis zu 54 % beobachtet. Daruiber hinaus zeigten WOs.x-Nanostabchen eine
signifikante Reduzierung des Myzels, wahrend die kubische Céasium-Wolframbronze eine geringere,
aber vergleichbare Wirkung zeigte. Gemischte hexagonale/kubische Césium-Wolframbronzen hingegen
zeigten unter Infrarotlicht einen Einfluss auf das Bakterienwachstum von Staphylococcus aureus,
Pseudomonas aeruginosa und Phaeobacter gallaeciensis. Im Vergleich zu nicht bestrahlten Proben
wurde eine Verringerung des Bakterienwachstums um bis zu 30 % festgestellt. Dieser Effekt konnte auf
die Erwarmung der Bakterien (Hyperthermie) zuriickzufuhren sein, die wiederum auf die starke
plasmonische Absorption dieser Nanokristalle im roten bis nahen infraroten Bereich des Lichts bedingt

ist.

Im letzten Projekt der Arbeit wurde der Einfluss von Ubergangsmetallen in Stahl auf die Biofilmbildung
von Bakterien untersucht. Stahl enthalt neben Eisen weitere Metalle wie Wolfram, Mangan, Kupfer,
Kobalt und Zink. Stahl férdert die Biofilmbildung des Bakteriums Phaeobacter gallaeciensis deutlich
im Vergleich zu Glas- und Polymeroberflachen. Die Untersuchung der Metallsalze ergab, dass vor allem
Eisen und in zweiter Linie Mangan eine verstarkende Wirkung auf die Biofilmbildung haben, da sie den
Bakterien als Nahrstoff dienen. Daher wurde die Wirkung verschiedener Ubergangsmetallwolframat-
Nanokristalle auf das Bakterienwachstum und die Biofilmbildung von Phaeobacter gallaeciensis
getestet. Im Gegensatz zu Mangansalzen verringerten Manganwolframat-Nanokristalle mit Hibnerit-
Struktur die Biofilmbildung um bis zu 40 % und erhohten gleichzeitig die Anzahl der planktonischen
Zellen im Uberstand. Der gleiche Effekt wurde bei Pseudomonas aeruginosa beobachtet, kann nicht auf
die Haloperoxidase-Eigenschaften der Manganwolframat-Nanokristalle zuriickgefiihrt werden.
Eisenwolframat-Nanokristalle mit Ferberitstruktur zeigten einen ahnlichen, aber weniger starken
Einfluss flir beide Arten von Bakterien. Die Wirkung konnte darauf zurtickzufihren sein, dass die
Oberflachen der Eisen- und Manganwolframat-Nanokristalle N&hrstoffe imitieren und durch Bindung

relevanter Siderophore eine Dispersion des Biofilms bewirken.
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Introduction

1.1 Crystal growth theory

1.1.1 Classical nucleation and the LaMer Model

A mechanism or model for crystal growth was first described by LaMer in 1950 for the formation of
monodisperse hydrosols based on sulfur in solution.* This model has been reused many times and was
greatly expanded thereafter.? As a general approach, his process starts with the decomposition of a
precursor, forming molecular units (monomers) of undefined size. These monomers are attributed with
a distinct solubility in the respective solvent. The different steps of the nucleation process can be
observed by following the concentration ¢ of the monomer over time as shown in Figure 1.1a.

With more of precursor decomposing over time (often associated with thermal decomposition by
heating), first a saturation cs is reached, closely followed by supersaturation S (step I). In supersaturated
solutions the monomers start to form nuclei. Once a critical saturation concentration Ccrit iS achieved,
these nuclei can stabilize (step I1). The free energy 4Gy of nuclei formation according to Eq. 1.1 depends
on surface energy y and lattice energy AGy and is graphically illustrated in Figure 1.1b. The stability of

nuclei is thereby dependent on their size expressed by the radius r.
4
AGy = 4nr?y + §m‘3yAGv (1.1)

For small nuclei the destabilizing surface energy is higher and overcomes the lattice energy that is on
the other hand stabilizing the nuclei. Once a critical radius rerit is reached, the lattice energy is
predominant, and the nuclei become stable. Only nuclei reaching the critical radius are growing towards
stable crystals. The critical radius as shown in Figure 1.1b is expressed by the ratio of surface to lattice
energy (Eq. 1.2).3

2y =2y
Terit = 4G~ RTIn(S)

(1.2)

As the concentration drops below the critical supersaturation no more stable nuclei will form. The nuclei
that reached the critical radius start to grow to crystals using free monomers until the concentration
reaches the saturation again. As smaller crystals have a higher surface to volume ratio, those crystals
grow faster compared to bigger crystals. Because of this, the size distribution becomes narrower, thus it
is called size focusing effect (step 111). Once the saturation is reached again, the so-called Ostwald
ripening (step 1V) begins. In contrary to the size focusing, smaller crystals now start to dissolve faster
than bigger crystals when the monomer concentration drops below the saturation. As crystals with

smaller surface to volume ratio have a higher stabilizing lattice energy, those crystals are more likely to
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grow using the monomer source based on the dissolving smaller crystals. As a result, the size distribution

becomes less narrow again.*

a b | 4G

Qi

Cerit

\ J

4 3
ERT yAG,

Cc

nucleation primary Iso-oriented

clusters nanocrystals crystal nanocrystal

e = §
.* _ growth &) oriented
N : i attachment

.

fusion

Figure 1.1. a) Nucleation curve according to LaMer?, b) dependance of the rrit. on surface and lattice energy c)
Process of oriented attachment towards uniform nanocrystals according to the nonclassical nucleation theory.
Inspired from # and °.

Many nanocrystal (NC) syntheses utilize the concept described above for an efficient crystal design.
Different reaction methods have been developed to synthesize NCs. Prominent examples are the hydro-
and solvothermal synthesis, often associated with synthesis under pressure (e.g. in an autoclave) in
(non)aqueous media,? as well as thermal decomposition synthesis, often performed at high temperatures
(100-350 °C) with high boiling solvents. Additionally, special precursor application forms such as hot

injection, where a liquid precursor or a solution is added at high temperature, can be used.*

For metal oxide NCs respective salts or complexes are frequently used as precursors. Those compounds
typically decompose at elevated temperature to form the monomers. Knowledge of the different steps
of the LaMer model is essential to get monodisperse NCs of the desired size, therefor Ostwald ripening
should be avoided. Thus, the reaction must be stopped during the size focusing step. Examples of
reaction parameters that influence the steps of the LaMer model are the heating rate, stirring speed,
maximum temperature, and its holding time. Each of those parameters can influence different and even

multiple steps of the model at the same time, thus have to be developed specifically for each NC
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synthesis.® Solvents, ligands and additives that can influence the synthesis are discussed in the section

below.

1.1.2 Nonclassical nucleation

In recent years, the nonclassical nucleation model has gained more interest. As an alternative to the
classical nucleation theory, nonclassical nucleation describes the growth of NCs by so-called oriented
attachment of smaller particles or clusters.>’ A schematic representation of this process is shown in
Figure 1.1c. The growth species are described to be similar to the nuclei of the classical nucleation
theory. Those primary NCs can aggregate and align, in contrast to the classical nucleation theory. By

fusion of the those iso-oriented crystals the formation of a new single crystal can be observed.®

Tungsten oxide NCs have been described to undergo nonclassical nucleation. This involves the

formation of polyoxotungstate species as pre-nucleation clusters.®®

Surface active substances can stabilize primary NCs and induce oriented aggregation, therefore enabling

fusion to single crystals.>°

1.1.3 Influence of solvents and ligands/surfactants

A more in-depth look in the influence of a crucial parameter in NC synthesis, the choice of solvents and
surfactants, is given in the following chapter. Especially the choice of solvent has a crucial impact on
the synthesis, as it limits the solubility of monomers as well as the maximum reaction temperature and
is able to interact with the monomer and nuclei during the synthesis. Many syntheses are carried out in
water, due to its excellent dissolving capacities for metal salts and the ability to adjust the pH value, and
thus ion concentrations, freely. To improve the limiting boiling point of 100 °C, reactions can be
performed under pressure using autoclaves, the so called hydrothermal syntheses.?

Thermal decomposition syntheses typically use high boiling organic solvents such as 1-octadecene, oleic
acid, oleylamine and tri-n-octyl amine.®':14 These solvents possess boiling points of >300 °C and allow
a wide range of syntheses options. Some of these solvents carry functional groups that can play an
essential role in synthesis control.**'* Oleic acid (OAc) and oleylamine (OAm) are prototypes of
aliphatic, functional solvents, carrying a carboxy group and a primary amine group respectively. These
groups interact with nuclei surfaces during growth and can prevent certain crystal surfaces from growing
by minimizing their surface energy due to stabilization. Thus, this effect strongly depends on the type
and density of active surface centers on a crystal facete. For example, OAc can stabilize surfaces with
high density of unsaturated, cationic metal atoms. OAm often coordinates less dense surfaces and shows
higher tendency to coordinate anionic oxygen-rich surfaces. Additionally, OAm is used in noble metal

NC synthesis and is discussed to exhibit reducing properties towards oxidized transition metals.!* OAc
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and OAm are often used as a couple making the exact choice of the deployed ratio essential.®'
Additionally, their salts can be used as additives in the reaction synthesis, e.g. sodium oleate is added in

iron oxide synthesis.*

During the synthesis, OAc and OAm undergo in situ acid base reaction according to Eq. 1.3.% Their
ionic counterparts have different coordination properties compared to the free acid/base. Hence, the
formation of aliphatic ions regulates the nanocrystal formation as well. Upon heating to temperatures >
~150 °C oleyl oleamide (OAd) is formed by condensation (Eg. 1.4). As the nucleation and growth for
metal oxide nanoparticles often proceeds at higher temperatures, OAd may act as surface active

species.>16-18

R — CH,NH, + HOOC — R - R — CH,NH} + *00C — R (1.3)

R — CH,NH} + *00C —R - R — CH,NHOC — R (1.4)

The anionic counterpart of the used precursor can also affect the synthesis. For example the commonly
used iron oleate complex formed by iron(lIl)chloride and sodium oleate!® releases oleate upon

decomposition, which can exert surface active properties.

1.2 Tungsten Oxides

Tungsten(VI1) is the most stable oxidization state of the 5d transition metal tungsten, possessing the
electron configuration [Xe]4f145do6so. Thus, no valence electrons are present. In most tungsten oxide
structures, tungsten is coordinated octahedrally by six oxygen atoms and these octahedra are linked by
sharing corners or edges. Tungsten(lV) forms a range of oxides, with monoclinic y-structure being the
thermodynamically most stable structure. Upon heating, the monoclinic structure undergoes phase
transitions towards orthorhombic (B-WOs, T>330 °C to 740 °C) and tetragonal (a-WOs3,T>740 °C)
crystal structures.?? Another monoclinic phase (e-WQOs) can be observed below -43 °C and a triclinic
phase (5-WQOs) between -43 and 17 °C.%2 All WOs structures mentioned above derive form the cubic
ReOs structure, which is a 3D network of corner sharing octahedra. The main difference is the tilting
angle between the corner sharing octahedra. The ideal cubic structure is not stable in pure WO3. By
insertion of cations such as H*, Li* and Na* the cubic structure can be stabilized at ambident temperature,

resulting in a perovskite-like structure.? Figure 1.2a shows the monoclinic y-structure of WOs.
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y-WO; (monoclinic, P2/n) h-WO, (hexagonal, P6/mmm)

W,504 (WO, ;,, monoclinic, P1) FeWO, (monoclinic, P2/c)

Figure 1.2. Crystal structure of a) y-WOs with monoclinic space group P2, /n and b) h-WQOj3; with hexagonal space
group P6/mmm, ¢) W1gOa9 (WO2.72) Magnéli sub-oxide with monoclinic space group P1 and d) the iron tungstate
FeWO, (Ferberite) with monoclinic space group P2 /c. Structures visualized using VESTA 3.6.5.

Moreover, the hexagonal structure h-WOs is prominent. It can be obtained by dehydration of
WO;*1/3H,0, which is based on tungstic acid (H,WO,).?* It is stable at room temperature und undergoes
phase transition towards the monoclinic phase at T>400 °C. It is showing the specific feature of
hexagonal channels formed by six corner-sharing WOs octahedra (Figure 1.2b).

1.2.1 Magnéli-Type tungsten sub-oxides and tungsten bronzes

Pure tungsten oxides have the possibility to form sub-stochiometric oxide structures with certain stable
compositions in the range of WOy (2.625<x<2.92) if synthesized in a reducing environment.?>?¢ The
WOs octahedra are partially edge sharing due to their oxygen deficiency. The first one to describe such
tungsten (and molybdenum) oxide structures was Arne Magnéli, based on the dislocation of atoms
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compared to the ReOs structure, thus these sub-oxides are often referred as magnéli-phases.?”%

To compensate the additional positive charge or lack of oxygen, the W®* cations are partially reduced.
This reduction results in additional charge carrier concentration and can lead to metallic behavior.*® A
very prominent and thermodynamically stable structure is W1sOa9 (WO-.72), @a monoclinic sub-oxide that
is a common product of many tungsten oxide NC synthesis (Figure 1.2¢).*® The particles mainly form
rod-like structures or nanowires that can have a length ranging from a few nanometers to several
micrometers, depending on the synthesis. The growth direction being typically along [010]. These
particles have high crystallinity only along their growth direction, which follows the W-O-W bond from
stacked, edge-sharing WQOs-ocatahedra.

The hexagonal channels of h-WQO; hold, similar to the perovskite type cubic tungsten oxides, the
possibility to intercalate monovalent cations such as alkali metals with a general formula M,WOQO;3;
(M=K*, Rb*, Cs*, NH4", In*, 0<x<1).3%3 Similar to the sub-oxides of tungsten, partial reduction of these
hexagonal tungsten oxides is observed. Such structures are known under the general term ‘tungsten
bronzes’ due to their potential metallic behavior. Next to the hexagonal structure, tungsten bronzes are
also known to form tetragonal, orthorhombic and cubic (pyrochlore) structures.

Many reduced tungsten oxides display an intense blue coloring and are often found under the term
‘tungsten blue oxides’.353¢ This appearance is associated with fluorescent properties, as well as localized

surface plasmon resonance.®"3®

1.2.2 Wolframite group

Besides the tungsten sub-oxides and bronzes, several (transition)-metal tungsten oxides are known, one
of the most common structure being wolframite. This structure consists of a M?* metal cation with an
WO,* (tungstate) anion, where all metals are coordinated octahedrally.*®* The monoclinic wolframite
group can be viewed as layers of edge sharing octahedra of one metal, which are linked to similar layers
of the other metal via corner of the octahedra.®® The name wolframite group is based on the mineral
(Fe,Mn)WO, covering all possible Fe:Mn ratios. The pure iron tungstate is called ferberite (FeWO.,
Figure 1.2d)*, the analogue manganese counterpart hiibnerite (MnWO,).* Other prominent examples
sharing this structure are COWQ4, ZNWO4, MgWO4 and NiWO,.#142

MnWO,, FeWO,., CoWO. and NiWO, are paramagnetic and exhibit an antiferromagnetic ordering at
Neel-temperatures Ty of 13.5 K, 76 K, 55 K and 67 K respectively,3941:43-45
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1.2.3 Localized surface plasmon resonance

Metal NCs convey an electromagnetic wave oscillating on the surface if conducting band electrons are
excited by photons with certain frequencies. Such evanescent waves are called localized surfaces
plasmon and their resonance energy is depending on different factors. Intrinsic properties of the material
such as permittivity, but also refraction index of the surrounding medium, as well as size and
morphology of the respective nanoparticle affect the energy of surface plasmons. Noble metal NCs (Ag,
Au) are prototypes for the investigation of localized surface plasmon resonance (LSPR) as they are
stable at ambient conditions and easily synthesized. Their LSPR band is often within the range of visible
light, thus colloidal suspensions of these particles are colored.*®

The two most investigated morphologies are spherical and elongated gold NCs. Spherical NCs reveal
only one band, whereas the LSPR of elongated NCs is divided into a transversal (short axis) and a
longitudinal (long axis) band. Figure 1.3 illustrates the resulting absorption spectra of both particle
types. The resonance of longitudinal and transversal absorption is strongly depending on the aspect ratio

(AR) of the particles, with the longitudinal being more intense and shifted to higher wavelength.3%46

absorption wavelength absorption wavelength

Figure 1.3. Localized surface plasmon resonance and resulting absorption spectra of a) spherical and b) rod-like
nanocrystals. Inspired by “6.
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Gram-Scale Selective Synthesis of WQOs-, Nanorods and (NH4)WOs; Ammonium Tungsten Bronzes with Tunable
Plasmonic Properties

2. Gram-Scale Selective Synthesis of WOs-,
Nanorods and (NH4),WOs Ammonium
Tungsten Bronzes with Tunable Plasmonic

Properties

2.1 Abstract

Localized surface plasmon resonance properties in unconventional materials like metal oxides or
chalcogenide semiconductors have been studied for use in signal detection and analysis in biomedicine and
photocatalysis. We devised a selective synthesis of the tungsten oxides WOs.x and (NH4)xWOs3 with
tunable plasmonic properties. We selectively synthesized WOs. nanorods with different aspect ratios
and hexagonal tungsten bronzes (NH.)xWO; as truncated nanocubes starting from ammonium
metatungstate (NHa4)sH2W1204 ¢ XH2O. Both particles form from the same nuclei at temperatures
>200°C; monomer concentration and surfactant ratio are essential variables for phase selection.
(NH.)xWO3 was the preferred reaction product only for fast heating rates (25 K/min), slow stirring
speeds (~150 rpm) and high precursor concentrations. A proton nuclear magnetic resonance (*H-NMR)
spectroscopic study of the reaction mechanism revealed that oleyl oleamide, formed from oleic acid and
oleylamine upon heating, is a key factor for the selective formation of WOs.x nanorods. Since oleic acid
and oleylamine are standard surfactants for the wet chemical synthesis of many metal and oxide
nanoparticles, the finding that oleyl oleamide acts as chemically active reagent above 250°C may have
implications for many nanoparticle syntheses. Oriented attachment of polyoxotungstate anions is
proposed as a model to rationalize phase selectivity. Magic angle spinning (MAS) *H-NMR and powder
X-ray diffraction (PXRD) studies of the bronze after annealing under (non)inert conditions revealed an
oxidative phase transition. WOsz.x and (NH4)xWO3 show a strong plasmon absorption for near infra-red
light between 800 and 3300 nm. The maxima of the plasmon bands shift systematically with the

nanocrystal aspect ratio.
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2.2 Introduction

The tungsten-oxygen system is of technological importance in view of the application of tungsten metal
and its compounds. Tungsten oxides are the starting point for the extraction of tungsten metal at elevated
temperatures. Magnéli unraveled the conditions under which the binary phases of the tungsten-oxygen
system are stable.!:? Besides different phases of WO3z*# a number of sub-stoichiometric oxides WOx
(2.625 < x < 2.92) have been described. They are ordered line phases with precise stoichiometries
WO2625 (W32084),%° WO267 (W308)%, WO272 (W18049),” WO2.76 (W17047),2 WO2.00 (W20058)+2, WO2.9,
(W25073)° (general formula WinOsn2)'® whose structures are derived from the ReOjs structure type.
Characteristic features of their structures are WO+ pentagonal bipyramids surrounded by five edge-
sharing W-O octahedra.? In the ternary Nb-W-O phases the 7-coordinated position is occupied by the
Nb atoms with larger atomic radius.*

The family of tungsten oxide structures can be described in terms of ordered one- or two-dimensional
crystallographic shears, which are the principal sources of their structural complexity. The electrical and
optical properties in bulk WOz (0 < x < 1) are dominated by the oxygen deficiency. The associated
gradual reduction of the tungsten atoms and the concomitant increase of the 5d band occupancy leads
to a change of the optical and electrical properties.’?*®* Bulk WOs.x undergoes a metal—insulator
transition at x = 0.1, which has been established by temperature-dependent conductivity studies,”*

reflectivity measurements of the bulk plasma frequency, and X-ray photoelectron spectroscopy (XPS).*

Different from the sub-stoichiometric oxides, tungsten bronzes, originally described by Hagg,® are non-
stoichiometric compounds of general formula A\WO;3 (0 < x < 1), depending on the crystal phase.!’ The
A cation comprises a range of choices including protons, alkali or alkaline earth metals and ammonium.
Additionally, phosphate tungsten bronzes are known.8 Structurally, the tungsten bronzes can be viewed
as molecular sieve-like WO; open frameworks of cubic (pyrochlore), tetragonal, orthorhombic or
hexagonal structure, depending on the nature of the metal cation and its fractional occupancy in the
structure channels.’®*?! The cation occupancy determines the oxidation state of tungsten and thus the
structural,? electrical, 2 magnetic,*? electrochromic?% or superconducting®?"281YPERL properties of
the bronzes. Tungsten (and molybdenum) bronzes can undergo charge density wave transitions.® Since
minor variations in composition, temperature, or pressure can lead to dramatic changes in the physical
properties, these “tungsten bronzes” serve as prototype model compounds in studies of electronic
instabilities.’® Tungsten bronzes as well as sub-stoichiometric oxides can show an intensive blue color
and are often referred as ‘tungsten blue oxides’.?° The redox properties of partially reduced tungsten
oxides make them very promising candidates for a range of potential applications in photocatalysis,*°32
photoelectrochemical water splitting,®**® for thermoelectrics,®3’ in catalysis,*®* as anode material in
Li-ion batteries,”® for gas sensing,* in electrochromic layers,*? as starting material for making WS,

nanotubes,**** in plasmonics,*" or for antibacterial coatings,*®*° because tungsten oxides are stable
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under a wide range of conditions, and their band gaps in the red/infrared range are ideal for the

absorption of visible light.

Tungsten bronzes and sub-stoichiometric oxides suffer from low electronic and ionic diffusion rates in
the bulk, a problem that can be cured by reducing the dimensions to the nanoscale in order to minimize
the diffusion length. This requires colloidally stable nanocrystals with tailored morphology, size and
adjustable surface chemistry. Nanocrystals are compatible with small electron/ion diffusion
coefficients®® and high reactivities due to smaller diffusion paths and larger surface areas.®* On the other
hand, small particles may have undesired and unintended surface effects and lower crystallinity.
Therefore, every application has an optimum nanocrystal size for maximum performance. However,
such a size-dependent analysis is only possible for highly uniform and non-aggregated samples.
Different plasmonic tungsten oxide nanoparticles have been reported, including WOgz,*"5254
(NH4)xWO03,% NaxWO0s3,% K\W0O3,%” and CsxW0O3.%8

Although both the preparation of WOs.x hanorods and hexagonal bronzes has been described before,
their formation mechanism is still not well understood. This lack of understanding of molecular
processes makes many of the surfactant-assisted protocols poorly reproducible and prevents the
preparation of nanoparticles in large quantities. Thermal decomposition of labile molecular precursors
is an appealing route for the synthesis of monodisperse nanocrystals. Still, the apparent simplicity of the
synthesis is counterbalanced by a complex interplay of reaction variables that determine the final particle
size, composition and morphology. Tungsten oxides and bronzes are formed in solution via
polycondensation reactions, in the course of which large polyoxometalate clusters are formed. These
clusters are molecularly defined polyanions whose stability range is determined by chemical variables
such as solvent (which also acts as ligand), pH, electrochemical potential, temperature, organic ligands,
and counter ions. Mixed oxides are prepared by the addition of other polyoxometalates as precursors.>®
Polyoxoanions may be viewed as prenucleation clusters for tungsten oxide formation in a variety of
processes. The influence of the starting compounds, the formation sequence of polytungstate polyanions

by polycondensation, the role of the solvent as well as the capping agents are still unclear.

Several in situ methods are available for tracking structural changes in solution.®® Small angle scattering
provides information about the size and shape of solution species, phase analysis is possible with powder
X-ray powder diffraction (PXRD). A serious disadvantage here is that the samples must be crystalline,
and a new phase can only be detected after its “birth”. Using X-ray total scattering with pair distribution
analysis, the structure formation can be monitored starting from clusters in solution via molecular or
amorphous intermediates to the crystalline final product even under hydro/solvothermal conditions.5-63
However, the role of the organic ligands remains unresolved due to their small scattering contribution.
We therefore performed a kinetic analysis of the formation of Magneli-type WOs.x nanorods starting

from ammonium meta-tungstate (NH4)sH2W12040 « xH,O (AMT) in a mixture of oleic acid (HOAc) and
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oleylamine (OAm) using ex situ transmission electron microscopy (TEM)® and proton nuclear magnetic
reseonance spectroscopy (*H-NMR)% snapshots after given times and temperatures. Questions to be
answered were (i) the formation mechanisms of Magneli-type WOz« phases, (ii) the formation of
intermediates or the competing hexagonal ammonium tungsten bronze (h-ATB) phase, (iii) possible
reactions between the capping agents HOAc and OAm and (iv) reaction control by surface-bound
ligands.%¢" Finding optimum conditions is a crucial task where synthetic variables (e.g., surfactants,
precursor concentration, heating rate and stirring speed) are involved that are relevant as well in
upscaling processes. Surfactants proved to be a synthetic key variable. *H-NMR revealed the formation
of oleyl oleamide (OAd) by condensation of the HOAc and OAm in a primary step, which has an impact
on the growth species and on product selectivity. We propose a reaction mechanism based on
nonclassical nucleation and mesocrystal formation via oriented attachment.®®%° Temperature related
studies of metastable structures such as hexagonal tungsten oxides can provide useful information about
stability and composition and intermediate products that could open pathways to potential
applications.”™ By solid state *H-NMR spectroscopy and PXRD we were able to analyze the role of
the NH,4* cation situated in channels of the bronze structure and the adsorption of water on the crystallite
surfaces. The WOs.« nanorods and (NH4)xWOs3 nanocrystals showed a strong plasmonic absorption
above 800 nm. By a systematic investigation of the plasmonic absorption for different particle sizes, we
demonstrate the relation between aspect ratio and plasmonic properties that have been addressed mainly
theoretically in literature.*® As our synthesis model yields reproducible, tailored nanocrystals on a large-
scale from readily available and cheap chemicals, our findings could be very interesting for various

applications.

2.3 Results and discussion

2.3.1 Competing Formation of WOs.x Nanorods and (NH4)xWO3 Bronzes

The decomposition of ammonium metatungstate (AMT) in a mixture of oleic acid (HOACc) and
oleylamine (OAm) led to formation of WQO3« nanorods and hexagonal ammonium tungsten bronze
(NH.)xWOs (h-ATB). We observed a strong dependence on the concentration of the AMT precursor.
The nucleation and growth of nanocrystals is described by a set of coupled time-dependent equations
that govern the dynamics of monomer concentration, nucleation rate, and particle size distribution.
Relevant experimental variables are the surfactant ratio, heating rate, aging time, reaction temperature
and precursor concentration.’”>”®> We performed a systematic variation and evaluation of several
variables to provide detailed information for this specific synthesis. Reactions for the investigation of
WOs.« nanorod formation were labeled NR-X and for the hexagonal bronze (NH.4)xWOs; ATB-X.
Figure 2.1a gives an schematic overview for the most significant parameters and Table 2.1 provides

detailed information about the relevant reactions analyzed in this paper.
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In our standard experiments, the total amount of the HOAc and OAm surfactants was fixed at 40 mmol
(1:1 for standard conditions) for different concentrations of the AMT precursor (multiples of 0.12 mmol,
i.e. 1.43 mmol tungsten). AMT was chosen because of its availability and low costs compared to the
frequently used tungsten precursors WCI*3%%, W(CO)¢®> 76, W(OEt)s***” and WCI,>®"". Starting from
the ‘standard synthesis’ (NR-1), TEM images of the particles (Figure 2.2a) show rod-like structures.
The size of the crystals was calculated to be ~77.7 nm*7.6 nm (Table 2.2). The PXRD pattern
(Figure 2.2e) was compatible with the monoclinic Magnéli structure of WO.7, (or W1gOusg). As a
structural analysis is generally non-trivial for low-dimensional, nonstoichiometric metal oxides we use
the generalized formula WQOg3 for theses nanorods. The presence of only two reflections indicates a
preferred orientation along [010], as see often for these nanorods.®?°® High resolution transmission
electron microscopy (HR-TEM, Figure 2.3a, b) verified a d spacing of 3.8 nm along [010]. No other
crystallographic planes are observed, underlining the preferred orientation of the nanorods in accord
with the results obtained from PXRD.

Table 2.1. Overview of syntheses for nanorods (NR-X), h-ATB (ATB-X), with oleyl oleamide (Amide-X) with
reaction conditions and estimated ratio of WO and h-ATB. Complete table: Table S8.1.1 (c) purified particles.

Particle HOAc:OAmM:ODE | n(AMT) / | Heating Rate | Stirring % h-ATB

Label / mmol mmol / K/min speed / rpm | (compared  to
WO3z.,)

NR-1 20:20:0 0.12 5 500 <2

NR-4 30:10:0 0.12 ) 500 <2

NR-8 10:30:0 0.12 5 500 <2

NR-14 20:20:0 0.36 2,5 800 ~50:50

ATB-1 20:20:0 0.24 5 500 40-80

ATB-2(c) 20:20:0 0.36 ) 500 80-90(>90)

ATB-7 20:20:0 0.24 10 500 70-90

ATB-8 20:20:0 0.24 2.5 500 <10

ATB-9 20:20:0 0.24 10 0 >90

ATB-11 20:20:0 0.24 10 1000 <20

ATB-13(c) | 40:40:0 0.48 25 150 >95 (>98)

ATB-15(c) | 20:20:0 0.36 25 150 >95 (>98)

Amide-2 20 mmol amide? 0.36 5 500 <10

Amide-3 20 mmol amide? 0.24 25 150 >90

a. oleyl oleamide (OAd) synthesized hydrothermally without purification.
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a HOAc + OAm B +D| HOAc + OAm

1:1 A+C +HOAc Xy~

BE+D A+D7iB+D A+CJl . : :
+ OAm A +D A: 5 Kimin heating rate

500 rpm stirring speed

B: 25 K/min heating rate
v \ v 150 rpm stirring speed

C:0.12 mmol AMT (NR-X)

‘-/ === ||D: 0.24 mmol AMT (ATB-X)
‘ T y’ ‘ - h-ATB
‘ WO,
— )’: *change of particle

length/width
N 5 A /

Oleyl oleamide (OAd)
Amide-X

W,504 NRs d

a=18318A
b=3783A
c=14.028 A

Figure 2.1. a) Overview scheme showing the reaction conditions leading to the formation of WOs3.x nanorods and
h-ATB. b) Crystal structure of W1gO49 (P2/m) (COD-ID: 1001678) and ¢) (NH4)o2WO3 (P63) according to the
refinement of ATB-13c (Figure S8.1.2). d) Surface coordination of OAm and OAd for O -terminated WO3.«
nanorods indicating steric effects of the ligands and resonance structure of OAd.

It is only possible to compare the combined intensities of both reflections with that of the unique 200
reflection of h-ATB (Q = 1.966 A™). We used this semiquantitative method to estimate the purity of the
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h-ATB phase (with respect to the WOs. side product) in different reaction setups (Table 2.1).

ATB-1
A Ref: WO, 75
@ Ref: (NHy).2sWO; -

€ NR-1 1L
A Ref: WO, ;5

Intensity a.u.
Intensity a.u

Q/1/A

3
Q/1/A

Figure 2.2. a) TEM image of WOz« nanorods obtained from the standard synthesis NR-1 (T =350 °C, t = 30 min,
heating rate = 5 °/min, HOAc/OAm = 20:20 mmol, AMT = 0.12 mmol), b) with HOAc/OAm ratio of 30:10 mmol
(NR-4), ¢) with HOAc/OAm ratio of 10:30 mmol (NR-8), d) of a mixture of h-ATB and WOs.x nanorods obtained
from a synthesis with 0.24 mmol AMT (ATB-1) e) PXRD-diffractogram of NR-1 (similar to NR-4 and NR-8)
with WO, 7, Reference (COD, Entry No.: 96-152-8167). and f) PXRD-diffractogram of ATB-1 with additional
(NHa4)0.2sWO3 Reference (ICDD, PDF Entry No.: 01-073-1084).

Table 2.2. Particle sizes including length, width, aspect ratio and number of particles of WO3.«x nanorods for
selected syntheses. The corresponding histograms are provided in Figure S8.1.1.

Particle label length / nm width / nm aspect ratio NPs measured
NR-1 77.7£23.1 7.6%2.3 10.6+3.4 453
NR-4 25.248.4 5.5+1.7 4.8+1.5 400
NR-8 30.1+8.1 2.5+0.6 12.5+4.3 100
ATB-13 112.3+33.2 49.6+16.9 2.4+0.9 203

Additionally, we observed a poor solubility of h-ATB in non-polar solvents (e.g., chloroform). This
indicates a lack of extensive HOAc or OAm surface binding. The solubility was used successfully for
the purification of h-ATB by repeated dissolving the WOs.« nanorods in CHCI3 and separation of the
supernatant from h-ATB by centrifugation. PXRD patterns in Figure 2.4 show, how the purification
procedure affects the h-ATB content for a synthesis with 0.36 mmol AMT (ATB-2), that shows
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significantly higher h-ATB content, after five cycles of purification (ATB-2c). We observed a
significant reduction of the overlapping 010/002 reflections ~17 % towards the unique 200 reflection of
h-ATB. As the poorly resolved X-ray data for WO3x (WO..72) (due to (i) the small particle size (only ~5
unit cells) in two dimensions, (ii) the structural disorder (Figure 2.1b) and (iii) the strongly preferred
orientation allowed only a Pawley refinement (Figure S8.1.2a), we cannot give a reliable information
on product purity. Table S8.1.2 compiles the lattice parameters and anisotropic crystallite size for the

nanorods in direction a, b and c.

Figure 2.3. TEM and HR-TEM images of a, b) WO,7 NRs and c, d) h-ATB particles. Images taken from sample
NR-14, containing both, NRs and h-ATB particles.

A kinetic analysis of the ATB-1 reaction using TEM was performed to get information regarding the
reaction mechanism. A ~200 pL sample was taken in a standard reaction containing twice the amount
of AMT precursor at temperatures of 200, 250, 275, 300, 325 and 350 °C and after 5 min, 30 min, and
60 min dwelling time at 350 °C. The corresponding TEM images (Figure S8.1.3) revealed a sudden
formation of h-ATB between 250 and 275 °C. Rod-like structures of ~150 nm evolved throughout the
synthesis, starting at 200 °C (or even below). At 250 °C the larger structures had decomposed and small
rods had formed. These rods appear to be the in the early stages of particle growth right after nucleation,
and they are in the size range of polyoxotungstates (i.e. 1-3 nm wide and 3-22 nm long).66378
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Figure 2.4. PXRD patterns of particles synthesized according to standard synthesis with 3-fold AMT (0.36 mmol)
concentration before (ATB-2) and after (ATB-2c) purification (five times) with chloroform.

Such polyoxotungstates have been identified as paratungstates or a-Keggin like clusters under
comparable conditions by in-situ diffraction.®® As soon as the temperature exceeds 250 °C, burst
nucleation of h-ATB is observed together with a growth of nanorods. As no other growth species were
observed at 250 °C, these polyoxotungstates could serve as seeds for both, nanorod and h-ATB growth.
Additionally, the AMT precursor could decompose completely above 250 °C,” leading to the burst
growth of h-ATB due to a high monomer concentration. The nanorods kept growing until the
temperature reached 350 °C, whereas no change occurred for h-ATB after reaching 300 °C. After 5 min
at 350 °C no further change occurred at all, and the synthesis seems complete. We assume that besides
precursor concentration the surfactant ratio, heating rate and stirring speed are fundamental variables

affecting this system.

As we observed a significant difference in solubility of nanorods and h-ATB, we checked if the
concentration and ratio of HOAc and OAm as surfactant have an impact on WOs., and h-ATB formation.
In a mixture of HOAc and OAm the amine serves as Lewis base that deprotonates the acid HOAc

according to the acid-base equilibrium (Eg. 2.1)).

RCOOH + RCNH; = RCOO" + RCNHs". (2.1)

As excess of acid/amine leads to free, non-ionic surfactants, we performed a series of experiments with
different ratios of HOAc and OAm with 0.12 and 0.24 mmol AMT loading.

For lower AMT concentrations we observed a decreasing nanocrystal length for an HOAc excess

(Figure S8.1.4a-c, Figure 2.2c for NR-4). The nanocrystals were uniform in size for HOAc/OAm ratios
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of 22.5:17.5 mmol (NR-2) and 25:15 mmol (NR-3). This uniformity decreased with increasing
HOACc/OAm ratios of 30:10 mmol (NR-4) and 40:0 mmol (NR-5). This indicates that the HOAc content
affects the length of the nanocrystals significantly. Changing the OAm concentration (and thus the
HOACc/OAm ratio) in the same manner (Figure S8.1.4d-f, NR-6, NR7 and NR9, respective, Figure 2.2¢
NR-8) leads to a decreasing diameter of the nanorods. A summary of the particle shape descriptors for
NR-1, NR-4 and NR-8 (Figure 2.2a-c) is compiled in Table 2.2, the respective histograms are shown in
Figure S8.1.1. We observe a reduction of the average particle length for high HOAc concentrations from
77.7 to 25.2 nm (NR-1 = NR-4), whereas the length decreases only slightly from 7.6 to 5.5 nm. For
higher OAm concentration (NR-8), the average length is also reduced (30.1 nm for NR-8), but the width
is reduced even more significantly (7.6 to 2.5 nm). Checking the aspect ratio, i.e., length to width ratio,
for different particles (10.6, 4.8 and 12.5 for NR-1, NR-4 and NR-8), it becomes clear that excess HOAc
has a higher impact on particle length than on particle width, whereas OAmM mainly reduces the width
of each particle. Additionally, several of NR-8 particles appear bent, as their diameters of only 1-2 nm
corresponds only to the width of a single WO. 7, unit cell (Figure 2.1b). Thus, shear-forces from stirring

might already be sufficient to cleave these particles, thereby reducing the particle length. Anisotropic

crystallite sizes from Pawley refinements (Table S8.1.2) are in comparable with the size measured from
TEM.

Intensity a.u.
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Figure 2.5. TEM images of WO3x / h-ATB particles from varied ATB-1 synthesis (fixed: 20:20 mmol
HOACc/OAm, 0.24 mmol AMT, 350 °C for 30 min) with a) 10 °C/min (ATB-7), b) 2.5 °C/min heating rate (ATB-
8), ¢) ~0 rpm and 10 °C/min (ATB-9), d) ~1000 rpm stirring speed and 10 °C/min (ATB-11) and e) corresponding
PXRD-patterns for ATB-7, ATB-8, ATB-9, and ATB-11.

Different HOAc/OAm ratios were tested with twice the amount of AMT precursor regarding their
influence on h-ATB formation (TEM and PXRD in Figure S8.1.4). For HOAc/OAm ratios of
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22.5:17.5 mmol (ATB-3) and 17.5:22.5 mmol (ATB-5) we observed a reduced formation of h-ATB.
Pure WOs3« nanorods (almost no h-ATB contamination) were formed for surfactant ratios HOAc/OAm
= 25:15 mmol (ATB-4) and 15:25 mmol (ATB-6).

In TEM images we observed that higher yields of h-ATB were obtained for a faster heating rate of
10 K/min (ATB-7, Figure 2.5a), whereas only WOs.x nanorods were formed for a low heating rate of
2.5 K/min (ATB-8, Figure 2.5b). When the heating rate was kept at 10 K/min without stirring, excess
h-ATB was formed (stirring speed of 0 rpm, ATB-9, Figure 2.5c), whereas WOz.x nanorods were formed
for a high stirring speed of 1000 rpm (only traces of h-ATB, ATB-11, Figure 2.5d). The PXRD patterns
of those particles (Figure 2.5¢e) clearly show the effect of these different parameters. Variation of the
heating rate (2.5 K/min, NR-10 and 10 K/min, NR-11) without excess amount of AMT precursor had
no effect on the final product (Figure S8.1.4g, h).

Optimized conditions for h-ATB formation comprise a stirring speed of 150 rpm (to prevent a boiling
delay) and high heating rate of 25°K/min with an HOAc/OAm ratio of 20:20 mmol (ATB-12). These
conditions allow the synthesis of gram scale sample batches. Twice the concentration of all components
(ATB-13) allowed to increase the yield of h-ATB (approx. 1.2 g, ~90 %) per batch. The synthesis of
even larger batches of h-ATB may be possible by reducing the amount of the WO3 side product. For
0.12 mmol AMT, an optimized single-batch synthesis yielded mainly h-ATB (~70 % ATB-14). For
0.36 mmol AMT the highest content of h-ATB (~95 % ATB-15) was found. Based on purified ATB-
13 particles (ATB-13c), we performed a Rietveld refinement for h-ATB only (Figure S8.1.2b) with
crystallite size of ~60 nm (Table S8.1.2) and preferred orientation along [002]. Optimum refinements

were obtained in space group P63 (instead of P6s/mcm as proposed by Schultz et al. for Ko 26W0O3.8%)

Upscaling the synthesis of WOs.x nanorod was possible by setting the stirring speed to 800 rpm and the
heating rate to 1 K/min (NR-15). However, increasing the volume by doubling the amount of AMT led
to reduced mixing and thus to the formation of small amounts h-ATB as side product. Still, we could
prepare gram amounts (approx. 1.2 g, ~90 % yield) of nearly phase pure WQOj3x nanorods by doubling
the amount of the reactants (NR-16). TEM images and PXRD patterns of several upscaled synthesis are
found in Figure S8.1.6.

To further investigate the effect of the surface-active species on h-ATB formation, we performed two
types of synthesis (Figure S8.1.7) using identical conditions as for ATB-12 with HOAc:OAm ratios of
15:25 mmol (ATB-16) and 25:15 mmol (ATB-17). h-ATB is main product again (with traces of WOs.
x) for excess HOAc. Using excess OAm resulted in the formation of much less h-ATB. In addition, the
aspect ratio of the h-ATB nanocrystals increased (i.e., they were elongated). This indicates a structural
relationship between WOz and h-ATB.

XPS spectra of WOz« (NR-1) and h-ATB (ATB-15c) particles were measured to verify the presence of

tungsten in reduced oxidation states and the nature of nitrogen species. Figure S8.1.8 (a-d for NR-1, e-
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f for ATB-15c) shows overview spectra and the O1s, N1s and W4T core levels, matching closely values
reported in ref. %%, The WA4f spectra show typical 4f7/2 (35.8 eV) and 4f5/2 (38.0 eV) doublets for W®*,
as well as shoulders at lower binding energies (34.4 eV and 36.6 eV) indicating the presence of W>*,
We calculated the W*5*/ W® ratio to be higher for WO;.« than for h-ATB (~27 % and ~20 %). The N1s
peaks are very weak for both, WOs.x and h-ATB. Both spectra show signals at 401.9 eV for ammonium
species and slight shoulders at 400.0 eV indicating presence of organic nitrogen, which is more
pronounced for WOs.« nanorods.

2.3.2 IH-NMR Study of Surfactant Reactions during WOsx Nanocrystal

Formation and Role of Surfactant on Phase Selection

The surface-active species HOAc and OAm play a crucial role in the proposed reaction model.
Therefore, further study of their behavior in the course of the reaction is essential. During nanoparticle
synthesis an amide may be formed from HOAc and OAm (Eg. 2.2, Figure S8.1.9) by elimination of

water at elevated temperatures.®>81-83

RCOO" + RCNHz" = RCONCR + H,0 2.2)

0Ad Salt' OAm  HOAc OAd
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Figure 2.6. *H-NMR spectra of final reaction solution (30 min at 350 °C, 1:1 HOAc/OAm) for NR-1, ATB-12,
Amide-2, Amide-4 and Amide-5 particles. Areas shown for a-H shifts of HOAc, OAm and OAd as well as
oleylammonium oleate salt*. HOAc and OAm form OAd quantitatively before cleavage at the final heating step
(Figure S8.1.10).

By studying the kinetics of the standard reaction (NR-1) using solution *H-NMR (Figure S8.1.10a) we
could demonstrate the formation of the ion pair oleylammonium oleate (the ammonium salt of oleic acid
and oleylamine) immediately after mixing HOAc and OAm. Condensation of this ionic pair at elevated

temperature (T > 100 °C) led to the formation of oleyl oleamide (OAd). Complete conversion was
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achieved with a heating rate of 5 K/min after 30 min at 350 °C, a conversion of 90 % to the amide was
already reached at 275 °C. We observed no significant change for the condensation reaction in the
absence of AMT (Figure S8.1.10b), i.e., AMT and tungsten oxide particle growth do not affect amide
formation. At the end of the reaction, free (unbound) HOAc was observed only in the reaction mixture
containing AMT, indicating that a cleavage of the amide OAd to oleic acid and oleylamine occurred
during the final heating/annealing step (possibly catalyzed by acidic surface groups of the WOs.x
nanorods).8 Figure 2.6 presents *H-NMR spectra of different reaction solutions after the reaction was
complete. All of them show traces of HOAc (or "OAc, probably stabilized by NH4"), whereas h-ATB
(ATB-12) shows significantly less HOAc. This implies that the OAmMH™ counterpart stabilizes the
negatively charged WOs. particle surfaces, improving the solubility of WOz in the non-polar solvent.
We conducted a control experiment, where NR-1 particles were dissolved in 6.7 M sodium deuteroxide
in D20 (as tungsten oxides tend to form water-soluble tungstates (WO.%) in highly basic environment).8
Only free OAm and OAd (~3:1) were detected by *H and *H COSY NMR experiments after extracting
the resulting solution with CDCl; (Figure S8.1.11a, b). The extract of the acidified aqueous solution
with DCI showed no traces of HOAc.

WOs.« nanorods should have less surface sites than h-ATB due to their lower crystallinity along the
[001] and [100] directions (Figure 2.1b, c), i.e., electrostatic repulsion originating from the resonance
structure of OAd will affect h-ATB to a higher extent (Figure 2.1d). As a result, WO3.x NRs are

functionalized to a higher extent than h-ATB, which explains their enhanced solubility.

For comparison, we synthesized pure OAd under (hydro-) thermal conditions® in quantitative yield
without any additional solvent and used it without further purification to replace the HOAc/OAm couple
in the particle synthesis (Figure S8.1.12). A synthesis under standard conditions (NR-1: T =350 °C, t =
30 min, heating rate = 5 °/min, AMT = 0.12 mmol) in the presence of OAd (Amide-1) and a threefold
amount of AMT (Amide-2) yielded almost exclusively WOs.x nanorods, whereas the HOAc/OAm
couple under Amide-2 conditions yielded 80-90 % h-ATB (ATB-2). Under optimized conditions for h-
ATB formation according to ATB-12, h-ATB was the main product again (>90 %, Amide-3). We found
significant amounts of HOAc in the final reaction solution of Amide-2 (Figure 2.6) underlining the
cleavage of OAd by WOs3.« nanorods.

In view of cost reduction, we recycled the reaction solutions (under NR-1 conditions) to improve the
yields. As the components are mainly unreacted AMT (or decomposition products) and OAd (as well as
traces of HOAC) the resulting WOs« particles (Amide-4) are comparable in size with NR-2 particles
(100% yield with respect to the amount of AMT used for the second cycle). By adding a small amount
of OAm we could synthesize WOz particles comparable to those obtained from NR-1 under standard
conditions (Amide-5) and h-ATB using ATB-12 conditions (Amide-6). Yields were close to 100 %.
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TEM images and PXRD patterns of reactions using OAd (Amide-1 - Amide-6) are compiled in
Figure S8.1.12.

2.3.3 Mechanistic Study of WOszx and h-ATB Formation via Oriented
Attachment

Although tungsten oxide nanoparticles have been reported repeatedly in the past, only a few articles
were concerned with their nucleation and growth behavior. Polleux et al®® found indications for
nonclassical nucleation by oriented attachment during crystallization. Saha et al®* and Juelsholt et al®
investigated intermediate species during h-ATB growth by in situ X-ray total scattering. It has been
found that nucleation can undergo several steps including formation of polyoxotungstates and a
pyrochlore intermediate (depending on the solvent used for the synthesis). Based on the published results
and our experimental data in this paper we propose a mechanism for the phase selectivity resulting from
the effect of different surfactants and reaction conditions.

From the TEM kinetics of ATB-1 we learned that only rod like polyoxotungstates were formed at
250 °C. Therefore, we assume that those polyoxotungstates serve as nuclei for both WO3 and h-ATB.
The polyoxotungstates could form larger structures by oriented attachment along their short and long
axes. Depending on the reaction conditions, either oriented attachment along the long or short axis could
be favored, as illustrated in the overview in Figure 2.7a. For high AMT concentration with respect to
the surfactant, more polyoxotungstates are formed and oriented attachment along the long axis to form
h-ATB is statistically more likely. As excess HOAc or OAm led only to the formation of nanorods, we
suppose that both surfactants must prevent the oriented attachment to h-ATB by blocking the surfaces
of the growth species in the direction of the long axis. As the aspect ratio increases with increasing OAm
content (eg. NR-8), the width of those particles is not significantly larger than the width of the
polyoxotungstates from the TEM Kinetics (~1.5-2.5 nm). Therefore, we suppose that amines can
functionalize these surfaces during growth. This explanation is supported by the negative ¢ potential (-
35 mV) for NR-1 particles, indicating O termination of those surfaces. For higher HOAc concentrations
(excess HOAC) the aspect ratio decreased significantly. This indicates a blockage of oriented attachment
along the short axis. We suppose that NH4* cations must be present at the surfaces to induce oriented
attachment and a subsequent phase transition to h-ATB. In this case HOAc would bind as oleate
counterion, whereas analogously OAm™ cations would compete for surface sites. Therefore, excess of
both surfactants prevents h-ATB formation. Only for a 1:1 ratio of HOAc:OAm the formation of the
ionic pair leads to less surface coordination and more h-ATB formation, because oriented attachment is

not favored in any direction (i.e., on any surface).
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Figure 2.7. a) Proposed reaction mechanism based on the oriented attachment of polyoxotungstates under the
influence of polyoxotungstate concentration and surfactant concentration, b) particle from ATB-2 reaction solution
showing evidence for oriented attachment.

Since the presence of OAd leads to the formation of larger nanorods, it seems to be less surface active
than to OAm. Additionally, its steric effect (Figure 2.1d) could prevent an oriented attachment to form
larger aggregates along the long axis. This leads to decreased h-ATB formation even for higher
polyoxotungstate concentrations. For higher heating rates (in combination with lower stirring speeds)
the attachment in each direction proceeds faster. These two process variables (as well as higher precursor
concentrations) appear to suppress the coordination of OAd, i.e., high heating rates, small stirring rates,

and large precursor concentration provide optimal formation conditions for h-ATB.

Evidence for the proposed reaction mechanism is based on particles ATB-16 and ATB-17
(Figure S8.1.7), with different HOAc:OAm ratios under optimized bronze conditions. For excess OAm,
the bronze particles appear significantly longer (up to ~220*40 nm), whereas length and width become
nearly equal for higher HOAc contents (similar as the formation nanorods under standard conditions
(NR-4 and NR-8)). Both particles show significant evidence for oriented attachment. Additionally, in
ATB-2 reaction solutions we found bronze crystals built from smaller building blocks as shown in

Figure 2.7b, indicating oriented attachment and supporting our proposed reaction mechanism.
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To support this hypothesis, Na* was tested as prototype cation for the synthesis of hexagonal alkali
tungsten bronzes. Figure S8.1.13 shows the synthesis under ATB-12 conditions for 0.3 equivalents of
different sodium compounds per tungsten atom. No preferred formation of hexagonal bronze was
observed, only traces of bronze were found for sodium (hydrogen-)carbonate. Higher yields of bronze
were obtained for sodium oleate and sodium acetate, but WO3.x nanorods remained the main phase. With
sodium acetate in OAd as solvent, enhanced formation of bronze occurred together with the formation
of orthorhombic Na,W,0- as byproduct. A possible explanation is that Na* cations form stable oleate
complexes. These sodium oleates prevent bronze formation via oriented attachment in a similar manner
as observed for the NH4" /"OAc couple. It has been found that sodium show significantly different
behavior than other alkali metals (except for Li*).% Due to its high chemical (Pearson) hardness it can
lead to additional reaction pathways, such as the formation of orthorhombic Na,W-O; in our case.®’
Exploring the reactivity of all different alkali metals and their salts for bronze formation is, however,

beyond the scope of this manuscript.

2.3.4 Surface Ligands and Composition of h-ATB Nanocrystals from
Temperature-Dependent Solid-State MAS *H-NMR / PXRD Studies

'H-MAS NMR spectroscopy allows the identification of the inorganic (i.e., *H-containing) species in h-
ATB (NHs, NH4* and H20) or surface-bound ligands (HOAc, OAm, H,O/OH") on h-ATB nanoparticles.
Together with structural analysis by X-ray diffraction methods, this provides information on the role of
ammonium cations in stabilizing this metastable structure and the influence of other small molecules,
such as water, that might elude observation by other methods. In terms of applications, such studies are

a powerful tool to understand the behavior of a system in different situations.

For this purpose, a sample (ATB-13c) was heated stepwise to different temperatures (70 °C, 200 °C,
300 °C, 400 °C, and 500 °C) and kept in air (Figure 2.8a) or under Ar atmosphere (Figure 2.8b) for 5 h
at each temperature. The sample annealed at 70 °C showed pairs of overlapping signals at 0 and 2 ppm
and between 3 and 9 ppm (maximum at 4.8 ppm, shoulder at 6.7 ppm). The high field signals (0 -2 ppm)
were assigned to the residual surface organics (HOAc, OAm). The remaining signals are a combination
of H,O/NH3/NH4* species and the resonances of protons associated with the olefinic double bonds. This
assignment was confirmed by heating experiments and the changes occurring in the corresponding

temperature-dependent *H NMR spectra.

For the sample annealed in air, the signals of the organic components and surface-bound water begin to
lose intensity at 200 °C and disappear at 300 °C. At 200 °C, the signal from the ammonium cation
(normally at 7.1 ppm) appears high field shifted at 5.3 ppm due to the shielding effect of the crystal
structure. At 300 °C, signals appear at 6.7 and 4.6 ppm, while the signal from the ammonium cation at

5.3 ppm has disappeared, presumably due to oxidation of the tungsten by molecular oxygen from air
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according to Eq. 2.3. A shoulder at ~5.8 ppm suggests that low levels of ammonium/water may be

hidden below the ammonia signal.

2 NHg" + 0.5 Op + 2W*" - 2 NHs1 + H0 + 2W5* (2.3)

The signals are associated with water (4.6 ppm) and ammonium (6.7 ppm) cations in the channels of
hexagonal bronze formed according to Eq. 2.3. There is also a low intensity signal at about 2.5 ppm.
This signal was assigned via additional heating experiments to 300 °C with different duration and

different aeration after the heating step (Figure S8.1.14).

In the *H NMR spectrum of a sample measured immediately after heating, this resonance is absent,
whereas it appears and increases in intensity with prolonged exposure to air. Therefore, we attribute the
resonance at 2.5 ppm to surface-bound water. We observed a negative zeta potential (~ - 35 mV) for
ATB-13c, indicating the absence of surface OH groups, typically at 1.3 ppm.™

Due to hydrogen bonding with these water molecules, the negatively charged WOs.x surface has a strong
electron-withdrawing effect. Therefore, the signal of the surface protons at 1.3 ppm is weakly field
shifted and appears at 2.5 ppm (as for typical OH" groups).® At 400 °C we observe signals at 6.9, 5.7
and 2.6 ppm. The signal at 2.6 ppm is again assigned to surface water. The signal at 6.9 ppm corresponds
to the (attenuated) ammonia signal. The signal at 5.7 ppm is most likely due to water present in the
hexagonal channels and residual ammonium cations. A clear assignment is not possible here. At 500 °C,
all *H species have disappeared except for a broad signal at 5.1 ppm, which is probably due to high
contents of various aqua species. At 200 °C under Ar atmosphere, a noticeable amount of residual
organics remains (which disappears at 300 °C). In addition, there is the signal of an ammonium group
at 5.3 ppm. At 300 °C, the ammonium content weakens, but no ammonia signal with increasing intensity
is observed, since oxidation of tungsten under Ar is not possible. Only a shoulder at 7.1 ppm indicates

small amounts of another (undefined) species.

At 400 °C, there is only one signal stronger electron-withdrawing effects from the tungsten atoms
resulting from the free space at 5.7 ppm, which is due to an ammonium cation that is shifted slightly to
low field due to the within the hexagonal channels. At 500 °C the ammonium signal at 5.8 ppm is still
present, and additional weak signals appear that are compatible with surface OH groups (1.3 ppm) and
surface bound water (2.6 ppm). Table 2.3 compiles the *H-NMR signal assignments for h-ATB together
with reference data for h-ATB from the literature,”> ammonium tungstate and other compounds

containing ammonium cations.
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Figure 2.8. a) Solid state *H-NMR spectra of ATB-13c after annealing for 5 h at 70, 200, 300, 400, 500 °C in air.
b) Solid state *H-NMR spectra of ATB-13c after annealing for 5 h at 70, 200, 300, 400, 500 °C under Ar. ¢) PXRD
patterns of ATB-13c particles heated in air and d) PXRD pattern of ATB-13c particles heated under Ar. Marks
indicate reflections changing after temperature treatment. Reference patterns of ¢) and d) are found in
Figure S8.1.16 > Figure S8.1.24.

To estimate the amount of ammonium cations incorporated into the hexagonal channels of the h-ATB
structure and thus the oxidation state of the tungsten atoms, we successively heated to 200 °C and 300 °C
with 5 h equilibration time under argon. At each temperature step we performed a quantitative *H-NMR
experiment. The measurements were performed immediately after the heating step without allowing
accumulation of water on the particle surface. At 200 °C the spectrum is dominated by a signal at
5.35 ppm, which has contributions from NHs* (and minor amounts of olefinic protons of residual
HOAc/OAmM/OAd). The amount of these olefinic protons is < 2 % (based on the integral of the signal at
~1 ppm). Impurities from organic contamination of the labware are possible.?° The quantity of NH,* at
this temperature was determined as 0.13 per WOgz unit from the total intensity of the deconvoluted
integral of the signal at 5.35 ppm (Figure S8.1.15) against an external reference. The resulting
composition is (NHa4)o13WOs, which matches reported bulk compositions for ammonium tungsten
bronzes.™ The associated occupation (0.13) of the 5d conduction band is compatible with a high charge

carrier density of N ~ 6 x 10! cm™3,1017:34
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We note that the decomposition of the ammonium cations to ammonia (present in the hexagonal
channels and at the particle surface) starts already at 200 °C. At 300 °C the ammonium content (signal
at 3.13 ppm) has decreased to 0.10, i.e., NMR spectra show that the composition of the h-ATB changes
with temperature. During heating in air, the color of the samples gradually changed from deep blue (70
-200 °C) over yellowish blue (300-400 °C) to yellow (500 °C), corresponding to a phase transformation
of the bronze. The diffractograms at the annealing temperatures (Figure 2.8c) (show a transition from
the h-ATB to the hexagonal WO3 (h-WO3) structure (200 = 300 °C) in agreement with an oxidation of
tungsten centers according to Eqg. 2.3. From 300 =400 °C, a partial rearrangement of the hexagonal
phase (P63/mcm P6/mmm) was observed. At 500 °C, the transition to the monoclinic WOs structure
occurs. No color-change was observed for the sample heated in argon (Figure 2.8d), and a
transformation to hexagonal WOj; started at 400 °C. A structural change to the monoclinic WOs structure

was observed after heating for 5 h at 600 °C (Figure S8.1.25), while the sample color remained blue.

Solid-state *H NMR studies for WO3 are not shown because, as expected, mainly decomposition
products of organic compounds were found in the spectra. Traces of NH4* could be attributed to surface
bound ammonium cations. The powder diffraction pattern showed only one phase transition to
monoclinic WO3 at 500 °C in air.

Table 2.3. Chemical shifts of different *H signals in *H- MAS-NMR spectra for h-ATB together with chemical
shift of h-ATB and several reference’ samples.

Substance chemical shift chemical shift chemical shift chemical shift
(NH4*) / ppm (NH3) / ppm (H20) / ppm (H.O/OH,
surface) / ppm

h-ATB (this work) 53>57 6.9-6.7 5.7; 4.7 2.62
h-ATB (ref) 5.6-5.2 7.0-6.6 5.8 1.3/0.8
Ammonium 7.2 - 5.2 -
paratungstate
NH,CI 7.1 - - -
NHsReO4 6.2 - - -

a. H20 adsorbed on the negatively charged surfaces of the particles after the heating procedure.

2.35 Localized Surface Plasmon Resonances Study of WOsx and h-ATB

Reduced tungsten oxides are known to exhibit localized surface plasmon resonances. Therefore, the
photo-optical properties of WO3 and h-ATB nanoparticles were investigated. The optical response of
anisotropic particles (e.g., nanorods) should lead to two nondegenerate plasmon resonances associated

with the longitudinal and transverse modes.*® The longitudinal mode is generally stronger and lower in
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energy. It corresponds to the electron oscillation along the long axis of the nanorod. The higher energy
transverse mode is polarized in the perpendicular direction. The absorption spectra of the WOs.x and h-
ATB nanorods in Figure 2.9 are consistent with this prediction based on the Gans-theory.**%! As the
aspect ratio increases, the longitudinal mode shifts to longer wavelengths. In addition to the strong
dependence on aspect ratio, the longitudinal mode is also very sensitive to the dielectric function em.
This makes plasmonic tungsten oxide and h-ATB nanoparticles interesting substrates for localized

surface plasmon resonance sensing.

The UV-Vis-NIR spectra of NR-1, NR-4, NR-8 and ATB-13 in tetrachloroethene (TCE) (Figure 2.9a)
show strong NIR absorption in the spectral range from 700 to 3300 nm for all particles. Due to the
absorption of tetrachloroethene in this range, the exact position of the absorption band is difficult to
determine. Band broadening results from the inhomogeneity of the particles, as can be seen from the
histograms of the aspect ratio of selected particles (Figure S8.1.1). For NR-1, a broad band with a

maximum at ~2750 nm was observed.
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Figure 2.9. a) UV-Vis-NIR spectra of NR-1, NR-4, NR-8 and ATB-13 measured in TCE and b) energy-dependent.

In addition, there is a second maximum at ~950 nm that overlaps with the broader band. NR-4 particles
have a blue-shifted absorption maximum at ~2350 nm compared to NR-1 particles, while the maximum
of particle NR-8 is red-shifted to ~2850 nm. Both particles showed a second maximum around 950 nm.
For the tungsten bronze (ATB-13) particles, a broad maximum occurs at ~1750 nm and a second
maximum at ~900 nm. The aspect ratio of the particles increases in the order ATB-13, NR-4, NR-1,
and NR-8 (2.4, 4.8, 10.6, and 12.5) (Table 2.2), and the absorption maxima of the particles are red-
shifted in exactly this order, although the change for NR-4 is slightly larger than expected. NR-4
particles show two maxima in the aspect ratio distribution (~4.0 and 5.5, Figure S8.1.1b) with a
relatively broad overall distribution, in agreement with the observed widths of the plasmon bands. Our

results are in agreement with results reported by Manthiram et al.*® based on a synthesis by Yella et al.*’
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Manthiram*® calculated the energy-dependent absorbance for different aspect ratios (5.5, 11, 22) of
WO_s, and estimated that the longitudinal band should be broad and without a maximum for aspect
ratios of 11 or higher. The energy-dependent absorption of the particles shown in Figure 2.9b shows that
even for the highest achieved aspect ratio of 12.5 (NR-8) an absorption maximum occurs at 0.45 eV.
For the lowest aspect ratio of 2.4 (ATB-13) plasmon excitation results in light absorption in the energy
(wavelength) range of 1.9 eV (650 nm) to 0.4 eV (3300 nm) with a maximum at 0.7 eV. NR-1 and NR-
4 show an absorption at even higher energy than 2 eV with maxima around 0.5 eV. Thus, by choosing
the “right” materials and with the proper dimensions, we can tune the absorption of NIR light in a very
efficient manner. the entire NIR range and much of the UV-Vis range can be covered. Coincidentally,
ATB-1 (non-purified with a WOs../h-ATB ratio of ~1) shows exactly this result (Figure S8.1.26) and is
therefore a very promising candidate for efficient NIR-shielding.

2.4 Conclusions

We have elaborated a rapid and highly reproducible synthesis of plasmonic anisotropic tungsten oxide
and tungsten bronze nanocrystals in large amounts (grams) by thermal decomposition of commercial
ammonium tungstate in the presence of the surfactants oleic acid and oleylamine. The aspect ratio (AR,
i.e., length/width) of the resulting tungsten oxide nanorods could be controlled by the surfactant ratio.
By increasing the concentration of the starting compound, hexagonal bronze (h-ATB) particles were
obtained for a surfactant ratio of 1:1. New insights into the reaction mechanism were obtained by a
kinetic analysis of the reaction using electron microscopy and *H NMR. Burst nucleation led to the
formation of hexagonal ammonium bronze (h-ATB) nanocrystals between 250 und 275 °C, while WOs3.
x hanorods are formed already below 250 °C. The heating rate and stirring speed were found to be critical
parameters for the product selection. Due to burst formation, h-ATB was the preferred reaction product
at fast heating rates (25 K/min) and slow stirring speeds (~150 rpm), while WO3.x nanorods were formed

selectively at slow heating rates (1 K/min) and high stirring speeds (~800 rpm).

While the surfactants oleylamine and oleic acid are known to function as both solvents, surfactants, or
reducing agents, we show that the formation of oleyl oleamide from oleic acid and oleylamine is a key
factor in controlling product selection. The results of *H NMR spectroscopy showed that oleyl oleamide
(OAd) forms upon heating from the surfactants HOAc and OAm by a condensation reaction that is not
catalyzed by the tungsten oxides. We discuss the specific role of OAd. We showed that OAd stabilizes
WOs., nanorods during growth but has no direct effect on the formation of h-ATB nanocrystals. It only
binds to WOs.x nanorods due to its steric effect and lower number of surface sites. Since the surfactants
HOAc and OAm are typical reagents for the wet chemical preparation of many metal and oxide
nanoparticles in a temperature range between 200 °C and 350 °C, the finding that OAd is the active

surface reagent instead of HOAc and OAm could also be of importance for many other nanoparticle
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syntheses. Oleyl oleamide, the active reagent, could be recovered from the reaction solutions. This
significantly improves the yield. *H NMR spectroscopy showed that the WOs.« nanorods are stabilized
by OAm surface ligand, which is formed by decomposition of OAd. Purification of the products
followed by *H NMR control showed a much lower surface complexation for h-ATB nanocrystals.

We propose a mechanism, where polyoxotungstate nuclei formed at temperatures >200 °C serve as
prenucleation clusters for both types of particles that grow subsequently via oriented attachment. The
competition of OAM/OAd and NH4* for surface coordination during growth, the role of HOAc to bind
NH,", and finally the concentration of polyoxotungstates during growth are important factors for phase

selection.

The combination of X-ray diffraction and solid-state *H NMR spectroscopic analysis of h-ATB showed
an oxidation of the bronze at 300 °C and formation of binary hexagonal (h-WOs) and monoclinic
tungsten oxide (m-WOQs) at higher temperatures. Water was found to cover the negate O terminated

surfaces after annealing.

UV-Vis-NIR analysis of the products showed the appearance of broad plasmonic bands in the NIR
region. The aspect ratio of the WOs.x nanorods and h-ATB nanocrystals results in a pronounced red shift
of the absorption maxima. The reaction control of WO3. allows fine tuning of the NIR absorption of the
nanorods. By combining WOs.x nanorods and h-ATB nanocrystals, efficient absorption can be achieved
over the entire NIR range between 800 and 3300 nm (~2 - 0.5 eV).

2.5 Experimental section

Materials. All chemicals were used as received without further purification. Oleic acid (90 %, technical
grade) was bought from Sigma Aldrich, oleylamine (>50 %, technical grade) and sodium oleate (>97 %)
from TCI, ammonium metatungstate hydrate (AMT, >90 % WOs; basis) from Carl Roth, Na,COs
(99.5 %) from Acros, NaHCO;3; from Fisher Scientific and NaAc*3H,0 from Koéhler-Koblenz.

Synthesis of Tungsten Oxide Nanoparticles. For a standard synthesis (NR-1), 6.36 mL (20 mmol) of
oleic acid (HOAC), 6.58 mL (20 mmol) of oleylamine and 352 mg (0.12 mmol) of AMT were put in a
100 mL 3-neck flask equipped with a magnetic stirring bar, temperature controller with heating mantle,
plug and reflux condenser connected to a Schlenck-line. The mixture was degassed at 100 °C for 30 min
in vacuo and then heated under argon to 350 °C with a heating rate of 5 K/min. This temperature was
held for 30 min and then cooled down slowly by removing the heating mantle. 15 mL of ethanol were
injected at 70 °C to prevent solidification of the solution. The solution was transferred to a 50 mL
centrifuge tube. After adding additional 2 ml of CHCI; and 15 mL of ethanol it was centrifuged at
9000 rpm for 5 min. The upper layer was removed, and the residue was dissolved in 3 mL of chloroform

by ultrasonication. The washing procedure was repeated twice. Subsequently, the particles were
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dissolved in 3 mL of chloroform and stored for further use. The yield varied between 60-70 % under

standard conditions (about 220 mg of particles).

The synthesis of the hexagonal tungsten bronze (NH4)x\WO3 was carried out under similar conditions by
increasing the amount of AMT (up to 1054 mg, 0.36 mmol) and degassing at 75 °C. h-ATB particles
were cleaned by dispersing in 5 ml of pure CHCIs with ultrasonication, centrifugation (9000 rpm for
10 min) and discarding the blue, WOs.«-containing supernatant repeatedly, until it was colorless.

An overview of most relevant synthesis parameters is provided in Table 2.1, a full version in
Table S8.1.1.

Synthesis of Oleyl oleamide. Oleyl oleamide was synthesized according to Dalu et al.®! without the use
of additional solvent. 25.4 ml (80 mmol) oleic acid and 26.3 ml (80 mmol) oleylamine were mixed in
an 80 ml glass vessel. The vessel was then transferred in a 250 ml Teflon-lined stainless-steel autoclave.
The autoclave was sealed and heated to 180 °C for 18 h. The resulting white waxy solid was
characterized by 'H- and *C-NMR spectroscopy and used without further purification. *H-NMR
(400 MHz, CDCls): § = 5.51 (s, 1H, NH), 5.35 (m, 4H, CH,-CH=CH-CH,), 3.24 (q, 2H, H2C-H,C-N),
2.16 (t, 2H, NOC-CH,-CHy), 2.02 (m, 8H, CH,-CH=CH-CH,), 1.63 (g, 2H, H.C-H,C-N), 1.49 (q,
2NOC-CH,-CHy), 1.40-1.20 (m, 43H, CH5), 0.89 (t, 6H, CH3) 3C-NMR (100 MHz, CDCls): § = 173.0,
130.0, 129.7, 77.3, 77.0, 76.7, 39.5, 36.9, 32.6, 31.9, 29.9-29.0, 27.2, 26.9, 25.8, 22.7, 14.1. Spectra
(Figure S8.1.27) matching closely those reported in literature %8 and no traces of oleic acid and

oleylamine were found.

25.1 Characterization

Transmission Electron Microscopy (TEM). For TEM one drop of a highly diluted solution of particles
(~0.2 mg/mL in chloroform) was put onto a carbon-coated copper grid. Images were taken with a FEI
Tecnai G2 Spirit microscope equipped with a Gatan US1000 CCD camera at 120 kV. High resolution
(HR)-TEM images were measured with a FEI Tecnai F30 operating at 300 kV, equipped with an on axis
US4000 CCD 4kx4k camera. For further processing the program ImageJ was used. Histograms are based

on 100+ particles measured with a rectangular selection. Data procession was done with Matlab 2018b.

Powder X-Ray Diffraction (PXRD). PXRD studies were carried out on a STOE Standi P using Mo
Ka; radiation (1 = 0.7093 A) and a Dectris Mythen 1k detector. The diffractograms were analyzed using
Match!3 and plotted with Matlab2018b. All references were taken from the Crystallography Open
Database (COD) or International Centre for Diffraction Data (ICDD) PDF database. Rietveld® and
Pawley®® refinement were performed with Topas Academic V6. Reflection profiles were generated
according to the fundamental parameter approach®9 applying a correction for anisotropic crystallite

morphologies. Within this model, individual crystallite (CSy) sizes are computed for each reflection
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(hkl) according to the quadratic form CSp = Ynem { h" x Cij x h } in which h is the reciprocal lattice
vector corresponding to (hkl) and Cj; = (a)” x (a;)" is the symmetric second rank tensor of the square
roots of the crystallite dimensions in direction i and j in the basis of the crystal lattice.®® Structure
visualization with VESTA Ver. 3.4.3.

Ultraviolet-Visible-Near Infrared Absorption (UV-Vis-NIR) Spectroscopy. UV-Vis-NIR spectra
were taken on a Cary 5G UV-Vis-NIR spectrophotometer. The sample (~ 0.1 mg ml™ in tetrachloroethen
(TCE)) was placed in a 1 cm quartz cuvette and measured in the wavelength range from 200 to 3300 nm.
Processing and plotting were done with Matlab 2018b. The spectra were normalized at a wavelength of
303 nm.

Nuclear Magnetic Resonance (NMR) spectroscopy. Solution NMR spectra were recorded on a Bruker
DRX 400 NMR spectrometer equipped with a commercial Bruker 5 mm 2 channel inversed probe head
with z-gradients. All samples were dissolved in a deuterated chloroform before the experiments. The tH
NMR spectra were measured using a 30° flip angle and averaging 32 scans with 2 s recycle delay. The
gs (gradient selected) *H COSY (correlation spectroscopy) spectra were recorded with 1 scan per
increment and 1024 increments in the indirect dimension and 2 s repetition time. The *3C spectra were

recorded using power gated decoupling with 30° flip pulse and 1064 scans.

Solid state NMR spectra were recorded on a Bruker DSX 400 NMR spectrometer equipped with a4 mm
commercial 3 channel Bruker probe head and 10 kHz magic angle spinning (MAS). The *H NMR spectra
were measured averaging 32 scans and 8s recycle delay. The spectra were referenced to external
adamantine at 1.63 ppm. All NMR spectra were analyzed using MestreNova 10. Intensities of MAS
spectra were adjusted according to the receiver gain. Quantitative *H NMR experiments were performed
with samples treated at 200 °C and 300 °C (Ar, 5 h) to calculate the amount of ammonium cations
incorporated in the (NH.)xWOs structure. The same rotor was used for recording the spectra of the
particles and the reference adamantane. The weight of the rotor was measured empty and filled with
each sample; the difference providing the exact sample amount. The integrals of the resp. proton
resonances in the reference and the (NH.)xWQOs3; experiments were related to each other allowing
estimation of the amounts of the proton species in the particles after deconvolution (where necessary).

The spectra were measured with 30° excitation pulse and a recycle delay of 30 s.

Zeta-Potential. Zeta potential was measured Malvern Zetasizer NanoZS with a 633 nm He-Ne-Laser.
Samples were measured in milli pore water that was filtered through a 200 um syringe filter. The particle

concentration was about 1 mg/ml.

X-ray photoelectron spectroscopy (XPS). XPS measurements were carried out on an Axis Ultra DLD
imaging photoelectron spectrometer. Measurements were carried out using the Hybrid mode with
10 mA and 15 kV at the Al anode. The analysis area was 700 um * 300 um (i.e., X-ray spot size). Survey

spectra were measured at a pass energy of 80 and elemental spectra at 20 pass energy of the analyzer.
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All spectra were charge corrected to a binding energy of 284.8 eV for the C 1s line corresponding to
adventitious aliphatic carbon. Measurements were analyzed using the CasaXPS software plotted with
Matlab2018b.
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3. Magneli-Type Tungsten Oxide Nanorods as
Catalysts for the Selective Oxidation of

Organic Sulfides

3.1 Abstract

Selective oxidation of thioethers is an important reaction to obtain sulfoxides as synthetic intermediates
for applications in chemical industry, medicinal chemistry and biology or the destruction of warfare
agents. The reduced Magneli-type tungsten oxide WO3.x possesses a unique oxidase-like activity which
facilitates the oxidation of thioethers to the corresponding sulfoxides. More than 90 % of the model
system methylphenylsulfide could be converted to the sulfoxide with a selectivity of 98 % at room
temperature within 30 minutes, whereas oxidation to the corresponding sulfone was on a time scale of
days. Concentration of the catalyst had a significant impact on the reaction rate. Reasonable catalytic
effects were also observed for the selective oxidation of various organic sulfides with different
substituents. The WOs.« nanocatalysts could be recycled at least 5 times without decrease in activity.
We propose a metal oxide-catalyzed route based on the clean oxidant hydrogen peroxide. Compared to
other molecular or enzyme catalysts the WOs.« system is a more robust redox-nanocatalyst, which is not
susceptible to decomposition or denaturation under standard conditions. The unique oxidase-like
activity of WOs., can be used for a wide range of applications in synthetic, environmental or medicinal

chemistry.
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3.2 Introduction

Organo-sulfur compounds (e.g. cysteine, biotin etc.) are involved in human metabolism. In addition,
they form an essential group of plant metabolites (e.g. in the protein fraction) that perform important
biological functions. Sulfur compounds are important for food quality and for the production of phyto-
pharmaceutics. Plants contain a large variety of other organic sulfur compounds, like thiols
(glutathione), sulfolipids and secondary sulfur compounds (alliins, glucosinolates, phytochelatins),
which play an important role in physiology and protection against environmental stress and pests or act
as strong poisons.t? Therefore, their oxidation is an important reaction, not only for the large-scale
synthesis of pharmaceutical compounds,® but also biochemically.* Other prominent fields are the
oxidative desulfurization of fuels® or the destruction of chemical warfare agents such as mustard gas.®
The oxidation can occur in two-steps. The first step leads to sulfoxides, the second oxidation step to
sulfones. In the pharmaceutical industry oxidized sulfides are of significant interest. Proton pump
inhibitors such as omeprazole and pantoprazole are widely used drugs for acid reflux. An important step
in the synthesis is the selective oxidation of a sulfide intermediate to the sulfoxide. As many sulfoxides
are chiral compounds, asymmetric oxidation has been a point of interest. By using chiral auxiliars such

as (+)-diethyl tartrate’ and R-(+)-binaphthol ® enantioselectivity of the products can be achieved.

A variety of oxidants has been used,® aerial oxygen and hydrogen peroxide being the most favorable
choices due to their low cost and environmental compability.® Elevated temperature, acidic conditions
or a catalyst are needed to achieve high conversion rates for the oxidation to sulfoxides and sulfones.
High temperatures and acidic conditions can lead to undesired side reactions or decomposition of the
reactants. Enhanced selectivity and yields under standard conditions can be achieved with the aid of
suitable catalysts.'®! Choice and design of efficient catalysts is highly reaction dependent. Substrates
and catalyst must be chemically compatible in order to ensure the desired conversion. Most catalysts for
sulfide oxidation are molecular coordination compounds like polyoxomolybdates,*?
oxo(salen)chromium complexes,® bis(acetylacetonato)oxovanadium(lV) based complexes'**® and
titanium isopropoxide”® and inorganic compounds like zirconium tetrachloride® and sodium tungstate.®
Biologically, sulfoxidation is catalyzed by chloroperoxidases (CPOs),!” a class of enzymes that produces
natural organochlorides in soils. The first discovered enzyme in this class was CPO from the marine

fungus Caldariomyces fumago.*®

Disadvantage of homogeneous or enzymatic catalysts are their poor recyclability and the impurities left
in the final product. Heterogeneous catalyst overcome such problems. Among the solid-state compounds
nanoparticles have great advantages as catalysts. Their higher surface to volume ratio compared to bulk
compounds leads to more catalytically active surface sites.'® Additionally, their morphology can be
tailored synthetically, allowing energetically unfavorable, but highly reactive surfaces to be

predominant. Since both oxidation steps for organic sulfides can be catalyzed, selectivity is crucial.
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Sulfoxides are the most common targets for sulfide oxidation, and over-oxidation to sulfones must be
suppressed. This can be achieved by using stochiometric amounts of the oxidants provided that the
formation of sulfoxides in the first reaction step is much faster than formation of sulfones in the second

one.

Based on the analogy between the activity of molecular polyoxotungstates,*> WO; and H,WO, as
oxidation catalyst,? the enhanced activity of Mo-W-O mixed oxide catalysts?! for partial oxidation of
acrolein to acrylic acid?>? and the peroxidase-like properties of metal oxide nanoparticles?*?" or
haloperoxidase-like properties of V,0s® and CeO,?° we reasoned that CeO, or WOs.« nanoparticles
might catalyze the selective oxidation of organic sulfides at ambient conditions in manner similar to
metalloenzymes.?42630-32 Tungsten oxides show promising surface coordination properties for different
substrates, as they have been investigated as gas-sensors for various application.®*3* The oxide defect

chemistry is crucial for the activity and selectivity of the metal oxide particles.?>?°

Especially the defect chemistry of stoichiometric WOs3 can be adjusted in the substoichiometric WO3
shear variants (2.625 <X <2.92, W3,0g84, W30s, W15049, W17047, W5014, W200sgs, and W5073). These
so-called Magnéli phases®3 and other reduced tungsten oxides show structural and chemical
complexity in the solid state coupled with mixed-valence behavior and hopping conductivity for use in
thermoelectrics,®” plasmonics,®° photocatalysis,***® or redox chemistry in electrodes.*** The size of
ultra-small Magneli-type WOs.x nanoparticles can be comparable to the diameters of typical
polyoxotungstates, a family of well-defined polyanions whose structures in solution are sensitive to
chemical environment, pH value, solvent and temperature.“¢ We supposed that their structural and redox
properties might enable selective oxidation catalysis of organic molecules at ambient conditions similar

to natural enzymes*’ or enzyme-mimetic vanadia®® or ceria nanoparticles.?4°

Here we report the selective oxidation of organic sulfides with hydrogen peroxide catalyzed by WO3.x
nanorods to sulfoxides at ambient conditions. Based on a kinetic analysis we demonstrate that the
reaction is strongly dependent on the solvent and the amount of surface-bound water. The annealing
temperature of the particles to remove surfactant and physisorbed water has great impact on the reaction
rate. WOs.« nanorods selectively oxidize sulfides to sulfoxides in short reaction times (~30 min) at room
temperature, whereas the oxidation to sulfones proceeded on a timescale of days. A screening of
different sulfides revealed that the oxidation was significantly faster for aliphatic sulfides, and slower
for aromatic or sterically hindered sulfides. Electron withdrawing groups in p-position of the aromatic
systems lowered the conversion rate while electron donating groups increased it. In contrast, ceria

nanoparticles exhibit no product selectivity but were highly efficient catalysts for sulfone production.
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3.3 Results and discussion

3.31 Evaluation of Reaction Parameters for in situ Oxidation of Thioanisole

The oxidation of sulfides consists of two steps, (i) the oxidation to a sulfoxide and (ii) the oxidation to
the sulfone. WOs.« nanorods (annealed at 300 °C) catalyze the reaction of thioanisole (metyl phenyl
sulfide) to methyl phenyl sulfoxide (MP-sulfoxide) and methyl phenyl sulfone (MP-sulfone) with H>O:
(Figure 3.1a). WOs;« nanorods (NRs) were synthesized following ref. *°. Transmission electron
microcopy (TEM) images and an X-ray diffractogram of the WO3x NRs are shown in Figure 3.2a and
b. The structure assignment is based on high resolution transmission electron microscopy (HR-TEM)
(inset to Figure 3.2a) and X-ray powder diffraction (PXRD). Since the particle diameter corresponds to
only 2-3 unit cells along [010], the X-ray diffractogram contains only two broad reflections that are
commonly associated with the phase WO27, (or W15049).%8424 This makes a clear-cut structure
determination difficult, in particular considering partial oxidation during the annealing step. A Pawley
refinement® of particles annealed at 300 °C (Figure S8.2.1) reveals an increased d-spacing along [010]
(from 3.789 to 3.794 A) compared to non-annealed particles, indicating a partial oxidation of annealed
WO3.« nanorods.

a o Pl
11
Sfon] + H0x V0.1 Sqcny + Ha0z [WOs.] Sch,
-HO 2.81 -H;0 ;3
2.47 ppm -0 ppm 3.13 ppm
b c
MP-sulfone ~ MP-sulfoxide 100 [
= 2 80 ',
© ; - — thioanisole
2 Hoatisde | 2 60 | — MP-sulfoxide
w b -
= eo‘(\ 5 2o | — .. MP-sulfone
- W Q.
= o 30 5 .
g M. W
10, s Y
o) ) P —
O
N 0 10 20 30
time / min

Figure 3.1. a) Oxidation of thioanisole to MP-sulfoxide and MP-sulfon with H,O, catalyzed by WOs.x NRs, b)
3D-plot of an in situ Kinetic catalysis under standard conditions (30 min, 0.04 mmol of thioanisole, 0.06 mmol of
H202 (60%), 0.85 mg of WOs.x NRs in 0.6 mL of methanol-ds) and c¢) change of integrals for the reactant
thioanisole (blue) and products MO-sulfoxide (green) and MP-sulfone (red) and conversion rate for thioanisol
(dotted line) of the spectra in b).
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Since the oxidation front should penetrate into the nanocrystal starting from the surface, a unique
composition and formula for the nanorods is not easy to give. Therefore, we use the general formula
WO3-)<.

Under standard conditions (0.04 mmol thioanisole, 0.06 mmol H,O; (60 %), 0.85 mg WOs.x in 0.6 ml
methanol-d.), a conversion to MP-sulfoxide of 60+9 % was achieved already 10 min after injection of
H»O, and an average conversion of 90+4 % after 30 min. The verification of the standard conditions is
shown below. Conversion of MP-sulfoxide did not exceed 2+1 % within 30 min, verifying the
selectivity of the WO3. catalyst. Figure 3.1b and ¢ show a kinetic study of the reaction, monitored by
recording *H-NMR spectra every 20 seconds for 30 minutes. The signal of thioanisole (2.47 ppm)
decreases, while the signal of MP-sulfoxide (2.81 ppm) evolves simultaneously. The signal intensity of
MP-sulfone (3.13 ppm) is very low (<2 %) compared to MP-sulfoxide during 30 min of reaction time.
Integration was done only for the aromatic signals to avoid errors due to overlapping CHjs signals.

The maximum conversion rate dropped already after 5 min for standard conditions. The compositions

after 30 min (10 min) were used for all in situ experiments as “snapshot” to compare reaction rates.

Table 3.1 compiles the ratios of thioanisole:MP-sulfoxide:MP-sulfone after 10 and 30 min for different
reaction variables. Using H.O; in reduced concentration (35 % instead of 60 %) reduced the conversion
to MP-sulfoxide after 30 min from 90 to 77 % (60 to 42 % after 10 min). Doubling the concentration of
all components and using 60 % H.0, increased the conversion to 94 % already after 10 min. 98 % of
the thioanisole were oxidized after 30 min, but only 4 % conversion of the MP-sulfoxide intermediate
was oxidized to MP-sulfone. Water impurities in methanol (due to its hygroscopicity) can affect the
reactivity of the WO3.«x NRs because the thioanisole/H,O; ratio in the reaction solution was kept constant

during the experiments.

We conducted a series of experiments to demonstrate that water quenches the reaction significantly.
Figure 3.3a shows the effect of additional H,O and D,O during the reaction. While 2.34 uL of H.O or
D0 did not decrease the conversion significantly, higher amounts of of H,O or D,O (10 pL) reduced
the conversion after 30 min from 92 % to 62 % (for D,O) and to 64 % (for H.O). For even higher
concentrations of of H,O or D20 (50 L), only 26 % of thioanisole was oxidized for both, D,O and H,0.
For a reaction solution containing methanol and (H.0/D,0) (400:200 pL) in a ratio of 2:1 the conversion
converged to 21 %, indicating that the minimum reactivity was reached. Reaction in pure water is not
possible due to the low solubility of thioanisole. Water may block catalytic surface sites of the negatively
charged WOs. surface®, thereby preventing H.O, from activating the surface. In addition, the low
solubility of thioanisole in water reduces the local concentration of the reactant as well as mass transfer.
The fit curves show an exponential decay of the conversion (Table S8.2.2), in accord the results in ref
52. D,O appears to lower the reaction rate slightly more (approx. 1-2 %) than H-O, which might indicate

an isotope effect resulting from differences in hydrogen bonding between DO and H,0.%? Despite the
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detrimental effect of water on catalyst activity, hydrogen peroxide is a good oxidant for our model

system. It allows high conversion rates and is inexpensive, non-toxic and environmentally friendly.>-5°

WO, nanorods

*Ref: W1 8049

T

Intensity a.u.

J i . II.I.LIIL.JJ e I..un..u.

10 20 30 40
26/ ° (MoK,)

Figure 3.2. a) TEM and HR-TEM image and b) powder X-ray diffractogram of WO3x NRs annealed at 300 °C
with W1Oug reference (COD, entry no: 96-152-8167), a Pawley refinement is given in Figure S8.2.1. ¢) Structure
of W1sOu9 projected along [010] and [101]. While the crystal structure of stoichiometric WO3 contains an infinite
3D network of corner-sharing WOg octahedra, dense planar defects are regularly introduced in the parent WO3
structure with a spacing dictated by the oxide deficiency. This leads to a shear-structure with corner- and edge-
sharing octahedra forming pseudo-hexagonal channels in the W1gOug Structure.

We varied the equivalents of H,O, with respect to thioanisole from 1 to 6 (Table 3.1). The initial
conversion after 10 min was highest for 1 equivalent, only 77 % were detected after 30 min. The
conversion dropped slightly with increasing H>O concentration due to higher water content. Still,
further oxidation to MP-sulfone did not occur for any H.O2 concentration within 30 min > 97.5 % of the
product was MP-sulfoxide, based on the MP-sulfoxide:MP-sulfone ratio. We checked the reaction
solution for a 3-fold concentration of H,O; after additional 22 h and 13 days (Figure S8.2.7). We found
67 % (22 h) and > 99 % (13 days) of MP-sulfone, with no traces of thioanisole left. This means that the
oxidation to sulfone progresses, but only within days. We suggest that the lower conversion of 77 % for
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the 1-fold stoichiometric amount of H,O, may be due to a peroxidase-like behavior of WO3.x NRs.% The
H»O; concentration was ultimately set at 1.5 equivalents to ensure high conversation rates and total

conversion to sulfoxide without risking significant overoxidation.

Table 3.1. Composition of the reaction solution after 10 and 30 min during the in situ oxidation of thioanisole
using WOs.x NRs in 0.6 mL of methanol-ds as catalyst and the substrate thioanisole and the oxidant H,O; in
variable concentrations.

m(particles) | n(thioanisole) n Ratio Ratio
/'mg /' mmol /(I:fncq)é)l sulfide:sulfoxide:sulfone | sulfide:sulfoxide:sulfone
(10 min) (30 min)
0.85 0.04 0.06? 39:60:1 8:90:2
0.85 0.04 0.06" 58:42:0 22:77:1
1.70 0.04 0.06% 3:95:2 3:92:5
1.70 0.08 0.122 6:93:1 2:94:4
2.81 0.13 0.20° 3:95:2 2:93:5
0.85 0.04 0.042 34:65:1 32:67:1
0.85 0.04 0.08% 37:62:1 6:92:2
0.85 0.04 0.122 45:54:1 10:88:2
0.85 0.04 0.242 55:44:1 18:81:1

a. 60 wt% H20:2 in water
b. 35 wt% H20: in water

Different deuterated solvents were tested as reaction media. Acetonitril-ds, actetone-ds and
tetrahydrofurane-ds did not show a conversion higher than 1 %. D,O was not tested, because thioanisole
was insoluble and strong quenching was expected. We assume that methanol stabilizes the WO3x NRs
by surface hydrogen bonding.*” The strength of this bond might be weaker than hydrogen bonding with

water/hydrogen peroxide and allows the reaction to proceed.

We checked the effect of different annealing temperatures of WO3x NRs on the conversion. The results
are presented in Figure 3.3b and Table S8.2.3. Maximum conversion of 90 % was achieved after 30 min
for an annealing temperature of 300 °C. An annealing temperature of 200 °C decreased the conversion
to only 12 %. Based on our temperature-dependent kinetic analysis we assume that temperatures >
250 °C are needed to remove surface-bound water and tensides coordinated at the WO3.x NR surface
after synthesis.*® For annealing temperatures > 350 °C the turnover rate drops from 58 % (350 °C) to
45 % (400 °C) and reaches 3 % (500 °C) after 30 min of reaction time. No significant structural change

was observed for temperatures up to 400 ° based on the TEM image and the two reflections of the PXRD
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pattern (Figure S8.2.2). A phase transformation to monoclinic WO3 occurrred at 500 °, indicating that

the catalytic reactivity is associated with partially reduced WO3x NRs.

We performed a set of ex situ experiments to demonstrate the stability of the WOs.« NR catalyst and its
recyclability after catalysis (Figure 3.4). We could quantitatively oxidize thioanisole (7.3 mmol,
910.5 mg) in 30 min at 25 °C with only 2 wt% (~1 mol%) of WOs. particles, 1.5 eq of H.O, (35 %) and
non-deuterated, non-dried methanol by increasing the WOs.x NR concentration (8.5 mg/mL in methanol)
to compensate for water impurities. The reaction was monitored by taking snapshots after 10 and 30 min

to ensure compatibility with the in situ experiments.

a b
100 - - ; - 100 ‘
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80 - =H,0 80|
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addition of water / ul annealing temperature / °C

Figure 3.3. a) Effect of H,O and D,O on the oxidation of thioanisole with WOs.x NRs (composition and
exponential fit data provided in Table S8.2.1 and Table S8.2.2). b) Effect of annealing temperature of WO3.x NRs
on the conversion of thioanisole Powder X-ray diffractogram of annealed samples at different temperatures and
the compositions of the reaction mixtures are given in Figure S8.2.2 and in Table S8.2.3. All experiments
performed under standard conditions (0.04 mmol of thioanisole, 0.06 mmol of H,0, (60%), 0.85 mg of WO3.x NRs
in methanol-dy).

Conversion after 30 min remained consistently at 98 % for five cycles. For the last cycle the conversion
to MP-sulfoxide was ~98 % already after 10 min. An in situ Kinetic of the WO3x NRs collected after the
5t cycle showed a reduced catalytic activity (only 60 % thioanisole oxidized after 30 min). TEM images
of the particles after the 6™ cycle (Figure S$8.2.2c) show that the particles still have a rod-like shape but
also with an amorphous rim, possibly due to degradation after repeated exposure to the H,O, oxidant. A
PXRD pattern (Figure S8.2.2e) after the 5 cycle showed no evidence of a phase transformation. A
slight reflection broadening is compatible with a slightly smaller particle size, i.e., the observed changes

in reactivity may be due to surface effects.
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Figure 3.4. Sulfide oxidation capability of recycled WO3.« NRs after a) 10 and b) 30 min.

WOsx NRs were annealed at 300 °C for 5 h and ground after each cycle. These steps were necessary
because water from the aqueous hydrogen peroxide solution and organic residues from catalysis
accumulate on the polar surface of the catalyst and reduce its activity. Grinding helped to improve the
suspendability of the particles after annealing. After each reaction/purification/grinding step, small
losses of WOs.x NRs occurred. WOs.« NRs showed moderate recyclability along with high selectivity,

with a total conversion of >500 per W atom. We suppose that higher conversion yields may be possible
for higher WOs.x NR concentrations.
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3.3.2 Sulfide Screening

We performed a screening of different sulfides to check whether steric and electronic effects have a
significant effect on the oxidation reaction. Di-n-propyl sulfide was used as a model compound for
purely aliphatic sulfides. The conversion reached 99 % after 30 min (94 % after 10 min). In contrast, the
conversion di-t-butyl sulfide was only 73 % after 30 min (48 % after 10 min). We assume that the
reaction of aliphatic and sterically less demanding n-propyl-group is significantly faster due to inductive
effects. On the other hand, the tert-butyl group sterically hinders the reaction, overcoming the stronger
inductive effect of the three separate methyl groups. Diphenyl sulfide with only aromatic substituents
showed a significant lower conversion of 35 % after 30 min (14 % and after 10 min) than thioanisole.
This indicates that the electron withdrawing effect of the conjugated phenyl-groups and steric hindering
lower the reaction rate significantly. The non-conjugated and sterically less demanding dibenzyl sulfide
showed a comparable conversion rate to thioanisole with a yield of 92 % after 30 min (59 % after
10 min). To demonstrate the electron withdrawing effect of the aromatic system we conducted a set of
experiments using p-substituted thioanisole derivatives with +M and -M effect. As expected, the -M
group (4-nitrothioanisole) reduced the conversion significantly (35 % after 30 min), whereas the
reaction of the +M derivate (4-methoxythioanisole) was faster compared to that of unsubstituted
thioanisole (95 % after 30 min, 68 % after 10 min). Surprisingly, 4-aminothioanisole showed a lower
conversion than thioanisole (38 % after 30 min) despite the +M substituent. We observed fast
precipitation of the WO3.«x NRs after injecting the sulfide. This indicates, in accord with the results of
our previous study,* a passivation of the negatively charged, annealed WOs.x NRs due to binding of the
amine substrate on the non-coordinated surface. Finally, dibenzothiophene was tested, showing only
marginal oxidation (~ 2 % after 30 min) under standard conditions. We propose that oxidation of
dibenzopthiphen is strongly disfavored due to the conjugation of the aromatic system. Nevertheless, we
were able to oxidize dibenzothiophene (71 % after 30 min) by using a concentration of 8.5 mg/mL WOs.

x NRs under ex situ conditions.

No significant formation of sulfones (>4 %) was found for any of the investigated sulfides. We used
MP-sulfoxide as educt under otherwise identical conditions to underline the selectivity of the WO3
NRs. We overserved a 4 % conversion to MP-sulfone, not significantly higher than for thioanisole (2 %
after 30 min). The same applies to dimethyl sulfoxide. A conversion of only 5 % to dimethyl sulfone
indicates that even steric and +I effects do not increase the reaction rate of the second oxidation step for
WOsx NRs. As a control, the oxidation of all sulfides (excluding dibenzothiophene) was tested in the

absence of the WOs. catalyst. The conversion was in no case greater than 1 % after 30 min.
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Table 3.2. Composition for in situ oxidation reaction after 10 and 30 min for different sulfides and sulfoxides
under standard conditions (0.85 mg WOs catalyst, 0.04 mmol substrate, 0.06 mmol H;O, (60%) in 0.6 ml
methanol-d,).

Ratio Ratio
Substrate Structure sulfide:sulfoxide: sulfide:sulfoxide:
sulfone (10 min) sulfone (30 min)
Thioanisole ©/ \CH3 39:60:1 8:90:2
Di-n-propy sulfide H3¢/\/S\/\CH3 6:93:1 1:95:4
Di-t-butyl sulfide CH; CHg 52:48:0 27:73:0

Diphenyl sulfide ©/S\© 86:14:0 65:35:0
Dibenzyl sulfide 41:58:1 8:91:1
S
4-Nitrothioanisole S\CH 88:12:0 65:35:0
3

4- S\m_I 32:68:0 5:93:2
Methoxythioanisole /©/ 3
|-|3c\0
4-Aminothioanisole /©/S\CH3 86:14:0 61:39:0
H,N
Dibenzothiophene S 99:1:0 98:2:0
61:39:0° 29:71:0°

MP-sulfoxide ﬂ 0:98:2 0:96:4
S
cr
Dimethy sulfoxide ﬂ 0:97:3 0:95:5
Hac’s\CH

a. ex situ kinetic with a particle concentration of 8.5 mg/ml WOsx NRs instead of 1.42 mg/ml.
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3.3.3 Nanoparticle Screening

We performed a series of ex situ and in situ experiments with different reference compounds to compare
WOsx NRs with other catalyst. Commercially available WOs;, ammonium-metatungstate
((NH4)sH2W12040* H20, used as precursor for the synthesis of WOs.« NRs) and sodium tungstate
dihydrate were tested as “tungsten oxide” reference compounds. Sodium tungstate was the only
reference material that showed a significant conversion, but it showed no selectivity with respect to
sulfoxide or sulfone formation. The MP-sulfone content after 30 min was 19 % for the ex situ and 9 %
for the in situ experiment, the MP-sulfoxide content 73 % in both cases. In addition, sodium tungstate
dissolved completely in methanol. Despite the recyclability of WO3x NRs small amounts of free
(oligo)tungstate could formed by surface oxidation in the presence of H.O; in large excess.*® We assume
that this effect might be responsible for the slow oxidation to the sulfone, (comparable to the effect of

soluble, non-selective Na;WO,).

Nanocrystals of the hexagonal ammonium tungsten bronze ((NH.)-02WOs), the second reference
material, yielded lower conversion under virtually identical conditions. We assume that the aspect ratio,
i.e., the lower surface area of (NH4)-02WOs particles®® compared to WO3.« NRs (Table S8.2.3) reduces
the conversion rate. The selectivity was comparable to that achieved with WOs.«x NRs.

TiO, (P25) particles were tested as standard reference material in oxidative catalysis under ex situ
conditions. TiO, (P25) particles showed a slower conversion with much less selectivity for sulfoxide
formation than WO« NRs. Pure anatase TiO, nanocrystals synthesized according to ref. 5% showed
higher conversion than TiO, (P25), but still significantly less than WOs.x with less selectivity (~6 %
MP-sulfone after 30 min).

Finally, we investigated ceria nanoparticles (TEM images and PXRD pattern in Figure S8.2.3),
synthesized in a deep eutectic solvent with choline cloride.®* Although the total conversion with CeO>
nanoparticles was low compared to that obtained for WOs.x NRs (17 % after 30 min), we observed a
significantly faster reaction to MP-sulfone than for any other catalyst in this study. We used MP-
sulfoxide as starting compound for the oxidation reaction with a CeO, nanocatalyst. The conversion to
MP-sulfone was higher than the total conversion with thioanisole (28 vs. 15 % after 30 min, with respect
to H2O- equivalents). This indicates that for the CeO, nanoparticles the reaction rate constant is faster
for the second oxidation step where sulfones are formed, whereas the first oxidation step to the
sulfoxides is significantly faster for WO3zx NRs. We suppose that the negatively charged surface of the
WOsx NRs (-potential =-39.7 mV) is responsible for an improved binding of the sulfide, whereas the
sulfoxide with its negative dipole due to the S=O group is sterically and electronically disfavored. For
the positively charged surface of the CeO, nanoparticles (C-potential = +23.8 mV), the negative portion
of the dipole improves a preorganization on the surface, which is responsible for an increased selectivity

for sulfoxides.
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The BET surface data of WOz« NRs is significantly lower than CeO, and TiO nanoparticles (47.0 m?/g
compared to 133.9 and 151.7 m?/g respectively, Table S8.2.4). This shows that - even for a lower surface
area - the catalytic activity of WOs.«x NRs is superior compared to that of other nanocatalysts compiled
in Table 3.3.

Table 3.3. Screening of different compounds for their potential in oxidation catalysis for the oxidation of
thioanisole.

catalyst Ratio Ratio
sulfide:sulfoxide:sulfone sulfide:sulfoxide:sulfone

(10 min) (30 min)

WO3.x nanorods? 39:60:1 8:90:2
WO3., nanorods®® 0:98:2 0:96:4
WOs.4 nanorods® 48:51:1 14:84:2
WO; reference® 98:2:0 97:3:0
(NH4)sH2W1,040* H,OP 98:2:0 98:2:0
Na;WO4*2 H,0? 54:43:3 18:73:9
Na,WO4*2 H,0P 33:57:10 8:73:19
(NHa4)0.2WOs3 nanoparticles? 81:19:0 53:46:1
(NH4)02WOs nanoparticles® 90:10:0 88:12:0
TiO, P25° 92:8:0 79:20:1
TiO; nanoparticles® 82:17:1 55:39:6

Ce0; nanoparticles? 94:5:1 88:9:3
CeO; nanoparticles ¢ 0:87:13 0:72:28
CeO; nanoparticles® 93:6:1 83:11:6

a. in situ experiment
b. ex situ experiment

¢. MP-sulfoxide as educt

Finally, to classify our results, we compare the WOs.«x NRs presented in this work with known sulfide
oxidation catalysts operating with H»O, in methanol. Compared to heterogeneous coupled
phosphomolybdate with poly(amidiamine) ® WOsx NRs show a much faster conversion rate within
30 min rather than in 4 h. MO; nanobelts®® needed elevated temperatures of 70 °C instead of room
temperature. WO3 nanoparticles supported on mesoporous silica (MCM-48) % showed comparable
selectivity with 50 % H,O,, but the reaction time of 4 h is almost one order of magnitude longer than
30 min for WOz« NRs. (Co?/Ni?*/Zn?*/Pd?*) Schiff base catslysts®® had a much lower selectivity
without preference for oxidation to sulfoxides. A variety of organic catalysts®® showed lower conversion

rate after much longer reaction time. Triisopropylphenyl amino triphenolate compounds of titanium®’
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had higher turnover rates compared to WOs.x NRs (97 % within 10 min), but recycling was not
demonstrated. In general, homogeneous catalysts suffer from increased purification and recycling

issues, while heterogeneous WQ3. catalyst can easily be removed and re-used.

3.4 Conclusions

The oxidation of organic sulfides with Magnéli-Type WOs.x NR catalysts was studied for the model
system methylphenylsulfide (thioanisole) using H.O. as oxidant at room temperature. Optimized
conditions for the selective oxidation to methylphenylsulfoxide were evaluated by monitoring the
reaction kinetics using in situ *H-NMR spectroscopy. Oxidation of thioanisole to the corresponding
sulfoxide was complete after only 30 min, whereas the oxidation to the sulfone occurred only on a
timescale of days. We demonstrate that the reaction is strongly suppressed by excess water, whereas the
concentration of the oxidant H2O- is only of minor importance. Water is likely to block negatively
charged WOs.« NR surfaces and to compete with H,O; for surface binding. No significant structural or
morphological changes occurred when surface-bound water and other residual surface ligands were
removed by annealing at 300 °C, but the catalytic activity increased. The concentration of the catalyst
had an impact on the reaction, as it lowers the relative water content of the solvent with respect to the
nanocatalyst. The reaction proceeds smoothly only in methanol. Ex situ experiments showed the
recyclability of the WOsx particles with an overall conversion of >500 with respect to the
thioanisole/WOs. ratio (catalyst loading ~1 mol%) without loss of selectivity. We demonstrate with
different aliphatic and aromatic sulfides that the selectivity for sulfoxide formation is universal.
Oxidation to sulfones with WOs., was hindered in any case. Aliphatic sulfides were oxidized faster than
their aromatic counterparts, steric hindering lowered the conversion rates. Aromatic systems with
electron donating substituents were oxidized faster, electron withdrawing substituents inhibited the
oxidization of thioethers to the corresponding sulfoxides. The high selectivity of WOz. nanorods for the
oxidation of thioethers to sulfoxides was demonstrated by using sulfoxides as substrates. Here,

conversion to sulfones was negligible.

A screening of other reference catalysts showed significant conversion rates for oxidation reactions only
for sodium tungstate dihydrate, but without any selectivity for sulfoxide formation. This behavior is in
line with the reported haloperoxidase-like behavior of WO, tungstates in layered double hydroxides.>
Ceria nanoparticles showed promising selectivity for sulfone oxidation. While the oxidation of sulfides

to the corresponding sulfoxides was slow, oxidation of sulfoxide substrates to sulfones was much faster.

Unique features of the selective Magneli-type WOs. system are that (i) it operates in alcoholic solution
and (ii) the oxidation rate is decoupled from the surface acidity. (iii) This allows a high chemoselectivity
to be reached for the desired sulfoxide products compared to a high selectivity of CeO; for sulfone

formation.
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Our studies show very promising applications for the mild and selective oxidation of sulfides to
sulfoxides and sulfones. Especially for the synthesis of pharmaceutical compounds this selectivity could
prove valuable, as it opens a pathway to oxidize only the desired sulfur-group while leaving the rest of
the molecule untouched. Further studies could elucidate the effect of surface charge on the substrates as
well as the immobilization of the particles for a flow-catalysis, for example in a polymer matrix. Finally,

the use of auxiliars for the selective synthesis of chiral sulfoxides may be investigated.

3.5 Experimental section

Materials. All chemicals were used as received without further purification. Thioanisole (>99 %),
methyl phenyl sulfoxide (=97 %), 4-nitrophenyl methyl sulfide (96 %) and sodium tungstate dihydrate
(NazWOQO4*2H.0, puris) were purchased from Sigma Aldrich, di-n-propyl sulfide (98+ %), diphenyl
sulfide (98 %) and dibenzyl sulfide (99 %) from Alfa Aesar, dibenzothiophene (98 %) and H20- (35 %)
from Acros, dimethyl sulfide (DMSO, analytical grade) and H,O, (60 %) from Fisher scientific, 4-
methoxyphenyl methyl sulfide from fluorochem, 4-aminophenyl methyl sulfide (97 %) from BLD
pharm, di-tert-butyl sulfide (=98 %) from TCI, Aeroxide titanium oxide (TiO, P25) form Degussa,
tungsten oxide (WQOs, 99.99 %) from chempur and ammoniummetatungstate ((NH4)sH2W12040* H-0,
90 % WO3;) from Carl Roth. All deuterated solvents were purchased from Deutero GmbH and had a
purity of >99.8 %.

Annealing. All nanoparticles were annealed in an air flow of approximetly 90 I/min for 5 h prior to

catalytic experiments. An annealing temperature of 300 °C was used unless stated otherwise.

Catalytic Oxidation of Sulfides. For a typical in situ catalytic measurement 8.5 mg particles were
weighted in a 1 ml volumetric flask and dispersed in methanol-das. The flask was left in a sonication bath
for 1 h and homogenized repeatedly. Afterwards, 100 pl of the freshly homogenized suspension was
filled in an NMR-tube with additional 500 pul of methanol-da to target the final particle concentration of
0.85 mg per sample. Upon injection of 0.04 mmol of the sulfide the NMR spectrometer was calibrated
towards the sample and an *H-NMR-spectrum was measured. Afterwards, 0.06 mmol H,0O, (60 %) was
injected and the measurement sequence (30 min, one spectra every 20 s) started after 1 min. The spectra
were evaluated and plotted using Mestrenova 11 and Matlab 2018a, using the aromatic signals for
thioanisole to avoid errors for the MP-sulfone due to the methanol signal. To normalize an experimental
series (except for different annealing temperatures and for the particle screening), we always performed
a control reaction from the same batch of dispersed WOs.x NRs using standard conditions and

thioanisole.

A dispersion of WOz« NRs (1.42 mg/mL) in methanol-ds was prepared in a glass flask for ex situ

experiments. The dispersion was left in sonication bath for 1 h with repeated homogenization.
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Subsequently, sulfide was added to target a final concentration of 0.67 mol/l. The solution was stirred
with a magnetic stirring bar for 15 min to reach room temperature. Afterwards, H,O, was added to reach
a concentration of 0.1 mol/L. After 10 and 30 min an aliquot of 400 uL was taken und quenched
immediately by injection in 0.2 mL of 1 mol/l KI solution in D2O. The WO3.x NRs were removed by

centrifugation, and the supernatant characterized by *H-NMR spectroscopy.

For all recycling experiments the concentration of particles was kept at 8.5 mg/mL (17ml, 1h
sonication) in non-deuterated methanol and equilibrated for 30 min at 25 °C (water bath). 861 uL
(7.3 mmol) of thioanisole were injected. After equilibrating for 5 min, 938 pL of H,O, (10.9 mmol)
were injected. 50 pL aliquots were taken after 0, 10 and 30 min and injected in a solution of 350 pL of
methanol-d, and 200 pL of D,O containing 27.3 mg (0.17 mmol) of KI. The WOs.x NRs were again
removed by centrifugation, and the supernatant measured by *H-NMR spectroscopy.

351 Characterization

Nuclear Magnetic Resonance (NMR) spectroscopy. Solution NMR spectra were recorded on a Bruker
DRX 400 NMR spectrometer equipped with a commercial Bruker 5 mm 2 channel inversed probe head
with z-gradients. The *H NMR spectra were measured using a 30° flip angle and averaging 32 scans
with 2 s recycle delay. For the in situ kinetic experiment, 90 spectra with 4 scans were recorded over a
period of 30 min upon injection of H,O; starting after 1 min (3 spectra per min). The wobb was adjusted

for each experiment before injection of water to ensure quantitative measurements.

Transmission Electron Microscopy (TEM). For TEM studies one drop of a highly diluted solution of
particles (~0.2 mg/mL in chloroform) was put onto a carbon-coated copper grid. Images were taken with
a FEI Tecnai G2 Spirit microscope equipped with a Gatan US1000 CCD camera at 120 kV. High
resolution (HR)-TEM images were measured with a FEI Tecnai F30 operating at 300 kV, equipped with

an on axis US4000 CCD 4kx4k camera. For further processing the program ImageJ was used.

Powder X-Ray Diffraction. (PXRD). PXRD studies were carried out on a STOE Standi P using Mo
Kay radiation (4 = 0.7093 A) and a Dectris Mythen 1k detector. The diffractograms were analyzed using
Match!3 and plotted with Matlab2018b. All references were taken from the Crystallography Open
Database (COD) or International Centre for Diffraction Data (ICDD) PDF database.

Zeta-Potential. C-potentials were measured using a Malvern Zetasizer NanoZS with a 633 nm He-Ne-
Laser and folded capillary cells at 25 °. Samples were measured in milli pore water filtered through a

200 um syringe filter. The particle concentration was about 1 mg/ml.

Specific surface area (BET). Specific surface area measurements were carried out on a 3P Micro 300
gas adsorption instrument using the BET N adsorption method. The samples were heated at 300 °C for

3 h at ambient pressure to remove moisture and surface occupying tensides.
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4. Exploiting the effect of impurities for the
controlled synthesis 1ron tungsten oxide

nanocrystals

4.1 Abstract

Nanomaterials with metal tungstate structures display outstanding functional properties for a variety of
applications. Still, the reproducibility of nanocrystals synthesis is a persistent problem, and the key for
making uniform nanocrystals remain elusive. In a study exploring the synthesis parameters of iron
tungstate, using a seed-mediated approach with oleic acid and oleylamine as surfactants, we
serendipitously detected the formation of FeWO, nanocrystals. We show that oleic acid, depending upon
the storage condition, has an iron contamination originating from the container, which ultimately leads
to the synthesis of FeWQ, (ferberite) nanocrystals. By starting with pure oleic acid and deliberately
adjusting the iron concentration, we can reproducibly drive the reaction to predominantly produce
FeWO, nanocrystals with isotropic and anisotropic morphologies. Furthermore, another iron tungstate
nanophase with still unknown structure was synthesized, when using oleyl oleamide as solvent. A
similar structure is observed and described for MgWQ, nanocrystals, however detailed structural

analysis remains open.
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4.2 Introduction

Magnéli phases' are a homologous series of stoichiometric line phases of early transition metal
suboxides with unusual, but precise compositions like TigO1s,2 V60112, or W1040.* The families of
tungsten oxide structures with general formulae WqOzn1 or WiOzn2 derive from the ReOs parent
structure.® Their oxygen deficiency is compensated by ordered one- or two-dimensional crystallographic
shear planes rendering some of the corner-sharing WOs octahedra edge-sharing. The electrical and
optical properties in bulk WixOz:.. phases are dominated by partial reduction of the tungsten atoms.

Magneli-type tungsten oxides provide the opportunity to synthesize and study nanocrystals with a
variety of diameters, morphologies and size-dependent physical properties. Partially reduced tungsten
oxides, in particular W1gO49 nanocrystals, exhibit high aspect ratios, and therefore show strongly
anisotropic physical properties on the nanoscale. In general, tungsten oxides are stable over a wide range
of conditions, and their band gaps in the red/infrared range are ideal for the absorption of visible light.
This makes them promising candidates for potential applications in photocatalysis,®’
photoelectrochemical water splitting,® in catalysis,'®!! as anode material in Li-ion batteries,*>* for gas
sensing,**1% or in plasmonics,®-28 In addition, they are starting material for making WS nanotubes?® or

for antibacterial coatings.?

Typical examples of wet-chemical routes for the synthesis of nanoparticles are seeded-growth,® the
polyol process,? or sol-gel routes???* and hydro/solvothermal chemistry.?* Polyoxoanions (dubbed
“molecular metal oxides™)?® which have a good solubility in a variety of solvents, are suitable precursors
for the synthesis of metal oxides. Polycondensation from discrete polyoxometalates to solid, amorphous
or crystalline, phases is not straightforward.? In water-like systems, in particular under solvothermal
conditions, water is not an innocent spectator molecule but participates in the reactions by linking metal
cations through processes mediated by pH, concentration, and possibly non-innocent counterions. In
situ methods like X-ray total scattering with pair distribution analysis allow monitoring phase formation
starting from clusters in solution via amorphous intermediates to the crystalline final product even under
hydro/solvothermal conditions.??° Nucleation and crystallization may proceed from clusters® via

amorphous precursors® or through the aggregation of clusters or nanoparticles.3*34

The colloidal stability of the emerging phases may be improved with the aid of protecting ligands. They
can regulate nucleation density and mediate growth processes by acting as capping agents, i.e., adhering
to nanoparticle surfaces.® These protecting ligands are typically amphiphiles. The hydrophilic head
group has nucleophilic properties for complexation of the metal ions, while the hydrophobic tail,
containing linear, branched, or aromatic hydrocarbons, is responsible for preventing particle aggregation
and dispersing the growing nanoparticles in non-polar solvents.*® Depending on the solvent, reaction
conditions or pH, the head group of some surfactants can be adapted for the respective reaction Still, the

purity of the surfactant can affect the outcome of a reaction significantly, because structurally related
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impurities can undergo competing reactions during or prior to nanoparticle synthesis.®” Therefore,
contaminated surfactants may lead to unexpected and unpredicted products.® Here we report on the
effect of a contaminant resulting from surfactant storage, which led unexpectedly to the formation of
monoclinic iron tungstate (FeWO,, ferberite, as ternary end member of the wolframite series)

nanocrystals and another, to our knowledge, unknown iron tungstate phase.

Structurally, FeWOs: is an ordered derivative of the rutile parent type, the octahedral sites being filled
by Fe and W atoms in an alternating fashion.*® FeWOQ, is a antiferromagnetic semiconductor (p-type, Eq
= 2.0 eV) with reported Neel-temperatures between 75.9%° and 54 K.** FeWO, nanocrystals have been
prepared from microemulsions,*? sol-gel chemistry*® or hydro/solvothermally®-4¢, mostly in
submicroscale and with no or very limited control on purity or particle aggregation and intergrowth. Our
method allows control of size and crystallinity of the synthesized nanocrystals. The electronic and
magnetic properties of FeWO, enable applications as (photo)catalysts**#’ or electrode material*® where
well-defined, uniform and non-aggregated nanocrystals are highly desired. By exploiting the effects of
surfactant impurities, we worked out a reproducible synthesis of FeWO. nanocrystals.

4.3 Results and discussion

We observed significant differences in the product purity of WOs.« nanorods (NRs)*® caused by the use
of oleic acid from manufacturers who supplied the oleic acid (OAc) in glass bottles or in steel canisters
(Sigma-Aldrich, technical grade, 90 % both). OAc from steel canisters had a brownish hue after being
opened for approx. two years, while oleic acid from glass bottles was clear and colorless (Figure 4.1a,
b). When the brownish OAc was used, the average length of WO3.« NRs decreased from 78 nm to 61 nm
while the width slightly increased from 8 nm to 12 nm. The TEM images and PXRD patterns of these
shorter NRs are shown in Figure 4.2a. Our assumption was, that over time oxidation of the steel with
small amounts of water* led a subsequent formation of iron containing compounds. To re-enact an iron
contamination in pure oleic acid, we synthesized an iron (l11) oleate (Fe(oleate)s) complex>® and mixed
it with pure oleic acid (Figure 4.1c). The NRs synthesized with intentionally contaminated OAc (5 %
Fe with respect to W) (Figure S8.3.1a) were even smaller than those synthesized with the impure OAc
and had a size of ~36 nm*10 nm. However, the diffractograms of the products obtained with commercial
and intentionally contaminated OAc showed only two basis reflections of Magneli-type W1gOa with
rod-like shape ([010] and [020]). The reflection positions are unchanged with respect to those of pure
WOs« NRs as reported in our previous work (ref. 18), i.e., Fe alters NR growth, but it is not seem to
incorporated into the structure at these concentrations, so that no Fe-containing WOy phase is formed.
We only observed a slight increasing in the d spacing along [010] of WO3x NRs changing from 3.789(2)
> 3.793(4) > 3.797(4) A for oleic acid from glass bottle,'® from steel canister and with 5 mol%

Fe(oleat)s respective, based on Pawley refinements (Figure S8.3.3). As the formation of WOs.x NRs is
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favored by the presence of amides (with partial positive charge),>% i.e., Fe?"’** cations could assemble
on negatively charged surfaces of the WO3.x NRs.11*® The smaller particle size might therefore be due
to ion adsorption and surface passivation during growth, and responsible for the increasing d-spacing.
When increasing the ammonium metatungstate (AMT) precursor loading from 0.12 to 0.24 mmol we
observed only formation of WOsx NRs when using old or artificially contaminated oleic acid
(Figure S8.3.2). Using pure oleic acid under similar conditions led to the formation of significant amount
of hexagonal ammonium tungsten bronze.!® This means that iron cations must block the surface of the

NRs during growth and prevent oriented attachment towards bronze NCs.

OAc from
OAc from OAc from glass bottle

steel glass bottle || 11 wt%
canister Fe(OAc),

Figure 4.1. Digital photographs of OAc used for particle syntheses. a) OAc from a steel canister, b) OAc from a
glass bottle and c) OAc from a glass bottle mixed with ~1 wt% of iron oleate.

When the iron oleate content was gradually increased by 10 and 20 % (with respect to 0.12 mmol AMT
precursor), ferberite (FeWQ.) was formed as an additional phase (Figure S8.3.1b and Figure 4.2b,
respectively). The TEM images show that nanometer-sized nanocrystals (NCs) of this phase start to
appear in the products next to the WOs.« nanorods. At a Fe:W ratio of 1:1 (1.43:1.43 mmol), FeWQ,
was formed as the main product in the form of spherical to elongated, non-aggregated NCs (average
diameter 4-5 nm, Figure S8.3.1c). The crystallinity of the FeWO, NCs significantly improved with a
reduced heating rate (HR) from 5 to 2.5 K/min (Figure 4.2c), as clearly observable in the respective
PXRD patterns of ferberite-type FeWO, (space group P2/c). The NCs showed a cuboidal truncated
morphology, with average diameters now between 10 and 14 nm. Additionally, we found hexagonal
potassium tungsten bronze as an impurity, likely based on unreacted potassium oleate used for the
synthesis of iron oleate. The percentage of this impurity is more present in syntheses employing a HR
of 5 K/min (Figure S8.3.1c) compared to 2.5 K/min (Figure 4.2c), as faster HRs favorize hexagonal
tungsten bronze formation.!® Upon annealing in air at 300 and 500 °C (Figure S8.3.4), the presence of
hexagonal potassium tungsten bronze in PXRD patterns of samples heated with 2.5 K/min became more

clearly visible.
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Figure 4.2. TEM images (left) and PXRD patterns (right) of a) WO3.«x NRs synthesized with oleic acid from the
steel canister, b) addition of 20 mol% iron oleate to the standard synthesis and c) addition of 20 mol% iron oleate
to the standard synthesis and a HR of 2.5 K/min. References: WO, .7, (space group P2/m (10), COD, Entry No.:

96-152-8167). FeWO, (Ferberite, space group P2/c (13), COD no. 96-900-8125).

Annealing at 800 °C let to the disappearance of the ferberite phase and the formation of a new phase,

while the hexagonal potassium tungsten bronze was still present. As no references were found for this
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structure, we attribute the change towards an oxidative decomposition of FeWO, towards products with

an overall composition of Fe;WOgs and WO5 or Fe;W3012.

Further optimization of the synthesis parameters included the HR (1 K/min) and variation of the
OAc:OAm ratio. The results are shown in Figure S8.3.5. Reducing the HR to 1 K/min further decreased
the mean diameter of the NCs (between 9 and 11 nm, Figure S8.3.5a), although the products still
contained NCs with diameters up to 25 nm. Anisotropic FeWO. NCs varying from 15 to 80 nm in length
and 8 to 15 nm in width were obtained by increasing the OAc:OAm ratio from 20:20 mmol to
22.5:17.5 mmol (Figure S8.3.5b). At a lower OAc:OAm ratio of 17.5:22.5 mmol, effect was opposite.
The NCs became smaller and spherical to slightly elongated with a mean diameter ranging from 3.7 to
4.9 nm (Figure S8.3.5¢). The powder diffractogram showed broadening of the reflections, comparable
to the ferberite NCs synthesized with 5 K/min HR Figure S8.3.1c.

Thermal decomposition of precursors leads to release of their ionic counterparts. Since 1.43 mmol of
Fe(oleate)s (1:1 Fe to W) is stoichiometrically equivalent to the addition of up to 4.29 mmol anionic
oleate, the OAc:OAm ratio is strongly affected. Therefore, iron(lll)acetylacetonate (Fe(acac)s) was
tested as alternative precursor. Using OAc and OAm in a 1:1 ratio and a HR of 2.5 K/min, we obtained
NCs with a diameter of ~20 nm (Figure 4.3a), that are less defined than those synthesized with iron
oleate. However, the diffractogram of this product indicated the occurrence of another phase besides
Ferberite FeWOQ, (spheres in Figure 4.3a). This phase has similarities to hexagonal potassium tungsten
bonze, as observed for NCs synthesized with Fe(oleate)s (Figure S8.3.4).

In our previous study, we found that oleyl oleamide (OAd) suppresses the formation of hexagonal
ammonium tungsten bronze as a byproduct of the synthesis of WOs.x NRs.*® Therefore, we tested it as
a solvent for the synthesis of FeWO, NCs to suppress the formation of ferberite type FeWO4 NCs. The
powder diffractogram of this product (Figure 4.3b) shows no reflections belonging to a known WO3.«
Magneli phase, ferberite, or of any other reported iron tungstate. The strong background signal indicates
the presence of a significant amorphous phase. The TEM image (Figure 4.3b) shows strongly
agglomerated NCs with an apparent size of ~10 nm. Using Fe(oleate); and applying otherwise identical
conditions, we obtained the unknown phase again (Figure 4.3c), but PXRD patterns show a better signal
to noise ratio and less background contribution. Searching for a reference based on known iron tungstate
structures as well as other transition metal tungstates was unsuccessful. Closely matching diffraction
patterns were found for two metastable MgWQ, polymorphs (described as triclinic (Figure S8.3.6a,
ICDD-ID 00-045-0412)>* and tetragonal (Figure S8.3.6b, ICDD-ID 00-052-0390)),%® where only lattice
parameters, but no structural description was given. We annealed both samples with unknown FeWQ,
structure at 300, 500 and 800 °C for 5 h (synthesized with Fe(acac)s and Fe(oleate)s, Figure S8.3.7 and
Figure S8.3.8, respective). In both cases, the unknown structure remains stable up to a temperature of
500 °C. Samples synthesized with Fe(acac)s show increasing crystallinity upon annealing while the

sample synthesized with Fe(oleate)s remains unchanged.
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Figure 4.3. TEM images (left) and PXRD patterns (right) of FeWO4 NCs synthesized with HR of 2.5 K/min and
a) Fe(acac)s and 20:20 mmol OAc:OAm, blue markings indicate unknown structure, b) Fe(acac)s and 20 mmol
OAd and c) Fe(oleate)s; and 20 mmol OAd. Reference: FeWO, (Ferberite, space group P2/c (13), COD no. 96-
900-8125), not fitting the PXRD patterns in (b) and (c).
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At 800 °C we observe oxidative decomposition and a comparable reflection profile as ferberite FeWO,
NCs annealed at 800 °C (Figure S8.3.4). For unknown iron tungstate NCs synthesized with Fe(oleate)s,
we observe no presence of hexagonal potassium tungsten bronze in contrast to ferberite FeWO.,.
Surprisingly, both undetermined samples showed slightly magnetic behavior. However, we cannot rule

out the presence of a magnetic impurity not observed in PXRD, such as magnetite.

Table 4.1. Fit data for the Mdssbauer spectra of ferberite FeWO4 NCs (Figure S8.3.5¢) and of FeWO, with
unknown structure (Figure 4.3b, c)

Sample Fe(ll), Fe(ll), Fe(ll1), Fe(l11), Ratio Fe(ll):
chemical guadrupole | chemical quadrupole o
shift/mm/s | splitting / shift/mm/s | splitting/ Fe(ll) /at%

mm/s mm/s

FeWO, 1.11(2) 1.49(3) - - -

Ferberite

from ref. %

FeWO, 1.11(2) 1.59(5) 0.39(1) 0.77(2) 63.4(9):36.6(1)

Ferberite, this

work

FeWO, 1.11(2) 1.96(0) 0.39(1)¢ 0.93(2)¢ 64.7(7):24.7(7)%

unknown 11.0(2)¢

structure?

FeWO, 1.11(1) 1.96(0) 0.39(1)¢ £=0.02(0)¢ 64.7(7):24.7(7)":

unknown 11.0(0)¢

structure?

FeWO, 1.07(2) 2.07(7) 0.39(1) 0.00(8) 84.7(9):15.3(6)

unknown

structure®

a. synthesized with OAd and Fe(acac)s
b. synthesized with OAd and Fe(oleate)s
c. Fe(111) not magnetically ordered

d. Fe(111) with magnetically ordering

Mdossbauer spectroscopy was utilized to investigate the oxidation states of both unknown FeWO. NCs
and compare them to “pure” ferberite NCs synthesized with iron oleate (HR of 2.5 K/min). The fit
parameters are listed in Table 4.1, the respective spectra shown in Figure S8.3.9. The chemical shift for
Fe(ll) in ferberite NCs (1.11(2) mm/s) with a quadrupole splitting of 1.49(3) mm/s matches closely the
values reported for pure ferberite.%®>” However, we observe a magnetically disordered Fe(lI11) signal that
is not compatible with FeWO.. It could be related to surface oxidation of the NCs, as well as Fe3*

residues from the iron(lI1)oleate complex used as a precursor.
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The chemical shift for Fe(ll) in the new FeWQO4 phase synthesized with Fe(acac)s is similar to that of
ferberite (1.11(1) mm/s), however the quadrupole splitting is significantly higher (1.96(0) instead of
1.59(5) mm/s for ferberite). This indicates a different bonding constellation of Fe(ll) in this structure.
For the unknown FeWO, synthesized with Fe(oleate)s, we observe a chemical shift different from that
of ferberite (1.07(1) mm/s) and an even higher quadrupole splitting (2.07(7) mm/s), also indicating a
chemical environment that differs significantly form than in ferberite. Both unknown FeWO4 NCs show
a Fe(ll) signal, similar to ferberite FeWO.. Only for the NCs synthesized with Fe(acac)s we observed
a magnetically ordered Fe(ll1) environment. Due to the high amorphous content, the Mdssbauer spectra
showed a relatively low intensity, which can be attributed to a significant energy loss due to elastic

recoil.

We attempted to synthesize MgWO. nanocrystals as reference material. Using magnesium
acetylacetonate dihydrate together with AMT as precursors in a ratio 1.43:1.43 mmol Mg:W and the
surfactants OAc:OAm in a ratio of 20:20 mmol with a HR of 2.5 K/min. A TEM image and the X-ray
powder diffractogram of the resulting products are shown in Figure 4.4a. We obtained nanocrystals with
dimensions of ~3*8 nm, whose diffraction pattern matched closely with that of the trigonal/tetragonal
structures described in ref. 4% and of reported MgWQO, NCs.5%8-¢1

No structural changes were observed when MgWO, was annealed up to 500 °C (Figure 4.4b). The
structural transformation to monoclinic MgWO. (huanzalaite), whose structure is closely related to the
ferberite structure, was observed after annealing at 800 °C (Figure 4.4 c). Minor amounts (~4 %) of
monoclinic WO; were formed as byproduct, based on a multiphase Rietveld refinement®
(Figure S8.3.10).

As no further structural descriptions were found other than the original literature,>%° we performed a
Pawley refinement® of the MgWO, NCs annealed at 500 °C applying the reported MgWOj, structure
using the triclinic model. The fit is presented in Figure 4.5a and is in agreement with the triclinic phase
P1. For the presumably new phase of FeWO, we used the same refinement parameters as a good
approximation, presented in Figure 4.5b. A more detailed structural solution for both phases is not
possible based on the presented powder diffraction data and requires more complicated and in-depth

methods such as automated diffraction tomography or beam line diffraction data.
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Figure 4.4. TEM images (left) and PXRD patterns (right) of MgWO4 NCs synthesized with Mg(acac),*2H,0 and
HR of 2.5 K/min. a) as synthesized, b) annealed at 500 °C for 5 h and ¢) annealed at 800 °C for 5 h. References:
MgWO; (triclinic, PDF, Entry No.: 00-045-0412), MgWO; (tetragonal, PDF, Entry No.: 00-052-0390), MgWO4
(monoclinic, space group P2/c (13), COD no. 99-501-2719) and WO3 (monaclinic, space group P2/n (14), COD

no. 99-500-3824).
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Figure 4.5. Pawley refinements based triclinic (anorthic) space group P1 of a) MgWO4 NCs annealed at 500 °C
with fit parameters a=5.621(10) A, b= 6.575(7) A, ¢=8.829(11) A, 0=123.0(0) °, B=112.8(1) °, y=101.7(1) °,
rwp=2.41, goodness of fit=0.99, crystallite size=9.6(2) nm and b) unknown FeWO, synthesized using Fe(oleate)s
with fit parameters a=5.713(3) A, b=6.661(2) A, ¢=8.960(3) A, a=123.0(0)°, B=113.1(0)°, y=101.4(0) °,
rwp=3.41, goodness of fit =1.43, crystallite size =28.1(7) nm.

4.4 Conclusions

We present that iron impurities form oleic acid stored in a steel canister are significantly influencing the
growth of WOs.x NRs (synthesized) in oleic acid and oleylamine solvent mixtures. We were able to
artificially reproduce this effect by using iron oleate as an additive. We found ferberite FeWO4 NCs
forming as byproduct for higher iron concentration and were able to synthesize ferberite NCs without
WOs., impurities applying a tungsten to iron ratio of 1:1. We determined that slower heating rates
increases the crystallinity of the NCs. Upon changing the solvent ratio, we observed significantly
increasing particle sizes in case of excess oleic acid and decreasing particle sizes in case of excess
oleylamine. When changing the iron precursor to Fe(acac)s, we found evidence of an unknown, not
reported structure forming apart from ferberite. Changing the solvents from the oleic acid/oleylamine

couple to oleyl oleamide, we found the presumably unknown phase to be the predominant crystalline
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product. Using a mixture of oleyl oleamide and iron oleate precursor yielded the same new structure
with significantly better resolved powder diffraction patterns. However, we cannot eliminate the
possibility of amorphous byproducts. As a potential reference, we found similar metastable MgWO,
reflex profiles described with triclinic or tetragonal models. However, as no structural descriptions are
available, we were not able to utilize these models for further describing the new FeWO, structure.
Mdossbauer spectroscopy revealed the presence of Fe(ll) and Fe(lll) in both, ferberite-like and the
unknown FeWO4 NCs. The Fe(ll) profile of ferberite matches the one presented in literature, whereas

the new structure shows an unknown Mdssbauer profile.

We were able to synthesize MgWO, with the same powder diffraction profile as the unknown FeWO,
and similar to structures reported in literature. These crystals were stable up to an annealing temperature
of 500 °C and undergo phase transformation towards thermodynamically stable MgWO, (huanzalait
structure, similar to ferberite) at 800 °C. We performed Pawley refinements using the triclinic structural
model and obtained well fitted profiles for metastable MgWQO, and new FeWO. based on the description
of triclinic parameters found for MgWOu.

Ongoing research involves more detailed analysis of the unknown structures for both FeWO, and
MgWO, nanocrystals using electron diffraction methods such as automated electron diffraction
tomography. Based on those measurements, a first structural model can be established and used to refine
the X-ray powder diffraction data. Additionally, the composition of both unknown structures could be
further evaluated using X-ray photoelectron spectroscopy or electron dispersive spectroscopy.
Additional purification of the unknown FeWO, NCs might be another option, e.g. by washing in water

to remove soluble amorphous impurities.

4.5 Experimental section

Materials. All chemicals were used as received without further purification. Oleic acid (90 %, technical
grade), potassium oleate (technical, 87 % fatty acid) and magnesium acetylacetonate dihydrate (98 %)
were bought from Sigma-Aldrich, oleylamine (>50 %, technical grade) was purchased from TCI,
ammonium metatungstate hydrate (AMT, >90 % WO; basis) was bought from Carl Roth.
Iron(l1l)chloride hexahydrate (98 %) was purchased from abcr, Iron(l1l)acetylacetonate (>99 %) from

ACros.

Synthesis of Iron Oleate. Iron oleate was synthesized using an adopted route according to ref. ° using

potassium oleate instead of sodium oleate.
Synthesis of Oleyl Oleamide. Oleyl oleamide was synthesized according to ref. 8,

Synthesis of Iron/Magnesium Tungstate Nanocrystals. Iron and magnesium tungstate nanocrystals

were synthesized utilizing the general experimental procedure described in ref. 8, by addition of varying
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amounts of iron oleate, 1.43 mmol Fe(acac)s or Mg(acac), * 2H,O. Variations for heating rate and

solvents are described in the regarding sections in the results and discussion section.

45.1 Characterization

Transmission Electron Microscopy (TEM). For TEM imaging, one drop of a highly diluted solution
of nanocrystals (~0.1 mg/mL in chloroform) was put onto a carbon-coated copper grid. Images were
acquired using a FEI Tecnai G2 Spirit transmission electron microscope operating at 120 kV, equipped
with a Gatan US1000 CCD camera. For further processing the program ImageJ was used. Average sizes
are based on 40+ NCs/NRs measured with a rectangular/ellipsoid selection. Data procession was done
with Matlab 2018b.

Powder X-Ray Diffraction (PXRD). PXRD patterns were measured on a STOE Standi P using Mo
Kay radiation (4 = 0.7093 A) and a Dectris Mythen 1k detector. The diffractograms were analyzed using
the software Match!3 and plotted using Matlab2018b. All references were taken from either the
Crystallography Open Database (COD) or the International Centre for Diffraction Data (ICDD) PDF
database. Rietveld®? and Pawley®® refinements were performed using Topas Academic V6. Reflection
profiles were fitted to the fundamental parameter approach®% applying a correction for anisotropic
crystallite morphologies as described in ref ¢ and 8.

Maossbauer spectroscopy. °’Fe Mdsshauer spectra of samples dispersed in paraffine (m.p. 42-44 °C)
were recorded with a conventional constant acceleration Mdssbauer-spectrometer in transmission
geometry with a *’Co source embedded in a Rh-matrix. Isomer shifts are given with respect to a-Fe foil,
which was also used for calibration of the spectrometer. Spectra were simulated / fit to experimental

data using the Recoil®” software package.

Recoil — Mossbauer spectral analysis software for Windows, K. Lagarec and D.G. Rancourt,

Department of Physics, University of Ottawa, Ottawa, ON, Canada, 1998, version 1.0, pp. 43.
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5. Cesium tungsten bronze nanocrystals with
enzyme-like activity prevent the formation of
bacterial biofilms and inhibit fungal

colonization

5.1 Abstract

A selective synthesis of hexagonal (h-CsxWQO3) and cubic pyrochlore-type (c-CsxWQO3) tungsten bronze
nanocrystals was devised by tuning the oleic acid (OAc)/oleylamine (OAm) surfactant ratio. OAm
excess led to subsequent formation of c-CsxWOs. For higher Cs contents (0.3 < x < 0.6) pure ¢c-CsosWOs
nanocrystals were formed. h-Cs,WQ3, c-CsyWOs and mixtures of both phases showed strong absorption
in the red /infrared spectral range, associated with localized surface plasmons. c-Cs,WO; nanocrystals
and Magneli-type WOs., nanorods are nanoparticle enzyme mimics which prevent the formation of P.
aeruginosa biofilms by virtue of their haloperoxidase-like activity. WOs.x nanorods and ¢-CsysWOs3
nanocrystals showed a biofilm reduction of 35 %, WOs.« nanorods of 25 %. Reporter assays with the
biosensor A. tumefaciens A136 showed a quorum quenching activity via 3-0xo0-C12 lactones.
Furthermore, c-CsosWQO3 nanocrystals and WOz« nanorods reduced the growth of the fungus F.
graminearum by up to 54 %. WOs« nanorods showed a strong reduction of the mycelium growth,
thereby preventing spore formation. The surface plasmon resonance properties of c-CsxWOs/ h-CsyWO3
phase mixtures reduced the growth of the clinically relevant bacteria S. aureus and P. aeruginosa and

of the marine bacterium P. gallaeciensis under near-infrared light up to 35 %.
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5.2 Introduction

The development of antimicrobial agents is one of the most significant advances in medicine. However,
the excessive and sometimes improper use of antibiotics has led to more and more bacteria becoming
resistant to antibiotics.”* The increase in antimicrobial resistance (AMR) to important antibiotic groups
and the rise in multi-resistant germs are particularly worrying. Single and multidrug-resistant (MDR)
microbes are responsible for approximately 700,000 deaths annually worldwide.* The World Health
Organization (WHO) has designated several drug-resistant pathogenic bacterial strains, e.g., methicillin-
resistant Staphylococcus aureus (MRSA), that are prevalent in global healthcare. The problem of
increasing antibiotic resistance affects human medicine as well as veterinary medicine, agriculture and
the environmental sector, and resistant fungal strains, e.g., Candida auris, are also becoming
increasingly resistant to all available antifungal treatments.? Without the development of new
antimicrobial agents, WHO predicts that about 10 million people will die annually from previously

treatable infections by mid-century.*

Although efforts have been made to combat these infections,>” only two new classes of antibiotics, none
of which were effective against Gram-negative bacteria, have received international approval in the last
20 years.! This has spurred research into the development of alternative antimicrobial nanomaterials.
Alternative strategies to inhibit bacterial colonization is to prevent of bacterial adhesion to surfaces. That
may be achieved by coating surfaces with antimicrobial agents, which often suffer from serious
limitaions.2 Ag nanoparticles were one of the first nanomaterials to demonstrate high antipathogenic

activity.>®

A new and environmentally benign solution is inspired by nature. Bacteria do not live isolated, but in
colonies with other bacteria. A fully developed, mature biofilm is very difficult to eradicate and
extremely resistant against antimicrobial agents. Therefore, microorganism communities are responsible
for the majority of bacterial infections.’® The bacteria communicate with each other via chemical
processes and can thus “talk to each other” in the group and jointly develop collective properties such
as bioluminescence, virulence, or biofilm formation. They communicate via small diffusible molecules
in a process known as “quorum sensing” (QS). Gram-negative bacteria communicate via acylated

homoserine lactones (AHL).1!

Inactivation of the signaling molecules disrupts microbial communication. This is called quorum
guenching (QQ) and can be achieved by inhibiting the production of auto-inducers, their detection by
receptors, or their degradation.? Some bacterial enzymes can interfere with QS through the degradation
or chemical modification of these signaling molecules autoinducers. Chemical modification via
oxidative halogenation relies on haloperoxidases (HPOSs), a group of metal-depending or flavoenzymes
that use photogenerated H,O, and halides (CI-, Br~, I) to form hypohalous acids HOX (X = Cl, Br, 1)

as short-lived and powerful halogenating and oxidizing agents that halogenate a wide range of
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substrates.*1¢ A number of metal complexes,” V,0s,'® and CeO,* nanoparticles (NPs) can mimic the

catalytic activity of HPOs under ambient conditions.?® Likewise, WO,?* tungstate ions intercalated in

layered double hydroxides? catalyze the formation of hypohalous species and the halogenation of

organic substrates via W-O,-peroxo intermediates.?? Such molecular or nanoparticle enzyme mimics?2*

have a sustained and long-term activity at ambient conditions and do not suffer from inherent

shortcomings such as high cost and poor stability of natural enzymes.

WO;, the oxide corresponding to WO+, has a band gap of 2.6-2.8 eV, and its redox activity makes

WO; a reactive photocatalysts.? Attempts have been made to use WO3; as antimicrobial agent for health

care applications. Reactive oxygen species (ROS, such as "0, or *OH), generated by irradiation WO;
under ultraviolet (UV) or visible (Vis) light, were proposed for inactivating microorganisms via
oxidative stress inflicted on the cell membrane?®2” and for the photodegradation of microorganisms over
WO; particles?® or coatings.? Light absorption in the visible region was achieved with WO3*H,0/

Ag/AgBr hybrid particles,*® and FesO4/WO3 immobilized in exfoliated montmorillonite showed

antibacterial properties against E.coli and Streptococcus aureus (S. aureus) under NIR laser irradiation. !

Tungsten and molybdenum oxide (WO3 and MoOs) are among the most acidic transition metal oxides.?
Thus, surface (Bransted) acidity under humid conditions has been proposed as an alternative mechanism
for the antimicrobial activity,> which has been investigated intensively for MoO3.*® The local pH drop
is the result of a HsO" release concurrent with the formation of MoO42~ anions. WOs.« has an even higher
acidity than MoOs and V,0s.3* The presence of tungsten in pseudo-binary Mo:xWxQOs is crucial to
decrease the solubility of the oxide, meaning that the solubility of WOs is significantly lower than for
MOs under neutral conditions.® Its low solubility and mechanical stability make porous hydrophilic
WO; a durable coating for steel surfaces. Functionalization with perfluoroalkyl-bearing phosphate
ligands leads to non-toxic bacteria-repellent surfaces, which are, however, essentially due to the

hydrophobic properties of the perfluorinated lubricant.®

The screening of a thin film library of molybdenum—tungsten oxides revealed a compositionally
dependent antimicrobial activity.®” This indicates that different acidic*® and (photo-)electronic3®4°
properties of Magneli-type of tungsten oxides W,Osn.1 or WnO3n2*** and tungsten bronzes A\WO; (0
< x < 1)* may lead to distinct catalytic >4’ and also different antibacterial properties. We show that,
due to their haloperoxidase-like properties, nanocrystalline Ax\WOs tungsten bronzes (A = K, Rb, Cs)
possess antibacterial behavior of against the antibiotic-resistant bacterium Pseudomonas aeruginosa (P.
aeruginosa). Specifically, Magneli-type WOs.x nanorods and cubic pyrochlore cesium tungsten bronze
exhibit fungicidal behavior against Fusarium graminearum (F. graminearum), where WO3.x nanorods
strongly suppress mycelial formation of F. graminearum. A\WQj3; nanocrystals (A = Rb, Cs) were
prepared by wet chemistry. In addition to the standard hexagonal phase that was obtained in pure form

for CsxWOQs, a cubic pyrochlore phase was formed for higher Rb and Cs contents. Depending on the
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choice of synthetic conditions, hexagonal and/or cubic Csx\WOs3 nanocrystals with different sizes and

morphologies and localized surface plasmon resonance in the range of 800-1500 nm could be prepared.

5.3 Results and discussion

53.1 Synthesis of hexagonal and pyrochlore-type alkali metal tungsten bronzes

The synthesis of hexagonal alkali metal tungsten bronze nanocrystals (NCs) was elaborated following
ref. 8 starting from 0.3 equivalents of the respective alkali metal carbonate and ammonium
metatungstate (AMT) using oleic acid (OAc) and oleylamine (OAm) as surfactants. The alkali metal
component added during the reaction resulted in a change in particle morphology and crystal phase
compared to “standard” hexagonal ammonium tungsten bronzes (h-(NH)o2WOs, h-ATB).*® The
clearest results were obtained for Cs*. This indicates that the structure of the hexagonal bronze is
stabilized by cations in the channels, since Cs* has the largest cation radius in the series NH4*, K*, Rb*,
and Cs*. Using optimized conditions for the h-ATB synthesis® (0.24 mmol AMT, 20:20 mmol
OAc:0Am, 25 K/min (75 to 350 °C), 30 min, 250 rpm stirring speed) with 0.43 mmol (0.3 eq with
respect to W) of Cs,COs, we obtained a mixture of rectangular and hexagonal disk like nanocrystals
with average crystallite size of 20 to 40 nm (Figure S8.4.1b) without WOs« nanorod (NR) impurities,
as observed for h-ATB under similar conditions. The powder X-ray diffraction (PXRD) pattern
(Figure S8.4.1a) reveals the formation of the hexagonal cesium-tungsten bronze (h-Cso3WOs3). For an
OACc excess (OAc:0Am 22.5:17.5 mmol, Figure S8.4.1a), wo observed no changes of the particles. For
an OAm excess (OAc:0OAm 17.5:22.5 mmol), the size distribution of the nanocrystals was broader and
disk like shapes were less pronounced (Figure S8.4.1c). A mixture of hexagonal and a cubic pyrochlore
type cesium tungsten bronze was obtained (~90:10 %; m-Cso3WQO3). However, the dispersibility in

organic solvents (e.g., CHCIs) was significantly better.

Since the synthesis of CsxWOs is less affected by surface effects than the synthesis of the ammonium
tungsten bronzes due of the Pearson hardness of A cations,*® experiments with different heating rates
and stirring speed showed no significant effect on the outcome of the synthesis. A reduction of heating
rate led to a decreased crystallite size. Optimum conditions for the synthesis of h-Cso3WO3 were
20:20 mmol OAc:0Am and 5 K/min (Figure 5.1a). The crystallites had a size of approx. 20*30 nm and
showed rectangular and hexagonal disk like morphologies. Mixed hexagonal/cubic m-Cso3sWO3; NCs
(Figure 5.1b) were synthesized with 17.5:22.5 mmol OAc:OAm and a heating rate of 2.5 K. Here, the
NCs had a size of ~20 nm and showed a strong faceting with a partially tetrahedral shape. We performed
a Rietveld refinement (Figure S8.4.7) for this sample using the hexagonal (h, P65 /mcm) and cubic (c,
Fd3m) phases and found a composition with the ratio of ~62:38 % h:c. Similar results have been

described in the literature without a compelling explanation.*®
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h-Co_3W93 Ref: Cs(3,WO; |
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Figure5.1. a) TEM image and PXRD pattern of hexagonal CsosWOs NCs synthesized with 20:20 mmol
OAc:OAm and heating rate of 5 K/min, b) TEM image and PXRD pattern of mixed cubic/hexagonal Cso3WO3
NCs synthesized with 17.5:22.5 mmol OAc:OAm and heating rate of 2.5 K/min and ¢) TEM image and PXRD
pattern of cubic CsgsWO3 NCs synthesized with 17.5:22.5 mmol OAc:OAm and heating rate of 5 K/min. PXRD
references: Cso.3,WOs3 (space group P65 /mcm, ICSD no. 99-501-4972) and CsW 603 (space group Fd3m, ICSD

no. 99-502-4816).
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We performed syntheses with higher and lower OAm contents (19:21 and 15:25 mmol OAc:OAm,

Figure S8.4.2) and found a ratio of hexagonal:cubic phase (h:c) of 89:11 and 43:57 %, respectively

(Figure S8.4.6 and Figure S8.4.8). Crystal growth and phase formation of the pyrochlore-type cubic

cesium-tungsten bronze are obviously related to the OAm content for a Cs:W ratio of 0.3:1, but also to

the heating rate.

a | hexagonal P63/mcm
fae. b,

®OW eO ( Cs

cubic pyrochlore Fd3m

Figure 5.2. Crystal structures of a) hexagonal cesium tungsten bronzes (P65 /mcm) and b) cubic pyrochlore-type
tungsten bronze (Fd3m) in polyhedral representations.

Single-phase pyrochlore type cubic cesium tungsten bronze NCs (c-Cso.6WOs3) were formed with 0.6 eq
of Cs* for a OAc:OAm ratio of 17.5:22.5 mmol (Figure 5.1¢c). The nanocrystals were highly
agglomerated. The individual nanocrystals had diameters of ~10 nm, and maximum diameters of
~30 nm. For different OAc:OAm ratios (20:20 and 23.5:17.5 mmol, Figure S8.4.3), we observed no

significant change of the crystal phase.

Pyrochlore-type tungsten bronzes (WOs*0.5 H,0) were detected in an in-situ study as intermediates
during the formation of h-ATB from AMT in pure OAm. The crystal diameters were smaller than those
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of h-ATB.% We suggest that Cs* cations stabilize the pyrochlore-type cubic intermediate due to their

cationic radius, resulting in smaller NCs with pyrochlore structure. The process strongly depends on the

Cs:W ratio. We assume that for lower Cs* fractions, the surfactant OAm bound to the surface of the

intermediates blocks the formation of the hexagonal phase. The formation of cubic tungsten bronzes

from AMT and Cs,CO3 in OAm has been described before.>!

Besides the cesium tungsten bronzes, the corresponding rubidium tungsten bronzes were prepared as
well. For 0.3 eq of rubidium carbonate and standard conditions for h-ATB formation,* we obtained
nanocrystals of the hexagonal rubidium-tungsten bronzes (h-Rbo 3sWOs) that were smaller than those h-
ATB (~50 nm) while they retained their rectangular morphology (Figure S8.4.9). When the heating rate
was reduced to 2.5 K/min with an OAc:OAm ratio of 22.5:17.5 mmol, the crystal morphology changed
to rectangular and hexagon-like disks. In contrast to cesium tungsten bronzes, we observed no formation
of a cubic phase under these conditions. Using 0.6 eq of rubidium under otherwise identical conditions
resulted in the formation of a mixed hexagonal and cubic pyrochlore-type rubidium-tungsten bronze (m-
RbosWOs). This further underlines the crucial impact of cesium on the stabilization of the cubic
pyrochlore structure during the synthesis.

The alkali metal tungsten bronzes (AxWQO3) are colored metallic solids whose optical properties can be
attributed to localized surface plasmon resonances (LSPR) in the visible to near-infrared (Vis-NIR) part
of the optical spectrum.***® Figure 5.3a shows the optical spectra (diffuse reflection with BaSO,
background) of the hexagonal and cubic bronzes shown in Figure 5.1, together with the spectra of WOs.
x NRs and h-ATB NCs. Figure 5.3b shows the respective spectra of samples after annealing at 300 °C.
The diffuse reflectance (DR) mode was chosen due to the lack of solubility of different bronzes after
removal of the surface capping agent after annealing. The alkali metal tungsten bronzes, WOs.x NRs and
h-ATB NCs show a strong absorption in the visible part of the spectrum. The absorption was lower after
annealing at 300 °C. This is most pronounced for ¢c-CsosWO3 NCs. Figure S8.4.10a, ¢ shows the DR
spectra of as synthesized h-Csy3WO3 and ¢-Cso6WO3 NCs after synthesis and after annealing at 300 and
500 °C. h-Cso3WO3 showed a significant decay in absorption after annealing at 500 °C. The plasmon

band for c-Csq6WO3; NCs is intrinsically lower and weakens after annealing at 300 °C.

The LSPR of tungsten oxide nanocrystals is associated with defects and therefore charge carrier
concentration and partial reduction on the particle surface.*® Therefore, we measured the XPS spectra
of h-Cso3WOs3 and c-CsosWOs NCs as synthesized and after annealing at 300 and 500 °C. The W 4f
core levels are shown in Figure S8.4.12. No reduction of W®* is observed in c-CsosWOs3 NCs. Therefore,
the Cs* content of approx. 0.6 has to be saturated by excess oxygen (0.3 eq), resulting in an overall
composition CsosWO33. The presumed W** content in h-Cso3WO3 NCs is 36 %. As XPS is a surface
method with a penetration depth of only ~2 nm,%? we assume the surface to be slightly more reduced
than the bulk. During annealing, the reduction level dropped to 21 % (300 °C) and ~1 % (500 °C), due

to oxidation by atmospheric oxygen. As we observe a significant reduction of plasmonic absorption after
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oxidation, we assume that the reduced charge carrier concentration due to less reduced W®* is at least
partially responsible for the decreasing LSPR.

- |

40 .

50t Wos.xHNRS h'(Nrd)o.zwo;;
as S
~ 60 ]
= ~A
= * )
% ° p’//
= m-Cs, ,WO
“CI-J 80T * 0.3 3 |
(1

90 F /ﬂ:—mﬁ

100 : . .

500 1000 1500
Wavelength / nm

b

40

50 +
S
-~ 607
2
2 70
7}
9
‘s 80
: m-Cs, ;WO,

90 |

— [3:§_50.6W03
100 : . .
500 1000 1500

Wavelength / nm

Figure 5.3. Diffuse reflectance spectra of WO3z.x NRs, h-ATB, m-Csy3WOs3, m-Csp3WO3 and ¢-Csg6WOs3 a) dried
at 70 °C and b) annealed at 300 °C for 5 h in air. *Discontinuities are caused by the background of the BaSO4
white standard after the grating change.

53.2 Haloperoxidase properties

The HPO activity of WOs.x NRs was evaluated using a standard phenol red assay. In this test, the
indicator phenol red (PR) is oxidized to tetrabromophenol blue (TBPB) with four equivalents of H.O»
and KBr in water by the catalytic action of tungsten oxides. The reaction kinetics were monitored by
UV-Vis spectroscopy as the absorption maximum of phenol red at 434 nm shifts to 590 nm for TBPB

upon oxidative bromination. The concentration ¢ of TBPB is calculated according to the Lambert-Beer
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law (Eq. 5.1) from the absorbance A, the molar attenuation coefficient £ of TBPB (72200 1/M*cm) and

the path length of the cuvette | (1 cm).

o

(5.1)

The kinetics was monitored over a 24-hour period. The maximum slope of the kinetics curve was fitted
linearly to derive the maximum reaction rate. The results for WOs.x NRs, h-(NH4)o.WO; NCs and
cesium tungsten bronzes are shown in Figure 5.4. All samples were annealed at 300 °C or 500 °C in air
prior to the activity test to drive of surface ligands and to ensure clean surfaces. Table 5.1 compiles the

results of the samples and the reference compounds Na;WO,*2H,0 and AMT.

WOsx NRs annealed at 300 °C and c-CsqsWO;3; annealed at 500 °C showed the highest activity with
turnover rates of up to 0.045 and 0.098 puM/min respectively. h-ATB, h-Csy3WO3 and m-Cso sWO3 show
significantly lower conversion rates. All bronzes except for c-CsqsWO3 NCs showed an initialization
time of ~7 h before maximum conversion rate was reached. The much shorter initialization time
(~20 min) for c-CsosWO3 NCs indicates a higher HPO activity compared to WO3x NRs. Sodium
tungstate was used as water soluble reference with a turnover rate of 0.039 uM/min and an initialization
time of ~65 min. Sodium tungstate has been described as catalyst for oxidative halogenation reaction,
and showed a reasonable HPO-like activity after ion exchange in double layered hydroxides.?! The
formation of surface tungsten peroxo-complexes is hindered for WO3.« NRs in water.*’ This effect seems
significantly less dominant for c-Cse6WO3 NCs. The {-potential of tungsten oxide nanocrystals did not
deviate significantly from the value of -39(5) mV reported for WOs3.« and h-ATB 384

50
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Figure 5.4. Evolution of TBPB concentration over the course of 24 h for WO3.x NRs, h-Cso3WO3, m-Csp3WOs3,
c-CsosWO3 and h-ATB NCs, as well as for soluble Na;WO4*2H,0 reference.
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Table 5.1. Turnover rates, maximum turnovers after 24 h and suitable fitting limits for different tungsten oxide
bronzes and reference materials derived from HPO assays. Additional information is supplied in Table S8.4.1.

Sample Turnover rate /| Turnover 24 h/ | Lower limit/ min | Upper limit/ min
uUM*mint uM

c-CsosWO5? 0.0978 34.90 50 130

WOz NR 0.0448 41.87 500 750
m-Cso3WO3" 0.0098 11.49 600 1400
h-Cs03WO3" 0.0030 2.97 800 1400

h-ATB® 0.0088 8.80 800 1400

WO; Ref 0.0078 7.60 1000 1400

AMT 0.0022 2.01 1000 1400
Na;WO4*2H.0 0.0387 34.38 50 130

a: annealed in air at 500 °C (5 h), b: annealed in air at 300 °C (5 h).

5.3.3 Biological properties of tungsten oxide NRs and tungsten bronze NCs
Tungsten oxides inhibit formation of P. aeruginosa biofilms

Tungsten oxide bronzes were tested with Pseudomonas aeruginosa for their potential to inhibit bacterial
biofilm formation and for their ability to interfere with bacterial quorum sensing. P. aeruginosa, a Gram-
negative, drug-resistant soil bacterium is known for its unity and antibiotic resistance mechanisms. This
opportunistic pathogen is known to contaminate drinking water distribution systems and causes a variety
of human infections such as cystic fibrosis. P. aeruginosa is a potent biofilm producer and therefore
widely used as an indicator strain.>® For biofilm assays, the bacteria were grown in 96-well plates for
72 h in the presence of WOs.x NRs (annealed at 300 °C) and c-CsosWO3; NCs (annealed at 500 °C).
Na,WO,*2H,0 was used as positive control for soluble tungstates because of its reported HPO
property.?t The absence of any NC/tungstate served as negative control. Both, WOz« NRs and c-

Cs06WO3 reduced biofilm formation significantly (Figure 5.5a).

While biofilm reduction with WO3.« NRs was ~25 % c¢-CsosWO3 NCs reduced biofilm formation by up
to 35 %. To ensure that potentially existing antibiotic properties of the tungsten oxide bronze NCs did
not compromise the results, biofilm formation was correlated to their respective growth. Na,WO4*2H,0
showed less reduction of biofilm formation under similar conditions (10 %). This shows that
molecularly dissolved tungstate anions are less active than tungsten oxide bronze NCs. Moreover, there
was no significant reduction of bacterial growth, i.e., the toxicity of WO.* anions is very low. Since
both, WOs.x NRs and ¢c-CsosWO3 NCs, showed high HPO activity, the inhibition of biofilm formation
is likely due to the blocking of bacterial communication, i.e., quorum quenching.'? P. aeruginosa biofilm

formation, like other virulence factors, is regulated by cell-cell signaling (quorum sensing).>* Therefore,
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WOsx NRs and c-CspsWO3 NCs can be expected to catalyze the modification of signaling molecules
by oxidative halogenation. To gain further insight into quorum quenching activity, we used specific
biosensors as readouts. For this purpose, the biosensor A. tumefaciens A136 was used. This specific
reporter strain can detect external acyl homoserine lactones and produce the enzyme beta-galactosidase,
which can be quantitatively measured with 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-
gal).% After hydrolytic cleavage by B-galactosidase, colorless X-gal yields galactose and 5-bromo-4-
chloro-3-hydroxyindole, which dimerizes spontaneously and is oxidized subsequently to 5,5'-dibromo-
4,4'-dichloro-indigo, an intensely blue product which can be determined calorimetrically as a test for the
presence of active B-galactosidase. Bacterial communication in P. aeruginosa is managed by AHL’s
such as 3-0x0-C12.%¢ For the X-gal quantification assay, 3-0x0-C12 was added together with H,O and
KBr to the tungsten bronzes to observe a possible modification of the signaling molecules. After
12 hours A. tumefaciens A136 and the colorimetric substance X-gal was added to the AHL s. The effect
of the tungsten bronzes on the signaling molecules is shown in Figure 5.5b. The WO3.x NRs decrease
the amount of signaling molecules by up to 25 %. Furthermore, the samples including c-CsosWOs3
showed a further reduction by up to 35 %. The bottom line is that c-CsosWOs3 reduces biofilm formation

by interfering with quorum sensing.

The solubility of tungsten oxide bronzes is of critical importance, as they dissolve slowly, especially in
basic environment, forming soluble tungstates.®>” Although this effect is significantly less pronounced
than for molybdenum oxides,* we have examined the stability (or solubility) of Magneli-type tungsten
oxide NRs and tungsten bronze NCs in water, specifically in the presence of hydrogen peroxide
(Figure S8.4.14). WOsx NRs show the highest solubility (3 % of tungsten content) in water. The
solubility (i.e., leaching) of all other tungsten oxide bronzes was < 1.5 %. This may be due to traces of
unreacted AMT or an amorphous tungstate surface layer of tungstate that was not completely removed
after synthesis. In the presence of H,O; (concentration 0.1 M, approx. 10-fold with respect to W), the
formation of soluble tungstates (i.e., "leaching") in the range of 10 to 15 % was observed for all tungsten
bronzes over the course of 7 d. For WOs.« NRs, up to 54 % of the tungsten content went into solution.
This shows that the Magnéli-type oxides are more prone to the formation of soluble peroxo species. The
higher lattice energy of the tungsten bronze NCs leads to higher stability against oxidation. However,
since soluble Na;WO.*2H,0 shows lower efficacy in inhibiting biofilm formation than solid WOs.« NRs
and c-CspsWO3, NCs over a period of several days, the catalytic effect should be attributed less to the
soluble tungstate species and more to the efficacy of WOz« NRs and ¢-CsosWO3 NCs. Nevertheless,
our work provides new insight for tungsten oxides used in catalysis, since leaching is commonly
disregarded. A major advantage over polymers and many insoluble nanomaterials is that due to slow
degradation to soluble tungstates and alkali metal cations, no accumulative environmental effects are

expected.
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Figure 5.5. Effect of tungsten oxide bronze NCs on bacterial biofilm formation and quorum sensing. a) Crystal
violet staining of P. aeruginosa grown in LB. The bacteria were cultivated for 72 h at 30 °C in the presence of the
tungsten bronzes. After removing the planktonic cells, the attached cells i.e., biofilm were stained. b) X-Gal
quantification with the biosensor A. tumefaciens A136. The AHL were incubated for 12 h at RT in presence and
absence of the tungsten bronzes. The processed AHL were then added to the bacteria, which were cultivated for
8 hat 30 °C in LB medium, which was supplemented with X-Gal.

WO:s.x NRs and ¢-CsgsWO3 affect mycelium growth in F. graminearum

Because of their HPO activity WOs.x NRs and c¢-CsgsWO3 NCs were examined, together with m-
Cs03WO;3 and h-(NH.)o2WQO3 NCs for their inhibitory properties of the growth of the fungus Fusarium
graminearum in the presence of H,O.. F. graminearum is an ascomycete fungus and the major cause of
Fusarium head blight in wheat and Gibberella ear rot in corn.%® It can lead to yield losses, grain quality
losses and furthermore mycotoxin contamination in cereals, which can affect human health® and even
lead to death.®® Antifungal activity is well known for ZnO NPs, but the antimicrobial effect of zinc oxide
nanopowders is based on the dissolution of amphoteric Zn?* ions and the subsequent formation of
reactive oxygen species (ROS), which damage the lipid cell membrane and lead to the death of the
affected cells.%! Previous studies evaluating the effect of nanoparticles on fungi observed, that
nanoparticles can lead to oxidative stress response in fungal cells. It could be observed, that MgO

nanoparticles triggered indeed the generation of ROS in P. nicotianae and T. basicola.®?

The impact of the NRs and the different NCs on fungal growth is shown in Figure 5.6a, the water-soluble

molecular tungstate Na,WO4*2H,0 was used as reference.
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While m-CsosWO3 NCs did not inhibit fungal growth, Na;WO4*2H,0 reduced fungal growth by ~31 %
compared to the control, which did not contain any additive. c-Cso6WO3 showed the most pronounced
inhibiting effect on fungal growth (reduction of ~54 %) while WO3 reduced the growth about ~46 %.
The effect of h-(NHa)o2WO3; NCs was comparable with sodium tungstate (28 %). However, for WOs3.
NRs we found nearly no evidence for mycelium growth, which means a successful prevention of spore
formation and fungal distribution. The effect was less pronounced for h-(NH4)o2WO3 and ¢-Cso6WOs3

NCs and not observed in the other cases.
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Figure 5.6. Tungsten bronzes inhibit growth of Fusarium graminearum. a). The various NCs were added to the
liguid HMG medium together with diluted H20- solution and incubated for 6 h at RT. The agar was then added
and F. graminearum was placed in the middle of the plate. The results were then pictured after seven days of
incubation. b) Effect of tungsten bronzes on the diameter of F. graminearum. The measurements were done with
ImageJ.

c-CspsWO3 NCs showed a high HOP activity and had the strongest impact on the fungal growth.
Therefore, we assume that c-CsosWO3 NCs also interfere with quorum sensing in fungi due to their
enzyme-like properties, similar as described above for the growth of bacterial biofilms. As fungal
qguorum sensing research is still in its infancy, the mode of action of tungsten oxides as quorum
quenching compounds remains to be elucidated.®® Since this retarding effect occurs even in the absence

of added bromide ions (e.g., KBr), the antifungal activity could also be due to the peroxidase-like
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properties of WO3x-NRs (or the required bromide ion concentration is provided by the fungus), as

tungsten oxide nanomaterials have been shown to exhibit peroxidase-like properties.5

Antibacterial activities induced by NIR irradiation

The strong LSPR absorption of the tungsten oxide NRs in the NIR (Figure 5.3) prompted us to evaluate
the impact of the LSPR properties on the growth of Staphylococcus aureus, Pseudomonas aeruginosa
and Phaeobacter gallaeciensis under IR light (950 nm). S. aureus is a Gram-positive, methicillin-
resistant (MRSA), opportunistic pathogen that can cause life-threatening infections such as chronic
osteomyelitis.®® P. gallaeciensis is a Gram-negative marine bacterium of the clade Roseobacteriaceae,
which are known as primary colonizers in a variety of marine biofilms.®® WO;.x NRs, and m-CsysWO3;
NCs were used because they cover different parts of the absorption range in the Vis-NIR region of the
optical spectrum. Na,WO,*2H,0 was used as reference materials. The effect of the relative NIR
exposure on the growth of S. aureus, P. aeruginosa and P. gallaeciensis, corrected by the results without
radiation, are shown in Figure 5.7 (absorption spectra shown in Figure 5.3, IR vs no IR in
Figure S8.4.15).
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Figure 5.7. Effect of IR light (=950 nm) on the growth of S. aureus, P. aeruginosa and P. gallaeciensis. S. aureus
and P. aeruginosa were grown at 30 °C in LB medium, P. gallaeciensis was grown at 30 °C in 2216 marine
medium. The incubation of the bacteria was done for 72 h in 96-well plates in the absence or presence of tungsten
bronzes and 950 nm IR irradiation. ODego Was then measured to observe the effect of the tungsten bronzes in
combination with IR irradiation in comparison to no irradiation at all.

m-Cso3sWO3 NCs reduced the growth of all bacteria by 30 to 35 % compared to the control. Water

soluble Na;WO4*2H,0 showed no difference between NIR exposure and non-exposure. The absorbed
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NIR light is converted into thermal energy, which in turn leads to an increase in temperature of the
materials.®”®® Therefore, m-Cso3WO; nanocrystals exhibit (in analogy to gold nanorods®®) an excellent
photothermal energy conversion effect in the NIR region due to their unique LSPR properties,®’ resulting
in antifungal activity due to photothermal killing. WO3.x NRs and h-(NHa)02WO3 nanocrystals reduced
bacterial growth by ~10 % under NIR light. WO3.x NRs showed a significant antibacterial effect already
without irradiation (Figure S8.4.15). As mentioned earlier, the Bransted acidity may be responsible for
this antibacterial effect of WO3.x NRs.3+3¢

5.4 Conclusions

We elaborated a selective synthesis of hexagonal (h-Cso3WOs3) and cubic pyrochlore-type (c-Cso6WO3)
tungsten bronze nanocrystals by using the oleic acid (OAc)/oleylamine (OAm) surfactant ratio for phase
selection. OAm excess led to preferred formation of the pyrochlore-type cubic cesium tungsten bronze
c-CsxWO3 even for Cs:W ratios up to x= 0.3. The resulting phase mixtures containing nanocrystals of
the hexagonal and cubic tungsten bronzes h-Cs 3WO3 and ¢-Cso sWO3 showed strong absorption in the
red / infrared spectral range associated with localized surface plasmons. For higher Cs* contents of up
to x=0.6 we observed only the formation of cubic (pyrochlore-type) c-CsosWOs3 nanocrystals. Compared
to h-Cso3sWO; nanocrystals, c-CsosWO3 nanocrystals were strongly agglomerated, less soluble in
organic solvents, and showed a weaker LSPR absorption. c-CsosWQO3 and WO3zx NCs showed high
haloperoxidase-like activities, demonstrated with the haloperoxidase assay through the catalytic

bromination of phenol red to tetrabromophenol blue.

WOsx NRs and ¢-CsosWO3 nanocrystals prevent the formation of P. aeruginosa biofilms. ¢-CsosWOs3
showed a biofilm reduction of 35 % over a period of three days, while WOs.x NRs showed a reduction
of 25%. Control experiments with Na;WO.*2H,0 showed only little reduction (10 %), indicating that
the presence of soluble tungstates is not the prime reason for the bacteria repelling behavior of WOz
NRs and c¢-CsosWO3 NCs. Reporter assays were performed to get a further insight into their quorum
guenching activity. WOs.x NRs and c-Cs sWO3 modified bacterial signaling molecules, as the biosensor
A. tumefaciens A136 could detect only 75 % (for WO3x NRs) and 65 % (for c-CsesWO3) of the initial

3-0x0-C12 lactones compared to the control.

The chemical stability of h-Cse3sWOs3 and ¢-Cs0.6WO3 nanocrystals and WOs.« nanorods was studied
by determining the W content of the supernatants of nanocrystal dispersions. WOz x NRs showed W-
leaching with time due to its low crystallinity. In contrast, cesium bronze nanocrystals showed a high
chemical stability (i.e., very low solubility in water) and low degradation (i.e., no leaching). In the
presence of H,O, WOs.« NRs gradually degraded due to the formation of W-peroxido species. However,
the quorum quenching activity of both, WOs.« NRs and c-CsesWO3z NCs were higher than the activity

of soluble sodium tungstate. Therefore, solubility of the NCs cannot attribute for the antibacterial
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activity of the NCs. However, the slow degeneration can prevent long-term accumulation the NCs in

organism and therefore reduce toxicological issues.

The antifungal properties of c-CsosWOs3 nanocrystals and WOs.x NRs were tested with the fungus F.
graminearum. Both tungsten bronzes showed antifungal activity and reduced fungal growth up to 54 %
within seven days. WOs.x NRs showed a strong reduction of the mycelium growth, thereby preventing
spore formation. Finally, the LSPR properties of c-CsxWOs/ h-CsxWQOs3 phase mixtures reducing the
growth of the clinically relevant bacteria S. aureus and P. aeruginosa and of the marine bacterium P.

gallaeciensis under NIR light of 950 nm by photothermal energy conversion.

Our findings make tungsten bronzes potential “green” catalysts for antibacterial applications, since no
toxically chemicals are released into the environment. Evidence for quorum quenching and therefore a
non-biocidal mode of action was provided by the biosensor A. tumefaciens A136. Bacterial and fungal
biofilms are ubiquitous on domestic, industrial and other surfaces. Conventional biocides (strong
oxidants, antibiotics, etc.) are increasingly problematic due to lack of efficacy, non-targeted
environmental effects, or development of resistance by microorganisms. Due to their intrinsic catalytic
properties and environmental compatibility, engineered tungsten bronzes could find applications for a
variety of surface appliances.

55 Experimental section

Materials. All chemicals were used as received without further purification. Oleic acid (90 %, technical
grade) and sodium tungstate dihydrate (Na,WOQO,*2H,0, >99.0 %) were bought from Sigma Aldrich,
oleylamine (>50 %, technical grade) was purchased from TCI, ammonium metatungstate hydrate (AMT,
>90 % WO; basis) was bought from Carl Roth, cesium carbonate (Cs,COs, 99.5 %) from across and
rubidium carbonate (Rb.CQOs, 99.9 %) was purchased from chempur.

Synthesis of alkali bronze nanocrystals. WOs.« NRs and (NH)o2WO3 NCs were synthesized according
to ref. 3. For cesium and rubidium tungsten bronzes, the same synthesis was utilized with 0.3 or
0.6 mmol of the respective carbonate. Different variations of the synthesis parameters are discussed in

the respective results and discussion section.

Microorganisms and growth conditions. P. aeruginosa PA14, S. aureus (DSM 11823) and P.
gallaeciensis (DSM 26640) were obtained from the Deutsche Sammlung fur Mikroorganismen und
Zellkulturen (DSMZ, Braunschweig, Germany). A. tumefaciens A136 was obtained from the lab of Prof.
Dr. Kirsten Jung (LMU Miinchen, Munchen, Germany) F. graminearum was obtained from Prof. Dr.
Eckhardt Thines (JGU Mainz, Germany).

P. aeruginosa and S. aureus were cultivated aerobically in LB medium [1 % (w/v) NaCl; 1 % (w/v)

tryptone; 0.5 % (w/v) yeast extract] at 30 °C. P. gallaeciensis was cultivated aerobically in marine broth
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2216 (Thermo Fisher, Pittsburgh, USA) at 30 °C. A. tumefaciens A136 was cultivated in LB medium

[1% (w/v) NaCl; 1% (w/v) tryptone; 0.5% (w/v) yeast extract] supplemented with 50 pg/ml

spectinomycin and 4.5 pg/ml tetracycline to maintain the containing plasmids pCF218 and pCF372.%°

F. graminearum was cultivated in HMG medium [0.4 % (w/v) yeast extract; 1 % (w/v) malt extract;

1% (w/v) glucose; pH = 5.5]. For preparation of agar plates, 1.5 % (w/v) agar was added to the

respective medium. Chemicals were purchased from Carl Roth (Karslruhe, Germany).

Biofilm assays. For quantification of bacterial biofilm production, a modified method of already
published protocols was used.” Briefly, P. aeruginosa was cultivated in LB medium over night at 30 °C.
Then, the cultures were diluted in the respective medium in the presence or absence of 0,1 mg/ml
tungsten oxide bronzes, in a volume of 135 ul per well of a 96-well polystyrene microtiter plate
(Sarstedt, Niimbrecht) at a final ODeqo 0f 0.5. Additionally, KBr (Roth, Karlsruhe, Germany) and H,O;
(Roth, Karlsruhe, Germany) at a final concentration of 32 mM and 0.8 mM respectively were added to
the wells. The microtiter plate was then incubated for 72 h under gentle shaking (150 rpm) at 30 °C.
Every 24 h H,O, was added at a final concentration of 0.8 mM. Then, the liquid phase of the culture
was removed by turning the plate. The planktonic cells were removed by gently submerging the plate
two times in a water tub. After drying for 5 min, 135 ul of 1 % (w/v) crystal violet (Merck, Darmstadt)
was added to the wells. A well without bacteria served as negative control. After 15 min incubation at
room temperature, unbound crystal violet was removed by gently submerging the plate for two times in
water. The plate was then air-dried over-night at room temperature. For quantification, 135 ul of 30 %
(v/v) acetic acid (Roth, Karlsruhe) was added to solubilize the crystal violet from the biofilm. After
15 min of incubation at room temperature, absorbance was quantified in a plate reader (Tecan, Salzburg)
at 575 nm.

Fungal growth assays. To observe antifungal activity of the tungsten bronzes, the various nanocrystals
were added to the HMG medium at a final concentration of 0.1 mg/ml. Additionally, 670 uM H.O, was
included. After incubation of 6 h at RT, the agar was added, and the plates were poured. Then, F.
graminearum with a diameter of 1 cm was placed in the middle of the plate and was incubated for seven

days at 26 °C. The plates were then photographed, and the diameter was measured using ImageJ 1.53c.

X-gal assay. External 3-ox0-C12 (5 pM) was incubated in presence of 0.1 mg/ml WOz, NRs. c-
Cs06WO3 or Na,WO4*2H,0 for 12 h at RT. The reaction mixtures were then added to an A. tumefaciens
A136 culture, which was adjusted to an ODggo Of 1. After the addition of 250 pg/ml X-gal, the cultures
were incubated at 30 °C for 8 h. Afterwards, the cultures were transferred to 1.5 ml tubes and were spin
down at 10.000x g for 5 min. The supernatant was then transferred to 96-well plates and the absorbance

at 630 nm was measured using a plate reader (Tecan, Switzerland).

Infrared irradiation. For the detection of infrared-initiated antibacterial activity of the tungsten

bronzes, S. aureus, P. aeruginosa and P. gallaeciensis were grown over night in their respective medium
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at 30 °C. After diluting the bacteria to a final ODsyo 0f 0.5 in 96-well plates, the various tungsten bronzes

were added at a final concentration of 0.1 mg/ml. Then, the plates were transferred to the microplate

reader (Tecan, Switzerland), which monitored the incubation at 30 °C for 72 h. Every 30 minutes the

wells were irradiated with 950 nm IR light. To observe the effect of the tungsten bronzes without IR

activation, the cultivation was done without 950 nm light beams. After 72 h of cultivation, the ODso

was measured to get the final optical density needed for calculations of the IR effect.

55.1 Characterization

Transmission electron microscopy (TEM). For TEM one drop of nanocrystal solution (~0.1 mg/mL
in chloroform or ethanol) was put onto a carbon-coated copper grid. Images were taken with a FEI
Tecnai G2 Spirit microscope equipped with a Gatan US1000 CCD camera at 120 kV. High resolution
(HR)-TEM images were measured with a FEI Tecnai F30 operating at 300 kV, equipped with an on axis
US4000 CCD 4kx4k camera. For further processing the program ImageJ was used.

Powder X-ray diffraction (PXRD). PXRD studies were carried out on a STOE Standi P using Mo Kai
radiation (1 = 0.7093 A) and a Dectris Mythen 1k detector. The diffractograms were analyzed using
Match!3 and plotted with Matlab2018b. All references were taken from the Crystallography Open
Database (COD) or International Centre for Diffraction Data (ICDD) PDF database. Rietveld™

refinements were performed using Topas Academic V6.

Ultraviolet-visible-near infrared absorption (UV-Vis-NIR) spectroscopy. UV-Vis-NIR spectra were
taken on a Cary 5G UV-Vis-NIR spectrophotometer operating in a wavelength range from 200 to
1800 nm. Diffuse reflectance measurements were carried out using an Ulbricht spere. Approx. 10 mg of
the respective nanocrystals were mixed with ~500 mg BaSO, and pressed to form a homogeneous
surface on a PTFE carrier. The reflectivity was measured within a range of 175 to 2600 nm and a
baseline correction was performed using pure BaSQO,. Processing and plotting were done with Matlab
2018b.

X-ray photoelectron spectroscopy (XPS). XPS measurements performed on an Axis Ultra DLD
imaging photoelectron spectrometer. Measurements were carried out using the Hybrid mode with
10 mA and 15 kV at the Al anode. The analysis area was 700 um * 300 um (i.e., X-ray spot size). Survey
spectra were measured at a pass energy of 80 and elemental spectra at 20 pass energy of the analyzer.
All spectra were charge corrected to a binding energy of 284.8 eV for the C 1s line corresponding to
adventitious aliphatic carbon. Measurements were analyzed using the CasaXPS software plotted with
Matlab2018b.

Phenol red assay. The haloperoxidase activity was determined by the oxidative bromination of phenol

red according to ref.’®. The time-dependent change in absorbance was followed on a Cary 3500 UV-Vis
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spectrometer at a temperature of 25 °C. All nanocrystals were annealed at 300 °C or 500 °C prior to

catalytic measurements. The nanocrystals were dispersed in milli pore water and added to a reaction

medium with a final concentration of 25 pg/ml nanocrystals, 50 UM phenol red and 25 mM KBr. H;0>

with a final concentration of 300 UM was added before the start of the measurement.

Zeta-potential. Zeta potential was measured Malvern Zetasizer NanoZS with a 633 nm He-Ne-Laser.
Samples were measured in milli pore water that was filtered through a 200 um syringe filter. The particle

concentration was about 1 mg/ml.

Inductively coupled plasma - mass spectrometry. Type | reagent water (18.2 MQ*cm) from a Milli-
Q system (Merck Millipore, Darmstadt, Germany) and H20. (30 % (Suprapur), Merck, Darmstadt,
Germany) were used for the leaching experiments. Leaching experiments were performed in 15 mL pre-
cleaned plastic tubes obtained from Th. Geyer. After weighing in a portion of about 5 mg, the water was
added, and the suspension was shaken vigorously. After the corresponding times, the samples were
centrifuged at 2500 rpm for 10 min and 1 mL was taken as sample. Subsequently, the missing volume
was made up so that an H.O- concentration of 0.1 mol/L was achieved. Then the same procedure as for
the water leaching experiments was repeated. For the digestion, approximately 10 mg per sample was
weighed into pre-cleaned DigiTUBEs (SCP Science, Quebec, Canada), 10 mL of sodium hydroxide
(32 % z.A., Chemsolute, Th. Geyer, Germany) was added, and the suspension was placed on a hot plate
at 50 °C for 120 h. After 24 h, 30 mL of type | reagent water was added to the suspension. After this
time, the solutions were made up to 50 mL with ultrapure water. At the end the solutions were filled up
to 50 mL with ultra-pure water. The leach and digestion samples were diluted from 1:100 to 1:20000 to
achieve a concentration between 10 pg/L and 100 pg/L of the elements of interest. The diluted samples
were acidified with nitric acid (1.3 % v/v; (65 % z.A. (Chemsolute), Th Geyer, Germany (double sub-
boiled)) and stabilized with hydrofluoric acid (0.5% v/v; 48 % (Ultrapure), Merck, Darmstadt,
Germany). For the ICP-MS measurements an Element 2 system (Thermo Fisher Scientific, Bremen,
Germany) coupled to an CETAC ASX-520 autosampler (Teledyne CETAC Technologies, Omaha,

Nebraska, USA) was used. The system was tuned daily in accordance with the manufacture’s guidelines.
Mono element standards were used for the external calibration and the internal standard. The Cs
(1000 mg/L, Certipur) was purchased from Merck, the tungsten standard (1000 mg/L, Specpure) was

purchased from Alfa Aesar.
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6. Antimicrobial activity of metal tungstate
nanocrystals prevents bacterial biofilm

formation

6.1 Abstract

Steel surfaces, widely present in construction, the food industry and the medical sector are frequently
exposed to bacterial colonization with severe consequences on consumers’ health. Since steel contains
a variety of alloying metals such as iron, manganese, cobalt, or tungsten it is important to understand
the effects of steel composition on bacterial growth and BF formation. We show that steel promotes
bacterial growth and biofilm (BF) formation of Phaeobacter gallaeciensis by 280 % compared to glass
surfaces. This is due to biocorrosion where hydrated metal species such as Fe** or Mn?* promote
bacterial growth even in low concentrations. Confocal laser fluorescence microscopy (CLFM) revealed
BF formation with a thickness of 30 um over a 72-hour time frame. Screening of biologically relevant,
bivalent cations alloyed in steel revealed that iron and manganese have a strongly promoting effect to
BF formation, as they serve as nutrient for bacterial growth. We synthesized FeWOQO,4 and MnWO,
nanocrystals (NCs) which inhibit BF formation but show no toxicologic effect towards planktonic cells.
The same effect was observed for the nosocomial bacterium Pseudomonas aeruginosa. The efficacy is
most pronounced for the MnWOQ,, which showed a decrease of ~40 % in P. gallaeciensis and P.
aeruginosa BF formation. We assume that the incorporation of NCs into the BF matrix ultimately leads
to biofilm dispersion.
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6.2 Introduction

Metals alloys such as steel are among the most important materials in modern society.* Their properties
can be tailored to meet specific needs for example in construction, marine environments, food
production or biomedicine. Any metal surface in contact with an aqueous or moist environment can
suffer from corrosion. Typically, metal corrosion results in soluble metal ions in water, which can be
followed by precipitation of metal oxides and hydroxide.? Corrosion leads to structural weakening and
eventually leads to mechanical failure. Corrosion can even be enhanced with stainless steels, an iron
(Fe) alloy with at least 11 wt% chromium (Cr).2 High corrosion resistance, in combination with good
mechanical properties,! is the main reason for using stainless steel in more aggressive environments,
such as sea water,* for food production (e.g. in the meat industry)® or in biomedical applications (e.g.,
orthopedic implants),® to achieve biocompatibility and maintain function with time. These aspects are
closely related to a high corrosion resistance and physicochemical surface properties that govern protein

adsorption and bacteria adhesion.

Bacterial adhesion to stainless steel is a severe challenge for many medical, industrial, or environmental
applications. Water systems in industrial sites are prone to biocorrosion as well.” Bacteria can oxidize
metals, especially iron during metabolic processes.®® The effect of corrosive microbial products on
the metal surface can be enhanced when the microorganisms form a biofilm (BF), containing
exopolymers which impede the diffusion of solutes and have an increased corrosive effect on metal
surfaces due to the influence of complexing bioligands (e.g. proteins, lipids, polysaccharides,
siderophores and nucleic acids) on the redox potentials of alloyed metals such as iron, copper and
manganese.® ! These features of located microbial growth are important requirements to enhance
biocorrosion and display phenotypic characteristics that differ from those of their planktonic
counterparts, like increased tolerance to antibacterial agents.? Up to 80 % of all human microbial
infections are due to the formation of BF of nonpathogenic microorganisms,** which have been shown

to be resistant to common disinfection practices.'*

Smart surface science may inhibit bacterial adhesion and BF development.*>!® One approach is based
on the release of biocidal agents or inhibition of bacterial adhesion.!” This is done using coatings that
release microbiocidal agents such as silver, antibiotics, enzymes, polycations, and antimicrobial peptides
into the surrounding aqueous environment.'® Alternative strategies attempt to prevent film formation
with weakly polarizable features that reduce van der Waals forces,*® superhydrophobic surfaces,'*? or
create highly hydrated areas via hydrophilic polymers.?! As these strategies rarely work permanently, it

is difficult to combat bacterial attachment by surface patterning or surface chemistry alone.?

Therefore, efforts have been made to develop alternative antibacterial compounds and materials.?*>%
Instead of modifying existing antibiotics or synthesizing new antibiotics that could sooner or later cause

new resistance, inspiration has come from natural self-defense systems that use enzymes to cause
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irreversible damage to bacteria or disrupt BF integrity or disable bacterial communication. BF formation
is based on bacterial communication through quorum sensing (QS), a cell-to-cell communication
process that enables bacteria to synchronize their group behavior during BF formation. One combat
strategy focuses on suppression of bacterial communication influencing the relevant signal molecules
N-acyl homoserine lactones (AHL). AHL directly induces bacterial growth and is therefore a key factor
in BF formation.?®?” Haloperoxidases can catalyze the oxidative bromination of AHL signaling
molecules, rendering them useless for QS and thus suppressing BF formation. A number of transition
metal complexes, 2 V,0s,151% and Ce0,*** nanocrystals (NCs) can mimic the catalytic activity of
haloperoxidase enzymes under ambient conditions.®? Therefore, these NP enzyme mimics3%3 display a
sustained and long-term activity at ambient conditions to prevent biofouling in moist environments.?
However, these catalysts need equivalents of hydrogen peroxide and halogenide anions to function,
therefore their application is limited. Additionally, the concept can only be applied to bacterial
communication of Gram-negative bacteria and existing BF cannot be removed. Finding alternative
systems with intrinsic properties to prevent BF growth without need of additives and showing no toxic
behavior towards the bacteria, thereby preventing formation of resistances, is highly desired. Biofilm
dispersion is a complex field of essential interest, as is represents an non-toxic way that target already
existing BFs and is often based on the bacterial nutrient balance.3*%

Since iron and manganese, which play a central role in the active sites of different haloperoxidase
enzymes,®8 and tungsten, which is an active haloperoxidase mimic as WO,* anion?* are typical
metal components of steel it is important to understand the effects of steel composition on bacterial
growth and BF formation. In this work, we compare the growth of the marine bacterium Phaeobacter
gallaeciensis on building steel S235, laboratory glass, polyethylene (PE), polyethylene terephthalate
glycol (PETG), polystyrene (PS) and polycarbonate (PC) surfaces. We show that steel promotes
bacterial growth and BF formation compared to glass and polymers. This is due to the well-known
biocorrosion, because Fe?* and Mn? promote bacterial growth even in very low concentrations. We were
able to proof this effect by using the respective salts of the biorelevant steel alloy components. The
growth of BF and planktonic cells was homogeneous for all tested metal salts. In contrast, the
corresponding FeWO, and MnWO. NCs significantly reduced the BF formation while showing a
significantly higher amount of planktonic cells. The effect is more pronounced for the MnWO, than for
the FeWO, NCs and is independent of any additives and synthesis conditions. The inhibition of BF
growth for the nosocomial bacterium Pseudomonas aeruginosa also demonstrates the clinical relevance.
Finally, plausible explanations regarding biofilm dispersion are discussed based on the delicate balance

of bacterial BFs towards nutrients and siderophores, which may bind on NC surfaces.
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6.3 Results and discussion

6.3.1 Low-carbon steel affects marine bacterial BF formation

Alloy steels are made of iron, carbon and other alloying elements added deliberately such as vanadium,
silicon, nickel, manganese, copper, and chromium. Structural steel is a standard construction material
made from specific grades of steel and formed in a range of industry-standard cross-sectional shapes.
Structural steel grades are produced with specific chemical compositions and mechanical properties.
The chemical composition of structural steel is very important and highly regulated because it is a
fundamental factor which defines the mechanical properties of the steel. The chemical composition of
structural steel S235 is Fe, 94.96%, Al 0.30%, Bi 0.10%, Co 0.30%, Cu 0.40%, Cr 0.30%, Mn 1.65%,
Mo 0.08%, Nb 0.06%, Ni 0.30%, Pb 0.40%, Se 0.10%, Si 0.60%, Ti 0.05%, V 0.10%, W 0.30%.

Figure 6.1a compares the bacterial film density Phaeobacter gallaeciensis on steel S235 and polymers
(PE, PETG, PS, and PC). The bacteria were grown in 24-well plates, including the various placed
materials for 72 h and the results normalized towards laboratory glass. The results indicate that adhesion
of the Gram-negative marine bacterium P. gallaeciensis, which belongs to the clade of
Rhodobacteriaceae, a well-known primary colonizer of marine surfaces*“? is strongly depending on the
material surface. BF adhesion on steel was 280 % higher than on polycarbonate (105 %), which showed
a similar BF density than laboratory glass. P. gallaeciensis bacteria showed a much higher adhesion
density on hydrophilic PC than on the presumably more hydrophobic PE, PETG, and PS surfaces (11,
12 and 14 %).

The 3D structure of the BFs of P. gallaeciensis was analyzed by confocal laser scanning microscopy
(CLSM, Figure 6.1b-d). For this purpose, the BFs were grown again at 30 °C for 72 h on PC, PE, glass
and steel surfaces. After removal of planktonic cells, the remaining attached cells were stained with
green fluorescent nucleic acid stain (SYTO 9) and propidium iodide, a live-dead staining method that
can detect all cells in a given BF. The steel surface was covered with an approximately 30 um thick BF
(Figure 6.1b), confirming the results of the crystal violet assay. The biofilm on glass was significantly
less dense and thick (Figure 6.1c, comparable to the PC surface (Figure 6.1e) with a thickness of approx.
10 pum each. For PE, the BF was significantly less dense with a thickness of less than 2 um (Figure 6.1d).
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Figure 6.1. a) Comparison of P. gallaeciensis BF formation on steel, laboratory glass and different polymer
surfaces (polyethylene, PE; polyethylenterephthalat glycol, PETG; polystyrene, PS and polycarbonate, PC),
referenced towards the glass surface. (b-e) Confocal laser scanning microscopy images of steel S235 b), glass c),
PE d) and PC c) surfaces. The bacteria were cultivated for 72 h at 30 °C in the presence of steel, plastics and glass.
The different materials were then rinsed with water to remove the planktonic cells. The remaining attached cells
were then stained with crystal violet. For CLSM analysis the attached bacteria were stained with a combined
SYTO9/propidium iodide solution. Inset showing the S235 steel surface after cultivation.

6.3.2 Metal ions affect bacterial BF formation

The strongly enhancing effect of S235 steel towards biofilm formation could be explained with
biocorrosion of the steel surface by P. Gallaeciensis. Therefore, the alloy components of the 3d
transition metal series can go into solution as ions. This effect could be enhanced in the presence of
atmospheric oxygen due to aerial oxidation. We investigated the growth of P. gallaeciensis BF as a
function of different metals in in aqueous solution. We focused on the bivalent metals (Fe?*, Mn?*, Co?*,
Zn?*, Mg#", Cu?*) that show biologic relevance*® and could therefore be responsible for the promoting

BF formation effect on steel surfaces.
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Figure 6.2. Concentration dependent effect of metal cations on bacterial BF formation in P. gallaeciensis using
solutions of chloride salts of Mn?*, Fe?*, Zn?*, Cu®*, Co?* and Mg?*. Concentrations used were 0, 50, 100, 500 and
1000 pM. For Fe?* oxidation towards Fe®* can be assumed.

P. gallaeciensis BFs were grown in the absence and presence of the solutions of the respective metal
cations with various concentrations (0, 50, 100, 500 and 1000 uM) for 72 h at 30 °C in 96-well plates.
Figure 6.2 is revealing in several ways. The presence of 50 umol Cu?* leads to a 40 % decrease in BF
formation. This is compatible with the reported antimicrobial effects of copper, its alloys (e.g. brasses,
bronzes etc.) based on the toxic effects of Cu?* ions on living cells, algae, spores, fungi, viruses,
prokaryotic and eukaryotic organisms even in low concentrations, which are still used for antifouling
coatings based on copper compounds and biocide boosters.**6 However, the most striking result is that
50 umol of Mg?*, Mn?*, and Fe** promote P. gallaeciensis BF formation. For Fe?*, which can be
oxidized by molecular oxygen towards Fe**, we observed an increasing of BF formation of 25 %. For
Mn?* and Mg?* the BF density is enhanced by 20 % and 15 % respectively. The promoting effect of iron
on BF formation has been demonstrated for P. aeruginosa due to stimulated exopolysaccharide Psl1
production.*” A slight increase of BF formation has been reported for Mn?* as well.*® We observed small
decrease of BF formation for Co?* and Zn?*. The negative impact of Zn?* ions on bacterial growth has

been described before.#%%0

We found that Mn?" concentrations up to 100 uM had a positive effect on BF formation (~120 %).

Higher concentrations did not show an enhancement of the BF growth compared to the control
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experiment (105 % for 1000 umol). For Fe?*, the effect was constant throughout the series. Already
50 uM of Fe?* increased the BF to 125 % compared to the control. For concentrations up to 1000 puM,
no change of the BF formation was observed. However, for Zn?* we observed a concentration dependent
reduction of BF formation. While the BF remained stable (>90 %) for concentrations up to 100 uM, we
observed a strong reduction to 50 % for a concentration of 500 uM. For a Zn?" concentration of
1000 pM, the BF was reduced to 25 % compared to the control. This indicates a toxic effect of Zn?* on

bacterial growth and BF formation of P. gallaeciensis. A similar effect was observed for Co?".

CLSM was performed to visualize the effect of Mn?* and Fe?* on BF formation. BFs were grown for
72 h at 30 °C on microscope slides placed in Petri dishes filled with cultivation medium and dissolved
MnCl,*4H,0 and FeCl.*4H,0 (50 uM) (Figure S8.5.1b, ¢). A sample without the metal salt was used
as control (Figure S8.5.1a). After staining with SYTO 9 and propidium iodide and removing the
planktonic cells the bacterial culture grown in the presence of MnCl, and FeCl, showed an enhanced
cell attachment. While the BF on the control sample was homogeneously distributed all over the surface
(green fluorescence), including several non-colonized (white) spots, the cultures grown in the presence
of MnCl, and FeCl, showed less non-colonized areas and higher cell attachment to the surface. The
resulting fluorescence intensity is based on the total intensity of both dyes.

6.3.3 Synthesis and structural properties of (transition)metal tungstate

nanocrystals

The reaction of tungstate (WQ4?>) anions resulting from the oxidation of tungsten during biocorrosion
with bivalent metal cations could lead to the formation of metal tungstates.>* Therefore, MWO, NCs (M
= Mn#, Fe?*. Zn?*, Co?*, Mg?*, Sr** and Ba?*) were synthesized as well-defined reference compounds
to compare the effects of divalent main group and transition metals on bacterial growth with that of the
metals in their zero-valent oxidation states in steel alloy and of the hydrated metal ions in aqueous
solution. NCs were obtained by varying batch sizes, cation salts, heating rate and ratios of solvent and
capping agents. An overview of the different NC syntheses relevant for this article is presented in
Table S8.5.1. Phase identity was confirmed by powder X-ray diffraction (PXRD), nanocrystal
morphologies and sizes of individual nanocrystals were determined using transmission electron

microscopy (TEM).

6.3.4 MnWO4 and FeWO4 nanocrystals do not affect bacterial growth but inhibit

BF formation in P. gallaeciensis and P. aeruginosa

Bacterial growth and BF formation of P. gallaeciensis was investigated for MWO4 (M = Mn?" and Fe?")
NCs (Figure 6.3d). MnWOQO, and FeWO, NCs (TEM images in Figure 6.3a, b, PXRD patterns in
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Figure S8.5.2) with comparable sizes (< 20 nm) showed a promoting effect on the growth of planktonic
cells. This effect was more pronounced for MNWO, (148 %) than for FeWO, NCs (127 %) compared
to the control (no NCs). However, BF formation was inhibited significantly for MnWO, (62 %) and
moderately for FeWOQO, (82 %), although the effect cannot be attributed to haloperoxidase property as no
hydrogen peroxide and KBr were used. (MnixFex)WOQOs NCs, synthesized with 1:1:2 mixture of
Fe:Mn:W (Figure 6.3c) showed an effect between those of pure MnNWO, and FeWO, (128 % planktonic
cells, 72 % BF).

To analyze whether the individual components, 3d metal cations (Mn?* and Fe?*) and the WO, tungstate
anions, or a combined intrinsic property of the MnWQO, and FeWO, NCs are responsible for this
inhibiting effect, soluble Na;WO, was tested, which showed only a moderate and equal reduction of
planktonic cells growth and BF formation (86 % each). Together with the control for hydrated Mn?*
cations this shows that the inhibiting effect of MNWQ, on BF formation effect cannot be attributed to
dissolved Mn?* cations but must be an intrinsic property of MnWO, and FeWO..

To support this hypothesis, we expanded the studies to nosocomial pathogens. Here the effect of MNWOQO4
and FeWO. NCs on P. aeruginosa growth was tested (Figure 6.3e). We observed inhibition of BF
formation similar to P. gallaeciensis. MnNWQO4 NCs showed a strong reduction in BF formation while
enhancing planktonic cell growth (61 and 150 % respective). The effect was again less pronounced with
FeWO, (82 % BF and 109 % planktonic cells).

To rule out the possibility that the preparation parameters affect the biological properties of the metal
tungstate NCs, different solvent ratios were tested for FeWO, synthesis (excess of oleic acid, excess of
oleylamine, (Figure S8.5.3). No significant effects were detectable within experimental error, although
the NCs had quite different diameters (~30*15 nm vs ~5 nm) depending on the preparation conditions
(Figure S8.5.4, Table S8.5.1). The effect of different manganese precursors (manganese oleate,
manganese acetate and manganese acetylacetonate, all >20 nm, Figure S8.5.5) was investigated for
MnWO.. No significant change of biological activity was found either (Figure S8.5.6). This indicates
that the biological activity is independent of the size of the NCs and rather related to the intrinsic
properties of MnWO, and FeWOQ,. In contrast, no significant effect on bacterial proliferation and BF
formation was observed for CoWO., MgWO., ST WO, and BaWO. for both, P. gallaeciensis and P.
aeruginosa (Figure S8.5.7 and Figure S8.5.8). For ZnWO. NCs we found indications for antimicrobial

behavior (Supporting information, Figure S8.5.9 and Figure S8.5.10).

As the reduction of BF formation and the enhancement of bacterial growth are equally opposite for all
FeWO, and MnWO, NCs, we suppose that the increasing number of planktonic cells is due to a
weakening of the BF matrix. Comparable effects may be expected for haloperoxidase mimicking NCs
due to the bromination of AHLs, although BF formation is quenched from the beginning. This only

works in the presence of H,O»/KBr, which was not added and used in our experiments. Therefore,
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neither any haloperoxidase activity nor the effect of the hydrated metal cations can explain the
suppression of BF formation specifically for MnWO, and FeWO, NCs. One possible explanation is the
incorporation of NCs in the BF matrix during its formation. Subsequently, the NCs cause the BF to
dissolve after it is formed. The disruption of BF after formation is a rather complex process that can

occur for a variety of reasons and is known as biofilm dispersion.®*
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Figure 6.3. TEM images of a) MnWO4, b) FeWO, and c) (FeosMngs)WO3 nanocrystals. BF formation and
bacterial growth for d) P. gallaeciensis and e) P. aeruginosa as a function of nanocrystal composition (MnNWOQ4,
FeWO, and (FeosMnos)WOs, 0.1 mg/ml each) and MnCl, (30 wt%, 150 pM) Na,WO4s*2H.0 (0.1 mg/ml,
303 pM) as water soluble reference compounds.
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It is known that P. aeruginosa produces siderophores called pyoverdine for scavenging iron as important
nutrient.? Therefore, bacteria can attach to the metal tungstate surfaces within the biofilm and attempt
to degrade the NCs for iron acquisition. Alternatively, pyoverdine may bind on the NC surfaces via
catechol, carboxylic acid and primary amine groups.>*®" It has been shown that iron uptake in P.
aeruginosa is directly related to biofilm formation process.> Binding pyoverdine on the surface of NCs
could therefore disrupt the iron balance and induce biofilm disintegration. On the other hand, free iron
can lead to a biofilm degradation in response by P. aeruginosa.®® Furthermore, it was observed, that
manganese, which can be scavenged by bacteria as well,®° can induce the swarming ability in Bacillus
cereus (B. cereus).®! In P. aeruginosa, the complex swarming motility is strictly required for biofilm
dispersion.®? Bioinformatic analysis of P. gallaeciensis revealed specific ABC-like transporters
(transport system superfamily that is one of the largest and possibly one of the oldest gene families) for
iron and manganese.®® It can therefore be assumed, that MnWO, and FeWO, induced biofilm
degradation may be due to three different types of effects. (i) By degrading the NCs incorporated in the
matrix the biofilm may become porous and brittle, thereby triggering the disintegration process. (ii)
Accumulation of free iron or manganese in the matrix can lead to controlled biofilm degradation. (iii)
Siderophores relevant for biofilm formation and virulence may bind to MnWO, and FeWO4 NC

surfaces, rendering them useless for bacterial nutrient balance and resulting in biofilm dispersion.

6.4 Conclusions

We showed that structural steel surfaces have a strongly promoting effect on the growth and BF
formation of the marine bacterium P. gallaeciensis, whereas bacterial growth on hydrophobic polymer
surfaces was slow due to their wetting properties, and more hydrophilic polymer surfaces showed a
moderate bacterial growth. Structural steel contains a large variety of alloying metals, the most
prominent representatives besides Fe being Mn, Co, Ni, Cu and W. The effect of the divalent metal ions
Mn?*, Fe?*, Co?*, Zn?*, Cu?" and Mg?* as well as tungsten (as the water stable tungstate WO, anion) on
BF formation was analyzed. Hydrated Mn?* and Fe?* ions in aqueous solution had a promoting effect
on BF formation, while the ratio between BF and planktonic cells remained constant. MnWO. and
FeWO, had a significant inhibiting effect on the BF of P. gallaeciensis and P. aeruginosa while the
amount of platonic cells was significantly enhanced. The inhibiting effect was independent of the
preparation of the MnWO, and FeWO. nanocrystals and is seems due specifically to the intrinsic
properties MNWQO,4 and FeWO4, because CoWO,, MgWO4, S'WO4 and BawWO,4 showed no effect on BF
formation and ZnWO, showed antibacterial behavior but had no impact on BF formation. We assume
that MnWOQO, and FeWO. NCs are incorporated in the biofilm matrix, colonized, and potentially
degraded by the bacteria. Previous studies have shown the importance of hydrated Fe?* and Mn?* cations

for biofilm disintegration and swarming behavior of various microorganisms. Alternatively,
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siderophores could bind onto the MnWO, and FeWO, NC surfaces and disrupt the nutrient balance,
resulting in bacterial biofilm dispersion. Therefore, MNWOQO, and FeWQ, NCs are potent candidates for

use in antibiofilm applications.

6.5 Experimental section

Materials. All chemicals were used as received without further purification. Oleic acid (90 %, technical
grade), potassium oleate (technical grade, 87 % fatty acid), manganese (1) acetylacetonate, manganese
chloride (97 %) and sodium tungstate dihydrate (99 %) were bought from Sigma-Aldrich, oleylamine
(>50 %, technical grade) was purchased from TCI, ammonium metatungstate hydrate (AMT, >90 %
WO; basis) was bought from Carl Roth. Iron (l1l)chloride hexahydrate (98 %), manganese (I1) acetate
tetrahydrate (99 %) and zinc acetylacetonate hydrate were purchased from abcr. Iron
(IMacetylacetonate (>99 %) was bought from Acros, cobalt (1) carbonate (99 %) and zinc carbonate

(basic, 97 %) form Alfa Aesar and Magnesium acetate tetrahydrate from Riedel-de Haén.

Synthesis of Oleate Precursors. Iron oleate was synthesized according to ref.%* using potassium oleate
instead of sodium oleate. A synthesis published for zinc oleate according to ref.®°, using potassium oleate
instead of sodium oleate was used for the synthesis of manganese(ll) oleate, using manganese(ll)

chloride.

Synthesis of (Transition-)Metal Tungstate Nanocrystals. The synthesis of metal tungstate NCs was
performed according to our previously published synthesis route®® with small variations. In general,
0.12 mmol ammonium metatungstate hydrate and 1.43 mmol of metal salt were dispersed in a
combination of total 40 mmol oleic acid and oleylamine. Upon degassing at 100 °C, the solution was
heated to 350 °C using a defined ramp. Details regarding the used metal salts, oleic acid to oleylamine
ratio and heating rates are found in Table S8.5.1. After cooling down, the suspension was mixed with
ethanol and centrifuged for 2 min at 9000 rpm. After two additional cleaning steps with dispersing in
chloroform and precipitation in ethanol the NCs were dried at 70 °C for 18 h. All NCs were annealed at
300 °C for 5 h in air to remove residual organics before being used in biotests. Additionally, the NCs

were washed to remove biologic contaminations and unreacted educts.

Microorganisms and growth conditions. P. aeruginosa PA14 and P. gallaeciensis (DSM 26640) were
obtained from the ‘Deutsche Sammlung flir Mikroorganismen und Zellkulturen’ (DSMZ,
Braunschweig, Germany). F. graminearum was obtained of the lab of Prof. Dr. Eckhardt Thines (JGU
Mainz, Germany). P. aeruginosa was cultivated aerobically in LB medium [1 % (w/v) NaCl; 1 % (w/v)
tryptone; 0.5 % (w/v) yeast extract] at 30 °C. P. gallaeciensis was cultivated aerobically in marine broth
2216 (Thermo Fisher, Pittsburgh, USA) at 30 °C. F. graminearum was cultivated in HMG medium
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[0.4 % (wl/v) yeast extract; 1 % (w/v) malt extract; 1 % (w/v) glucose; pH = 5,5]. For preparation of agar

plates, 1.5 % (w/v) agar was added to the respective medium.

6.5.1 Characterization

Transmission Electron Microscopy (TEM). For TEM imaging, one droplet (~20 ul) of a diluted
solution of NCs (~0.1 mg/mL in chloroform or ethanol) was put onto a carbon-coated copper grid.
Images were acquired with a FEI Tecnai G2 Spirit microscope equipped with a Gatan US1000 CCD

camera at 120 kV. For further processing the program ImageJ was used.

Powder X-Ray Diffraction (PXRD). PXRD studies were carried out on a STOE Standi P using Mo
Kay radiation (4 = 0.7093 A) and a Dectris Mythen 1k detector. The diffractograms were analyzed using
Match!3 and plotted with Matlab2018b. All references were taken from the Crystallography Open
Database (COD) or International Centre for Diffraction Data (ICDD) PDF database.

Surface colonization assay. Different materials (Glass, S235 structural steel, PETG, PE, PC and PS)
were cut to a size of 1.cm?, disinfected and placed in 24 well plates (Sarstedt, Nirnbrecht). P.
gallaeciensis was then cultivated in 2216 medium over night at 30 °C. The cultures were then diluted in
2216, in a volume of 1 ml per Well (Sarstedt, Nurnbrecht) at a final ODego 0f 0.5 and added to the several
materials. The 24-well plates were then incubated for 72 h at 30 °C. Then, the materials were taken out
of the wells, rinsed with water to get rid of the planktonic bacteria and stained with 1 % (w/v) crystal
violet for 30 min. The materials were then washed twice to get rid of the unbound crystal violet. After
drying overnight, the samples were treated with 30 % (v/v) acetic acid (Carl Roth, Karlsruhe) to
solubilize the crystal violet solution and then quantified at 575 nm in a plate reader (Tecan, Salzburg).

Metal salt-dependent biofilm formation. P. gallaeciensis was cultivated in 2216 medium over night
at 30 °C. The cultures were then diluted in 2216, in a volume of 1 ml per metal salt at a final ODggo Of
0.5. FeClz, MnCl,, ZnCl;, MgCl,, CuCl; and CoCl; (Carl Roth, Karlsruhe) were then prepared in
different salt end concentrations (50 uM, 100 uM, 500 puM, 1000 uM) and added to the bacteria inside
96 well plates (Sarstedt, Nirnbrecht). The 96 well plate was then incubated for 72 h at 30 °C. Then, the
microtiter plate was rinsed with water to remove the planktonic cells. After drying for 20 min, 135 pl of
1 % (w/v) crystal violet (Merck, Darmstadt) was added to the wells. After 30 min, the crystal violet was
removed, and the plate was washed two times with water to remove the unbound crystal violet. After
drying overnight, 135 pl of 30 % (v/v) acetic acid was added. Then, the absorbance was quantified in a

plate reader (Tecan, Salzburg) at 575 nm.

Metal tungstate-dependent biofilm formation. For quantification of bacterial biofilm production, a
modified method of previously published protocols was used.®” Briefly, P. gallaeciensis and P.

aeruginosa were incubated overnight aerobically in 2216 and LB medium, respectively. The cultures
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were then diluted in their respective medium in a volume of 135 pl per well of a 96-well microtiter plate
(Sarstedt, Nurnbrecht) at a final ODgoo 0f 0.5. Additionally, metal tungstates were added to the wells at
a final concentration of 0.1 mg/ml. Wells without metal tungstates and addition of their respective metal
salts served as control. The plates were then incubated for 72 h at 30 °C. Then, the microtiter plates were
measured in a plate reader (Tecan, Salzburg) at 600 nm to quantify the amount of the planktonic cells.
After the measurement, the plates were rinsed with water to remove the planktonic cells. After letting
the plates dry for 20 min, 135 pl of 1 % (w/v) crystal violet (Merck, Darmstadt) were added to the wells.
After 30 min incubation at room temperature, unbound crystal violet was removed by gently submerging
the plates two times in water. The plate was then air-dried overnight at room temperature. For
quantification, 135 pl of 30 % (v/v) acetic acid (Carl Roth, Karlsruhe) was added to each well. The
absorbance was then quantified in a plate reader (Tecan, Salzburg) at 575 nm.

Confocal laser scanning microscopy. P. gallaeciensis was cultivated in 2216 medium over night at
30 °C. The cultures were then diluted in 2216, in a volume of 10 ml per petri dish (Sarstedt, Niirnbrecht)
for metal salt-dependent biofilm formation and 1 ml per well of a 24-well plate (Sarstedt, Nirnbrecht)
for the surface colonization assay, at a final ODggo Of 0.5. Additionally, MnCIl,*4H,0 (Roth, Karlsruhe,
Germany) or FeCl;*4H,0 (Roth, Karlsruhe, Germany) at a final concentration of 5 UM respectively
were added to the dishes for the metal salt-dependent biofilm assay. The microscope slides were then
added to the petri dishes. The petri dishes were then incubated for 72 h at 30 °C. For the surface
colonization assay, different materials (Glass, S235 structural steel, PE, and PC) were cut to a size of
1 cm?. The materials were then added to the bacteria in 24- well plates and incubated for 72 h at 30 °C.
Then, the microscope slides and the materials were rinsed with water to remove the planktonic cells.
Afterwards, the slides were placed in 10 ml of a combined SYTO 9 and propidium iodide solution
(Thermo Fisher, Pittsburgh, USA) and incubated for 30 minutes at 30 °C. The materials were placed in
1 ml SYTO 9/ propidium iodide solution in 24-well plates. Then, the slides and materials were rinsed
again with water and mounted on the microscope application. BF samples were examined on an Axio
Imager 2 (Carl Zeiss, Jena, Germany). The fluorophore SYTO9 was visualized with an excitation of
470 nm while propidium iodide was visualized with an excitation of 558 nm. The images were then

proceed using the ZEN 3.3 blue software.
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Conclusions

The goal of this work was to establish new syntheses for tungsten oxide nanocrystals that can
easily be reproduced and adapted for other nanocrystal syntheses. For this purpose, a
fundamental understanding of the underlying processes had to be established and the influence
of different parameters were to be evaluated. It was found that, next to the solvent ratio of oleic
acid and oleylamine, the heating rate and the precursor concentration is a crucial factor for the
selectivity of either WOz« nanorods or hexagonal ammonium tungsten bronze nanocrystals
from ammonium metatungstate. Both types of nanomaterials grow from the same nucleation
species via oriented attachment. By identifying the condensation product of oleic acid and
oleylamine, namely oleyl oleamide, as surface active and phase selective species, production of
gram-scale batches of nanocrystals is possible.

The tungsten oxide-based nanocrystals can show a partial reduction from W®*, resulting in a
strong absorption of near-infrared light by the nanocrystals, associated with localized surface
plasmon resonance. As all nanocrystals display anisotropic growth, a splitting of the plasmonic
band in a transversal and a longitudinal band can be observed. The maximum of the bands
increases with greater aspect ratio of the nanocrystals.

In this work, WOs.x nanorods were found as active catalysts for the selective oxidation of
organic sulfides towards sulfoxides using aqueous hydrogen peroxide within short reaction
times. The catalysis was performed in methanolic solution, and the turnover was observed by
an in-situ NMR method. Excess of water reduced the reactivity, as water blocks the negatively
charged tungsten oxide surfaces and is in concurrence with hydrogen peroxide. Moreover, one
advantage of those nanorods is the negligible overoxidation towards sulfones within the
timescale of hours. Within days however, the oxidation towards sulfones was quantitative.
Annealing of the nanocrystals was needed to remove surfactants and water from the surface
before they could be used in catalysis. A temperature of 300 °C was determined as optimum.
Additionally, the catalyst could be successfully recycled five times without loss of activity. A
variety of sulfides were tested, and aliphatic sulfides exert the fastest reaction, while aromatics
slow the reaction. Electron withdrawing groups lower the reaction speed additionally, while
electron donating substituents improve the reaction speed compared to non-substituted
aromatics. The hexagonal ammonium tungsten bronze nanocrystals show significantly less
activity, but a similar selectivity towards sulfoxides. Ceria nanocrystals, tested under similar
conditions, display less overall activity, but a significantly faster reaction of sulfoxides to
sulfones than sulfides to sulfoxides.

During the synthesis evaluation of WO3.x nanorods, inconsistencies were observed when using

an older batch of oleic acid stored in a steel canister. These nanocrystals were smaller, and no
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traces of hexagonal ammonium tungsten bronze were detected. As this oleic acid showed a
reddish-brown color, iron was suspected to be leaching from the steel canister into the oleic
acid. To simulate this effect, as synthesized iron-oleate was used as an additive to pure oleic
acid. Syntheses with high iron concentration led to formation of iron tungstate nanocrystals
with ferberite structure. By using a different iron precursor, iron acetylacetonate, an iron
tungstate structure unknown to literature can be observed next to ferberite. It is possible to
synthesize this structure near pure by using oleyl oleamide as solvent as well as iron
acetylacetonate or iron oleate precursors. By comparison with known structures, two reported
magnesium tungstate phases with tetragonal and trigonal structure were the only ones showing
similarities, although detailed structural descriptions were missing. Hence, this magnesium tungstate
phase was synthesized as reference and its structure was applied as a basis for the determination of a
structural model of the new iron tungstate phase. Ongoing research involves the structural identification
of both magnesium and iron tungstate structures by automated electron diffraction tomography and high-
resolution transmission electron microscopy. The main goal is to present a detailed structural description

of both systems for the first time.

Moreover, hexagonal cesium tungsten bronze nanocrystals were synthesized by the addition of 0.3
equivalents cesium carbonate to tungsten bronze synthesis. These crystals partially show a hexagonal
disk structure, in contrast purely rectangular ammonium tungsten bronze. It was possible to produce
smaller nanocrystals with tetrahedral shape by increasing the oleylamine content, without observing
WOs« nanorods as a side product. However, significant impurity of pyrochlore-type cubic cesium
tungsten bronze was observed when using a high oleylamine to oleic acid ratio. Increasing the Cs content
to 0.6 per W yields pure cubic cesium tungsten bronze. It was found that, besides WO3.« nanorods, the
pure cubic cesium tungsten bronze shows reasonable catalytic activity for oxidative bromination in a
phenol red assay, indicating a haloperoxidase enzyme mimetic activity. Based on those results, the
biofilm inhibiting properties of the WOs., nanorods, as well as for cubic cesium tungsten bronze, against
Pseudomonas aeruginosa, a prominent bacterium responsible for nosocomial infections, were
investigated. Furthermore, a peroxidase-like activity can be observed against the fungus Fusarium
graminearum. Here, both nanocrystals showed similar inhibition in the fungal growth. However,
especially for WOsx NRs, a significant reduction of mycelium growth is observed, which results in
successfully suppressing the fungal distribution via spores. Additionally, the anti-micro-bacterial
properties of different plasmonic tungsten oxide nanomaterials were investigated. It was found that
especially the mixed hexagonal/cubic cesium tungsten bronzes show strong absorption in the visible to
near-infrared spectra of light. By using irradiation of 950 nm, the growth of different nosocomial (P.
aeruginosa, S. aureus) and marine bacteria (P. gallaeciensis) can be reduced by 30 to 35 % with respect
to the not-irradiated sample. This effect is attributed to hyperthermia based on the absorption of NIR

light by the nanocrystals.
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In a final project, the biofilm formation on steel surfaces was investigated. On steel surfaces, the biofilm
formation of the marine bacterium P. gallaeciensis was increased by nearly 300 %, compared to glass
or polymeric surfaces. As the most prominent components of steel are iron and manganese, their separate
influence towards the biofilm formation was investigated and both exhibited a significant promoting
influence for growth and biofilm formation of several bacteria. In this context, different tungstate
materials were investigated towards their respective influence. In accordance with the results for their
salt, the manganese tungstate nanocrystals show a significantly higher growth of planktonic cells of P.
gallaeciensis than the control experiment without nanocrystals. However, the biofilm formation is
significantly reduced. The same effect can be observed for iron tungstate nanocrystals, but with slightly
smaller impact. For nosocomial relevant P. aeruginosa the same opposing effects are observed,
indicating a genal influence towards Gram-negative bacteria. A potential explanation for the effect is
the nurturing effect of iron and manganese towards such bacteria. By mimicking the presence of nutrient
with their surface, the nanocrystals could induce biofilm dispersion by absorbing relevant siderophores
to their surfaces.

In summary, a great variety of tungsten oxide-based nanocrystals could be synthesized by tuning
reaction parameters of a general heat up synthesis using oleic acid and oleylamine as solvents. The
resulting nanocrystals show promising properties as organic catalysts and antibiotic agents. Further
investigation has to be applied to find the underlying mechanisms of the crystallite formation, which
can then be used to tailor the nanocrystal-properties for certain applications. Additionally, the identity
of several NCs has to be further evaluated to gain knowledge of their structure. This work demonstrates
that many and even inconspicuous parameters can lead to unexpected results, which proves that an open
eye and critical analysis of results and even unwanted impurities can lead to positive results. Those on

the other hand can lead to new perspectives and can open pathways for new research topics.
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8.1 Supporting Information for Chapter 2

The following chapter 8.1 is reproduced from Nanoscale, 2021,
10.1039/d0nr09055g with permission from the Royal Society of Chemistry.

8.1.1 Author Contributions
Conception and design of the study:

Preparation of samples and acquisition of data:

_ — preparation of samples

B - TEM measurements
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I - UV/-Vis-NIR measurements

I - <PS measurements

_ — (-potential measurements

Analysis and interpretation of data:
I - <RD diffraction and refinements
B - TEM images
I - 1\ 1R spectroscopy

I - UV-Vis-NIR spectroscopy, C-potential

I - <P spectroscopy

Drafting of the supporting information:
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Revising the supporting information critically for important intellectual content:

Preparation of figures:
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Table S8.1.1. Overview of synthesis for nanorods (NR-X), HATB (ATB-X), synthesis with ODE (ODE-X) and
oleyl oleamide (Amid-X) with reaction conditions and estimated ratio of WO3.x and HATB. (c) indicates cleaned
particles.

Particle HOAc:OAmM:ODE | n(AMT) / | Heating Rate | Stirring % HATB
Label / mmol mmol / K/min speed / rpm | (compared  to
WO3.)
NR-1 20:20:0 0.12 5 500 <2
NR-2 22.5:17.5:0 0.12 5 500 <2
NR-3 25:15:0 0.12 5 500 <2
NR-4 30:10:0 0.12 5 500 <2
NR-5 40:0:0 0.12 5 500 <2
NR-6 17.5:22.5:0 0.12 5 500 <2
NR-7 15:25:0 0.12 5 500 <2
NR-8 10:30:0 0.12 5 500 <2
NR-9 0:40:0 0.12 5 500 <2
NR-10 20:20:0 0.12 2.5 500 <2
NR-11 20:20:0 0.12 10 500 <5
NR-122 20:20:0 0.12 5 500 <2
NR-13° 20:20:0 0.12 5 500 <2
NR-14 20:20:0 0.36 2,5 1000 50:50
NR-15 20:20:0 0.24 1 800 <4
NR-16 40:40:0 0.48 1 800 <10
ODE-1 10:10:20 0.12 5 500 <10
ODE-2 5:5:30 0.12 5 500 <5
ODE-3 2.5:2.5:35 0.12 5 500 <2
ODE-4 0:0:40 0.12 5 500 n.d.
ATB-1 20:20:0 0.24 5 500 40-80
ATB-2(c) | 20:20:0 0.36 5 500 80-90(>90)
ATB-3 22.5:17.5:0 0.24 5 500 <2
ATB-4 25:15:0 0.24 5 500 <2
ATB-5 17.5:22.5:0 0.24 5 500 <5
ATB-6 15:25:0 0.24 5 500 <2
ATB-7 20:20:0 0.24 10 500 70-90
ATB-8 20:20:0 0.24 2.5 500 <10
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ATB-9 20:20:0 0.24 10 0 >90
ATB-10 20:20:0 0.24 10 200 >85
ATB-11 20:20:0 0.24 10 1000 <20
ATB-12(c) | 20:20:0 0.24 25 150 >95 (>98)
ATB-13(c) | 40:40:0 0.48 25 150 >95 (>98)
ATB-14 20:20:0 0.12 25 150 >70
ATB-15(c) | 20:20:0 0.36 25 150 >95 (>98)
ATB-16 15:25:0 0.24 25 150 40-60
ATB-17 25:15:0 0.24 25 150 >90
Amide-1 20 mmol amide® 0.12 5 500 <2
Amide-2 20 mmol amide® 0.36 5 500 <5
Amide-3 20 mmol amide® 0.24 25 150 >90
Amide-4 11 g amide? 0.12 5 500 <2
Amide-5 10 g amide® + 4.5 | 0.12 5 500 <2

mmol OAm
Amide-6 10 g amide? + 45 | 0.24 25 150 >95

mmol OAm

a. 15 min at 350 °C, b. 60 min at 350 °C, c. oleyl oleamide (OAd) synthesized hydrothermally without
purification d. Reaction solution of NR-1 containing a ratio of ~87:13 OAd:HOACc (approximately
4.9 mmol HOAc for 11 g).
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Figure S8.1.1. Length (left), width (mid) and AR (right) histograms for a) NR-1, b) NR-4, ¢) NR-8, d) ATB-13
and e) ODE-3 particles. Corresponding average values are given in Table 2.2.
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Figure S8.1.2. a) Pawley Refinement of NR-1 (WOs.x nanorods) using space group P2/m, angles a==90 °,
vy=115.21 ° and an anisotropic shape description for the crystallite size and b) Rietveld refinement of ATB-13c
(h-ATB) based on Ko.26WO3 with space group P63 and angles a=p=90 °, y=120 °, preferred orientation along [020].
NH4* content was fixed at 0.2 per tungsten. Potential impurities due to WOs.x cannot be ruled out. Lattice
parameters are compiled in Table S3.
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Table S8.1.2. Refinement data for different pure samples from Rietveld and Pawley refinements.

sample alA b/A c/A cryst. Size r_wp (gof)
NR-12 18.51 3.79 14.25 6.8*84.7%9.6° | 2.35 (1.05)
NR-42 18.31 3.79 14.06 3.8*39.1*5.0¢ | 2.30 (1.08)
NR-8? 18.20 3.80 14.00 2.5%27.6*2.2° | 2.46 (1.11)
Amide-1? 18.32 3.78 14.05 5.3*71.5*6.5° | 2.93 (1.02)
Amide-22 18.32 3.79 14.03 6.0%82.8*7.9° | 2.92 (1.02)
ATB-12¢° 7.39 —a 7.51 49.8 3.78 (1.19)
ATB-13¢ 7.39 =a 7.50 60.3 3.42 (1.05)
ATB-15¢° 7.39 =a 7.50 50.5 4.94 (1.22)

a. Pawley refinement of nanorods with 0=$=90 °, y=115.21

b. Rietveld refinement of h-ATB with a=$=90 °, y=120 °

c. anisotropic crystallite size calculated by a quadratic form for a*b*c.
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Table S8.1.3. Assignment of Miller-Indices from HATB/WO, 7, references towards phase mixture of sample
ATB-1 (WO27: COD, Entry No.. 96-152-8167, (NHi)o2sWOs: ICDD, PDF Entry No.: 01-073-1084,
(NHa)0.33WOs3: ICDD, PDF Entry No.: 00-042-0452)

Q / UA (Intensity | hki hkl (Intensity a.u.) | hkl (Intensity a.u.)
a.u.) Sample ATB-1 | (Ref WO, ) (Ref (NH,), ,,WO,) (Ref (NH,), ;,WO,)
0.98 (714.3) - 100 100
1.67 (1000) 010 002 002
1.89 (417.9) 5 111 111
1.95 (712.9) - 200 102/200
2.38 (303.8) - 112 112
2.57 (500.5) - 202 202
3.32 (278.8) 020 004 004
3.39 (281.1) - 302/202 220
3.61 (216.6) - 213 -

3.78 (306.6) - 222 222
3.87 (316.3) - 204 204
3.91 (264.8) - 312 400
4.26 (203.2) - 402 402
4.32 (162.3) - 313 313
4.56 (153.5) - 411 411
4.76 (202.7) - 224 4127
4.86 (154.0) : 314 :

5.15 (194.8) - 413/404 -

5.18 (168.4) - 331/502 -

5.37 (161.9 - 206/332/225 -

5.44 (183.7) : 422 -
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Figure S8.1.3. TEM images of the reaction solution for ATB-1 at different temperature steps as well as at different
points of time of the final temperature of 350 °C. HR-TEM image of rods found at 250 °C with size of selected

particles.

138



Appendix

Figure S8.1.4. TEM images of WOs3., nanorods based on the standard synthesis (NR-1) with different HOAc:OAm
ratios a) 22.5:17.5 mmol (NR-2), b) 25:15 mmol (NR-3), ¢) 40:0 mmol (NR-5), d) 17.5:22.5 mmol (NR-6), €)
15:25 mmol (NR-7) and f) 0:40 mmol (NR-9) as well as 20:20 mmol HOAc:OAm with heating rate of @)
2.5 K/min (NR-10), h) 10 K/min (NR-11), i) 15 min at 350 °C (NR-12) and j) 60 min at 350 °C (NR-13).
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Figure S8.1.5. TEM images of particles with according to ATB-1 standard synthesis (Table S8.1.1) with different
HOAC/OAm ratios. a) 22.5:17.5 mmol (ATB-3), b) 25:15 mmol (ATB-4), c) 17.5:22.5 mmol (ATB-5), d)
15:25 mmol (ATB-6) and e) the corresponding PXRD-patterns of (a-d)
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Figure S8.1.6. TEM images of upscaled synthesis a) NR-15, b) NR-16, ¢) ATB-12, d) ATB-13 and e)
corresponding PXRD patterns.
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ATB-16

Intensity a.u.

Figure S8.1.7. TEM images of particles with according to optimized bronze synthesis (ATB-12) with different
HOAC/OAmM ratios a) 15:25 mmol (ATB-16), b) 25:15 mmol (ATB-17) and c) the corresponding PXRD-patterns

of a) and b).
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Figure S8.1.8. XPS Spectra of (a-d) WOz« (NR-1) particles (e-f) and h-ATB (ATB-15c¢) particles, showing
overview spectra, O 1s, N 1s and W 4f core level.
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Figure S8.1.9. Reaction of oleic acid and oleylamine to oleylammoniumoleat and condensation towards oleyl
oleamide with respective *H-NMR spectra measured in CDCls.
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20:20 mmol HOAc : OAm
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Figure $8.1.10. *H-NMR Kkinetics of a reaction solution according to NR-1 at different temperatures a) without
and b) with AMT. In both cases the immediate formation of oleylammoniumoleate (salt*) from HOAc and OAm
is observed, as well as the progressing formation of oleyl oleamide (OAd). For (b) we observe free HOAc at the
end of the reaction although all HOAc/OAm was bound as OAd before, indicating cleavage of the amide by WOs.
x NRs.
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Figure S8.1.11. a) *H-NMR spectra of NR-1 particles dissolved in 6.7 M NaOD and extracted with 0.5 ml CDCL
(maroon) after acidification of the NaOD solution with DCI and then again extracted with 0.5 ml CDCl; (green)
and b) COSY spectra of basic extraction. All spectra show peaks of OAd and OAm, as well as small amounts of
undefined byproducts, but no traces of HOAc.
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Figure S8.1.12. Particles synthesized with oleyl oleamide instead of the HOAc/OAm couple, a) using NR-1
conditions (Amide-1), b) with threefold (0.36 mmol) AMT (Amide-2), ¢) using ATB-12 conditions (Amide-3)
and synthesis reusing NR-1 reaction solution d) under NR-1 conditions (Amide-4), e) with addition of OAm under
NR-1 conditions (Amide-5), f) with addition of OAm under ATB-12 conditions (Amide-6) and g) PXRD patterns

of the particles shown in (a-f).
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Figure S8.1.13. TEM images of particles with according to optimized bronze synthesis (ATB-12) with addition
of different sodium salts (0.3:1 Na:W) a) disodium carbonate, b) sodium oleate, ¢) sodium hydrogen carbonate,
d), sodium acetate trihydrate, e) sodium acetate trihydrate in OAd f) the corresponding PXRD-patterns of (a-€).
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ATB-13-c, 3h @ 300°C
ATB-13-c, 3h @ 300°C + 23 h
ATB-13-c, +21 h @ 300°C air
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Figure S8.1.14. MAS 'H-NMR spectra of ATB 13-c particles after 3 h at 300 °C in air, (directly measured,
maroon), after 23 h in air and after additional annealing at 300 °C (air) for 21 h.

148



Appendix

a . ATB-14c 200°C Ar
darea.
2079.2
.0 9 8 7 6 5 4 3 2 h |
1H 3 (ppm)
b | ATB-14c 300°C Ar
darea.
1475.1
o 9 8 7 6 5 a 3 2 1
1H 3 (ppm)
C

Adamantane

absolut
integral:
30618.1

6 5 4 3 2 1 0 -1 -2 -
1H 3 (ppm)

Figure S8.1.15. Deconvolution of NH4* signal of a) ATB-14c for 5 h at 200 °C and b) ATB-14c for 5 h at 300 °C
and c) 'H-NMR spectra of adamantane. Samples measured with the same receiver gain, rotor and referenced
towards external adamantane standard. Sample weights were taken into account.
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Figure S8.1.16. PXRD pattern of ATB-13c 70 °C with (NH4)025sWO3; Reference (P6s/mcm, ICDD, PDF Entry
No.: 01-073-1084).
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Figure S8.1.17. PXRD pattern of ATB-13c 200 °C (Air) with (NH4)o.2sWO3 reference (P6s/mcm, ICDD, PDF
Entry No.: 01-073-1084).
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Figure S8.1.18. PXRD pattern of ATB-13c 300 °C (Air) with hexagonal WOj; reference (P6s/mcm, ICSD, Entry
No.: 99-503-1860).
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Figure S8.1.19. PXRD pattern of ATB-13c 400 °C (Air) with hexagonal WOj3; reference (P6/mmm, ICSD, Entry
No.: 99-501-1286).
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ATB-13c 500°C Air
Ref: WO; monoclinic
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Figure S8.1.20. PXRD pattern of ATB-13c 500 °C (Air) with monoclinic WOs3 reference (P21/n, COD, Entry No.:
96-152-8916.
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Figure S8.1.21. PXRD pattern of ATB-13c 200 °C (Ar) with (NH4)o25WO3 reference (P6s/mcm, ICDD, PDF
Entry No.: 01-073-1084).
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ATB-13c 300°C Ar
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Figure S8.1.22. PXRD pattern of ATB-13c 300 °C (Ar) with (NH4)o2sWO3 reference (P6s/mcm, ICDD, PDF
Entry No.: 01-073-1084).
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Figure S8.1.23. PXRD pattern of ATB-13c 400 °C (Ar) with hexagonal WQj; reference (P6s/mcm, ICSD, Entry
No.: 99-503-1860).
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Figure S8.1.24. PXRD pattern of ATB-13c 500 °C (Ar) with hexagonal WOs; reference (P6s/mcm, ICSD, Entry
No.: 99-503-1860).
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Figure S8.1.25. PXRD pattern of ATB-13c 600 °C (Ar) with monoclinic WOs; reference (P21/n, COD,
Entry No.: 96-152-8916).
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Figure S8.1.26. a) UV-Vis-NIR spectra of NR-1, ATB-1 and ATB-13 measured in TCE and b) Energy dependent
absorption of the respective particles.
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Figure S8.1.27. 3C-NMR spectra of oleyl oleamide.
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8.1.2 Effect of Surfactant Concentration

The effect of surfactant concentration was studied with octadec-1-en (ODE) as a high-boiling non
surface-active solvent that allowed diluting the HOAc/OAm surfactant concentration by partially
replacing the total amount of HOAc and OAm (40 mmol under standard conditions, NR-1) with ODE.
TEM images (Figure S8.1.28a-d) show significantly smaller particle sizes for 20, 30 and 35 mmol of
ODE (ODE-1, ODE-2 and ODE-3). For lower ODE concentrations (ODE-1 and ODE-2) a formation
of trace amounts of HATB was observed (XRD, Figure S8.1.28¢). For ODE-3, the mean length of the
particles was reduced to approx. 20 nm and no HATB formation was observed. In the absence of
HOAc/OAm surfactants (ODE only, 40 mmol, ODE-4), no WO« was formed based on a PXRD
analysis, anyhow the background is similar to all PXRD patterns of WOs.x nanoparticle in this work.
The surfactants HOAc and OAm have, even in small amounts, a pronounced effect on the growth of the
HATB nanoparticles and WO3x NRs. This means, that in contrast to ODE, oleyl oleamide (OAd) must
clearly act as surfactant, even without free surface-active groups as COOH or NHa, as it yields WO3.x
NRs under comparable conditions (Amide-1). The maximum of ODE-1 - ODE-3 NIR absorption
(Figure S8.1.28f) shifts systematically with particle size (i. e. aspect ratio), as expected for plasmonic
nanoparticles. As ODE-4 shows a plasmonic band as well, we expect small, x-ray amorphous particles
to be within the sample.
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Figure S8.1.28. Effect of replacing HOAc/OAm (ratio still 1:1) with different amounts of ODE. a) 20 mmol ODE,
10 mmol HOAc, 10 mmol OAm (ODE-1), b) 30 mmol ODE, 5 mmol HOAc, 5 mmol OAm (ODE-2), ¢) 35 mmol
ODE, 2.5 mmol HOAc, 2.5 mmol OAm (ODE-3), d) 40 mmol ODE, no HOAc/OAm (ODE-4), e) PXRD patterns
and f) UV-Vis-NIR spectra of the shown particles (a-d).
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8.2 Supporting Information for Chapter 3

The following chapter 8.2 is reproduced from Dalton Transaction, 2021, 50, 14027-14037, DOI:
10.1039/D1DT02243A with permission from the Royal Society of Chemistry.

8.2.1 Author Contributions

Conception and design of the study:
I

Preparation of samples and acquisition of data:
I o cparation of catalysts
I M measurements

I - P <RD measurements
I VR measurements
I - (-potential measurements

I 57 surface measurements

Analysis and interpretation of data:

I ~<RD diffraction and refinements
I =\ images, (-potential
I - MR spectroscopy

B B: 7 surface analysis

Drafting of the supporting information:

Revising the supporting information critically for important intellectual content:

Preparation of figures:
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Materials. All chemicals were used as received without further purification. Choline chloride (=98 %)
and cerium(111) nitrate hexahydrate (99.5 %, REacton) was purchased from Alfa Aesar, urea (99.5 %,
analytical grade) was bought from Acros organics.

Tungsten oxide nanoparticle synthesis. WOs.x nanorods (conditions NR-1) and ammonium tungsten
bronze ((NH4)~02WOs3) nanoparticles (conditions ATB-15c) were synthesized according to our previous
publication.!

CeO; nanoparticle synthesis. CeO, nanoparticles were synthesized based on a synthesis of Hammond
et. al.2 Choline chloride and urea were mixed in molar ratio of 2:1 and heated to 80 °C for 14 h to gain
the deep eutectic solvent reline. The reline was dried at 70 °C under reduced pressure for 6 h.
Ce(NO3)3'6H20 (750 mg; 1.7 mmol) was dissolved in reline (40 mL), transferred into a stainless steel
autoclave (total volume: 50 mL) and heated to 100 °C for 10 h. The highly viscous gel-like reaction
mixture was poured into Milli-Q-water (140 mL). The purple product was separated from the suspension
by centrifugation (6000-9000 rpm, 10 min), washed three times with Milli-Q-water and three times with
ethanol and dried at 80 °C for 14 h. The nanoparticles were calcined at 300 °C for 5 h bevor being used

in catalytic experiments.

TiO, nanoparticles. Anatase TiO, nanoparticles were synthesized according our previous study,® based
on a synthesis published by Dinh et. al.*

General Considerations. We attribute slight variations for the different standard in situ reactions
mainly to residual moisture in the different methanol-d, batches, water adsorbed to the particles from

air, as well as small weighing/pipetting errors.
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Table S8.2.1. Product composition with additional water to standard in situ experiment (0.85 mg WOs3.x nanorods,
0.04 mmol thioanisole, 0.06 mmol H20; (60 %) in 0.6 ml methanol-da).

Addition of water / pl Ratio sulfide:sulfoxide:sulfone Ratio sulfide:sulfoxide:sulfone
(10 min) (30 min)
0 39:60:1 8:91:2

2.34° 50:50:0 14:85:1
2.34° 48:52:0 12:87:1
10° 73:26:1 36:62:2
10° 75:25:0 39:61:0
502¢ 92:8:0 72:28:0
50b¢ 92:8:0 74:26:0
200%¢ 92:7:1 79:21:0
200°¢ 93:7:0 79:21:0

a. addition of H,0. b. addition of D,0. c. total volume fixed to 600 l.

r=axe b +¢

r = conversion / %

V= added volume of H,O / D,O

Table S8.2.2. Fit parameters for water curves according to the equation above.

Curve a b C

D,0 10 min 55.059 0.108 7.256
H>O 10 min 53.252 0.100 7.775
D20 30 min 72.944 0.057 21.365
H>O 30 min 71.523 0.051 21.457
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Table S8.2.3. Product composition after annealing at different temperatures for standard in situ experiment
(0.85 mg WOs.« nanorods, 0.04 mmol thioanisole, 0.06 mmol H20; (60 %) in 0.6 ml methanol-ds).

Annealing Crystallographic Ratio Ratio
temperature / °C phase sulfide:sulfoxide:sulfone | sulfide:sulfoxide:sulfone
(20 min) (30 min)
70? WOs.x 96:4:0 90:10:0
200 WOs. 92:8:0 88:12:0
250 WOs.« 51:49:0 17:82:1
300 WOs.« 39:60:1 8:90:2
350 WOs.x 70:30:0 41:58:0
400 WOs. 77:23:0 55:45:0
500 WOj3 (monoclinic) 97:3:0 97:3.0

a. Particles additionally dried @ 40 °C under reduced preasure (~1*102 mbar), 1.7 mg particles in
0.6 ml methanol-ds, 0.2 mmol thioanisole, 0.3 mmol H,O, (60 %).

Table S8.2.4. BET surface area and { — potential of nanoparticles used for sulfide oxidation.

catalyst Specific surface area / m?g? ¢ — potential / mV
WOs.x nanorods 47.0 -39.7
(NH4)0.2WOs3 nanoparticles 22.8 -36.8
WO; reference (monoclinic) 2.7 -39.3
CeO; nanoparticles 133.9 23.8
TiO; nanoparticles 151.7 9.1
TiO2 P25 49.7 17.7
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Figure S8.2.1. Pawley refinements of WO3.x NRs annealed at 300°C using space group P2/m and a quadratic form
to compensate the anisotropy.! Refined parameters are: Rw,: 2.23, GOF: 1.08, crystal size (a*b*c):
4.1*72.6*4.3 nm. Lattice parameters: a=18.196 A, b=3.794 A and c= 14.000 A.
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Figure S8.2.2. TEM images of WOs.x nanorods annealed at a) 300 °C, b) 400 °C, c¢) 500 °C and d) after six reaction
cycles. e) P-XRD patterns of annealed WOs.x hanorods up to 500 °C and f) after five reaction cycles. References:
W18049 (WO2.72, COD, Entry No.: 96-152-8167), WO3 (monoclinic, COD, Entry No.: 96-152-8916).
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Figure S8.2.3. a) TEM image and b) P-XRD pattern of CeO nanoparticles. Reference: Cerianite (CeO,), COD,
Entry No.: 96-900-9009).
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8.2.2 !H-NMR characterization

Thioanisole (methyl phenyl sulfide)

)
“CH,4

IH-NMR (400 MHz, d-MeOD) § (ppm): 7.29-7.26 (m, 4H), 7.15-7.12 (m,1H) 2.48 (s, 3H).

Published elsewhere®: tH-NMR (400 MHz, CDCls) § (ppm): 7.32-7.20 (m, 4H), 7.17-7.07 (m, 1H), 2.47
(s, 3H).

Methyl phenyl sulfoxide

o
1]

S
XY~ “CH,
Z

IH-NMR (400 MHz, ds-MeOD) & (ppm): 7.74-7.61 (m, 5H), 2.81 (s, 3H).

Published elsewhere®: *H-NMR (400 MHz, CDCls) & (ppm): 7.62-7.60 (m, 2H), 7.51-7.44 (m,3H), 2.68
(s, 3H).

Methyl phenyl sulfone

0. 0O
\V/]
S

“CH;

IH-NMR (400 MHz, ds-MeOD) & (ppm): 7.99-7.95 (m, 2H), ~7.66-7.54 (m, 3H)?, 3.13 (s, 3H).

Published elsewhere®: H-NMR (400 MHz, CDCls) § (ppm): 7.92 (d, J = 7.5 Hz, 2H), 7.66-7.54 (m,3H),
3.04 (s, 3H).

a. Signals of the aromatic protons partially overlapping with those of MP-sulfoxide. MP-sulfone content
calculated as 2.5 times the integral of the signal at 7.99-7.95 ppm. The MP-sulfoxide contend was
calculated as the integral of the signal at 7.62-7.44 ppm minus the 1.5 times the integral of the signal at
7.99-7.95 ppm.
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Figure S8.2.4. a) 'H-NMR spectra of a standard catalysis (0.04 mmol thioanisole, 0.06 mmol H,O, (60 %),
0.85 mg WOz« nanorods in 0.6 mL of methanol-d4) after 10 and 30 min, x marking the peaks used for integration.
b) Time dependent composition during the catalysis based on *H-NMR data.
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Figure S8.2.5. a) *H-NMR spectra of a catalysis with double amounts (0.08 mmol thioanisole, 0.12 mmol H,0,
(60 %), 1.7 mg WOs.x nanorods in 0.6 mL of methanol-ds) after 10 and 30 min, x marking the peaks used for
integration. b) Time dependent composition during the catalysis based on *H-NMR data.
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Figure S8.2.6. a) *H-NMR spectra of a catalysis with water influence (0.04 mmol thioanisole, 0.06 mmol H,O;
(60 %), 0.85 mg WOs.«x nanorods in 0.4 mL of methanol-d, and 0.2 ml D,0) after 10 and 30 min, x marking the
peaks used for integration. b) Time-dependent composition during the catalysis based on *H-NMR data.
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5 3
©/ . ) 13d
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6 ("H) / ppm

Figure S8.2.7. *H-NMR spectra of a standard catalysis (0.04 mmol thioanisole, 0.12 mmol H,O, (60 %), 0.85 mg

WOs. nanorods in 0.6 mL of methanol-da) after 10 min, 30 min, 22h and 13 d, x marking the peaks used for
integration.
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Figure S8.2.8. a) 'H-NMR spectra of an oxidation catalysis using sulfoxides (0.04 mmol MP-sulfone, 0.06 mmol
H202 (60 %), 0.85 mg WOs. nanorods in 0.6 mL of methanol-ds) after 10 and 30 min, x marking the peaks used
for integration. b) Time-dependent composition during the catalysis based on *H-NMR data.
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Figure S8.2.9. a) *H-NMR spectra of a standard oxidation catalysis (0.04 mmol thioanisole, 0.06 mmol H,0
(60 %), 0.85 mg Na;WO4 * 2H,0 in 0.6 mL of methanol-d.) after 10 and 30 min, x marking the peaks used for
integration. b) Time-dependent composition during the catalysis based on *H-NMR data.
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Figure $8.2.10. a) 'H-NMR spectra of a standard catalysis (0.04 mmol thioanisole, 0.06 mmol H,O, (60 %),
0.85 mg CeO; nanoparticles in 0.6 mL of methanol-ds) after 10 and 30 min, x marking the peaks used for
integration. b) Time-dependent composition during the catalysis based on *H-NMR data.
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Figure S8.2.11. a) *H-NMR spectra of a catalysis using sulfoxide (0.04 mmol MP-sulfoxide, 0.06 mmol H,O;
(60 %), 0.85 mg CeO; nanoparticles in 0.6 mL of methanol-d,) after 10 and 30 min, x marking the peaks used for
integration. b) Time-dependent composition during the catalysis based on *H-NMR data.
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Di-n-propyl sulfide

S
H3C/\/ \/\CH3
'H-NMR (400 MHz, d4-MeQOD) & (ppm): 2.49 (t, J = 7.2 Hz, 4H), 1.66-1.56 (m, 4H), 1.00 (t, J = 7.4
Hz, 6H).

Published elsewhere’: TH-NMR (400 MHz, CDCls) § (ppm): 2.47 (t,J = 7.4 Hz, 4H), 1.59 (sext, J= 7.4
Hz, 4H), 0.97 (t, J = 7.4 Hz, 6H).

Di-n-propyl sulfoxide
o
g
H3C/\/ \/\CH3
'H-NMR (400 MHz, d»-MeOD) & (ppm): 2.83-2.72 (m, 4H), 1.87-1.77 (m, 4H), 1.12 (t, J = 7.4 Hz,
6H).

Published elsewhere®: H-NMR (400 MHz, CDCls) § (ppm): 2.72-2.53 (m, 4H), 1.83-1.73 (m,4H), 1.05
(t, J=7.4 Hz, 6H).

Di-n-propyl sulfone
o, O
\¥/;

S
H3C/\/ \/\CH3
'H-NMR (400 MHz, ds-MeOD) & (ppm): 3.07-3.03 (m, 4H), ~1.88-1.75 (m, 4H)?, ~1.12 (t, J = 7.4 Hz,
6H)e.

Published elsewhere®: *H-NMR (400 MHz, CDCls) & (ppm): 2.90-2.86 (m, 4H), 1.86-1.76 (m,4H), 1.02
(t, J= 7.4 Hz, 6H).

a. Signals of the protons partially overlapping with those of di-n-propyl sulfoxide.
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Figure $S8.2.12. a) H-NMR spectra of a standard catalysis (0.04 mmol di-n-propyl sulfide, 0.06 mmol H,O;
(60 %), 0.85 mg WOz« nanorods in 0.6 mL of methanol-da) after 10 and 30 min, x marking the peaks used for
integration. b) Time-dependent composition during the catalysis based on *H-NMR data.
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Di-tert-butyl sulfide

S

IH-NMR (400 MHz, d;-MeOD) & (ppm): 1.42 (s, 18H).

Published elsewhere®: *tH-NMR (400 MHz, CDCls) § (ppm): 1.42 (s, 18H).

Di-tert-butyl sulfoxide

(o
[,
S

IH-NMR (400 MHz, ds-MeOD) & (ppm): 1.37 (s, 18H).

Published elsewhere®: *H-NMR (400 MHz, CDCls) § (ppm): 1.12 (s, 18H).

Di-tert-butyl sulfone

0O O
\Y/;
S

Not observed.

Published elsewhere®: tH-NMR (400 MHz, CDCls) § (ppm): 1.31 (s, 18H).
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Figure $8.2.13. a) *H-NMR spectra of a standard catalysis (0.04 mmol di-tert-butyl sulfide, 0.06 mmol H,O,
(60 %), 0.85 mg WOz« nanorods in 0.6 mL of methanol-d.) after 10 and 30 min, x marking the peaks used for
integration. b) Time-dependent composition during the catalysis based on *H-NMR data.
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Diphenyl sulfide

S

IH-NMR (400 MHz, d--MeOD) § (ppm): 7.33-7.24 (m, 10H).

Published elsewhere®: H-NMR (400 MHz, CDCls) & (ppm): 7.39 (d, J = 7.4 Hz, 4H), 7.34 (dd, J = 9.9,
4.8 Hz, 4H), 7.28 (dd, J = 7.6, 5.1 Hz, 2H).

Diphenyl sulfoxide

o
1]
S

IH-NMR (400 MHz, ds-MeOD) 8 (ppm): 7.72-7.69 (m, 4H), 7.55-7.53 (m, 6H).

Published elsewhere®: tH-NMR (400 MHz, CDCls) 5 (ppm): 7.66-7.64 (m, 4H), 7.49-7.42 (m, 6H).

Diphenyl sulfone

O O
\V/;
S

Not observed.

Published elsewhere®: tH-NMR (400 MHz, CDCl3) & (ppm): 7.96-7.94 (m, 4H), 7.59-7.49 (m, 6H).
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Figure S8.2.14. a) *H-NMR spectra of a standard catalysis (0.04 mmol diphenyl sulfide, 0.06 mmol H;O, (60 %),
0.85 mg WOsz.x nanorods in 0.6 mL of methanol-d.) after 10 and 30 min, x marking the peaks used for integration.
b) Time-dependent composition during the catalysis based on *H-NMR data.
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Dibenzyl sulfide

A

IH-NMR (400 MHz, d-MeOD) & (ppm): 7.31-7.23 (m, 10H), 3.61 (s, 4H).

Published elsewhere!®: *H-NMR (400 MHz, CDCls) & (ppm): 7.26-7.14 (m, 10H), 3.55 (s, 4H).
Dibenzyl sulfoxide

Q8

IH-NMR (400 MHz, d4-MeOD) & (ppm): 7.41-7.36 (m, 10H), 4.20 (d, J = 13.0, 2H), 3.98 (d, J = 13.0,
2H).

Published elsewhere®; *H-NMR (400 MHz, CDCl3) & (ppm): 7.38-7.24 (m, 10H), 3.91 (d, J = 12.0, 2H),
3.86 (d, J = 12.0, 2H).

Dibenzyl sulfone

IH-NMR (400 MHz, d-MeOD) & (ppm): 7.60-7.55 (m, 10H), 4.38 (s, 4H).

Published elsewhere!!: *H-NMR (400 MHz, CDCls) § (ppm): 7.40-7.46 (m, 10H), 4.16 (s, 4H).
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Figure S$8.2.15. a) 'H-NMR spectra of a standard catalysis (0.04 mmol dibenzyl sulfide, 0.06 mmol H2O; (60 %),
0.85 mg WOz.x nanorods in 0.6 mL of methanol-d.) after 10 and 30 min, x marking the peaks used for integration.
b) Time-dependent composition during the catalysis based on *H-NMR data.
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4-Nitrothioanisole (4-nitrophenyl methyl sulfide)

S

“CH,4

-O\N+
1
(o)
'H-NMR (400 MHz, ds-MeOD) & (ppm): 8.16 (d, J = 9.0 Hz, 2H), 7.42 (d, J = 9.0 Hz, 2H), 2.59 (s,
3H).
Published elsewhere!?: *H-NMR (400 MHz, CDCls) & (ppm): 8.24-8.04 (m, 2H), 7.34-7.14 (m, 2H),
2.54 (s, 3H).

4-Nitrophenyl methyl sulfoxide

o
g
“CH,4
oL
1]
o)

IH-NMR (400 MHz, ds-MeOD) & (ppm): 8.45 (d, J = 8.9 Hz, 2H), 7.96 (d, J = 8.9 Hz, 2H), 2.89 (s,
3H).

Published elsewhere®®: TH-NMR (300 MHz, CDCls) & (ppm): 8.36 (d, J = 8.7 Hz, 2H), 7.82 (d, J = 8.7
Hz, 2H), 2.78 (s, 3H).

4-Nitrophenyl methyl sulfone

O O
\Y/;
S\
CH,
-O\N+
]
o

Not observed.

Published elsewhere®®: *H-NMR (300 MHz, CDCls) & (ppm): 8.43 (d, J = 8.8 Hz, 2H), 8.16 (d, J = 8.8
Hz, 2H), 3.12 (s, 3H).

182



Appendix

-O\Na—
4
o
g
oL l
N-I—
AN 30 min A
W
o
-0\N+
U )
T
= T
a
O ?
I =
Q,
‘l T
) L\ 10 min __L-J_

....................

6 ("H) / ppm
b| 100 - _ _
80 | e
X
E 60 - — 4-nitrophenyl methyl sulfide
t _ :
8_ 40 — 4-nitrophenyl methyl sulfoxide
(o]
| 4
o
20+
0 1 1 1 1 1
0 5 10 15 20 25 30

time / min

Figure S8.2.16. a) *H-NMR spectra of a standard catalysis (0.04 mmol 4-nitrophenyl methyl sulfide, 0.06 mmol
H,0, (60 %), 0.85 mg WOz nanorods in 0.6 mL of methanol-ds) after 10 and 30 min, x marking the peaks used
for integration. b) Time-dependent composition during the catalysis based on *H-NMR data.
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4-Methoxythioanisole (4-methoxyphenyl methyl sulfide)

S
SCH;,

HiC,

IH-NMR (400 MHz, ds-MeOD) & (ppm): 7.27 (d, J = 8.8 Hz, 2H), 6.88 (d, J = 8.8 Hz,2H), 3.78 (s, 3H),
2,42 (s, 3H).

Published elsewhere®: *H-NMR (400 MHz, CDCls) § (ppm): 7.23 (d, J = 8.6 Hz, 2H), 6.81 (d, J = 8.6
Hz,2H), 3.75 (s, 3H), 2,40 (s, 3H).

4-Methoxyphenyl methyl sulfoxide

o)
IS!
SCH;

HC,,

IH-NMR (400 MHz, ds-MeOD) & (ppm): 7.68 (d, J = 8.7 Hz, 2H), 7.15 (d, J = 8.7 Hz, 2H), 3.88 (s,
3H), 2,79 (s, 3H).

Published elsewhere®*: *H-NMR (300 MHz, CDCls) & (ppm): 7.53-7.58 (m, 2H), 7.01-6.96 (m, 2H),
3.81 (s, 3H), 2,65 (s, 3H).

4-Methoxyphenyl methyl sulfone

O O
\¥/;
S

SCH,4

HiC

IH-NMR (400 MHz, ds-MeOD) & (ppm): 7.89 (d, J = 8.4 Hz, 2H), %(2H), %(3H), 3.01 (s, 3H).

Published elsewhere®®: *H-NMR (300 MHz, CDCls) & (ppm): 7.87 (d, J = 8.8 Hz, 2H), 7.02 (d, J = 8.8
Hz, 2H), 3.89 (s, 3H), 3.03 (s, 3H).

a. Signal intensity partially too low for assignment.
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Figure S$8.2.17. a) H-NMR spectra of a standard catalysis (0.04 mmol 4-methoxyphenyl methyl sulfide,
0.06 mmol H,0; (60 %), 0.85 mg WOs.x nanorods in 0.6 mL of methanol-ds) after 10 and 30 min, x marking the
peaks used for integration. b) Time-dependent composition during the catalysis based on *H-NMR data.
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4-Aminothioanisole (4-aminophenyl methyl sulfide)
S
NCH,
H,oN
'H-NMR (400 MHz, ds-MeOD) & (ppm): 7.14 (d, J = 8.6 Hz, 2H), 6.68 (d, J = 8.6 Hz, 2H), 2.37 (s,
3H).

Published elsewhere!?: *H-NMR (400 MHz, CDCls) & (ppm): 7.21-7.11 (m, 2H), 6.65-6.60 (m, 2H),
3.38 (s, 2H), 2.41 (s, 3H).

4-Aminophenyl methyl sulfoxide
o
1
S\CH3
H,oN
IH-NMR (400 MHz, ds;-MeOD) & (ppm): 7.46 (d, J = 8.7 Hz, 2H), 6.80 (d, J = 8.7 Hz, 2H), 2.76 (s,
3H).

Published elsewhere!*: *H-NMR (400 MHz, CDCls) & (ppm): 7.45 (d, J = 8.8 Hz, 2H), 6.76 (d, J = 8.8
Hz, 2H), 3.79 (s, 2H), 2.69 (s, 3H).

4-Aminophenyl methyl sulfone

O O
\Y/;

“CH,3

H,N
Not observed.

Published elsewhere®®: *H-NMR (400 MHz, CDCls) & (ppm): 7.66 (d, J = 8.5 Hz, 2H), 6.69 (d, J = 8.5
Hz, 2H), 4.26 (s, 2H), 2.99 (s, 3H).
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Figure $8.2.18. a) *H-NMR spectra of a standard catalysis (0.04 mmol 4-aminophenyl methyl sulfide, 0.06 mmol
H202 (60 %), 0.85 mg WOs. nanorods in 0.6 mL of methanol-ds) after 10 and 30 min, x marking the peaks used
for integration. b) Time-dependent composition during the catalysis based on *H-NMR data.
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Dimethy! sulfoxide (DMSO)

o
1]

S
HsCc”  CH;
1H-NMR (400 MHz, d-MeOD) § (ppm): 2.68 (s, 3H).

Published elsewhere!®: *H-NMR (400 MHz, CDCls) & (ppm): 2.50 (s, 6H).

Dimethyl sulfone
o 0
\¥/]
H,C” CH,
'H-NMR (400 MHz, ds-MeOD) & (ppm): 3.03 (s, 3H).

Published elsewhere'®: *H-NMR (400 MHz, CDCls) § (ppm): 2.97 (s, 6H).

188



Appendix

o

wn=

H;C CH;

0, 0
\Y/J
H;C” CH;

JL 30 min .

H,0/HOD/H,0,
MeOH

JL 10 min I ...__.__JL___

5r.0 | 4‘.5 4I.0 3‘.5 | 3.0 2I.5 |
6 ("H) / ppm
b 100
80
NS
g 60 - — dimethyl sulfoxide
€ .
— - .dimethyl sulfone
S 40| y
(@)
| .
o
20
0 —— s s =mm—m—— s e mep s —————
0 5 10 15 20 25 30

time / min

Figure $8.2.19. a) *H-NMR spectra of a catalysis using sulfoxides (0.04 mmol DMSO, 0.06 mmol H,0; (60 %),
0.85 mg WOz.x nanorods in 0.6 mL of methanol-d.) after 10 and 30 min, x marking the peaks used for integration.
b) Time-dependent composition during the catalysis based on *H-NMR data.
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Dibenzothiophene (DBT)

S

S0

IH-NMR (400 MHz, d-MeOD) § (ppm): 8.27-8.24 (m, 2H), 7.91-7.89 (m, 2H), 7.51-7.49 (m, 4H).

Published elsewhere!’: tH-NMR (400 MHz, CDCls) & (ppm): 8.21-8.13 (m, 2H), 7.91-7.82 (m, 2H),
7.51-42 (m, 4H).

Dibenzothiophene sulfoxide

(o)
I
S

S

IH-NMR (400 MHz, ds-MeOD) & (ppm): 8.05 (dd, J = 7.7, 4.3 Hz, 4H), 7.75 (t, J = 7.6 Hz, 2H), 7.63
(t, J = 7.7 Hz, 2H).

Published elsewhere'®: TH-NMR (400 MHz, CDCls) & (ppm): 7.99 (d, J = 7.6 Hz, 2H), 7.82 (d. J = 7.7
Hz, 2H), 7.61 (t, J = 7.5 Hz, 2H), 7.51 (t, J = 7.5 Hz, 2H).

Dibenzothiophene sulfone

O O
\\//
S

'H-NMR (400 MHz, d4-MeOD) & (ppm): 8.08-8.03 (m, 4H), 7.80 (t, J = 8.8 Hz, 2H), 7.66 (t, J = 8.4
Hz, 2H).

Published elsewhere®: *H-NMR (400 MHz, CDCls) & (ppm): 7.83-7.78 (m, 4H), 7.66-7.62 (m, 2H),
7.55-7.51 (m, 2H).
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Figure S$8.2.20. a) *H-NMR spectra of a standard catalysis (0.04 mmol dibenzothiophen, 0.06 mmol H,O, (60 %),
0.85 mg WOs. nanorods in 0.6 mL of methanol-d,) after 10 and 30 min. b) *H-NMR spectra of an ex situ catalysis
(0.04 mmol dibenzothiophen, 0.06 mmol H,0, (60 %), 8.5 mg WOz« nanorods in 1 mL of methanol-d.) after 10
and 30 min. x marking the peaks used for integration.
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Figure S8.3.1. TEM images (left) and PXRD patterns (right) of a) WOs.x NRs synthesized with oleic acid from
the steel can, b) addition of 20 mol% iron oleate to the standard synthesis and ¢) addition of 20 mol% iron oleate
to the standard synthesis and a HR of 2.5 K/min. References: WO..7, (space group P2/m (10), COD, Entry No.:
96-152-8167). FeWO, (Ferberite, space group P2 /c (13), COD no. 96-900-8125) and Ko .26WO3 (hexagonal, space
group P65 (173), ICSD no. 99-501-7632 ).
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Figure S8.3.2. TEM images (left) and PXRD patterns (right) of a) WOz.x NRs synthesized with oleic acid from
the steel can and double amount AMT (0.24 mmol instead of 0.12 mmol) and b) addition of 1.5 mol% iron oleate to
pure oleic acid and double amount AMT (0.24 mmol instead of 0.12 mmol). Reference: WO, 7, (space group P2/m

(10), COD, Entry No.: 96-152-8167).
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Figure S8.3.3. Pawley refinements of WO3x NRs based on space group P2/m a) synthesized with oleic acid
from steel canister with fit paramters a=18.103(217) A, b=3.793(4) A, ¢=13.992(129) A, a=90 °, B=115.211 °,
=90 °, rwp=2.98, goodness of fit =1.00, crystallite size =5.9(6)*67.1(7.6)*3.4(5) nm and b) synthesized with fresh
oleic acid using 5 mol% Fe(oleate)z with fit paramters a=18.090(257) A, b=3.798(4) A, ¢=13.985(142) A, a=90 °,
B=115.211 °,y=90 °, rwp=2.79, goodness of fit =1.00, crystallite size =6.7(7)*58.5(3.3)*3.6(5) nm.
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Figure S8.3.4. PXRD patterns of ferberite FeWO4 NCs shown in Figure 4.2¢ annealed at different temperatures.
Blue markings indicating hexagonal potassium tungsten bronze.
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Figure S8.3.5. TEM images (left) and PXRD patterns (right) of ferberite FeWO, NCs synthesized with
1.43:1.43 mmol Fe:W, 1 K/min heating rate and a) OAc:OAm ratio of 20:20 mmol, b) OAc:OAm ratio of
22.5:17.5 mmol and c¢) OAc:OAm ratio of 17.5:22.5 mmol. References: WO, 7, (space group P2/m (13), COD,
Entry No.: 96-152-8167). FeWO, (Ferberite, space group P2/c (13), COD no. 96-900-8125).
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Figure S8.3.6. PXRD patterns of FeWO, NCs shown in Figure 4.2c with unknown structure. References: (a)
MgWO; (triclinic, PDF, Entry No.: 00-045-0412) and (b) MgWOQ4 (tetragonal, PDF, Entry No.: 00-052-0390).
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Figure S8.3.7. PXRD patterns of ferberite FeWO, NCs shown in Figure 4.3b annealed at different temperatures.
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Figure S8.3.8. PXRD patterns of ferberite FeWO, NCs shown in Figure 4.3c annealed at different temperatures.
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Figure S8.3.9. Mdssbhauer spectra of a) FeWO4 NCs with ferberite structure shown in Figure 4.2c, b) of unknown
FeWO;, structure synthesized with Fe(acac)s in 20 mmol OAd, shown in Figure 4.3b and ¢) of unknown FeWO,
structure synthesized with Fe(oleate)s in 20 mmol OAd, shown in Figure 4.3c. Fit parameters for Fe(ll) and Fe(l11)
are found in Table 4.1.
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Figure S8.3.10. Rietveld refinements of MgWO4 NCs annealed at 800 °C for 5 h in air using on monoclinic
MgWO, (space group P2/c (13)) and monoclinic WO3 (space group P2/n (14)) structures. Fit paramters for
MgWO.. a=4.689(0) A, b=5.676(0) A, c=4.929(0) A, 0=90 °, $=90.77(0) °, y=90 ° weight percent=96.1(2) % and
for WOs: a=7.303(3) A, b=7.542(3) A, ¢=7.698(3) A, a=90 °, p=90.73(5) °, y=90 ° weight percent=3.9(2) %;
rwp=>5.14, goodness of fit =1.87.
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Figure S8.4.1. a) TEM image and PXRD pattern of hexagonal Cso3sWO3 NCs synthesized with 22.5:17.5 mmol
OAc:0Am and heating rate of 25 K/min, b) TEM image and PXRD pattern of hexagonal Cso3WO3; NCs
synthesized with 20:20 mmol OAc:OAm and heating rate of 25 K/min and ¢) TEM image and PXRD pattern of
mixed cubic/hexagonal Cso3sWO3 NCs synthesized with 17.5:22.5 mmol OAc:OAm and heating rate of 25 K/min.
PXRD references: Cso3,WOs3 (Space group P65 /mcm, ICSD no. 99-501-4972) and CsW 603 (space group Fd3m,

ICSD no. 99-502-4816).
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Figure S8.4.2. a) TEM image and PXRD pattern of mixed cubic/hexagonal Cse3WO3s NCs NCs synthesized with
19:21 mmol OAc:OAm and heating rate of 2.5 K/min and b) TEM image and PXRD pattern of mixed
cubic/hexagonal Csp3WO3 NCs synthesized with 15:25 mmol OAc:OAm and heating rate of 2.5 K/min. PXRD
references: Cso.3WO3 (space group P65 /mcm, ICSD no. 99-501-4972) and CsW 603 (space group Fd3m, ICSD
no. 99-502-4816).
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Figure S8.4.3. a) TEM image and PXRD pattern of cubic CsosWO3 NCs synthesized with 20:20 mmol OAc:OAm
and heating rate of 5 K/min and b) TEM image and PXRD pattern of cubic CsosWO3; NCs synthesized with
23.5:17.5 mmol OAc:OAm and heating rate of 5 K/min. PXRD reference: CsW, 603 (space group Fd3m, ICSD

no. 99-502-4816).

207



Appendix

= ]
S
-E:" J
0 | ]
-
3 _
£
2 4 6
Q/1/A

Figure S8.4.4. Rietveld refinement for h-Csy 3WO3 synthesized with 20:20 mmol OAc:OAm and 5 K/min heating
rate. Refinement performed using hexagonal P65 /mcm structure. Rwp: 5.90, gof: 1.45, a=7.406(0), b=7.407(5),
€=7.610(0), CS=34.2(3) nm, Occ(Cs)=0.29(1).
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Figure S8.4.5. Rietveld refinement for c-CsqsWOs3 synthesized with 17.5:22.5 mmol OAc:OAm and 5 K/min

heating rate. Refinement performed using cubic Fd3m structure. Rwp: 12.33, gof: 3.89, a=b=c=10.235(0),
CS=34.3(5) nm, Occ(Cs)=0.54(1).
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Figure S8.4.6. Rietveld refinement for m-Cso3sWO; synthesized with 19:21 mmol OAc:0OAm and 2.5 K/min
heating rate. Refinement performed using hexagonal P6, /mcm and cubic Fd3m structures. Rwp: 3.51, gof: 1.10;
values of hexagonal phase: a=7.403(1), b=7.400(6), c=7.613(0), CS=25.4(3) nm, Occ(Cs)=0.29(0); values of cubic
phase: a=b=c=10.312(3), CS=11.0(8) nm, Occ(Cs)=0.50(2); ratio h/c: 89.0(4):11.0(4).

Intensity a.u.

| [ I e i e N N N N R NIy A IR R NIRRT RN

2 4 6 8
Q/1/A

Figure S8.4.7. Rietveld refinement for m-Cs 3sWO3 synthesized with 17.5:22.5 mmol OAc:OAm and 2.5 K/min
heating rate. Refinement performed using hexagonal P6, /mcm and cubic Fd3m structures. Rwp: 4.57, gof: 1.69;
values of hexagonal phase: a=7.375(2), b=7.257(22), ¢c=7.708(3), CS=15.9(4) nm, Occ(Cs)=0.27(0); values of
cubic phase: a=b=c=10.327(2), CS=17.1(5) nm, Occ(Cs)=0.39(1); ratio h/c: 62.1(4):37.9(4).
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Figure S8.4.8. Rietveld refinement for m-Cso3sWO; synthesized with 15:25 mmol OAc:0OAm and 2.5 K/min
heating rate. Refinement performed using hexagonal P6, /mcm and cubic Fd3m structures. Rwp: 4.82, gof: 1.90;
values of hexagonal phase: a=7.327(1), b=6.935(25), ¢=7.858(5), CS=12.6(3) nm, Occ(Cs)=0.27(0); values of
cubic phase: a=b=c=10.328(1), CS=16.3(3) nm, Occ(Cs)=0.35(0); ratio h/c: 42.8(4):57.2(4).
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Figure S8.4.9. a) TEM image and PXRD pattern of hexagonal Rbo3WOs; NCs synthesized with 20:20 mmol
OAc:0Am and heating rate of 25 K/min, b) TEM image and PXRD pattern of hexagonal Rbo3WO3; NCs
synthesized with 17.5:22.5 mmol OAc:OAm and heating rate of 2.5 K/min and ¢) TEM image and PXRD pattern
of mixed cubic/hexagonal RbgsWO3 NCs synthesized with 17.5:22.5 mmol OAc:OAm and heating rate of
2.5 K/min. PXRD references Rbg27WOQOj3 (space group P6;/mcm, PDF no. 01-073-1549) and Rbi1W1 660552

(space group Fd3m, ICSD no. 99-502-7095).
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Figure S8.4.10. Diffuse reflectivity spectra of nanocrystals dried at 70 °C (blue), annealed at 300 °C (red) and
annealed at 500 °C (yellow) for 5 h. a) h-Csp.3WQO3, b) WO3.« NRS, ¢) ¢-Csp.6WO3 synthesized with 17.5:22.5 mmol
OAc:0Am, d) m-CspsWOs synthesized with 19:21 mmol OAc:OAm, e) m-CsosWO; synthesized with
17.5:22.5 mmol OAc:0Am and f) m-CsgsWOj3 synthesized with 15:25 mmol OAc:OAm.
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Figure S8.4.11. Diffuse reflectivity spectra of reference substances BaSOs (background), commercial WOs,
Na,WO4*2H,0 and ammonium metatungstate (AMT)

Table S8.4.1. Additional HPO data measured for various samples.

Sample Turnover rate /| Turnover Lower limit /| Upper limit /
UM*mint 24h/uM min min
WOs.,2 0.0448 41.87 500 750
WOs,° 0.0241 25.00 750 1400
h-ATB?® 0.0088 8.80 800 1400
h-Csg3WOs5® 0.0030 2.97 800 1400
h-Cso.sWO5" 0.0050 4.33 1000 1400
m-Cso3WOs* 0.0098 11.49 600 1400
m-Cs3WO3° 0.0071 7.39 1000 1400
c-Cso.sWO3® 0.0098 11.53 250 1000
c-CsosWO3° 0.0978 34.90 50 130
h-RbosWO5? 0.0093 10.54 750 1300
m-Rbg sWO5? 0.0140 13.24 750 1400
WO;3 0.0078 7.60 1000 1400
AMT 0.0022 2.01 1000 1400
Na;WO0,*2H,0 0.0387 34.38 50 130

a. Annealed in air at 300 °C (5 h), b. annealed in air at 500 °C (5 h).
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Figure S8.4.12. XPS spectra of 4f 5/2 and 3/2 core level of nanocrystals dried at 70 °C, annealed at 300 °C and
annealed at 500 °C for 5 h of a) ¢-CsqsWO3; NCs and b) h-Csq3WO3 NCs.
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Figure S8.4.13. Comparison of P. aeruginosa bacterial cells treated with tungsten bronzes in planktonic and
biofilm condition. The bacteria were cultivated in LB medium for 72 h at 30 °C in the presence of the referred
tungsten bronzes. ODgoo Was then measured to observe the effect of the tungsten bronzes on the planktonic cells.
After removing the planktonic cells, the attached cells i.e., biofilm were stained with crystal violet. After washing
the unbound crystal violet, acetic acid was added for solubilization of the crystal violet. The absorbance at 575 nm
was then measured to observe the effect of the tungsten bronzes on the biofilm.
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Figure S8.4.14. Leaching data of tungsten and cesium for h-Csy3WOQO3, m-Csg3WQOs3, ¢c-CsosWO3, h-ATB and
WOs a) in water and b) in 0.1 M H,0x.
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Figure S8.4.15. Comparison of the tungsten bronzes effect on P. aeruginosa a), P. gallaeciensis b) and S. aureus
c) bacterial cells with IR irradiation and no irradiation at all. S. aureus and P. aeruginosa were grown at 30 °C in
LB medium, P. gallaeciensis was grown at 30 °C in 2216 marine medium. The incubation of the bacteria was done
for 72 h in 96-well plates in the absence or presence of tungsten bronzes and 950 nm IR irradiation. ODggo Was
then measured to observe the effect of the tungsten bronzes in combination with IR irradiation in comparison to
no irradiation at all.

217



Appendix

8.5 Supporting Information for Chapter 6

8.5.1 Author Contributions
Conception and design of the study:
|
Preparation of samples and acquisition of data:
I ocparation of nanocrystals
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I F<RD diffraction

I - TEM images
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Figure S8.5.1. CLSM picture of P. gallaeciensis BF in a) control experiment without additives and 50 pM
solution of b) MnCl,*4H,0 and c) FeCl;*4H,0.
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Table S8.5.1. List of different tungstate nanocrystals with synthesis parameters as presented and discussed in this
article.

Label Paper Metal precursor | Heating rate | Ratio oleic acid to | Biologic properties
/ K/min oleylamine / mmol | found in
FeWO, Fe(oleat)s 25 20:20 Figure 6.3
FeWO4 Fe(oleat); 25 25:15 Figure S8.5.4
FeWO4 Fe(oleat); 25 15:25 Figure S8.5.4
MnWO,? Mn(oleat), 2.5 20:20 Figure 6.3
MnWO4 Mn(oleat) 2.5 21:19 Figure S8.5.6
MnWOQO4 Mn(ac)2*4H20 2.5 21:19 Figure S8.5.6
MnWOQO4 Mn(acac); 25 21:19 Figure S8.5.6
MnosFeosWO4° | Fe(acac)s + 25 21:19 Figure 6.3
Mn(ac),*4H,0

CoWO4 CoCOs 5 20:20 Figure S8.5.8
MgWO4* Mg(ac) 25 20:20 Figure S8.5.8
SrWO,° Sr(ac): 5 20:20 Figure S8.5.8
BaWO,* Ba(ac): 5 20:20 Figure S8.5.8
ZnWO,? Zn(acac) 2.5 20:20 Figure S8.5.9
ZnWO,? ZnCO3*Zn(OH), |5 20:20 Figure S8.5.9

a. 0.12 mmol AMT and 1.43 mmol metal precursor.
b. 0.12 mmol AMT and 0.72 mmol metal precursors each.

c. 0.24 mmol AMT and 2.86°mmol metal precursor
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Figure S8.5.2. PXRD patterns of a) MnWO4 NCs shown in Figure 6.3a, b) FeWO4 NCs shown in Figure 6.3b and
¢) FeosMnosWO4 NCs shown in Figure 6.3c. References: MnWO, (huberite, space group P2/c (13), PDF no. 01-

080-0132) and FeWO, (Ferberite, space group P2/c (13), COD no. 96-900-8125).
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FeWO, NCs
ratio OAc:0OAm
25:15 mmol

Ref: FeWO,
h-ATB

FeWO, NCs
ratio OAc:0OAm
15:25 mmol

Ref: FeWO,
h-ATB

Intensity a.u.

Figure S8.5.3. TEM images (left) and PXRD patterns (right) of FeWO4 NCs synthesized with a) 25:15 mmol oleic
acid : oleylamine and b) 15:25 mmol oleic acid : oleylamine. Reference: FeWO, (Ferberite, space group P2/c

(13), COD no. 96-900-8125).
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Figure S8.5.4. Biotests of additional FeWO,4 NCs shown in Figure $8.5.3 and Na;WO4*2H,0O (0.1 mg/ml)
towards Biofilm formation and planktonic cells of a) P. gallaeciensis and b) P. aeruginosa. Control without
addition of NCs or salts.
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a MnWO, NCs
synthesized with Mn(oleat),

Ref: MNWO,

Intensity a.u.

b MnWO, NCs
synthesized with Mn(

Ref: MhWO,

Intensity a.u.

c MnWO, NCs
synthesized with Mn(acac),

Ref: MNWO,

Intensity a.u.

Figure S8.5.5. TEM images (left) and PXRD patterns (right) of MnWO, NCs synthesized using 21:19 mmol oleic
acid:oleylamine with different precursors (1.43:1.43 mmol Mn:W), a) manganese oleate, b) manganese acetate
and c) manganese acetylacetonate. Reference: MnWO4 (hiiberite, space group P2/c (13), PDF no. 01-080-0132).
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Figure S8.5.6. Biotests of MnWO., NCs shown in Figure S8.5.5 and Na;WO,*2H,O (0.1 mg/ml) and
MgCl,*4H,0 (0.03 mg/ml) towards Biofilm formation and planktonic cells of a) P. gallaeciensis and b) P.
aeruginosa. (0.1 mg/ml) as well as towards Biofilm formation and planktonic cells of a) P. gallaeciensis and b) P.
aeruginosa. Control without addition of NCs or salts.
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Figure S8.5.7. TEM images (left) and PXRD patterns (right) of a) CoWO4 NCs, b) MgWO, NCs, ¢) SrWO,4 NCs
and d) BaWO4 NCs. References: CoWO, (space group P2/c (13), PDF no. 00-015-0867), MgWO.* (monoclinic,
space group P2/c (13), COD no. 99-501-2719), MgWOQ.B (triclinic, PDF, Entry No.: 00-045-0412), MgWQ,°¢
(tetragonal, PDF, Entry No.: 00-052-0390), SrWO4 (space group 14, /a (88), COD no. 96-154-6037) and BaWQ,
(space group 14, /a (88), COD no. 96-152-7205). Synthesis parameters in Table S8.5.1.
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Figure S8.5.8. Influence of CoWQ,4, MgWO., BaWO, and SrWO, (see Figure S8.5.7) (0.1 mg/ml each) towards
biofilm formation of P. gallaeciensis and P. aeruginosa. In addition, a control experiment without NCs and
Na;WO4*2H,0 (0.1 mg/ml) as soluble reference material.
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8.5.2 ZnWO4 NCs show antibacterial and antifungal effects

M P. gallaeciensis ODgqy

B P. aeruginosa ODggg

Figure S8.5.9. a) ZnWO. NCs synthesized with basic zinc carbonate (ZnCO3*Zn(OH),, A) and b) zinc acetyl
acetonate (Zn(acac),*2H,0, B) as zinc precursor. c) Bacterial growth assay for P. gallaeciensis and P. aeruginosa
with ZnWO, NCs (concentration 0.1 mg/ml), water soluble zinc chloride (30 wt%~220 pM, 100 %=750 uM),
water soluble sodium tungstate and sodium chloride as reference compounds and a control (no additives). d)
Growth test of F. graminearum in the presence of 0.1 mg/ml ZnWQ, NCs.

Zinc cations have known inhibiting effect on bacterial growth,'2 and the antibacterial properties of zinc
tungstate (ZnWO4) on the growth of P. gallaeciensis and P. aeruginosa were also notable
(Figure S8.5.9c¢). In contrast to iron and manganese tungstate, we observed no increased bacterial growth
in any case compared to the control experiment. However, for ZnWO; synthesized with
ZnCOs*Zn(OH), (Figure S8.5.9a), we observed a significant reduction of the bacterial growth of P.
aeruginosa towards 49 %. The influence towards P. gallaeciensis was slightly less (69 %). ZnWO,; NCs
synthesized with zinc acetylacetonate (Figure S8.5.9b) showed less activity towards growth of both P.
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aeruginosa (79 %) and P. gallaeciensis (84 %). The solubility of ZnWO. has been calculated as low
(~10° at 298 °C, similar to FeWQO, and MnWO,)® we attribute the effect towards surface effects of the
NCs. The Brgnsted acidic properties of molybdenum and tungsten oxides have been discussed before*®

and may be the reason for their antibacterial properties. Additionally, cell penetration and membrane

disruption may be responsible for cell death of bacteria.®’

Additionally, we investigated the influence of ZnWQO, NCs towards the growth of the fungus F.
graminearum. Like P. gallaeciensis and P. aeruginosa, ZnWQO, NCs synthesized with zinc carbonate
showed a higher activity than those synthesized with zinc acetylacetonate. However, both nanocrystals

reduce the fungal growth significantly with respect to the control experiment without additives.

Additionally, the mycelium growth is reduced in both cases.
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Figure S8.5.10. PXRD patterns of a) ZnWO. NCs shown in Figure S8.5.9a and b) ZnWQO, NCs shown in
Figure S8.5.9b. Reference: ZnWQ, (sanmartinite, space group P2/c (13), PDF no. 01-073-0554).
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Fungal growth assays. To observe antifungal activity of the zinc tungstates, the NCs were added to the
HMG medium at a final concentration of 0.1 mg/ml. After incubation of 6 h at RT, the agar was added,
and the plates were poured. Then, an F. graminearum disc with a diameter of 1 cm was placed in the

middle of the plate and was incubated for seven days at 26 °C. The plates were then photographed.
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8.6 List of Figures

Figure 1.1. a) Nucleation curve according to LaMer’, b) dependance of the rerir. on surface and lattice energy c)
Process of oriented attachment towards uniform nanocrystals according to the nonclassical nucleation theory.

Inspired from * and °. 3

Figure 1.2. Crystal structure of a) y-WO3 with monoclinic space group P21 /n and b) h-WOs with hexagonal
space group P6/mmm, c) W1s049 (WO2.72) Magnéli sub-oxide with monoclinic space group P1 and d) the iron

tungstate FeWOa (Ferberite) with monoclinic space group P2 /c. Structures visualized using VESTA 3.6.5. 6

Figure 1.3. Localized surface plasmon resonance and resulting absorption spectra of a) spherical and b) rod-like

nanocrystals. Inspired by #°. 8

Figure 2.1. a) Overview scheme showing the reaction conditions leading to the formation of WO3.x nanorods
and h-ATB. b) Crystal structure of W1sOas9 (P2/m) (COD-ID: 1001678) and c) (NH4)o.2WO3 (P63) according to the
refinement of ATB-13c (Figure S8.1.2). d) Surface coordination of OAm and OAd for O -terminated WQO3.x

nanorods indicating steric effects of the ligands and resonance structure of OAd. 18

Figure 2.2. a) TEM image of WOsx nanorods obtained from the standard synthesis NR-1 (T =350 °C, t = 30 min,
heating rate = 5 °/min, HOAc/OAm = 20:20 mmol, AMT = 0.12 mmol), b) with HOAc/OAm ratio of 30:10 mmol
(NR-4), c) with HOAc/OAm ratio of 10:30 mmol (NR-8), d) of a mixture of h-ATB and WO3s.x nanorods obtained
from a synthesis with 0.24 mmol AMT (ATB-1) e) PXRD-diffractogram of NR-1 (similar to NR-4 and NR-8) with
WO:.72 Reference (COD, Entry No.: 96-152-8167). and f) PXRD-diffractogram of ATB-1 with additional
(NHa4)o.2sWO3 Reference (ICDD, PDF Entry No.: 01-073-1084). 19

Figure 2.3. TEM and HR-TEM images of a, b) WO:.72 NRs and c, d) h-ATB particles. Images taken from sample
NR-14, containing both, NRs and h-ATB particles. 20

Figure 2.4. PXRD patterns of particles synthesized according to standard synthesis with 3-fold AMT (0.36 mmol)

concentration before (ATB-2) and after (ATB-2c) purification (five times) with chloroform. 21

Figure 2.5. TEM images of WOs.x / h-ATB particles from varied ATB-1 synthesis (fixed: 20:20 mmol HOAc/OAm,

0.24 mmol AMT, 350 °C for 30 min) with a) 10 °C/min (ATB-7), b) 2.5 °C/min heating rate (ATB-8), c) ~0 rom and
10 °C/min (ATB-9), d) ~1000 rpm stirring speed and 10 °C/min (ATB-11) and e) corresponding PXRD-patterns for
ATB-7, ATB-8, ATB-9, and ATB-11. 22

Figure 2.6. 'H-NMR spectra of final reaction solution (30 min at 350 °C, 1:1 HOAc/OAm) for NR-1, ATB-12,
Amide-2, Amide-4 and Amide-5 particles. Areas shown for a-H shifts of HOAc, OAm and OAd as well as
oleylammonium oleate salt*. HOAc and OAm form OAd quantitatively before cleavage at the final heating step

(Figure $8.1.10). 24

Figure 2.7. a) Proposed reaction mechanism based on the oriented attachment of polyoxotungstates under the
influence of polyoxotungstate concentration and surfactant concentration, b) particle from ATB-2 reaction

solution showing evidence for oriented attachment. 27
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Figure 2.8. a) Solid state 'H-NMR spectra of ATB-13c after annealing for 5 h at 70, 200, 300, 400, 500 °C in air.
b) Solid state *H-NMR spectra of ATB-13c after annealing for 5 h at 70, 200, 300, 400, 500 °C under Ar. c) PXRD
patterns of ATB-13c particles heated in air and d) PXRD pattern of ATB-13c particles heated under Ar. Marks
indicate reflections changing after temperature treatment. Reference patterns of c) and d) are found in

Figure $8.1.16 = Figure $8.1.24. 30
Figure 2.9. a) UV-Vis-NIR spectra of NR-1, NR-4, NR-8 and ATB-13 measured in TCE and b) energy-dependent. 32

Figure 3.1. a) Oxidation of thioanisole to MP-sulfoxide and MP-sulfon with H:20: catalyzed by WOs.x NRs, b) 3D-
plot of an in situ kinetic catalysis under standard conditions (30 min, 0.04 mmol of thioanisole, 0.06 mmol of
H202 (60%), 0.85 mg of WOsx NRs in 0.6 mL of methanol-ds) and c) change of integrals for the reactant
thioanisole (blue) and products MO-sulfoxide (green) and MP-sulfone (red) and conversion rate for thioanisol

(dotted line) of the spectra in b). 47

Figure 3.2. a) TEM and HR-TEM image and b) powder X-ray diffractogram of WOs.x NRs annealed at 300 °C with
W180as reference (COD, entry no: 96-152-8167), a Pawley refinement is given in Figure $8.2.1. c) Structure of
W1sO49 projected along [010] and [101]. While the crystal structure of stoichiometric WOs contains an infinite
3D network of corner-sharing WOs octahedra, dense planar defects are regularly introduced in the parent WO3
structure with a spacing dictated by the oxide deficiency. This leads to a shear-structure with corner- and edge-

sharing octahedra forming pseudo-hexagonal channels in the W1sQOa9 structure. 49

Figure 3.3. a) Effect of H20 and D:0 on the oxidation of thioanisole with WOs.x NRs (composition and
exponential fit data provided in Table $8.2.1 and Table S8.2.2). b) Effect of annealing temperature of WO3.x NRs
on the conversion of thioanisole Powder X-ray diffractogram of annealed samples at different temperatures and
the compositions of the reaction mixtures are given in Figure $S8.2.2 and in Table $8.2.3. All experiments
performed under standard conditions (0.04 mmol of thioanisole, 0.06 mmol of H20> (60%), 0.85 mg of WO3.«
NRs in methanol-ds). 51

Figure 3.4. Sulfide oxidation capability of recycled WOs.x NRs after a) 10 and b) 30 min. 52

Figure 4.1. Digital photographs of OAc used for particle syntheses. a) OAc from a steel canister, b) OAc from a

glass bottle and c) OAc from a glass bottle mixed with ~1 wt% of iron oleate. 68

Figure 4.2. TEM images (left) and PXRD patterns (right) of a) WOs.x NRs synthesized with oleic acid from the
steel canister, b) addition of 20 mol% iron oleate to the standard synthesis and c) addition of 20 mol% iron
oleate to the standard synthesis and a HR of 2.5 K/min. References: WO2.72 (space group P2/m (10), COD, Entry
No.: 96-152-8167). FeWOq (Ferberite, space group P2 /c (13), COD no. 96-900-8125). 69

Figure 4.3. TEM images (left) and PXRD patterns (right) of FeWO4 NCs synthesized with HR of 2.5 K/min and a)
Fe(acac)s and 20:20 mmol OAc:0Am, blue markings indicate unknown structure, b) Fe(acac)s and 20 mmol OAd
and c) Fe(oleate)s and 20 mmol OAd. Reference: FeWO. (Ferberite, space group P2 /c (13), COD no. 96-900-
8125), not fitting the PXRD patterns in (b) and (c). 71
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Figure 4.4. TEM images (left) and PXRD patterns (right) of MgWO4 NCs synthesized with Mg(acac)2*2H:0 and
HR of 2.5 K/min. a) as synthesized, b) annealed at 500 °C for 5 h and c) annealed at 800 °C for 5 h. References:
MgWOsq (triclinic, PDF, Entry No.: 00-045-0412), MgWOj4 (tetragonal, PDF, Entry No.: 00-052-0390), MgWO4
(monoclinic, space group P2/c (13), COD no. 99-501-2719) and WOs (monoclinic, space group P2 /n (14), COD
no. 99-500-3824). 74

Figure 4.5. Pawley refinements based triclinic (anorthic) space group P1 of a) MgWO4 NCs annealed at 500 °C
with fit parameters a=5.621(10) A, b= 6.575(7) A, c=8.829(11) A, a=123.0(0) °, 6=112.8(1) °, y=101.7(1) °,
rwp=2.41, goodness of fit=0.99, crystallite size=9.6(2) nm and b) unknown FeWQs synthesized using Fe(oleate)s
with fit parameters a=5.713(3) A, b=6.661(2) A, c=8.960(3) A, a=123.0(0) ©, 8=113.1(0) °, y=101.4(0) °,
rwp=3.41, goodness of fit =1.43, crystallite size =28.1(7) nm. 75

Figure 5.1. a) TEM image and PXRD pattern of hexagonal Cso.3WQO3 NCs synthesized with 20:20 mmol OAc:0Am
and heating rate of 5 K/min, b) TEM image and PXRD pattern of mixed cubic/hexagonal Cso.3sWO3 NCs
synthesized with 17.5:22.5 mmol OAc:OAm and heating rate of 2.5 K/min and c) TEM image and PXRD pattern
of cubic Cso.sWO3 NCs synthesized with 17.5:22.5 mmol OAc:0Am and heating rate of 5 K/min. PXRD references:
Cs0.32WO0s (space group P63 /mcm, ICSD no. 99-501-4972) and CsW1.603 (space group Fd3m, ICSD no. 99-502-
4816). 87

Figure 5.2. Crystal structures of a) hexagonal cesium tungsten bronzes (P63 /mcm) and b) cubic pyrochlore-

type tungsten bronze (Fd3m) in polyhedral representations. 88

Figure 5.3. Diffuse reflectance spectra of WOs.x NRs, h-ATB, m-Cso.3sW03, m-Cso.3sWO3 and c-Cso.sWO:3 a) dried at
70 °C and b) annealed at 300 °C for 5 h in air. *Discontinuities are caused by the background of the BaSO4 white

standard after the grating change. 90

Figure 5.4. Evolution of TBPB concentration over the course of 24 h for WOsx NRs, h-Cso.3W03, m-Cso.3WO0Os3, c-
Cso.sWOs and h-ATB NCs, as well as for soluble Na;WO4*2H>0 reference. 91

Figure 5.5. Effect of tungsten oxide bronze NCs on bacterial biofilm formation and quorum sensing. a) Crystal
violet staining of P. aeruginosa grown in LB. The bacteria were cultivated for 72 h at 30 °C in the presence of the
tungsten bronzes. After removing the planktonic cells, the attached cells i.e., biofilm were stained. b) X-Gal
quantification with the biosensor A. tumefaciens A136. The AHL were incubated for 12 h at RT in presence and
absence of the tungsten bronzes. The processed AHL were then added to the bacteria, which were cultivated for

8 h at 30 °Cin LB medium, which was supplemented with X-Gal. 94

Figure 5.6. Tungsten bronzes inhibit growth of Fusarium graminearum. a). The various NCs were added to the
liquid HMG medium together with diluted H.0: solution and incubated for 6 h at RT. The agar was then added
and F. graminearum was placed in the middle of the plate. The results were then pictured after seven days of
incubation. b) Effect of tungsten bronzes on the diameter of F. graminearum. The measurements were done

with Image. 95
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Figure 5.7. Effect of IR light (1=950 nm) on the growth of S. aureus, P. aeruginosa and P. gallaeciensis. S. aureus
and P. aeruginosa were grown at 30 °C in LB medium, P. gallaeciensis was grown at 30 °C in 2216 marine
medium. The incubation of the bacteria was done for 72 h in 96-well plates in the absence or presence of
tungsten bronzes and 950 nm IR irradiation. ODsoo was then measured to observe the effect of the tungsten

bronzes in combination with IR irradiation in comparison to no irradiation at all. 96

Figure 6.1. a) Comparison of P. gallaeciensis BF formation on steel, laboratory glass and different polymer
surfaces (polyethylene, PE; polyethylenterephthalat glycol, PETG; polystyrene, PS and polycarbonate, PC),
referenced towards the glass surface. (b-e) Confocal laser scanning microscopy images of steel 235 b), glass c),
PE d) and PC c) surfaces. The bacteria were cultivated for 72 h at 30 °C in the presence of steel, plastics and
glass. The different materials were then rinsed with water to remove the planktonic cells. The remaining
attached cells were then stained with crystal violet. For CLSM analysis the attached bacteria were stained with a

combined SYTO9/propidium iodide solution. Inset showing the S235 steel surface after cultivation. 112

Figure 6.2. Concentration dependent effect of metal cations on bacterial BF formation in P. gallaeciensis using
solutions of chloride salts of Min?*, Fe?*, Zn?*, Cu?*, Co?* and Mg?*. Concentrations used were 0, 50, 100, 500 and

1000 uM. For Fe?* oxidation towards Fe3* can be assumed. 113

Figure 6.3. TEM images of a) MnWQa, b) FeWO4 and c) (Feo.sMno.s)WO3 nanocrystals. BF formation and
bacterial growth for d) P. gallaeciensis and e) P. aeruginosa as a function of nanocrystal composition (MnWQ,
FeWOa4 and (Feo.sMno.s)WQOs, 0.1 mg/ml each) and MnClz (30 wt%, 150 uM) Na:WQ04*2H:0 (0.1 mg/ml, 303 uM)

as water soluble reference compounds. 116

Figure S8.1.1. Length (left), width (mid) and AR (right) histograms for a) NR-1, b) NR-4, c) NR-8, d) ATB-13 and

e) ODE-3 particles. Corresponding average values are given in Table 2.2. ..............cccceeeeveveecceeeeecieeeeeieeaeennn 134

Figure $8.1.2. a) Pawley Refinement of NR-1 (WQOs.x nanorods) using space group P2/m, angles a=6=90 °,
y=115.21 ° and an anisotropic shape description for the crystallite size and b) Rietveld refinement of ATB-13c (h-
ATB) based on Ko.26WO3 with space group P63 and angles a=6=90 °, y=120 °, preferred orientation along [020].
NH4* content was fixed at 0.2 per tungsten. Potential impurities due to WO3.xcannot be ruled out. Lattice

parameters are COMPIlEd iN TADIE S3. ..........eeeeeeieeeeee et e ettt e e ee e sttt e e s stte e s ssteaesatseaesassesesssseassasseaanans 135

Figure $8.1.3. TEM images of the reaction solution for ATB-1 at different temperature steps as well as at
different points of time of the final temperature of 350 °C. HR-TEM image of rods found at 250 °C with size of

RY=d (=Tt = [ oo [ o ol L= S S 138

Figure $8.1.4. TEM images of WOs.x nanorods based on the standard synthesis (NR-1) with different HOAc:0Am
ratios a) 22.5:17.5 mmol (NR-2), b) 25:15 mmol (NR-3), c) 40:0 mmol (NR-5), d) 17.5:22.5 mmol (NR-6), e)

15:25 mmol (NR-7) and f) 0:40 mmol (NR-9) as well as 20:20 mmol HOAc:OAm with heating rate of g) 2.5 K/min
(NR-10), h) 10 K/min (NR-11), i) 15 min at 350 °C (NR-12) and j) 60 min at 350 °C (NR-13). .......ccccccerererernen. 139
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Figure $8.1.5. TEM images of particles with according to ATB-1 standard synthesis (Table $8.1.1) with different
HOAc/OAm ratios. a) 22.5:17.5 mmol (ATB-3), b) 25:15 mmol (ATB-4), c) 17.5:22.5 mmol (ATB-5), d)
15:25 mmol (ATB-6) and e) the corresponding PXRD-patterns Of (A-d)........ccceecvueecveecieeesirecieesiiesieesiseseneans 140

Figure $8.1.6. TEM images of upscaled synthesis a) NR-15, b) NR-16, c) ATB-12, d) ATB-13 and e) corresponding
PXRD POTEEINIS. ..cvvveveveveiereiiieietesetetetetttatetatetetat ettt ettt sttt sttt st s et 4 4444t s 4 s 44t e e s e e sttt e e s e st e e eeeseneaesnnnnnnnnnnnnennne 140

Figure $8.1.7. TEM images of particles with according to optimized bronze synthesis (ATB-12) with different
HOAc/OAm ratios a) 15:25 mmol (ATB-16), b) 25:15 mmol (ATB-17) and c) the corresponding PXRD-patterns of
Lo I T Lo I < S 141

Figure $8.1.8. XPS Spectra of (a-d) WOs.x (NR-1) particles (e-f) and h-ATB (ATB-15c) particles, showing overview
spectra, O 1S, N 1S QNA W 4f COT@ QVE. .......uoeoeeeeeeeeeeeeee ettt s sttt eetta e e stae e sttt e e ssaeassaaseaasssssenenns 142

Figure $8.1.9. Reaction of oleic acid and oleylamine to oleylammoniumoleat and condensation towards oley!
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Figure $8.1.16. PXRD pattern of ATB-13c 70 °C with (NH4)o.2sWOs3 Reference (P63/mcm, ICDD, PDF Entry No.: 01-
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Figure $8.1.26. a) UV-Vis-NIR spectra of NR-1, ATB-1 and ATB-13 measured in TCE and b) Energy dependent

absorption Of the reSPECLIVE PAILICIES. .............ueeeeceeeeeeeee et ee ettt e s te e e et e e et eestaaaesstseaeeatsaaennses 155
Figure §8.1.27. 3C-NMR spectra Of 01yl OlEAMIME. ...........cccceeeeeeieieeeeeeeeeeeeeteeteetee et evesissessssasens 155

Figure $8.1.28. Effect of replacing HOAc/OAm (ratio still 1:1) with different amounts of ODE. a) 20 mmol ODE,
10 mmol HOAc, 10 mmol OAm (ODE-1), b) 30 mmol ODE, 5 mmol HOAc, 5 mmol OAm (ODE-2), c) 35 mmol ODE,
2.5 mmol HOAc, 2.5 mmol OAm (ODE-3), d) 40 mmol ODE, no HOAc/OAm (ODE-4), e) PXRD patterns and f) UV-
Vis-NIR spectra of the SROWN PArticles (Q-0). .........occueeeeeeeeeeie ettt et a st a e e stea e s ssaeaessrseaeens 157

Figure S8.2.1. Pawley refinements of WOs.x NRs annealed at 300°C using space group P2/m and a quadratic
form to compensate the anisotropy.® Refined parameters are: Rwp: 2.23, GOF: 1.08, crystal size (a*b*c):

4.1*%72.6*4.3 nm. Lattice parameters: a=18.196 A, b=3.794 A and c= 14.000 A. .........cooeevceeveeeeeeeeeeeeeeerrren. 162
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Figure $8.2.3. a) TEM image and b) P-XRD pattern of CeO2 nanoparticles. Reference: Cerianite (CeQO:z), COD,
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Figure §8.2.8. a) H-NMR spectra of an oxidation catalysis using sulfoxides (0.04 mmol MP-sulfone, 0.06 mmol
H20: (60 %), 0.85 mg WOs.x nanorods in 0.6 mL of methanol-ds) after 10 and 30 min, x marking the peaks used

for integration. b) Time-dependent composition during the catalysis based on *H-NMR data. ......................... 170

Figure $8.2.9. a) *H-NMR spectra of a standard oxidation catalysis (0.04 mmol thioanisole, 0.06 mmol H20:
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integration. b) Time-dependent composition during the catalysis based on *H-NMR data............cccccvevevenenne.. 173
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Figure §8.2.14. a) *H-NMR spectra of a standard catalysis (0.04 mmol diphenyl sulfide, 0.06 mmol H20; (60 %),
0.85 mg WOs.x nanorods in 0.6 mL of methanol-ds) after 10 and 30 min, x marking the peaks used for

integration. b) Time-dependent composition during the catalysis based on *H-NMR data................ccccveveun.... 179

Figure $8.2.15. a) 'H-NMR spectra of a standard catalysis (0.04 mmol dibenzyl sulfide, 0.06 mmol H20; (60 %),
0.85 mg WOs.x nanorods in 0.6 mL of methanol-ds) after 10 and 30 min, x marking the peaks used for

integration. b) Time-dependent composition during the catalysis based on TH-NMR data.............cccceereerenrn.. 181

Figure $8.2.16. a) 'H-NMR spectra of a standard catalysis (0.04 mmol 4-nitrophenyl methyl sulfide, 0.06 mmol
H202 (60 %), 0.85 mg WOs.x nanorods in 0.6 mL of methanol-ds) after 10 and 30 min, x marking the peaks used

for integration. b) Time-dependent composition during the catalysis based on *H-NMR data. ......................... 183

Figure $8.2.17. a) 'H-NMR spectra of a standard catalysis (0.04 mmol 4-methoxyphenyl methyl sulfide,
0.06 mmol H:20: (60 %), 0.85 mg WOsz.x nanorods in 0.6 mL of methanol-ds) after 10 and 30 min, x marking the

peaks used for integration. b) Time-dependent composition during the catalysis based on *H-NMR data........ 185

Figure §8.2.18. a) *H-NMR spectra of a standard catalysis (0.04 mmol 4-aminophenyl methyl sulfide, 0.06 mmol
H20: (60 %), 0.85 mg WOs.x nanorods in 0.6 mL of methanol-da) after 10 and 30 min, x marking the peaks used

for integration. b) Time-dependent composition during the catalysis based on *H-NMR data. ......................... 187

Figure §8.2.19. a) *H-NMR spectra of a catalysis using sulfoxides (0.04 mmol DMSO, 0.06 mmol H20: (60 %),
0.85 mg WOs.x nanorods in 0.6 mL of methanol-ds) after 10 and 30 min, x marking the peaks used for

integration. b) Time-dependent composition during the catalysis based on *H-NMR data................c.cccoeveuen.... 189

Figure §8.2.20. a) *H-NMR spectra of a standard catalysis (0.04 mmol dibenzothiophen, 0.06 mmol H20: (60 %),
0.85 mg WOs.x nanorods in 0.6 mL of methanol-da) after 10 and 30 min. b) *H-NMR spectra of an ex situ
catalysis (0.04 mmol dibenzothiophen, 0.06 mmol H20: (60 %), 8.5 mg WOs.x nanorods in 1 mL of methanol-da)

after 10 and 30 min. x marking the peaks used for iNteGration. ...............ccccueeeccueeeesiveeeesiieeescieeeesieeeesiaeeaeeans 191

Figure $8.3.1. TEM images (left) and PXRD patterns (right) of a) WOs.x NRs synthesized with oleic acid from the
steel can, b) addition of 20 mol% iron oleate to the standard synthesis and c) addition of 20 mol% iron oleate to
the standard synthesis and a HR of 2.5 K/min. References: WO2.72 (space group P2/m (10), COD, Entry No.: 96-
152-8167). FeWOq (Ferberite, space group P2 /c (13), COD no. 96-900-8125) and Ko.26WO3 (hexagonal, space
group P63 (173), ICSD N0. 99-501-7632 ). c..cueeueeeeeiesieiieieeeeseeie sttt sttt sttt 194

Figure $8.3.2. TEM images (left) and PXRD patterns (right) of a) WOs.x NRs synthesized with oleic acid from the
steel can and double amount AMT (0.24 mmol instead of 0.12 mmol) and b) addition of 1.5 mol% iron oleate to
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acid using 5 mol% Fe(oleate)s with fit paramters a=18.090(257) A, b=3.798(4) A, c=13.985(142) A, a=90 °,
6=115.211 °, y=90 °, rwp=2.79, goodness of fit =1.00, crystallite size =6.7(7)*58.5(3.3)*3.6(5) nm. ................. 196

Figure $8.3.4. PXRD patterns of ferberite FeWO4 NCs shown in Figure 4.2c annealed at different temperatures.

Blue markings indicating hexagonal potassium tungsten Bronze. .............cccceeeveeeceeeseerseeeseensieeeseesieeeseeeaes 197

Figure $8.3.5. TEM images (left) and PXRD patterns (right) of ferberite FeWO4 NCs synthesized with

1.43:1.43 mmol Fe:W, 1 K/min heating rate and a) OAc:OAm ratio of 20:20 mmol, b) OAc:0OAm ratio of
22.5:17.5 mmol and c) OAc:0OAm ratio of 17.5:22.5 mmol. References: WO:2.72 (space group P2 /m (13), COD,
Entry No.: 96-152-8167). FeWO (Ferberite, space group P2 /c (13), COD no. 96-900-8125). ...........cccuveruvenn.. 198

Figure $8.3.6. PXRD patterns of FeWOa4 NCs shown in Figure 4.2c with unknown structure. References: (a)
MgWQsq (triclinic, PDF, Entry No.: 00-045-0412) and (b) MgWOQg4 (tetragonal, PDF, Entry No.: 00-052-0390). .. 199

Figure $8.3.7. PXRD patterns of ferberite FeWO4 NCs shown in Figure 4.3b annealed at different temperatures.

Figure $8.3.9. Méssbauer spectra of a) FeWO4 NCs with ferberite structure shown in Figure 4.2¢c, b) of unknown
FeWOjq structure synthesized with Fe(acac)s in 20 mmol OAd, shown in Figure 4.3b and c) of unknown FeWO4
structure synthesized with Fe(oleate)s in 20 mmol OAd, shown in Figure 4.3c. Fit parameters for Fe(ll) and Fe(lll)
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Figure $8.3.10. Rietveld refinements of MgWQO4 NCs annealed at 800 °C for 5 h in air using on monoclinic
MgWO4 (space group P2 /c (13)) and monoclinic WOs (space group P2 /n (14)) structures. Fit paramters for
MgWO.. a=4.689(0) A, b=5.676(0) A, c=4.929(0) A, a=90 °, 8=90.77(0) °, y=90 ° weight percent=96.1(2) % and
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Figure S8.4.1. a) TEM image and PXRD pattern of hexagonal Cso.3WO3 NCs synthesized with 22.5:17.5 mmol
OAc:0Am and heating rate of 25 K/min, b) TEM image and PXRD pattern of hexagonal Cso3WO3 NCs
synthesized with 20:20 mmol OAc:OAm and heating rate of 25 K/min and c) TEM image and PXRD pattern of
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cubic/hexagonal Cso.3WO03 NCs synthesized with 15:25 mmol OAc:0Am and heating rate of 2.5 K/min. PXRD
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Figure $8.4.3. a) TEM image and PXRD pattern of cubic Cso.sWO3 NCs synthesized with 20:20 mmol OAc:0Am
and heating rate of 5 K/min and b) TEM image and PXRD pattern of cubic CsosWO3 NCs synthesized with
23.5:17.5 mmol OAc:0Am and heating rate of 5 K/min. PXRD reference: CsW1.60s3 (space group Fd3m, ICSD no.
99-502-4816). ...eeeeeeeeeeeeeee ettt ettt a ettt et ettt at e eat e ettt et et e et e e ae et e bt e teeteeneas 207

Figure $8.4.4. Rietveld refinement for h-Cso.3WOQOs synthesized with 20:20 mmol OAc:0Am and 5 K/min heating
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Figure $8.4.6. Rietveld refinement for m-Cso.3sWOs3 synthesized with 19:21 mmol OAc:0Am and 2.5 K/min
heating rate. Refinement performed using hexagonal P63 /mcm and cubic Fd3m structures. Rwp: 3.51, gof:
1.10; values of hexagonal phase: a=7.403(1), b=7.400(6), c=7.613(0), CS=25.4(3) nm, Occ(Cs)=0.29(0); values of
cubic phase: a=b=c=10.312(3), C5=11.0(8) nm, Occ(Cs)=0.50(2); ratio h/c: 89.0(4):11.0(4). ....coccrvevrvevreereann. 209

Figure $8.4.7. Rietveld refinement for m-Cso.3WOQOs synthesized with 17.5:22.5 mmol OAc:0Am and 2.5 K/min
heating rate. Refinement performed using hexagonal P63 /mcm and cubic Fd3m structures. Rwp: 4.57, gof:
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heating rate. Refinement performed using hexagonal P63 /mcm and cubic Fd3m structures. Rwp: 4.82, gof:
1.90; values of hexagonal phase: a=7.327(1), b=6.935(25), c=7.858(5), CS=12.6(3) nm, Occ(Cs)=0.27(0); values
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Figure $8.4.9. a) TEM image and PXRD pattern of hexagonal Rbo.3sWO3 NCs synthesized with 20:20 mmol
OAc:0Am and heating rate of 25 K/min, b) TEM image and PXRD pattern of hexagonal Rbo.3sWQO3 NCs
synthesized with 17.5:22.5 mmol OAc:OAm and heating rate of 2.5 K/min and c) TEM image and PXRD pattern
of mixed cubic/hexagonal RbosWO3 NCs synthesized with 17.5:22.5 mmol OAc:OAm and heating rate of

2.5 K/min. PXRD references Rbo.27WOs (space group P63 /mcm, PDF no. 01-073-1549) and Rb1.:W1.650s.52 (space
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Figure $8.4.10. Diffuse reflectivity spectra of nanocrystals dried at 70 °C (blue), annealed at 300 °C (red) and
annealed at 500 °C (yellow) for 5 h. a) h-Cso.3WO3, b) WO3.x NRs, c) c-Cso.sWOs synthesized with 17.5:22.5 mmol
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Figure $8.4.12. XPS spectra of 4f 5/2 and 3/2 core level of nanocrystals dried at 70 °C, annealed at 300 °C and
annealed at 500 °C for 5 h of a) c-Cso.sWO3 NCs and b) h-Cs0.3WO3NCS. .........cccueeeecvereesiireescieeeesiieeeeeieeaennns 214

Figure $8.4.13. Comparison of P. aeruginosa bacterial cells treated with tungsten bronzes in planktonic and
biofilm condition. The bacteria were cultivated in LB medium for 72 h at 30 °C in the presence of the referred
tungsten bronzes. ODesoo was then measured to observe the effect of the tungsten bronzes on the planktonic
cells. After removing the planktonic cells, the attached cells i.e., biofilm were stained with crystal violet. After
washing the unbound crystal violet, acetic acid was added for solubilization of the crystal violet. The absorbance

at 575 nm was then measured to observe the effect of the tungsten bronzes on the biofilm............................ 215

Figure $8.4.14. Leaching data of tungsten and cesium for h-Cso.3sWOs, m-Cso.3W0Os3, c-Cso.sWOs, h-ATB and WO3.x
Lo LR e k=T Tale W ) N L O Y I 2 L SRR 216

Figure $8.4.15. Comparison of the tungsten bronzes effect on P. aeruginosa a), P. gallaeciensis b) and S. aureus
c) bacterial cells with IR irradiation and no irradiation at all. S. aureus and P. aeruginosa were grown at 30 °Cin
LB medium, P. gallaeciensis was grown at 30 °C in 2216 marine medium. The incubation of the bacteria was
done for 72 h in 96-well plates in the absence or presence of tungsten bronzes and 950 nm IR irradiation. ODsoo
was then measured to observe the effect of the tungsten bronzes in combination with IR irradiation in

comparison to NO irrAdiAtION Gt QL. ............ccceeeieeiiieeeeie ettt e et e ettt e e e e e e e st e e essaaaeastraseeatseaenanses 217

Figure S8.5.1. CLSM picture of P. gallaeciensis BF in a) control experiment without additives and 50 uM solution
Of b) MINCI2*4H20 QN C) FECI2FAH20. ..ottt ettt et e et tva ettt e et e e e sea e taaeasaaesseseassaessaeensssenses 219

Figure $8.5.2. PXRD patterns of a) MnWO4 NCs shown in Figure 6.3a, b) FeWOa4 NCs shown in Figure 6.3b and c)
Feo.sMnosWO4 NCs shown in Figure 6.3c. References: MnWOjq (hiiberite, space group P2 /c (13), PDF no. 01-080-
0132) and FeWOs (Ferberite, space group P2 /c (13), COD no. 96-900-8125)........ccccccvvveeceercuesvaseesieeireniiennens 221

Figure $8.5.3. TEM images (left) and PXRD patterns (right) of FeWO4 NCs synthesized with a) 25:15 mmol oleic
acid : oleylamine and b) 15:25 mmol oleic acid : oleylamine. Reference: FeWOq (Ferberite, space group P2/c

(13), COD N0. 96-900-8125). ...ttt ettt 222

Figure $8.5.4. Biotests of additional FeWQ4 NCs shown in Figure $8.5.3 and Na:WQ4*2H-0 (0.1 mg/ml) towards
Biofilm formation and planktonic cells of a) P. gallaeciensis and b) P. aeruginosa. Control without addition of

INCS OF SAILS. ...ttt e e ettt e e e e ettt e e e e e s e et eeeeesesssss e e e e e e eesassseseaaseessssssssaaaseessssssssenasennanans 223

Figure $8.5.5. TEM images (left) and PXRD patterns (right) of MnWO4 NCs synthesized using 21:19 mmol oleic
acid:oleylamine with different precursors (1.43:1.43 mmol Mn:W), a) manganese oleate, b) manganese acetate
and ¢) manganese acetylacetonate. Reference: MnWOys (hiiberite, space group P2 /c (13), PDF no. 01-080-
OI32). et a e a et e et ettt sttt n e n e n et e e 224

Figure S8.5.6. Biotests of MnWOa4 NCs shown in Figure 58.5.5 and Na:WQ04*2H20 (0.1 mg/ml) and MgCl>*4H:0
(0.03 mg/ml) towards Biofilm formation and planktonic cells of a) P. gallaeciensis and b) P. aeruginosa.
(0.1 mg/ml) as well as towards Biofilm formation and planktonic cells of a) P. gallaeciensis and b) P. aeruginosa.

Control Without QAdition Of NCS OF SQILS. ........eeeeecuiieeeeiee et e e ee ettt et te e e sttt e e e ettt e s ssteaesssteaessseeaennees 225

241



Appendix

Figure S8.5.7. TEM images (left) and PXRD patterns (right) of a) CoWQ4 NCs, b) MgWOa4 NCs, ¢c) SrWO4 NCs and
d) BaWOs NCs. References: CoWO: (space group P2 /c (13), PDF no. 00-015-0867), MgWO4* (monoclinic, space
group P2/c (13), COD no. 99-501-2719), MgWO4E (triclinic, PDF, Entry No.: 00-045-0412), MgWOs¢ (tetragonal,
PDF, Entry No.: 00-052-0390), SrWO: (space group 141 /a (88), COD no. 96-154-6037) and BaWOs (space group
141 /a (88), COD no. 96-152-7205). Synthesis parameters in TAbIE S8.5.1......cccceevveeveersiveeseeesiresieesiieesieeenns 226

Figure $8.5.8. Influence of CoWO4, MgWOQ4, BaWOQ4 and SrWOa (see Figure $8.5.7) (0.1 mg/ml each) towards
biofilm formation of P. gallaeciensis and P. aeruginosa. In addition, a control experiment without NCs and

Na:WO04*2H:20 (0.1 mg/ml) as soluble reference MateriQl. .............ccocvecueeieevesiesiesesieseieseesiessesteeeesiaesseens 227

Figure $8.5.9. a) ZnWO4 NCs synthesized with basic zinc carbonate (ZnCO3*Zn(OH);, A) and b) zinc acetyl
acetonate (Zn(acac):*2H:0, B) as zinc precursor. c) Bacterial growth assay for P. gallaeciensis and P. aeruginosa
with ZnWOs4 NCs (concentration 0.1 mg/ml), water soluble zinc chloride (30 wt%=220 uM, 100 %=750 uM),
water soluble sodium tungstate and sodium chloride as reference compounds and a control (no additives). d)

Growth test of F. graminearum in the presence of 0.1 mg/ml ZnWO4 NCS. ..........ccouveevuresivreiieresireeeieresivreeenenn, 228

Figure $8.5.10. PXRD patterns of a) ZnWQOa NCs shown in Figure $8.5.9a and b) ZnWQO4 NCs shown in
Figure $8.5.9b. Reference: ZnWOa4 (sanmartinite, space group P2/c (13), PDF no. 01-073-0554)..................... 229

242



Appendix

8.7 List of Tables

Table 2.1. Overview of syntheses for nanorods (NR-X), h-ATB (ATB-X), with oleyl oleamide (Amide-X) with
reaction conditions and estimated ratio of WOs.x and h-ATB. Complete table: Table $8.1.1 (c) purified particles.
17

Table 2.2. Farticle sizes including length, width, aspect ratio and number of particles of WOs.x nanorods for

selected syntheses. The corresponding histograms are provided in Figure $8.1.1. 19

Table 2.3. Chemical shifts of different *H signals in *H- MAS-NMR spectra for h-ATB together with chemical shift

of h-ATB and several reference” samples. 31

Table 3.1. Composition of the reaction solution after 10 and 30 min during the in situ oxidation of thioanisole
using WOsz.x NRs in 0.6 mL of methanol-ds as catalyst and the substrate thioanisole and the oxidant H20:z in

variable concentrations. 50

Table 3.2. Composition for in situ oxidation reaction after 10 and 30 min for different sulfides and sulfoxides
under standard conditions (0.85 mg WOs.xcatalyst, 0.04 mmol substrate, 0.06 mmol H20:2 (60%) in 0.6 m|
methanol-da). 54

Table 3.3. Screening of different compounds for their potential in oxidation catalysis for the oxidation of

thioanisole. 56

Table 4.1. Fit data for the Mdssbauer spectra of ferberite FeWO4 NCs (Figure S8.3.5¢) and of FeWO4 with

unknown structure (Figure 4.3b, c) 72

Table 5.1. Turnover rates, maximum turnovers after 24 h and suitable fitting limits for different tungsten oxide

bronzes and reference materials derived from HPO assays. Additional information is supplied in Table $58.4.1. 92

Table $8.1.1. Overview of synthesis for nanorods (NR-X), HATB (ATB-X), synthesis with ODE (ODE-X) and oleyl!
oleamide (Amid-X) with reaction conditions and estimated ratio of WOsx and HATB. (c) indicates cleaned

Lo L 1 [ (=2 3SR 132
Table $8.1.2. Refinement data for different pure samples from Rietveld and Pawley refinements. .................. 136

Table $8.1.3. Assignment of Miller-Indices from HATB/WO:.72 references towards phase mixture of sample ATB-
1 (WO:2.72: COD, Entry No.: 96-152-8167, (NHa)o.2sWO3: ICDD, PDF Entry No.: 01-073-1084, (NH4)0.33WOs3: ICDD,
PDF ENtry NO.: Q0-042-0452).....ccuovesieeeieiiieeeieesieeeieesite st ste e st e st e st e st e s tee s bt asseesbeessessnbssenseessaeenseesnses 137

Table $8.2.1. Product composition with additional water to standard in situ experiment (0.85 mg WOz

nanorods, 0.04 mmol thioanisole, 0.06 mmol H20: (60 %) in 0.6 ml methanol-da). ..............ccocuvvvvvvveeecvvnannn. 160
Table $8.2.2. Fit parameters for water curves according to the equation above. .............ccccccveeecvveeeccrenersnennn. 160

Table $8.2.3. Product composition after annealing at different temperatures for standard in situ experiment

(0.85 mg WOs.x nanorods, 0.04 mmol thioanisole, 0.06 mmol H20: (60 %) in 0.6 ml methanol-di)................... 161

243



Appendix

Table $8.2.4. BET surface area and { — potential of nanoparticles used for sulfide oxidation............................ 161
Table $8.4.1. Additional HPO data measured for various SAMPIES. ...............cccueeeeciuveeeciiereeiiieeeesiieeeesieeeesirenn 213

Table $8.5.1. List of different tungstate nanocrystals with synthesis parameters as presented and discussed in

L TR e T 1 Lol =2 RPN 220

244



Appendix

8.8 List of Abbreviations

a,b,c Lattice parameters

AHL N-Acyl homoserine lactone

AMT Ammonium metatungstate

AR Aspect ratio

BET Brunauer-Emmet-Teller method fir surface analysis
BF Biofilm

c Concentration

Cerit Critical saturation concentration

Cs Saturation concentration

CLSM Confocal laser scanning microscopy
COoD Crystallography Open Database

Cosy Correlation Spectroscopy

Cs Crystallite size

0 Chemical Shift

Eq. Equation

AGy Free energy of nucleation

AGy Lattice energy

y Surface energy

gof goodness of fit

h-ATB hexagonal ammonium tungsten bronze
HMG Medium for fungal growth

HOAC Oleic acid

HPO Haloperoxidase

HR Heating rate

HR-TEM High resolution transition electron microscopy
ICDD International Centre for Diffraction Data
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LB
LSPR
MAS
MoKa
MP-sulfone
MP-sulfoxide
NC
NIR
NMR
NP
NR
OAc
OAd
OAm
Occ
oD
ODE
PC
PDF
PE
PETG
PR

PS

PXRD

QQ
Qs
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Inorganic Crystal Structure Database
Medium for bacterial growth
Localized surface plasmon resonance
Magic-Angle spinning
Molybdenum Ko Radiation
Methyl phenyl sulfone

Methyl phenyl sulfoxide
Nanocrystals

Near-infrared light

Nuclear Magnetic Resonance
Nanoparticles

Nanorods

Oleic acid

Oleyl oleamide

Oleylamine

Elemental Occupancy

Optical density

Octadecene

Polycarbonate

Powder diffraction file
Polyethylene

Polyethylene terephthalate glycol
Phenol red

Polystyrene

Powder X-ray diffraction
scattering vector

Quorum quenching

Quorum sensing
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r radius

Ferit critical radius

RT Room temperature

Rwp Weighted Profile R-Value

S Supersaturation

TBPB Tetrabromphenol blue

TEM Transition electron microscopy
uv Ultraviolet light

Vis Visible light

wit% Weight-percent

X-gal 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside
XPS X-ray photoelectron spectroscopy
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