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ABSTRACT

In the framework of this dissertation, a microwave-assisted synthesis strat-
egy for the production of zinc oxide nanoparticles, at the lower end of the
nanoscale, is presented. The radius of these spherical particles can be ad-
justed by choosing a reaction temperature between 125 °C and 200 °C in the
range of 2.6nm to 3.8nm. In this range, semiconductor particles such as
those made of zinc oxide, exhibit size-dependent optical and structural prop-
erties, and tailor-made particles can aid their detailed investigation. This is
demonstrated by the changes in optical band gap, photoluminescence and
crystal lattice stress.

Due to their functionalisation with oleate, these zinc oxide nanoparticles
are hydrophobic and only dispersible in organic solvents such as cyclohex-
ane or tetrahydrofuran. However, some applications — for example as lu-
minescent probes in biological systems — may require hydrophilic particles
in aqueous dispersion. For this, a phase transfer procedure is presented in
which the particles are transferred into an aqueous medium employing the
surfactant polysorbate 8o. This process is associated with further particle
growth, and the final particle size can be adjusted to up to 5.7nm via the
duration of heating this dispersion to 90 °C.

In this context, the particle size distributions are determined via small-
angle X-ray scattering, which, in contrast to other methods such as electron
microscopy, can also be reliably applied in complex media. This is demon-
strated with studies on the artificial digestion of zinc oxide nanoparticles.
Zinc oxide, as well as other ionic zinc compounds, are added to food and
cosmetic products due to their antibacterial effect or as food supplements
and are ingested by humans. For this reason, it is essential to examine in
detail any changes in the chemical and structural composition of these addi-
tives that end up being digested.

When zinc oxide and zinc chloride come into contact with artificial saliva,
new, small nanoparticles with radii around 3nm are formed, whereby the
size, concentration or functionalisation of the ingested substances has no
significant influence on particle formation. After the dissolution of these
nanostructures in gastric juice, particles form again in the intestinal juice,
but their size distribution could not be determined unambiguously. It is as-
sumed that the newly formed particles consist of zinc phosphate, regardless
of which zinc compound is initially ingested. Ion release measurements con-
firm the findings on the formation and dissolution behaviour of the particles
obtained from small-angle X-ray scattering.

In order to investigate the particle formation from a zinc chloride solution
in artificial saliva more precisely, X-ray scattering and X-ray absorption spec-
troscopy were employed. Within five minutes of the addition of zinc chloride
to artificial saliva, nanoparticles with a radius of 1nm are formed, and this
radius remains constant for at least two weeks. The particles are found as
aggregates with a radius of ca. 15nm, in which a protein layer presumably
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binds the particles together. It is assumed that the particles initially con-
sist of amorphous zinc phosphate, which begins to crystallise within seven
hours. At the same time, the aggregates densify, i.e. the distance between
the particles becomes smaller. In the subsequent two weeks, the radius of
the aggregate increases to ca. 22nm as the number of bound particles also
increases.

In summary, the first part of this dissertation focuses on the synthesis of
reference candidate nanoparticles from zinc oxide at the lower end of the
nanoscale. These particles, with adjustable size and in turn inherent opti-
cal and structural properties, are provided in both polar and apolar solvents.
The second half of this dissertation, focuses on the application of small-angle
X-ray scattering, and the suitability of the method for the characterisation of
nanoparticles in complex media is demonstrated at an artificial digestion
process. Thus, a contribution is made to the understanding of biological
processes induced by the application of particulate and dissolved zinc com-
pounds in food and cosmetic products.



KURZZUSAMMENFASSUNG

Im Rahmen dieser Dissertation wird eine mikrowellengestiitzte Synthese-
strategie zur Herstellung von Zinkoxidnanopartikeln am unteren Ende der
Nanoskala vorgestellt. Der Radius dieser sphérischen Partikel ist hierbei
durch Wahl einer Reaktionstemperatur zwischen 125°C und 200 °C im Be-
reich von 2.6 nm bis 3.8 nm einstellbar. Halbleiterpartikel wie aus Zinkoxid
weisen in diesem Bereich grofienabhidngige optische und strukturelle Eigen-
schaften auf, zu deren eingehender Untersuchung mafigeschneiderte Par-
tikel beitragen koénnen. Dies wird anhand der Anderungen von optischer
Bandliicke, Photolumineszenz sowie Kristallgitterspannung demonstriert.

Aufgrund ihrer Funktionalisierung mit Oleat sind diese Zinkoxidnanopar-
tikel hydrophob und nur in organischen Losungsmitteln wie Cyclohexan
oder Tetrahydrofuran dispergierbar. Einige Anwendungen — beispielsweise
als lumineszente Sonden in biologischen Systemen — konnen jedoch hy-
drophile Partikel in wissriger Dispersion erfordern. Hierzu wird eine Phasen-
transferprozedur vorgestellt, in der die Partikel unter Verwendung des Ten-
sids Polysorbat 8o in wassriges Medium {iberfiihrt werden. Dieser Prozess
ist mit einem weiteren Partikelwachstum verbunden, wobei sich die finale
Partikelgrofle iiber die Dauer des Erhitzens der Dispersion auf 90 °C auf bis
zu 5.7 nm einstellen lasst.

Die Ermittlung der Partikelgrofienverteilungen erfolgte hierbei stets mit-
tels Rontgenkleinwinkelstreuung, welche im Gegensatz zu anderen Verfahren
wie der Elektronenmikroskopie auch in komplexen Medien zuverldssig an-
wendbar ist. Dies wird anhand des kiinstlichen Verdaus von Zinkoxid-
nanopartikeln sowie einer Zinkchloridldsung als ionische Kontrolle demon-
striert. Sowohl Zinkoxid als auch andere ionische Zinkverbindungen wer-
den aufgrund ihrer antibakteriellen Wirkung oder zur Nahrungserganzung
Speisen und Kosmetikprodukten zugesetzt und vom Menschen aufgenom-
men. Aus diesem Grund ist eine genaue Untersuchung der wihrend des
Verdauvorgangs moglicherweise auftretenden Anderungen der chemischen
oder strukturellen Zusammensetzung dieser Zusdtze von Bedeutung.

Bei Kontakt von Zinkoxid und Zinkchlorid zu kiinstlichem Speichel kommt
es zur Bildung neuer, kleiner Nanopartikel mit Radien um 3nm, wobei
die Grofie, Konzentration oder Funktionalisierung der aufgenommenen Sub-
stanzen keinen signifikanten Einfluss auf die Partikelbildung hat. Nach der
Auflosung dieser Nanostrukturen im Magensaft bilden sich abermals Par-
tikel im Darmsaft, deren Groflenverteilung jedoch nicht eindeutig bestimm-
bar war. Es wird angenommen, dass die neu gebildeten Partikel im Gegen-
satz und unabhingig von den eingesetzten Verbindungen aus Zinkphosphat
bestehen. Ionenfreisetzungsmessungen bestitigen die mittels Rontgenklein-
winkelstreuung gewonnenen Erkenntnisse tiber das Bildungs- und Auflo-
sungsverhalten der Partikel.

Um die Partikelbildung aus einer Zinkchloridlésung im kiinstlichen Spei-
chel genauer zu untersuchen, werden Rontgenstreuung und Rontgenabsorp-
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tionsspektroskopie eingesetzt. Innerhalb von fiinf Minuten nach Zugabe von
Zinkchlorid bilden sich Nanopartikel, deren Radius bei 1 nm liegt und in den
folgenden zwei Wochen konstant bleibt. Die Partikel liegen als Aggregate
mit einem Radius von etwa 15nm vor, in denen vermutlich eine Protein-
schicht die Partikel miteinander verbindet. Es wird angenommen, dass die
Partikel zundchst aus amorphem Zinkphosphat bestehen, welches innerhalb
von sieben Stunden zu kristallisieren beginnt. Gleichzeitig kommt es zu
einer Verdichtung der Aggregate, d.h. die Abstidnde der Partikel zueinander
werden geringer. In den darauf folgenden zwei Wochen vergrofiert sich der
Aggregatradius unter Zunahme der Anzahl der gebundenen Partikel auf
etwa 22nm.

Zusammengefasst liegt der Fokus des ersten Teils dieser Dissertation auf
der Synthese von Referenzkandidatenmaterialien aus Zinkoxidnanopartikeln
am unteren Ende der Nanoskala. Diese Partikel, mit einstellbarer Grofse und
den damit verbundenen optischen und strukturellen Eigenschaften, wer-
den in polaren sowie apolaren Losungsmitteln zur Verfiigung gestellt. Im
zweiten, auf die Anwendung der Rontgenkleinwinkelstreuung fokussierten
Teil, wird die Geeignetheit der Methode zur Charakterisierung von Nanopar-
tikeln in komplexen Medien anhand des kiinstlichen Verdauvorgangs de-
monstriert. Somit wird zur Aufklirung der durch die Anwendung par-
tikuldrer und geldster Zinkverbindungen in Lebensmitteln und Kosmetikpro-
dukten induzierten, biologischen Vorgange beigetragen.
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INTRODUCTION

Early humans were presumably aware of eight orders of magniatude in
size, from the thickness of a human hair of just under 100 um[ to the size
of landscape formations of a few kilometres. However, processes in our
world proceed on a scale of more than 60 orders of magnitude, assuming
the Planck length (1073° m) as lower, and the diameter of the observable
universe (107 m) as upper limit.[2l Of practical relevance to material de-
velopment is undoubtedly the size range of 1071 — 10° m, from atoms to
macroscopic objects.

While the existence of atoms as indivisible particles has been postulated
since ancient times,!34! their size has been estimable at the order of 1071 m
since the early 20 century.5! The nanoscale (10=° — 107 m), however, was
excluded from systematic research until the end of 1959, when Richard Feyn-
man pointed out that "There’s Plenty of Room at the Bottom" in a famous
lecture of the same title.[°l Since then, he has been considered the founder
of "nanotechnology", a term coined by Norio Taniguchi in 1974.17! It appears
reasonable to assume that the targeted manipulation of interdependent ob-
jects, from atoms to macroscopic entities, with exhaustively optimised struc-
tures on each length scale, could open up undreamt possibilities in material
development.

This dissertation primarily focuses on the lower nanoscale, on structures
smaller than 10 nm. In this size range, quantum size effects can occur, for
instance, in semiconductor particles, the optical band gap becomes depen-
dent on particle size.l®! It is within this context that this dissertation pro-
vides strategies for the synthesis of small zinc oxide nanoparticles with ad-
justable size, and thus optical and structural properties. Microwave-assisted
synthesis techniques are applied, enabling reaction control at elevated tem-
peratures and pressures. Thus, an enormous increase in reaction rates is
achieved, in comparison to conventional synthesis methods, whilst also pro-
viding control over the final particle size. In combination with a polysorbate-
mediated phase transfer, zinc oxide particles at the lower end of the nanoscale
with adjustable size are thereby provided both in organic and aqueous dis-
persions.

One particular challenge in identifying correlations between particle sizes
and optical properties lies within precise size determination. In this con-
text, small-angle X-ray scattering (SAXS) is excellently suited to investigate
nanoparticles and determine size distributions. This technique can be ap-
plied in complex media, such as digestive juices, which opens up another
thematic constellation of this dissertation: zinc compounds in artificial di-
gestion. The behaviour of zinc oxide and zinc chloride in three digestive
stages of saliva, gastric juice and intestinal juice is investigated with respect
to particle size distribution changes and particle dissolution, with an empha-
sis upon the formation of novel particles from ionic precursors.






2 THEORETICAL BACKGROUND

2.1 NANOMATERIALS

An international standard defines the nanoscale as the size range between
approximately 1nm and 100 nm, along with the indication that novel, size-
specific effects occur in this range.[9! A narrower definition proposed by the
European Commission sets the size range to strictly 1nm to 100nm with
exceptions for certain carbon-based materials such as graphene.[*®! Follow-
ing this proposal, materials shall be classed as nanomaterials when for at
least 50% of the particles in the number-weighted size distribution, at least
one of their external dimensions falls in the said size range.l"®! Accordingly,
nanomaterials can be divided into nanosheets, nanowires or nanoparticles
based on the number of their nanoscale dimensions (see Figure 2.1 for ex-
amples). Frequently, these are also referred to as 2D, 1D, or oD nanoobjects,
respectively, relating to the number of their non-nanoscale dimensions.

a7 ° v

1 Dimension 2 Dimensions 3 Dimensions

£ B e P
BAF LR W

Ebola Virus® Norovirus®

Peptoid Sheet’

Figure 2.1: Examples for nanomaterials with one, two, or three nanoscale dimen-
sions, from left to right.

@ Mannige et al. Nature 2015, 526, 415-420.

b Public Health Image Library (PHIL) ID 10816, by Cynthia Goldsmith (Centers for
Disease Control and Prevention, CDC).

¢ PHIL ID 21350, by Alissa Eckert, MS (CDC).

It is mainly at the lower nanoscale, where materials of those dimensions
show properties different to those of the corresponding bulk material. This
is mainly due to the tremendously increasing surface-to-volume ratio and
the occurrence of quantum size effects. The former, for example, provides
access to enhanced catalytic activities through the greater surface area pro-
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vided in a given volume of material. As an illustration, 1g of the zinc oxide
nanoparticles with a radius of 2.6 nm produced in project 1 of this disserta-
tion provide a surface area increased by a factor of 10° compared to a 1g
sphere of the bulk material. The exploited properties of such an enhanced
surface area, however, could also be observed in the bulk phase. Occasion-
ally, the mere applicability at specific locations, such as in biological systems,
is the reason for using nanoparticles, as in the case of upconverting nanopar-
ticles whose luminescence yield is lower for nanoparticles as compared to
the bulk.[""l In contrast, quantum size effects only occur when particle sizes
drop below a threshold of roughly 10nm,[>3] as is the case with the opti-
cal properties of zinc oxide studied in this dissertation. In semiconductor
materials such as zinc oxide in this size range, the particle dimensions drop
below the De Broglie wavelength of the charge carriers (electrons and holes),
which leads to confinement of their movement and quantisation of their en-
ergy states. Provided that the thermal energy does not exceed the Coulomb
attraction of electron and hole, these form pairs, excitons. When they de-
cay, these excitons can emit light with a narrow wavelength distribution, just
like atoms, which leads to them occasionally being referred to as "artificial
atoms".[4]



2.2 ZINC OXIDE NANOPARTICLES

2.2.1  Properties

The semiconductor zinc oxide (ZnO) is predominantly available as a pow-
der, which, since ancient times, has been used as a pigment and eventually
replaced more toxic, lead-containing ones in the 18th century."57! The min-
eral zincite represents the natural source of zinc oxide; however, for practi-
cal applications, it is industrially synthesised on a scale of 10° tonnes.[*819]
At ambient conditions, zinc oxide will commonly be obtained in its ther-
modynamically most stable hexagonal wurtzite structure, while its cubic
zincblende and rock-salt structures can be synthesised by epitaxial growth
or under high pressure, respectively.[*5]

Pharmaceutical applications of zinc oxide date back to medieval times,
since when it has been referred to as nihilum album and used as a remedy.!"7!
Antibacterial properties led to its use in deodorant as early as 1888, and
still today, it is applied in skin and dental care.[**2°21] Zinc oxide is used as
an activator in the sulfur vulcanisation of rubber to increase efficiency and
reduce reaction time. At the same time, this enables a significant release of
ZnO into the environment through rubber abrasion.[2?!

Systematic research into the optical and structural properties of zinc oxide
began around 1930.23241 With a direct band gap of 3.37 eV at room temper-
ature, light absorption sets in below a wavelength of 368 nm, facilitating
applications as UV absorbers in food packaging and sunscreens.[162526] Ag
laid out in the previous chapter, the optical properties of zinc oxide become
size-dependent for particles at the lower nanoscale. For radii in the range
of 1.5nm to 3.5nm, Jacobsson and Edvinsson determined the band gap en-
ergy of zinc oxide nanoparticles, Eg (in eV), to be dependent on the particle
radius, Ry (in nm), as:127]

Eg:C1+IC{(2)+IC{§ (2.1)

They ascertained the coefficients as C; = 3.30, C; = 0.1465, and C3 = 0.985
and compared them to theoretical values of 3.37, —0.675, and 2.18, respec-
tively. It is reasonable that C; should correspond to the band gap energy of
bulk zinc oxide since the latter two terms become negligibly small with in-
creasing particle size. Therefore, within the scope of this dissertation, C; was
set to the widely accepted value of Egpx = 3.37 €V at room temperature for
curve fitting according to Equation 2.1.1252829]

Zinc oxide shows luminescence, which is often described as green with a
wavelength around 550 nm, but the colour is also dependent on the particle
size.[?73°] The exact cause of this is still disputed and is commonly attributed
to point defects.[2528]

2.2.2 Synthesis

Nanoparticle synthesis methods can be divided into top-down and bottom-
up processes, wherein either macroscopic materials are broken down to
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the nanoscale or are built up from sub-nanoscale molecules through chem-
ical reactions, respectively. An example of a top-down approach is the
mechanochemical production using a ball mill, whereby zinc oxide is pro-
duced from calcined zinc carbonate, obtained as follows with subsequent
calcination:[3l

ZnCl, + Na,CO3 — ZnCO3 + 2NaCl
ZnCO; -2 ZnO + CO,

Contrary, in the context of this dissertation, liquid phase, bottom-up ap-
proaches were used exclusively. These are based on reducing the solubility
of a substance, which then precipitates out of solution and, depending on
reaction conditions and additives, can be stabilised in nanoscale dimensions.
In principle, this can be achieved by modifying the solvent or synthesising
a less soluble species (monomers with respect to the grown particles), the
latter having been carried out in this dissertation. Victor LaMer developed
a kinetic model which describes this formation of nanoparticles and in par-
ticular reflects the conditions for the formation of monodisperse ones.3?! Its
graphical representation, depicting the change in monomer concentration
over time, is given in Figure 2.2.

1 |
i/\j rapid nucleation
1 |

Cnucleation y

particle growth

C

'solubility
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Figure 2.2: Concentration of monomers during production, nucleation and growth
phases, I, II, and 1III, respectively, based on LaMer et al.l32]

The process can be divided into three phases: monomer production phase
(I), nucleation phase (II), and particle growth phase (III). In the first phase,
a readily soluble precursor is converted into monomers with a solubility of
Csolubility, thereby creating a supersaturated solution. Conversely, Csolubility
of existing monomers can be exceeded by adding a poor solvent, although
their total concentration decreases. Once a critical concentration cpyceation
is reached, the monomer concentration is decreasing rapidly in phase II,
and nuclei are formed, which then grow to the final particles in a diffusion-
controlled way in phase III. From this model it can be derived that a strict
separation of phases II and III is indispensable for the production of monodis-



perse particles, meaning that at first, uniform nuclei are generated, which
subsequently grow as uniformly into nanoparticles.[3?!

For the production of zinc oxide nanoparticles in this dissertation, the hy-
drolysis synthesis of spherical, oleate-coated particles previously published
by Ehlert et al., was adapted for a one-pot, microwave-assisted synthesis.[3°l
Therein, the zinc soap is dissolved in tetrahydrofuran, to which a base, tetra-
butylammonium hydroxide, dissolved in methanol, is added. Nanoparti-
cle syntheses frequently rely on metal oleates as they can be thermally de-
composed and then function as stabilisers for the particles formed.33! The
reaction mixture is subjected to autoclave-like, microwave-assisted heating,
facilitating reactions at elevated temperatures and pressures.34! Based on
previous experience, this type of reaction control was expected to give ac-
cess to an enormous reduction in reaction time and to other particle sizes
than conventional synthesis methods.[35!

The acceleration of the reaction in microwave-assisted syntheses is essen-
tially based on autoclave-like reaction control, which allows for higher reac-
tion temperatures above the boiling point of the solvent. The relationship
between reaction temperature, T, and rate constant, k, is then the same as
given in the Arrhenius equation with a prefactor, A, the energy of activation,
Ea, and the gas constant, R:[36:37]

Ep
k=A-e ® (2.2)

This acceleration would also occur if other heat sources than microwave
radiation were used, and resulting variations in the reaction course are re-
ferred to as thermal effects. Whether so-called microwave-specific or non-
thermal effects occur in microwave-assisted syntheses, in which either the
unique heating mechanism plays a role or a direct influence is exerted on
the reaction path, remains disputed in the literature. However, there is a
broad consensus that most observed effects are merely thermal effects for
which no microwave radiation is required.[3%!

While the LaMer model provides a plausible explanation of nanoparti-
cle growth and is sufficient for some quantitative and qualitative consider-
ations, actual syntheses can also take place via various intermediate stages
that are not considered there. For the synthesis performed in this disser-
tation, Herbst et al. conducted an in situ investigation on nucleation and
particle growth, considering the following reaction:133!

Zn*t + 20H — ZnO + H,O

At reaction temperatures of 40 °C and 50 °C, they observed that the particle
synthesis could be divided into a 1000 second long nucleation and growth
phase to which a second growth phase adjoins, taking up to 4.5 hours.
Within 20 seconds, the critical concentration of monomers was reached, lead-
ing to the formation of first nuclei of 0.5nm radius, which then grew to al-
most their final size during the first growth phase. Therein, the precursor
reaction rate constant was primarily dependent on the reaction temperature,
while the growth rate constant was dependent on precursor concentration as
well. Higher reaction temperatures led to an increase in the ratio of growth
and precursor reaction rate and thus to larger particles. Interestingly, the
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yielded particles were amorphous at first and did not crystallise until the
second growth phase, which lasted for hours but only resulted in an increase
in particle size of less than 2 A.[33!
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2.3 METHODS AND TECHNIQUES

2.3.1  Dynamic Light Scattering

Dynamic Light Scattering (DLS) enables the determination of the diffusion
coefficient of nanoparticles in dispersion by time-resolved analysis of their
Rayleigh scattering. In contrast, static light scattering (SLS) involves a time-
averaged measurement of the scattering intensity over various scattering an-
gles, typically to determine the size or molecular weight of polymers.[394°l
During the measurement, the sample is irradiated with laser light of a wave-
length, A, and the scattered light is detected at an angle, 26, as shown
schematically in Figure 2.3.

Figure 2.3: Scheme of a multi-angle DLS set-up as used in this dissertation.

%
In the process, incoming light with a wave vector, kg, is scattered elas-
— - =
tically and assumes a new wave vector, k, where k — ko is equal to the
scattering vector, 7, whose modulus is given as follows with the refractive
index, n:
4rtn

q= - sin 6 (2.3)

When using coherent laser light, a fluctuation of the scattered light inten-
sity, I(t), over time, f, can be measured, which is caused by the Brownian
motion of the particles. I(f) contains information on the diffusion behaviour
of the particles, whose more detailed analysis begins with the calculation of
the intensity autocorrelation function, Gy(7). This is determined for many
different pairs of points in time and is only dependent on the time-lag, T,
between them:[4]

Ga(1) = (I(t) - I(t + 7)) (2.4)

If the particle sample to be examined is monodisperse, G(T) can be ap-
proximated with an exponential function according to equation 2.5, using
the parameters A, B and the decay rate, I', which in turn is related to the
diffusion coefficient, D, as in equation 2.6.141]

9
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Gﬂﬂ:m4b+8e4ﬁ} (2.5)

I = Dg* (2.6)

The hydrodynamic radius, Ry, can be determined from the diffusion coef-
ficient using the Stokes-Einstein equation (equation 2.7) with the Boltzmann
constant, kg, for a known temperature, T, and viscosity, #, of the disper-
sion medium. This is an equivalent sphere radius, i.e. that of a hypothet-
ical sphere which would diffuse in the same way as the particles in the
sample.l41]

_ kgT
N 67T7’]Rh

(2.7)

So far these elaborations are only applicable to monodisperse particle sys-
tems, which are rarely found in practice. To enable the analysis of polydis-
perse samples, the previously constant decay rate, I', must be expanded to
a distribution, G(T'). This is achieved by introducing the field autocorrela-
tion function, g1(7), whose square corresponds to the exponential term in
equation 2.5:141]

(1) = /OOO G(I')e '7dl' where /Ooo G(T)dr =1 (2.8)

The method of cumulants was used for evaluation of DLS results in this
dissertation. This involves expanding the term e(~T7) in equation 2.8 around
a mean value, (I'), in a Taylor series expansion, which for narrow G(I') can
be terminated after the term with order 2:142]

Tt = e 0 [1- (0= e+ (- (07T 29)

Eventually, the mean value, (I'), and variance, p, of the decay rate distri-
bution, G(T'), are obtained from equations 2.10 and the polydispersity index,
PI, as a measure of the particle size distribution width according to equation

[42]
2.11.

H)zAwG@ﬁﬂ“mdygzﬁwG@XF—GDQF (2.10)

pr= 12 (2.11)



2.3.2 X-ray Scattering

The history of X-ray scattering essentially dates back to Wilhelm Conrad
Rontgen’s discovery of X-rays in 1885,1431 while Peter Debye reported on
their scattering for the first time in 1915, in a work entitled "Zerstreuung von
Rontgenstrahlen."144] X-ray scattering can be considered the equivalent of light
scattering — only at smaller wavelengths —, and as there, it is possible to dis-
tinguish between dynamic and static scattering. While the former method,
X-ray photon correlation spectroscopy, is comparably new and relies on co-
herent radiation sources such as free-electron lasers,[4547] the static variant
has been used in the context of this dissertation. Based on the investigated
regime of scattering angles, it can be divided in, e.g. small-angle and wide-
angle X-ray scattering (SAXS and WAXS, respectively).

Generally, small-angle scattering of X-rays occurs when they interact with
nanoscale inhomogeneities in the electron density of matter, such as at phase
boundaries between nanoparticles and their surroundings, but equally within
the particles themselves. Thus SAXS is suitable, provided appropriate sam-
ples in each case, for the determination of internal and external dimensions,
shapes, but also the investigation of surface structure, particle-particle inter-
actions, or molar mass.[4849] Wide-angle X-ray scattering, on the other hand,
probes properties on the atomic length scale such as crystal structure and is
essentially the same as widely applied X-ray diffraction (XRD).

In this work, SAXS was used regularly for the non-destructive analysis of
nanostructures, concerning size and structural organisation. While electron
microscopy is an extensively applied technique for the characterisation of
nanoparticles, in most examples in the literature, only up to several hundred
nanoparticles of any one sample are examined as opposed to the analysis
of billions of particles when employing SAXS. Thus, a result determined
by SAXS is based on a significantly larger sample, whereas the analysis of
a few particles by electron microscopy allows the selection of hypothesis-
fitting results contrary to scientific standards. However, SAXS results are
ambiguous and must, therefore, be combined with those obtained with other
methods. For instance, a derived particle size distribution is generally only
meaningful if the shape of the particles is known from another means of
investigation.

For this dissertation, two different SAXS instruments were used: mainly
the SAXSess (from Anton Paar, Austria), and a customised Xeuss 2.0 (from
Xenocs, France). The SAXSess is a Kratky-type camera with a slit-collimated
X-ray beam, which, due to the greater irradiated sample volume in com-
parison to point-collimated instruments, is particularly suitable for weakly
scattering isotropic samples and offers shorter measurement times.[>! On
the other hand, the obtained scattering curve is convoluted with the beam
profile, so that for analysis it must either be deconvoluted, whereby the
uncertainties may increase, or a model convoluted with the beam profile
must be fitted.5"] This effect is less pronounced for point-collimated instru-
ments such as the customised Xeuss 2.0, which allows for investigations of
anisotropic samples over a larger size range than the SAXSess, and also into
the WAXS region, but may require longer measurement times. This instru-
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ment was mainly used when the measurable size range of the SAXSess was
not sufficient. -

The scattering process of incoming X-rays with a wave vector, ko, at two
scattering points, P and S, of a sample with an electron density, p(7>), is
depicted in Figure 2.4.

k

oy

Figure 2.4: Scheme of the X-ray scattering process at matter, based on Moscosco
Londofio et al.[5?]

X-rays are elastically scattered at an angle, 26, creating elementary waves
at P and S with a wave vector, k. The scattering vector, 7, is defined as

— =
k — ko and its modulus is given as follows:

q= 4%% (2.12)

Constructive interference of the outgoing waves is strongest when Bragg’s
law is fulfilled:!53!

nA = 2dsin@ (2.13)

with an integer, n, radiation wavelength, A, interplanar spacing, d, and
the diffraction angle, 8. From combination of equations 2.13 and 2.12 results
that a scattering maximum at a certain g-value corresponds to an interplanar
spacing of d = 27t /q. This implies that a scattering curve recorded between
the scattering vectors gmin and gmax limits the size resolution to the radial
range of Rmin and Rmax according to equations 2.14.

7T 7T
Rmin = Rmax =
Qmax min

(2.14)

Within this thesis, particle sizes were usually stated as radii, R, and scatter-
ing curves recorded in g-ranges of 0.1nm~! to 4nm~! on the slit-focus and
0.013nm~! to 25nm™~! on the point-focus instrument, roughly correspond-
ing to size resolutions in the R-range of 1 nm to 30 nm and 0.13nm to 250 nm,
respectively.

The electron density, p(?), of the sample is the property investigated by
SAXS. Its relation to the measured intensity, I (7), is depicted in the "magic
square of scattering" (equation 2.15). Therein, the electron density, p(?), the
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amplitude, A(ﬁ)), the correlation function, P(7), and the intensity, I (7),
are depicted on the square’s corners and are connected via operations lead-
ing from one sample property to the next. The left side of the square depicts
real space as a function of 7, and the right side depicts reciprocal space
as a function of 7 Both sides are connected via reversible Fourier trans-
forms, .#, while the upper side is connected to the lower side by irreversible
autocorrelation, *2, and absolute square, ||2.[54-561

o(7) & AT
2| LIP (2.15)
P(7) & 1)

This makes it obvious that the determination of p(7>) of the sample, and
thus for example particle sizes, from the intensity measured by the detector
is not straightforward. Nevertheless, conversely, it is possible to calculate
the resulting scattering curve from an assumed electron density distribution
and compare it with the measured I(g). Within the scope of this dissertation,
two software packages were used for this purpose: McSASI57! and SASfit.[5]
While the shape of the nanostructures is predefined in both methods, the
size distributions are determined randomly in McSAS, and a preselected
distribution function is fitted in SASfit, each until a defined goodness of fit is
achieved. Furthermore, SASfit provides the possibility to simulate scattering
curves based on preselected particle shapes and sizes, which was used in the
following illustration of the fundamental characteristics of scattering curves
as in this dissertation (Figure 2.5).
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Figure 2.5: (a) Simulated scattering curves of spheres (black), cylinders (red), and
platelets (blue) with indication of characteristic curve slopes. (b) Simulated scat-
tering curves of spheres with radii of 1nm, 2nm, and 3nm, and the sum of their
scattering contributions.

Panel a depicts the general form of a scattering curve for different parti-
cle shapes: spheres, cylinders, and platelets. At low g-values, the scattering
curves reach a plateau, the Guinier region, which is indicative of the overall
particle size. As this plateau is reached, it can be concluded that the scat-
tering curve represents the "whole" nanoparticle, while the absence of such
plateau may indicate the presence of structures larger than what can be re-
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solved from a certain g-range. In the subsequent Fourier region in direction
of higher g, the curve is seen to decay with shape-dependent slopes; ¢° for
spheres, g~! for cylinders, and g2 for platelets. The presence of these char-
acteristic slopes in the scattering curve is indicative of the probed particles
having the respective shapes; however, this is no proof. In the following
Porod region, the scattering curves decay with a slope of 4%, showing that
these simulated particles all have a classical surface. In panel b of Figure 2.5,
scattering curves of spherical particles of different radii, R, are shown. These
curves display sharp minima whose positions are defined by the roots of the
form factor for a sphere, the mathematical model describing its scattering
(Equation 2.21). This is zero when tangR = gR, implying that the positions
of the minima are shifted to smaller g values for larger particles. In princi-
ple, this relation could be used to determine particle sizes from the position
of the minima; however, this would presuppose a sample of monodisperse,
homogeneous spheres. Furthermore, panel b depicts the curve of the sum
of the three scattering contributions, indicating that the presence of less pro-
nounced minima is a simple indicator for polydisperse samples.

In the following, a short outline of the equations used for curve fitting
within this dissertation shall be given as to enable later reference. In general,
the scattering intensity, I(g), is modeled as the sum of the product of the
form and the structure factor, P(q) and S(g), and a background function,

Ipkg(q):

I(q) = P(q)5(q) + Ibkg(q) (2.16)

Ibig(q) (Equation 2.17) with parameters a, b, and p, is introduced to ac-
count for both a linear, horizontal background when p = 0, as well as struc-
tures larger than what can be resolved from the investigated g-range, when
p=4.

Ibkg(q) =a+bg? (2.17)

P(q) is composed of the scattering contrast, Ap,~ the scattering length
density difference between particle and surrounding medium —, a particle
size distribution, f(R), and the scattering contribution of a single particle of
a certain shape, I;(g, R), as follows:

P(@) = | (3pPF(R)L(g, R)dR (2.18)

This means that for a meaningful measurement, there must be a suffi-
ciently large difference between the electron densities of the sample and the
matrix. It is also noteworthy that the phase information is lost by squaring
this difference, which is why nanoparticles in dispersion cannot be distin-
guished from foam with corresponding nanopores simply by the shape of
their scattering curves. This is a general theorem in optics and known as
Babinet's principle.39! While f(R) is form-free in McSAS, when using SASfit,
a specific distribution has to be chosen, which in the context of this disser-
tation is the log-normal distribution, f(N, R, Riedian, Olog)- With the particle
number density, N, median radius, Ryedian, and the width parameter of the
size distribution, Olog/ this can be written as:
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Mean particle radius, Rmean, and distribution width, ¢, can then be calcu-
lated as follows:

2 2 2
o° /2 20 Ior
Rinean = Rmedian® fog and ¢ = Rmean (e log — e 10g)1/2 (2-20)

The scattering intensity originating from a sphere for a scattering vector,
g, depends on the radius, R, as follows:[56061]

38ingR — gR cosgR 2
(aR)?

S(q) represents particle-particle-interactions and can be set to unity for di-
lute dispersions with no such interactions. Within this dissertation, two dif-
ferent structure factors are utilised, one each to describe repulsive and attrac-
tive interactions. The former is the hard-sphere structure factor, Sps(g, R, ¢),
and the latter, Sagg(q, D, ry,¢), accounts for particle aggregation to mass
fractals.[62-65] Here, @ is the volume fraction of the particles, D is the fractal
dimension, rq is the distance between the scatterers and thus the mean radius
of individual particles including any shell that otherwise may be invisible to
SAXS, and ( is the fractal aggregate size. For the longish mathematical rep-
resentations, reference is made to their presentation in Publication 3 (Section
4.3) as well as to the literature references given.[%]

Moving from the SAXS region considered up to here in the direction of
larger g, the WAXS region adjoins and was analysed concerning atomic lat-
tice properties in the context of this dissertation. The simplest method was
to compare the position of reflections in the scattering curve with reference
values from crystallographic databases in order to obtain an indication of
the material composition of the sample. On closer inspection of these reflec-
tion peaks, it becomes apparent that they are not infinitely narrow, but have
a width that is determined by the properties of both the sample and the
instrument.!®”l Consequently, the measured peak width can be expressed as
a convolution of an instrument- and a sample-induced broadening whereby
the former was approximated as a Gaussian- and the latter as a Lorentzian-
shaped contribution.[%] Using an analytical expression derived by Ru-
land, the instrumental broadening can then be removed from the experimen-
tally determined one in order to obtain and evaluate the sample-dependent
broadening.7°! Based thereon, structural properties such as crystallite size
according to Scherrer or lattice strain, stress, and deformation energy den-
sity can be determined via different approaches based on Williamson-Hall
analysis.[7"-73] These have been applied in project 1 (Appendix 4.1) and are
laid out there and in the stated literature references.34!

I;(q,R) = |4nR (2.21)
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2.3.3 X-ray Absorption Fine Structure Spectroscopy

X-ray absorption fine structure (XAFS) spectroscopy probes local varia-
tions in the absorption behaviour of a material around distinct absorption
edges, first observed by Hugo Fricke in 1920.74! In practice, X-rays of vari-
able energy are obtained from a synchrotron, and the change in their inten-
sity during their passage through the sample is measured. In the context of
this dissertation, this was performed at the SuperXAS beamline of the Swiss
Light Source at the Paul Scherrer Institute, Switzerland. There, a bending
magnet is used to deflect the electron beam, thereby generating a polychro-
matic X-ray beam. This is then directed towards the sample via a monochro-
mator to allow scanning over a certain photon energy range, and ionisation
chambers are positioned before and after the sample in the beam direction,
for measurement of its intensity. XAFS measurements with a time resolution
of 10 ms are enabled with this arrangement, which is therefore ideally suited
for in situ investigations.[75!

Following the Beer-Lambert law, from the measured X-ray beam intensi-
ties before (Ip) and after (I) passage through a sample of thickness d, the
attenuation coefficient, y, can be calculated:[70)

[ =Ipe ™ (2.22)

For p, roughly, the following dependence on the atomic number, Z, and
photon energy, E, applies:77]

X

z
po< gz where 3<x <4 (2.23)

Normalisation of y to the sample density, p, yields the total mass atten-
uation coefficient, u/p, which for zinc is depicted in panel a of Figure 2.6
as a function of the photon energy, E. In the depicted energy range, p/p is
mainly dependent on photoabsorption processes, in which electrons are re-
moved from their atoms. A decrease with E3 is clearly visible; however, two
discontinuities at energies Ey can be seen in the spectrum, where the absorp-
tion suddenly increases. Consequently, these are referred to as absorption
edges, where the photons reach the binding energy of core electrons, which
is decreasing with increasing principal quantum number, 7, of the excited
electrons. According to that number, the edges are referred to as K-edge for
n =1, L-edges for n = 2, M-edges for n = 3 and so forth. The edges seen
in the spectrum are the Zn K-edge just below 10keV and the Zn L-edges
located slightly above 1keV.[788] In the context of this dissertation, experi-
ments were carried out at the Zn K-edge. For K-edge excitations, transitions
from s- to p-states are electric-dipole allowed and will be observed.[78l Ex-
perimental data of this edge obtained in the course of this dissertation is
depicted in panel b of Figure 2.6. Evidently, the (experimentally measured)
Zn K-edge does not only consist of a mere discontinuity in the otherwise
monotonic decreasing yu/p, but does show distinct features: the X-ray Ab-
sorption Near-Edge Structure (XANES) and the Extended X-ray Absorption
Fine Structure (EXAFS). While there is no strict, defined boundary between
the two, the former commonly extends up to 30eV to 50eV above the edge
itself, and the latter adjoins.[Sl]
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Figure 2.6: (a) Total mass attenuation coefficient of zinc as a function of photon
energy.[798° (b) K-edge of zinc as experimentally determined within the scope of
this dissertation.

Within this thesis, the XANES region was evaluated qualitatively concern-
ing the position and intensity of features at the edge in order to follow the
progress of a chemical reaction in Publication 4.[82] In the EXAFS region, os-
cillations are visible, which are primarily due to interference of generated
photoelectrons with themselves. After a photoelectron has been emitted
from the central atom, it propagates as a spherical wave that can be scat-
tered back when it hits neighbouring atoms. This leads to constructive or
destructive interference at the point of origin, which according to Fermi’s
golden rule changes the probability of absorption of the photon in the first
place.[®3!

The EXAFS spectrum, y, is defined as the normalised, oscillatory part of
u, and can be modeled as a function of a "photoelectron momentum index",

k = +/E — Ey, as follows:[84]

x(k) = ZS(Z)NR U;Cg(z” sin (2kR + 26 + <I>)e*2R/’\(k)e*2‘72k2 (2.24)
R

This and related relationships are known as "the EXAFS equation”, with
the following parameters describing the atomic structure under investiga-
tion: the interatomic distances, R, coordination numbers (concerning equiv-
alent scatterers), Ng, and the root mean square, o, of bond length variations.
Further, S is an amplitude factor, accounting for the altered orbital geometry
after ionisation of the central atom and thus lower similarity of the initial and
final state. f(k) is the backscattering amplitude, incorporating the possibil-
ity of elastic scattering at nearby atoms, which is energy-dependent but also
element-specific, potentially facilitating the identification of nearby atoms.
During the excitation and scattering process, the photoelectron moves out of
the potential well of the central atom, then into that of the scattering atom,
and back again. Thus, the frequency of the electron’s wave function changes
throughout, and it may exhibit a phase shift, 6., when it returns to the central
atom. To account for phenomena other than elastic scattering at neighbour-
ing atoms, the XAFS mean free path, A(k), is introduced, essentially mod-
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elling how far the photoelectron can freely move. Lastly, ® is the argument
of f(k) and accounts for the wavelike nature of the backscattering.8%84]

For this dissertation, the software ProQEXAFS was used to extract, nor-
malise and interpolate XAS data which were then fitted using the Demeter
software package to obtain Ng, R, and ¢.[8580]



COMPREHENSIVE SUMMARY AND
DISCUSSION

Within the framework of this dissertation, four research projects were un-
dertaken, resulting in three peer-reviewed publications,[34'66'82] a correction, 871
and a manuscript to be published. The publications and aforementioned
manuscript can be found in chapter 4.

This work includes collaborations with the German Federal Institute for
Risk Assessment (BfR) in Berlin, concerning the artificial digestion of com-
mercially available zinc oxide nanomaterials,®®l and the Paul Scherrer Insti-
tute (PSI) in Villigen, Switzerland, for in situ X-ray absorption fine structure
(XAFS) measurements.[82]

The two focal points of this work are the synthesis of nanomaterials and
their characterisation, with an emphasis of employing small-angle X-ray scat-
tering (SAXS). To which topic the four projects in this dissertation corre-
spond to is laid out in Table 3.1.

Table 3.1: Overview over the four projects of this dissertation

Synthesis-focused SAXS-focused
1 Microwave-Assisted Synthe- 3 Environmental Impact of ZnO
sis of Ultrasmall Zinc Oxide Nanoparticles Evaluated by in
Nanoparticles(34! Vitro Simulated Digestion!®6/87]
2 Phase Transfer of Ultra-small 4 Zinc Phosphate Nanoparticles
ZnO Nanoparticles to Aqueous Produced in Salival8?!
Medium

Project 1 is based on the adaptation of the synthesis of oleate-functionalised
zinc oxide nanoparticles, previously published by Ehlert et al.,5° to create a
microwave-assisted, one-pot synthesis method.34!

Therein, a solution of zinc oleate in tetrahydrofuran was reacted with a so-
lution of tetrabutylammonium hydroxide in methanol to obtain a dispersion
of luminescent zinc oxide nanoparticles with adjustable radii and interre-
lated optical and lattice properties. Project 2 was aimed at the phase-transfer
of these particles into an aqueous dispersion to enable application in water
or biological media, e.g. as catalyst or fluorescent probes. This was facili-
tated by coating them with polysorbate 8o, which induced a particle growth
that was monitored with in situ SAXS measurements.

While SAXS has already been used as characterisation method in each of
the projects mentioned above, each one focused primarily on the production
of nanostructures with favourable properties. In contrast, projects 3 and 4
focused on the investigation of non-tailored samples using SAXS. The artifi-
cial digestion of commercially available zinc oxide nanoparticles was carried
out in project 3, and structural changes during the digestive process were
monitored.l%! In the course of these investigations, the formation of nanos-
tructures in reference samples containing solubilised zinc chloride became
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evident and was further investigated by SAXS, WAXS, and XAFS measure-
ments in project 4. Project 3 was carried out in collaboration with BfR and
project 4 with PSI.

Project 1 (Publication in Section 4.1) was motivated by previous experi-
ence with microwave-assisted synthesis, based on which an enormous accel-
eration of the synthesis by this kind of reaction in an autoclave-like system at
temperatures above that of the solvent boiling point was expected.'35! In fact,
the reaction time could be reduced by more than 99 % when compared to
the synthesis at ambient pressure, and by varying the reaction temperature
and time, the particle radii became tunable.

For instance, five minute long syntheses at temperatures increasing from
125°C to 200°C yielded particles with increasing average zinc oxide core
radii in the range of (2.6 £0.1) nm to (3.8 £ 0.1) nm, determined from SAXS.
These particle systems P55, P50, P175, and P, were narrowly disperse in
size, displaying similar relative distribution widths of around 10%. The
oleate is expected to determine the stability of the particles in the dispersion
medium and to have an impact on the final particle shape and size. In con-
trast to SAXS, where this shell is practically invisible due to the comparably
high scattering contrast of zinc oxide, complementary DLS measurements
allowed for the determination of the shell thickness. For P,,5 - P;,5, compa-
rable shell thicknesses of (3.3 +0.2) nm to (4.1 +0.2) nm indicated that the
particles are stabilised by at least two molecular layers, while degradation
of the stabiliser is assumed to set in for P,,,, leading to a slightly increased
shell thickness of 4.9 £+ 0.2 nm.

These particle systems are particularly suitable for the investigation of cor-
relations between particle size and optical and structural properties. There-
fore, using UV /Vis and fluorescence spectroscopy, the band gap and fluores-
cence energies were determined and linked to the zinc oxide core radii (Fig-
ure 3.1). Therein, the dependence of the band gap energy (Eg, red symbols)
on the core radius is shown according to equation 3.1 (solid red line) with
the 95 % confidence interval (light red shaded area). This result is between
theoretical (lower dashed line) and empirical (upper dashed line) literature
data.l?7]

051+£0.10 1.72+0.27

E, =337 —
8 Ry R3

(3.1)

In contrast to the band gap energy, the fluorescence energy (Eg, blue sym-
bols) decreases linearly with increasing core radius according to equation
3.2 (solid blue line), with 95 % confidence intervals shown as the light blue
shaded area.

Eq = (2.5140.02) — (0.12 + 0.01)Ry (3.2)

While Jacobsson and Edvinsson found E,, the ratio of Eq and Eg, to be
constant at a value of 62.54 0.4%!?7! (green line with light green shaded
area, right in figure 3.1), in this project, E,. (green symbols) decreased sig-
nificantly alongside increasing core radius.

Similar to quantum dots, changes in optical properties of ZnO nanopar-
ticles are attributed to particle size changes, though the underlying mecha-
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Figure 3.1: Band gap energies Eg, fluorescence energies Eq and the ratio E,q of
Eq and Eg — symbols, respectively — plotted against the mean particle core radii
Rg. Dashed lines correspond to theoretical (lower line) and empirical (upper line)

literature data for Eg(Ro),[27] and Eg was fitted as a function of Ry according to

equation 2.1 (red line). Eg(Rp) was approximated as a linear function (blue line).
Light red and blue shaded areas represent 95 % confidence intervals. Literature
data for E.. (green line) with uncertainties (light green shaded area) is given for

comparison.[27,34]
Reprinted with permission from Langmuir 2019, 35, 38, 12469-12482.
Copyright 2019 American Chemical Society.

nisms for this are not yet fully understood.?528! To investigate the correla-
tions of optical properties with crystal structure in detail, wide-angle X-ray
scattering (WAXS) measurements were performed. These confirmed the for-
mation of zinc oxide in the hexagonal wurtzite structure, which is its ther-
modynamically most stable form.[*5!

In addition to the identification of the crystal structure, WAXS measure-
ments enable the size determination of the crystallites by analysis of the
peak widths.7"] A distinction has to be made between the broadening due
to particle size, as according to Scherrer, and the instrument broadening, the
former being representable by a Lorentz profile and the latter by a Gaus-
sian profile.[077%] Therefore, the experimental values are to be regarded as
the result of the convolution of a Lorentz and a Gauss profile and need
appropriate correction to determine the sample-induced peak broadening.
To the best of our knowledge, this type of correction has not been applied
previously, and we assume that the presence of this convolution is the per-
tinent case for WAXS/XRD profile analysis of small nanoparticles. From
the peak broadening values, the ZnO nanoparticles were identified as single
crystals with crystallite sizes, corresponding to particle diameters, between
4.55 £ 0.13nm (P,5) and 8.00 & 0.37 nm (P,0,).

Furthermore, the impact of the choice of correction type, i.e. correction
for two same profiles or no correction at all, on the resulting crystallite size
was discussed in detail. When both the sample-induced and the instrumen-
tal peak broadening are of a similar magnitude, the choice of correction
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strongly influences the determined crystallite size. However, it is only of mi-
nor importance when the instrumental broadening is comparatively small.
Three variants of the Williamson-Hall model were employed to determine
further structural parameters: the uniform deformation model (UDM) for
determination of the lattice strain, €, the uniform stress deformation model
(USDM) for determination of the lattice stress, ¢, and the uniform deforma-
tion energy density model (UDEDM) for determination of the deformation
energy density, 1.17>73] These values increase with decreasing crystallite size
(see Figure 3.2), and were compared to data from other studies.[697388-97]

UDM USDM UDEDM
£[107] o[MPa] u [kdm?]
10 1000 —— 5000
st 800 | 4000
6} 600 | HE 3000 |
O
4l ’%‘ 400 2000

21 [% 200 ’%‘ 1000 -

0 L 1 1 1 1 0L 1 1 1 1 0L 1 1 |§|

4 5 6 7 8 4 5 6 7 8 4 5 6 7 8
Dypyq [nm]

Figure 3.2: Lattice strain, €, lattice stress, 0, and the deformation energy density,
u, in dependence of the crystallite size, Dy, as obtained from the following vari-
ants of the Williamson-Hall model: uniform deformation model (UDM), uniform
stress deformation model (USDM), and uniform deformation energy density model
(UDEDM).

We found that their size-dependencies could be approximated with power
law scaling functions for crystallite sizes below 20 nm as follows:

€= keD;k’iE (3-3)
o =keDpl (3-4)
u = kD", (3.5)

where k is the scaling constant and p is the power law exponent. Appli-
cation of equations 3.3, 3.4, and 3.5 resulted in the constants k. = (37 &+
18) x 1073, k, = (42 +1.6) x 103MPa, and k, ~ 1.6 x 10°k] m !, respec-
tively, which correspond to the hypothetical values for strain, stress, and
deformation energy density of crystallites with a size of one nanometer. The
power law exponents were determined as pc =1.2+0.3, p, = 1.2+ 0.2, and
pu = 2.8 £0.8. We speculate that such a power law scaling generally applies
to zinc oxide nanoparticles smaller than a certain threshold size, and per-
haps to other materials as well, each with their respective scaling constant,
k, and exponent, p.



After this detailed investigation on how reaction conditions affect the re-
sulting system of oleate-coated zinc oxide nanoparticles, the project 2 (Pub-
lication in Section 4.2) aims to expand the potential areas of application,
which are limited by the hydrophobic particle functionalisation. With re-
gard to the adjustable optical properties, for instance, biological in vitro or in
vivo applications are possibilities, for which a phase transfer into an aqueous
environment is required. Thus, the particles from project 1 were transferred
into an aqueous dispersion in project 2, employing polysorbate 8o (poly-
oxyethylene (20) sorbitan monooleate, trade name Tween 80) to assist the
phase-transfer. This surfactant comprises both hydrophilic polyoxyethylene
and hydrophobic oleate groups, and may thus be able to mediate between
the hydrophobic particle surface and the aqueous dispersion medium, as
implied by Ren et al. for the corresponding phase transfer of upconversion
nanoparticles (NaYF4:Yb,Er).[98]

For the phase transfer, polysorbate 8o and water were successively added
under stirring to a particle dispersion in cyclohexane, synthesised at a re-
action temperature of 125°C, as described in project 1. In this context, the
initial particle system is referred to as Py before, and as Po,tw after, the ad-
dition of polysorbate 80. Subsequently, heating the sample to a temperature
of 90°C in an open flask facilitated evaporation of the organic phase and
supported the phase transfer into the aqueous medium. This process was
completed after four hours, and, alternatively, particle systems were also
produced with shorter heating times with the removal of excess cyclohexane
performed through rotary evaporation. Depending on the heating time, i, in
minutes, the obtained samples are designated as H; from here on.

The particle systems were characterised before and after phase transfer
using SAXS to determine the sizes of the ZnO cores and the stabiliser shells.
As in project 1, SAXS curves were analysed assuming log-normal particle
size distributions to determine the distribution parameters. For the presen-
tation of the SAXS data as well as the curve fits and size distribution plots,
reference is made to the manuscript (Section 4.2). The SAXS data was com-
plemented by DLS analysis, from which a layer thickness of the stabiliser of
2nm to 4nm was estimated in all cases. Thus, no significant influence of the
phase transfer procedure on the stabiliser shell thickness of the nanoparticles
was found.

The initial particle system Py exhibited a mean radius, Rmean, 0f 2.3 + 0.1 nm
with a distribution width, ¢, of 0.3 = 0.1 nm. With regard to the particle sys-
tem Py, w it was established that the addition of the surfactant to the organic
particle dispersion had no significant influence on the size of the ZnO cores
or inter-particle interactions.

After addition of water and the removal of cyclohexane in vacuum, with-
out intermediate heating of the dispersion, the particle system Hp was ob-
tained in aqueous medium. Before particle characterisation, the dispersion
was centrifuged to remove aggregates that may have formed during phase
transfer. Here the SAXS curve was indicative of particle sizes as in the
initial organic dispersion, besides a contribution of larger particles with
Riean = 7.2+ 0.1nm and a numerical contribution of less than 1% to the
overall size distribution. This particle population is interpreted as aggre-
gates of 33 &£ 2 primary particles, whereas this aggregation number would
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appear not to be large enough to remove all aggregates by centrifugation
alone.

Regarding the optical properties, the initial and final particle systems Py
and Hjsp were analysed using UV/Vis and fluorescence spectroscopy. A
redshift of the optical band gap and luminescence energy was found, as
could be expected from project 1 for growing ZnO nanoparticles at the lower
end of the nanoscale. However, the optical properties may also depend on
the dispersion medium or the particle stabiliser, and a determination of the
relative influence of these parameters on the optical properties was outside
the scope of this project.

In order to investigate the necessity of removing the cyclohexane for a
successful phase transfer, it was also carried out in a microwave-assisted
fashion in a closed system. Thereby, all solvents remained in the system
and after the 240 min long heating process, a turbid, mainly organic, and
an opalescent, mainly aqueous phase were obtained. The latter may have
been a microemulsion of cyclohexane in water, mediated by the stabilisers,
with the ZnO nanoparticles still locally dispersed within the cyclohexane.
The ZnO core radii determined by SAXS matched those of the Hyy particle
system before and after removal of the cyclohexane on the rotary evaporator.
The removal of cyclohexane either through heating or by additional pressure
reduction did not change the particle size, but was necessary to obtain a
purely aqueous dispersion after phase transfer.

Besides possible biological applications, photocatalysis is another poten-
tial field of application for these phase-transferred nanoparticles. This was
investigated via the decolourisation of an aqueous methylene blue solution
under irradiation with UV light (wavelength A = 365nm). Methylene blue
exhibits absorbance bands around energies of 1.8 eV to 2.1 eV; thus, its degra-
dation could be followed in situ by UV /Vis spectroscopy (see panel a of
Figure 3.3). Spectra were recorded at intervals of 10s, and the absorbance
pattern in the range of 1.6eV to 2.2eV was modelled using two Gaussian
functions f; and f,, and a Rayleigh scattering background, f3 = a + b - E,
where E is the photon energy and a and b are arbitrary constants (see panel
b of Figure 3.3).

To determine the reduction of the concentration of methylene blue, c(t),
over time, t, the summed area of the two Gaussian functions A (t) att =0
was assigned to the initial concentration ¢y ~ 0.95 x 107> M. Then, a lin-
ear decrease of In[c(t)/co] = —kapp - t was observed for the different sam-
ples: water as blank sample, a solution of the stabilizers sodium oleate and
polysorbate 8o, Hysg, as well as commercial ZnO and TiO, nanoparticles,
indicating pseudo-first order kinetics (see panel a of Figure 3.4). Thus, an
apparent rate constant k,pp could be obtained by linear regression (see panel
b of Figure 3.4).

A comparison of kapp with the literature is not readily possible, as a large
number of parameters influencing k., are not necessarily known to the ex-
perimenter. An example is the unknown ratio of the absorption by the parti-
cles to the absorbance of the whole system, and thus the impossible determi-
nation of the quantum yield.[% It seems plausible that this may depend, for
example, on the geometry of the experimental setup or the type and concen-
tration of the particles. A comparison of the phase-transferred particles was
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Figure 3.3: UV-Vis analysis of the photocatalytic degradation of methylene blue
employing Hpyo particles as catalyst. (a) UV-Vis spectra taken in 300s intervals,
depicting the decrease of absorbance of the dye over time. (b) UV-Vis spectrum at a
reaction time of 0's (silver circles) and curve fit (blue, solid line) with the sum of of
two Gaussian functions f; and f, and a Rayleigh scattering contribution f3 (orange
dashed line, green dash-dotted line and red dotted line, respectively).

therefore carried out within this project with commercially available ZnO
and TiO, nanoparticles with a size of 25nm under otherwise identical con-
ditions. This was done under the assumption that the inherent flaws in this
experiment did not differ fundamentally between the different particles and
was only intended to determine the photocatalytic activity of the particles
but not to quantify it precisely. As a result, it was found that the phase-
transferred particles catalyse the decolourisation of methylene blue, about
half as effectively as commercial ZnO and TiO, nanoparticles with respect to
the applied particle masses. Accounting for the higher specific surface area
of the Hyy particles as compared to the commercial particles, the catalytic
activity is about a quarter as high. Besides, the stabilisers on their own were
found to be catalytically active. In conclusion, the phase-transferred parti-
cles of this project can be used in catalytic reactions where specific demands
are made for particle size or stability in dispersion.
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Figure 3.4: (a) Plot of In [c(t) /¢o] of methylene blue dye as a function of irradiation
time with UV-light for pure water (blue), stabilizer (green), Hp4o (red), TiO, (silver)
and commercial ZnO (orange), given in the order of increasing steepness of the
decrease. Straight lines are linear fits for evaluation of the rate constants. (b) Rate
constants derived from the slopes of the curve fits in a).
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Moving towards the SAXS-focused part of this dissertation, in project 3,
several commercially available zinc oxide nanoparticulate systems, in disper-
sion or solid powder form, were examined in an artificial digestion process,
which was carried out in collaboration with the BfR.[! This project’s main
objective was to find out how different zinc species, partly in the presence
of food simulants, behave at the different stages of the artificial digestion.

While the BfR collaboration partners selected the zinc species and concen-
trations to be investigated, the digestion process itself, as well as the SAXS
measurements and their evaluation, were carried out at BAM. Complemen-
tary atomic absorption spectroscopy measurements were carried out by the
BfR collaboration partners. The in vitro artificial digestion procedure is laid
out in Figure 3.5.

Nanoparticles  Food simulants in vitro digestion
Zno — N AN &
coated Starch ™ @ — & -
“aas”

wo o+ @ |

uncoated Milk
[ AAS, TEM, SAXS |
nCl @ — @ ail 1 l l
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Figure 3.5: Graphical abstract of "Environmental Impact of ZnO Nanoparticles Eval-

uated by in Vitro Simulated Digestion. "]
Reprinted with permission from ACS Appl. Nano Mater. 2020, 3, 1, 724-733.
Copyright 2020 American Chemical Society.

The materials selected were silane-coated and uncoated ZnO nanoparti-
cles, ZnCl, as an ionic zinc reference, as well as the reference material NM-
110 from the Joint Research Centre (JRC). These were each dispersed in arti-
ficial saliva before enzyme addition, with bovine serum albumin (BSA) as a
stabiliser. The first three zinc compounds were probed at initial concentra-
tions of 6.67, 3.33, 0.67, 0.33, and 0.167 mg/mL, and underwent a dilution
series during the digestion process from saliva via gastric juice to intestinal
juice. Digestions of the reference material NM-110 as well as all those in
the presence of food simulants (starch, milk, oil, or a mixture thereof) were
conducted using initial concentrations of 0.33 mg/mL.

The detection of small nanoparticles in complex media, such as digestive
juices, is not trivial but suitable for the application of SAXS. A key point
regarding the unique suitability of SAXS is the possibility of examining lig-
uid samples, meaning that only nanostructures that are present during the
digestion process are detected, and their formation during sample prepara-
tion (e.g. drying prior to electron microscopy) is not a reason for concern.
Dissolved salts contained in the artificial saliva would not produce a scat-
tering signal in the g-range under investigation here. For the analysis of
the digestion samples, the slit-focus SAXS instrument was used, which is
uniquely suited for the examination of weakly scattering samples such as
diluted particle dispersions. However, based on the g-range of the instru-
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ment of 0.1nm~! to 4nm~!, when applying equation 2.14, it becomes clear
that this instrument is only suitable for the determination of particle size
distributions in the radial range of roughly 1nm to 30nm. With regard to
this project, the available g range was, therefore, in principle, sufficient for
the analysis of structures at the lower nanoscale.

The analysis of spherical, oleate-coated ZnO nanoparticles, as laid out
in project 1, was comparatively simple: small nanoparticles with narrowly-
distributed radii around 3 nm were dispersed in an organic solvent and did
not aggregate or sediment. In contrast, the particle systems investigated
within the scope of this project were more complex and created higher an-
alytical demands. The ZnO samples exhibited primary particle sizes up
to several hundred nanometers as well as polydispersity concerning both
shape and size. Hence, these samples were considered unsuitable for SAXS
analysis and were instead evaluated using transmission electron microscopy
and dynamic light scattering. However, SAXS could be used to analyse a de
novo particle formation at the lower nanoscale. Within the scope of the SAXS
data evaluation for this project, a significant particle formation was observed
only for particle radii below 10 nm, to which the following explanations will,
therefore, be limited.

As an example for the SAXS analysis of digestive samples, with regard to
the presence of nanostructures, the uncoated ZnO particles in saliva will be
used (670 ng/mL, Figure 3.6).

670 pg/mL uncoated ZnO in saliva

a) Raw data b) Normalised, background-corrected data
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Figure 3.6: SAXS data from 670 pg/mL uncoated ZnO particles in saliva with a) raw
data of the ZnO sample, the saliva control sample as background, and water; b) data
of the ZnO sample after correction for the saliva background with fitted background
function (Equation 2.17) and scattering contribution of spherical particles; and c)
data of the saliva control with the fitted background function.

Panel a contains SAXS data from water, the saliva control sample (diges-
tive matrix) as well as the denoted ZnO sample. When moving from water
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to saliva to ZnO in saliva, a tendency of the scattering curve towards higher
intensity is observed. This additional scattering intensity, from the ZnO
sample, when compared to the saliva control and water, may indicate the
presence of nanostructures, in the radial range of 1nm to 30nm as laid out
above. To allow for a definitive conclusion concerning this aspect, several
data corrections are necessary.'®! In simple terms, the scattering curve of
the matrix is subtracted from that of the sample in order to solely obtain the
scattering signal of the sample and feed it into the data analysis. These op-
erations were performed on both sample (panel b) and control data (panel
¢), subtracting the scattering curve of the saliva control data from that of the
Zn0O sample, and that of water from the saliva control. Thereby, normalised
and background-corrected data was obtained, ready for analysis concerning
the presence of nanostructures. Detectable nanostructures here can be of
three main origins: they are already contained in the sample to be digested,
they are contained in the digestive matrix, or they are formed during the
digestion process. With regard to the first case, the scattering curves taken
from the undigested, particulate samples were not evident of any such struc-
tures. The digestive matrix contains enzymes, and as such, its scattering
curve could be expected to be evident of nanostructures. However, this is
not expected to cause any issue in the analysis of the ZnO sample scattering
curve, as that of the digestive matrix was subtracted.

Structures with a smooth surface that are larger than the upper limit
of 30nm would produce a scattering signal that decays with g~ in the g-
range under investigation. Correspondingly, their scattering contribution
was modeled as a background function, Iy, according to equation 2.17 with
p = 4. This means that the actual size of such structures cannot be derived
from the SAXS measurements undertaken here. Similarly, if the scattering
curve can be modelled according to equation 2.17, but with p # 4, the parti-
cle size cannot be determined either, and could also be smaller than Rpax.

However, any scattering contribution on top of this background function
could indicate the presence of nanostructures. This is depicted in panel b of
Figure 3.6, where the scattering curve (green) is modelled as the sum (red) of
a background function according to equation 2.17 (grey), representing struc-
tures too large to be resolved, and a contribution from spherical nanoparti-
cles (blue). Thus, the presence of nanostructures in the sample, besides struc-
tures too large to be resolved, has been proven. Although the determination
of their chemical composition did not fall within the scope of this project, it
is assumed that nanoscale zinc phosphate is formed, as will be discussed in
more detail later. A model of log-normally distributed, spherical particles
was employed for fitting this population, yielding volume-weighted values
of Rmean = 3.5+ 0.1nm and ¢ = 0.7 £0.1nm as well as number-weighted
values of Rpean = 3.1 £0.1nm and ¢ = 0.6 £ 0.1 nm. Details on the func-
tions used for curve fitting are given in section 2.3.2.

At this point, it should be emphasised that any scattering contribution of
nanostructures present in the digestive matrix has been removed from the
sample scattering curve by background subtraction, and the saliva control
curve is depicted in panel ¢ of Figure 3.6 (red). Alongside the data, a back-
ground function according to Equation 2.17 is depicted (grey), showing that
the data can be fitted sufficiently well using only said background. This



means that no nanostructures in the size range of 1nm to 30nm could be
detected in the digestive matrix, but a population with dimensions around
3nm is present in the investigated sample of digested ZnO particles. This
does not prove the absence of nanostructures in the digestive matrix; on
the contrary, the size of the added proteins is on the nanoscale. However,
the data available here, on its own, is not sufficient to prove the presence of
nanostructures. The reason for this is possibly the comparatively low scatter-
ing contrast of biopolymers, which could lead to an overshadowing of their
scattering signal by that of inorganic components of the saliva. For exam-
ple, precipitation of CaSO, - 2H,O can be expected due to its low solubility,
and at sizes >30nm the scattering signal could easily mask that of biopoly-
mers. Zinc oxide or zinc phosphate nanostructures, on the other hand, could
still contribute significantly to the measured scattering curve, as in the ex-
ample in panel b, since those would have a higher scattering contrast than
CaSO, - 2H,O0.

All samples of the aforementioned, different zinc compounds and con-
centrations were subjected to the artificial digestion process. After passing
through the salivary, gastric and intestinal stages, SAXS measurements were
taken and processed to obtain the sample scattering curves ready for analy-
sis. Raw and processed data are depicted in the supporting information of
the publication (Chapter 4.3). To begin with, it can be stated that detectable
structures, i.e. those causing a scattering contribution exceeding the back-
ground, were present in all saliva and intestinal juice samples, while in the
gastric juice all zinc species were dissolved, as is to be expected in acidic en-
vironments. This does imply a de novo particle formation in the intestine and
thus that after intermittent particle dissolution in gastric juice, zinc species
may reach the intestine in particulate form. However, exact particle sizes in
terms of mean radius, Rmean, and distribution width, ¢, could only be deter-
mined in some saliva samples, as discussed in the following. In the remain-
ing saliva samples and all intestinal samples, the scattering curves did not
exhibit any distinct characteristics and could be fitted with the background
function alone (equation 2.17), i.e. it was not possible to determine particle
sizes. Thus in the following, results will be presented where a systematic
comparison between samples can be made.

For samples without food components added, Rmean and o could be deter-
mined for uncoated ZnO and solubilised ZnCl, at initial concentrations of
167 pg/mL to 670 pg/mL (Figure 3.7), and were found in ranges of roughly
3nm to 6nm and 0.6 nm to 1.2 nm, respectively. For the analysis of the ZnCl,
samples, the hard-sphere structure factor, Sps(g, R, ), with an average vol-
ume fraction of ¢ = 0.27 £ 0.07 was employed to model particle-particle
repulsion. While both Rmean and ¢ were decreasing with increasing concen-
tration of uncoated ZnO, for ZnCl, they were essentially constant, at the
lower limit, over the concentration range.

It is striking that these particle populations were not present in the sam-
ples before digestion: the ZnO sample consisted of much larger particles,
and the ZnCl, sample of a completely dissolved solution. However, the for-
mation of phosphate-compounds from ionic zinc in phosphate-containing
solutions such as phosphate-buffered saline, or potentially the artificial saliva
used here, is a known issue in literature.['°] Therefore, a similar mech-
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Figure 3.7: SAXS-derived mean radius (a) and size distribution width (b) of parti-
cles found in saliva upon addition of uncoated ZnO nanoparticles and ZnCl,, with
each pair of bars representing one concentration. Left and right bars denote charac-
teristics of volume- and number-weighted data, respectively.[®°]

Reprinted with permission from ACS Appl. Nano Mater. 2020, 3, 1, 724-733.

Copyright 2020 American Chemical Society.
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Figure 3.8: SAXS-derived mean radius (a) and size distribution width (b) of particles
found in saliva upon addition of 330 pg/mL ZnCl, in the presence of the denoted
food component. Left and right bars denote characteristics of volume- and number-

weighted data, respectively.®7]
Reprinted with permission from ACS Appl. Nano Mater. 2020, 3, 5, 4914.
Copyright 2020 American Chemical Society.

anism was suggested, which leads to a de novo particle formation in the
ZnCl, sample. And indeed, within the scope of project 4, the formation of
Zn5(PO,), - 4 H,O could be proven. With regard to zinc oxide, which is in-
soluble in water, a mechanism is proposed in which etching of the surface
occurs, as has already been observed in physiological environments.[*°2!
During oral ingestion of nanoparticles, their mixing with food compo-
nents seems likely; hence the digestive process was also performed in the
presence of starch, skimmed milk powder, olive oil, and a mixture thereof
as food simulants. The obtained SAXS curves were evaluable for samples
with 330 ng/mL of ZnCl,, and were evident of particles with mean radii of
2.3nm to 3.0nm and distribution widths of 0.5nm to 0.6 nm (Figure 3.8).
For analysis, Sps(g, R, ¢) with a volume fraction of ¢ = 0.06 £ 0.02 was em-
ployed in the case of starch being added to the sample, and Sag¢(g, D, 70, ) to
model particle aggregation into mass fractals in the remaining cases. For the
latter, the aggregate size was set to the upper resolution limit of the measure-
ment, ¢ = 30nm, and curve fitting yielded individual particle radii, rg, that
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Figure 3.9: SAXS-derived mean radius (a) and size distribution width (b) of particles
found in saliva upon addition of 330 pg/mL ZnO coated, ZnCl, and NM-110 in the
presence of the mixed food components. Left and right bars denote characteristics

of volume- and number-weighted data, respectively.[!
Reprinted with permission from ACS Appl. Nano Mater. 2020, 3, 1, 724-733.
Copyright 2020 American Chemical Society.

corresponded to Rpean in each case, and a fractal dimension of D = 2.8 +0.1
that indicates a relatively dense particle packing in the aggregate. With
70 = Rmean it can be said that no significant layer around the particles could
be detected. As will be demonstrated later in the context of project 4, the case
of 79 > Rmean is possible if a shell of negligible scattering contrast surrounds
the particles. Therefore, 1y depicts a particle core/shell radius.

Furthermore, Rmean and ¢ could be determined for the samples with
coated ZnO and the reference material NM-110 in the presence of a mixture
of the food simulants, and were compared with the corresponding dataset
of ZnCl, (Figure 3.9). For the sample with uncoated ZnO particles, the scat-
tering curve was fitted sufficiently well with only the background function;
hence no particle sizes were obtainable.

For the three evaluable samples, mean radii were found in the range of
2.3nm to 3.1nm with distribution widths of roughly 0.5 nm, implying that
the structure of the zinc source has no major influence on the observed de
novo particle formation. The presented SAXS results with the observed parti-
cle dissolution and formation behaviour were confirmed by ion release mea-
surements, which were performed by the BfR collaboration partners using
atomic absorption spectroscopy.

Summarising, project 3 showed that a de novo formation of small nanos-
tructures is possible upon contact of ZnO or ZnCl, with saliva, which is
largely independent of the size, concentration or functionalization of the
ingested substances, or the presence of food simulants. After intermittent
dissolution in the gastric juice, the intestinal juice causes a renewed parti-
cle formation, which is thought to lead to zinc phosphate compounds in all
cases. However, the assessment of the potential implications of these find-
ings concerning the toxicity or applicability of zinc-containing compounds
or products was outside the scope of this project.

The comprehensive characterisation of the structures formed by ionic zinc
species during the artificial digestion of project 3 is of great interest due
to their possible specific effects to humans. Dissolved zinc salts are ubiqui-
tously applied in various cosmetic products, which are permitted to contain
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ionic zinc at concentrations up to 1% in the European Single Market.[103]
Toxicological assessments and resultant clearances of the originally ingested
substances do not exclude the possibility that during the digestion process,
both chemically and structurally different substances may form, which in
turn could exhibit different toxicological properties. Therefore, as a com-
parable model experiment, ZnCl, was used at a mass fraction of ~ 0.13%
in project 4.1 The structures formed upon contact of ZnCl, with saliva
were examined employing SAXS and WAXS measurements on the point-
focus instrument as well as XAFS investigations at the Swiss Light Source’s
SuperXAS beamline (PSI, Villigen, Switzerland). As in project 3, no toxico-
logical assessment is intended nor is it the objective of this project, however,
it could stimulate further investigations.

Throughout this project, five samples were prepared and characterised:
6.8% ZnCl, in HO (sample A), artificial saliva (sample B), and their com-
bination product of 0.13% ZnCl, in saliva, which was examined after five
minutes (sample C), seven hours (sample D), and after a storage period of
two weeks (sample E). SAXS curves were obtained from samples B, C, D,
and E, with sample B acting as a background for the subsequent three sam-
ples. XAFS measurements were performed on the zinc-containing samples
A, C, D, and E, while WAXS measurements were performed on all samples.
The identification of the products formed was complemented by infrared
spectroscopy measurements of sample C. Exact values obtained from data
analysis can be found in the corresponding publication (section 4.4).

Sample B functioned as background for the SAXS data analysis, which was
conducted as in project 3, assuming log-normal distributions of spherical
particles and modelling particle aggregation with the mass fractal structure
factor, Sagg(q, D, ry,¢). Furthermore, a background function decreasing with
q~* was employed to represent structures larger than roughly 250nm in
radius. From this analysis, particle number densities, N, mean radii, Rmean,
distribution widths, o, particle core/shell radii, o, and aggregate sizes, ¢,
were obtained. The change of these parameters over time is depicted as a
scheme in Figure 3.10.

Within five minutes after addition of ZnCl,, aggregates of primary parti-
cles with a mean radius of Ryean = 1.1 & 0.2nm and a distribution width of
o = 0.7+ 0.2nm were detected. These values did not change significantly
throughout the following two weeks, indicating that primary particles are
present from the beginning and only their number density, chemical com-
position or interaction within the aggregates are expected to change. While
in the beginning, the particle number density, N, is around 5 x 10 mL™!,
it grows by a factor of around 20 over the course of two weeks, which is
accompanied by a growth in aggregate size from ¢ ~ 16nm to just over
22nm. Likewise, the radius of gyration and aggregation number increase
from Ry ~ 37nm and N,z ~ 4000 to values of approximately 49 nm and
9000, respectively. The mean core/shell radius displays a contrasting be-
haviour with an initial decrease from 2.2 £0.2nm to 1.7 & 0.1nm over the
course of seven hours, indicating the particles became more densely packed,
and subsequent constancy within uncertainties.

In characterising the material composition of the produced particles, it
initially seemed reasonable to assume that they consist of a water-insoluble
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Figure 3.10: Scheme depicting the changes in particle size distribution parameters
of primary particles and their aggregates over time, regarding mean particle core
radius, Rmean, size distribution width, o, mean particle core/shell radius, rg, and
aggregate radius, &.[52]

compound of zinc and one or more of the saliva components. A precip-
itate was observed only after combining aqueous solutions of ZnCl, with
KH,PO, and NaHCO;, so that the dried products were compared with sam-
ple E through infrared spectroscopy. The results indicated the formation of
a phosphate compound in sample E, and WAXS measurements of samples
A to E were performed for precise identification and tracking of the reaction
process (Figure 3.11). The absence of features from the scattering pattern of
ZnCl, (sample A) in all subsequent samples indicates that the initial com-
pound has undergone a chemical transformation. Crystalline material was
found already in saliva (sample B), which was identified as calcium sul-
fate dihydrate (CaSO, -2H,0), presumably formed from calcium chloride
dihydrate (CaCl, - 2H,0) and sodium sulfate decahydrate (Na,SO, - 10 H,O)
contained within the saliva. After five minutes of incubation in saliva (sam-
ple C), two small, broad diffraction peaks at 4 = 9.56nm~! and 11.16nm !
become observable (asterisks), and remain present for at least seven hours
(sample D). No significant amounts of other crystalline material were formed
during the first five minutes of incubation, and no signals from a zinc phos-
phate compound could be detected. After seven hours the diffraction sig-
nals of Zn;(PO,), - 4H,O become visible (sample D), and persist over the
following storage period of two weeks (sample E), after which no additional
diffraction is detected.

These investigations suggest that the formation of Zn;(PO,), - 4H,O pro-
ceeds via an intermediate, possibly hydrozincite (Zn;(CO;),(OH)e), which
exhibits diffraction peaks at similar positions to those of the minor diffrac-
tion peaks observed in samples C and D (ICSD collection code 16583).[*°]
As reported in the literature, when in the presence of organic molecules,
a delayed crystallisation of Zn;(PO,). -4H,O can occur due to the forma-
tion of amorphous intermediate species.[1°7'1°8] Hence, it is assumed that the
crystallisation of Zn;(PO,), - 4 H,O is delayed due to the presence of organic

33



34

| COMPREHENSIVE SUMMARY AND DISCUSSION

RN
S | .
R ST
(;, 1 | 1
s aw o ¢
O o I
Q’J\AJ\/WU\D
g VT
I RV O

Figure 3.11: Wide-angle X-ray scattering data of samples A - E (solid lines) and ref-
erence data for CaSO,, - 2 H,O (bars at sample B) and Zn;(PO,). - 4 H,O (bars at sam-
ple E), taken from ICSD Collection Codes 161622[4] and 1945,115] respectively.[8?]

compounds in the artificial saliva and is therefore only observed in samples
D and E.

To verify the assumptions made so far, XAFS measurements were carried
out to follow the reaction progress in the X-ray absorption near-edge struc-
ture (XANES), and to determine coordination numbers of zinc with regard
to chlorine and oxygen from the extended X-ray absorption fine structure
(EXAFS) (Figure 3.12).
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Figure 3.12: XAFS data with a) XANES spectra measured at the Zn K-edge of sam-
ples A, C, D, and E, and b) coordination numbers of zinc with regard to chlorine
(squares, left axis of ordinate) and oxygen (circles, right axis of ordinate) as deter-
mined from fitting to the EXAFS region.8?]

From the XANES (panel a) of Figure 3.12), a significant change in the Zn
K-edge, with decreasing white line intensity upon injection of ZnCl, into
saliva (sample C), is observed when compared to the aqueous solution of
ZnCl, (sample A). This trend progresses throughout the following seven
hours to sample D, albeit slower and manifests itself in a doublet splitting of
the absorption edge for sample E, after two weeks of storage. This transfor-
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mation from a single initial edge at an energy of 9668 + 1 eV (sample A) into
the two distinct absorption peaks at 9664 £ 1eV and 9670 £ 1 eV for sample
E can be followed in more detail in the inset of Figure 3.12. The absence of
isosbestic points, in the XANES data, indicates the possible involvement of
an intermediate species, in line with the assumption from the WAXS data.
Due to this, linear combination fitting of the precursor and product data was
not possible, and the exact nature of the possible intermediate could not be
elaborated upon from the data. However, as two different methods point to
the involvement of an intermediate such as Zn;(CO;),(OH), which exhibits
a lower solubility than the eventually detected Zn;(PO,), - 4 H,0,[2°9%1°] an
intermediate involvement of hydrozincite in the formation process of the
zinc phosphate seems reasonable. Concerning coordination numbers as de-
picted in panel b of Figure 3.12, a steady decrease of the coordination num-
ber of zinc to chlorine, and a likewise steady increase regarding oxygen was
observed, in line with the transformation of ZnCl, into Zn;(PO,). - 4 H,O.

To provide a clear overview, the changes in the key parameters during
the periods between the analyses of samples C, D, and E, i.e. in periods
5min — 7hand7h — 14 d, are presented in Table 3.2. In summary,
immediately after addition of ZnCl, to artificial saliva, small nanoparticles
are formed, which are contained in aggregates and are thought to be sepa-
rated by a protein layer. Through the course of the reaction, the mean radii
and distribution widths of these primary particles remain similar, while the
particles are transformed to crystalline Zn;(PO,), - 4 H,O. Within the first
seven hours, for which there is an indication of the presence of an interme-
diate, the aggregates become more densely packed. During the subsequent
14 days of storage the particle number density increases, accompanied by
the disappearance of the intermediate and growth of aggregates in both size
and the number of particles.

Table 3.2: SAXS-derived particle size distribution parameters for samples C, D and
E, with observed increases ("), stagnations (—), and decreases ()

Parameter Symbol 5min — 7h 7h — 14d
Particle number density N — v
Mean radius (core) Rinean — —
Distribution width ol — —
Mean radius (core/shell) rg N\ —
Aggregate radius ¢ — a
Radius of gyration Rg — v
Aggregation number Nagg — N
Crystalline intermediate persists disappears

Zn3(PO,). - 4H,O crystallises persists
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Abstract

This paper reports on a simple one-pot procedure to obtain aqueous ZnO nanoparticle dispersions
from ZnO nanoparticles dispersed in cyclohexane. In the process, polyoxyethylene (20) sorbitan monooleate
(polysorbate 80, Tween 80) functions as a phase transfer agent and colloidal stabilizer. Surprisingly, the
particles grow in a defined manner during the transfer, presumably via coalescence. The final particle
radii are tuneable in the range of 2.3 = 0.1 nm to 5.7 & 0.1 nm depending on the incubation time of
the dispersions at 90 °C. Small-angle X-ray scattering is employed to determine the particle radius dis-
tributions before and after phase transfer. The larger ZnO particle radii are associated with a redshift
of the optical bandgap and luminescence emission, as expected for semiconductor nanoparticles. The
particles presented here exhibit a relative size distribution width of 20%, rendering them attractive for
applications in, e.g., biology or catalysis. The latter application is demonstrated at the photocatalytic

degradation of methylene blue dye.

1 Introduction

Zinc oxide (ZnO) nanoparticles with defined sizes are of scientific and industrial interest.[1] They are a ro-
bust alternative candidate to TiO, for cleaning of wastewater.[2, 3] Also, photocatalytically active pavings
may alternatively be manufactured with ZnO instead of TiO,, mainly for the degradation of NOy com-
pounds from combustion engines.[4] Nanoparticles are generally advantageous for catalytic applications,
compared to microparticles, since the specific surface area scales reciprocally with particle size. We re-
cently reported a microwave-assisted synthesis of ultra-small ZnO particles, which are stable long-term in
cyclohexane.[5] However, depending on the photocatalysis requirements, these particles may need to be
available as dispersions in water. Therefore, the present study aims to utilize the ZnO nanoparticles, from
our previous study, as starting material and provide an easy method to transfer them from cyclohexane
to water. The catalytic properties of the resulting aqueous ZnO dispersion has also been tested for the
photocatalytic degradation of methylene blue as a typical model reaction for degradation of an organic

pollutant.[6]



2 Results and Discussion

The preparation of water-dispersed zinc oxide nanoparticles, as presented here, utilizes spherical oleate-
stabilized ZnO nanoparticles as starting material. These were prepared in a microwave-assisted synthesis,
as previously reported.[5] Briefly, ZnO nanoparticles were synthesized within five minutes in a microwave
at 125°C and obtained as a colloidally stable dispersion in cyclohexane. In the following, we refer to
these particles as Py. The phase transfer to aqueous solution started by the addition of polysorbate 80
(polyoxyethylene (20) sorbitan monooleate, trade name Tween 80) to Py yielding particles Po,rw. Water
was added next, followed by heating of the samples to 90 °C for 240 minutes, whereby the cyclohexane
was removed completely. This procedure yielded the aqueous ZnO particle dispersion Ha 4. Similarly, Ren
et al. have shown that this method is applicable for the upconversion of oleate-stabilized NaYF,:Yb,Er-
nanoparticles.[7] Polysorbate 80 is a biocompatible nonionic surfactant, bearing an ethoxylated sorbitan
and an oleate chain. The latter was expected to interact with the oleate-coating on the as-synthesized
particles, with the hydrophilic groups enabling particle dispersion in water. Besides Ha40, we were also
interested in the intermediate stages of the phase transfer. Therefore, samples were additionally taken at
heating times of 0, 15, 30, 60, and 90 minutes. The remaining cyclohexane in these samples was removed

at reduced pressure at 40 °C, yielding samples Hy, H;5, H39, Hgo and Hgg, respectively.

2.1 Particle Structure

All samples were analyzed with small-angle X-ray scattering (SAXS), and the resulting scattering curves
are shown in Figure 1. It can be seen that the shape of the curves is characteristic of non-interacting
nanoparticles. While SAXS is an accurate method for determining size distributions of particles smaller
than 10 nm,[8] the particle shape needs to be known for a detailed SAXS data analysis. Scanning transmis-
sion electron microscopy was used for this purpose and confirmed the presence of spherical particles after
phase transfer in sample Hy4p, with 90% of the particles in the size range of 5.5 and 8.5 nm (see Figure
S1). As proven earlier, the particles Py are also spherical, but much smaller with radii in the range of 2 to
4 nm.[5] Therefore we conclude that the particles grow during the phase transfer but keep their spherical
shape. The simplest model for interpretation of the SAXS curves of Py, Poi1w, Hi5 Hso, Hgo, Hgg and
Ha40 is @ monomodal log-normal radial distribution of spherical ZnO particles. This simple model was
not sufficient for the curve of Hy for which a bimodal log-normal distribution was found suitable. The
resulting curve fits are provided as solid lines in Figure 1.

As for nanoparticles with a ZnO core and a stabilizer shell, the question arises whether the determined
radii distributions refer to the cores only or are inclusive of the particle shell. To answer this question, the
scattering length densities of ZnO and polysorbate 80 need to be considered. More precisely, for copper
K, radiation with an energy of 8.04 keV, the scattering length density difference between ZnO and water
is ASLD ~ 3.31 x 10! cm~2 and that of polysorbate 80 is ASLD =~ 4.39 x 10 cm~2.[9] Therefore, ZnO
scatters 75 times more than the stabilizer, and the scattering of the polysorbate can be neglected in SAXS
analysis. In conclusion, it can be stated that SAXS detects the ZnO cores of the particles exclusively.

The mean radii of the zinc oxide particles before phase transfer in cyclohexane without (Py) and with
added polysorbate 80 (Po4rw) both were Ryean = 2.3 £ 0.1 nm and displayed a size distribution width
of 0 = 0.3+ 0.1nm (relative width of o,y = 13 + 1%). The particles exhibited a mean volume of
(V) = 544+ 1 nm? and contained a number of zinc oxide moieties of 1,0 = 2250 4- 40 when assuming a
density of 5.61 g cm~3. Upon stabilizer addition, no change in the size distribution parameters and thus
no influence of the stabilizer on the ZnO cores was detected.

After complete phase transition, in sample Hay, values of Ryean = 5.7£0.1 nmand 0 = 1.2+0.1 nm



(0re1 = 20%) were determined. This corresponds to (V) = 870 £ 9 nm? and nz,0 = 36100 4 400. While
the mean volume of Hyyg is larger than that of Py by a factor of n, = 16, the relative size distribution
width increased only slightly. The value n,, could be interpreted as meaning that one Hyy particle was
formed from the material of 16 Py particles. To gain further insight into the growth mechanism, the
particle properties of the intermediate steps of the phase transfer, as shown in Table 1, were examined
in more detail. The two particle populations of Hy displayed mean radii of Ryean; = 2.3 0.1 nm and
Riean2 = 7.2 £ 0.1 nm. At later stages of the phase transfer the particle population was monomodal and
Rpmean increased with increasing incubation time in the line of 3.7 nm (H;5), 4.3 nm (Hsg), 4.4 nm (Heo),
and 5.6 nm (Hgp) to the final value of 5.7 nm (Ha49). 0,¢; Was kept constant at 20% and therefore the o
values increased accordingly.

The observed ZnO particle growth could be explained along the interpretation scheme suggested by
Caetano et al. for the formation of ZnO quantum dots.[10] Therein the initial steps of particle growth
result from oriented attachment between several particles, with subsequent coalescence to larger particles.
While the low solubility of ZnO in water could in principle enable Ostwald ripening, the aforementioned
study showed that the particle growth occured mainly via aggregation and coalescence.[10] This model
could explain the bimodality of the particle radii distribution found for Hy in which single particles with
Rypean1 and agglomerated particles with Rpean2 Were present in parallel. Then, further coalescence would
yield larger particles in samples Hy5, H3p and Hgg, with np values of 4 to 7, and then proceed to samples
Hgy and Hoyg with np = 16, respectively.

Dynamic light scattering (DLS) was employed to determine the hydrodynamic radii of the particles,
which were in the range of about 4 nm to 8 nm but without apparent differences between the different
particles. Very likely, the presence of the polymeric surfactant, which itself forms micelles with radii of
around Ry, = 4nm,[11] prevents a more precise determination of the hydrodynamic radii. Nevertheless,
the hydrodynamic radii represent the total particle, including its stabilizing shell, and when comparing
the hydrodynamic radii with the ZnO core radii from SAXS, all samples exhibited an approximately 2 nm

to 4 nm thick stabilizer shell around the ZnO cores.

Table 1: Particle size evolution during phase transfer for primary particles Py and phase-transferred par-
ticles H;, obtained after heating to 90 °C for ¢ minutes: listed are mean particle radius Rean, absolute
(0) and relative (o) size distribution widths from SAXS, average particle volume (V'), the calculative
number of primary particles contained therein, np, and the calculative number of formula units of ZnO

within a particle, nz,o

Sample Rmean g Orel <V> np Nzno

nm nm %o nm?®

ZnO Nanoparticles before Phase Transfer in Cyclohexane

Po 23+£01 03+01 13+£1 54+£1 1 2250 £ 40
Po.tw 23+£01 03+01 13+£1 54+1 1 2250 £ 40
ZnO Nanoparticles after Phase Transfer in Water
Ho 2.3¢ 0.3¢ 13 54 1 2250
72401 1.5+0.1¢ 20 177060 33+£2 74000 £ 3000
His 3.7£01 0.8£0.1 20 236 £5 4+1 9800 £ 200
Hao 43+01 09+0.1 20 3713+£10 T7=£1 15500 =+ 400
Heo 44+01 09+0.1 20 396 +9 TE1 16400 £ 400
Hgo 5.6+£0.1 1.2+0.1 20 848+20 16+1 35200+ 900
Ha40 5.7£0.1 1.2+0.1 20 870 £9 16+1 36100 % 400
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Figure 1: SAXS data (points with error bars) and curve fits (solid lines) of particles in cyclohexane (top
curve, before transfer) and of aqueous particle dispersions obtained at the denoted heating times (lower

curves, heating time increasing towards the bottom). Curves were shifted vertically for better visibility.

To clarify whether the phase transfer is driven solely by the evaporation of cyclohexane, whilst the
particles would otherwise remain dispersed in the organic solvent, the synthesis was carried out as a
microwave-assisted, autoclave-like process. Thus, all solvents remained in the system, and both dispersion
media were available to the particles. After performing the incubation in the microwave for four hours,
a two-phase system consisting of a turbid phase over an opalescent phase was obtained (see Figure S2
for a photograph). The volumes corresponded to those of the solvents used, although traces of the other
respective solvent are likely present in both phases and cause the observed turbidity or opalescence. The
mainly aqueous opalescent phase — with an odor characteristic of cyclohexane — was removed from the
vessel for SAXS analysis (see Figure S2 for the data). Both before and after evaporation of the remaining
cyclohexane, the scattering curve showed particles with the same radii as in the Hyyg particle system,
but with a scattering intensity reduced by about 90%. During phase transfer in an open flask, about
50% of the water evaporates, though it remains in the system during microwave-assisted synthesis. The
opalescence of the mainly aqueous phase could indicate the formation of a microemulsion in which the
ZnO nanoparticles are locally dispersed in cyclohexane. An exclusively aqueous dispersion could then
only be obtained by evaporation of the cyclohexane, whereby carrying out the phase transfer in an open
vessel increases its efficiency by at least fivefold.

These results demonstrate that the described synthesis is suitable to obtain hydrophilic ZnO nanopar-



ticles in an aqueous dispersion with tuneable particle size on the lower nanoscale. The observed growth
process may be explained by coalescence, whereby up to np = 16 4 1 primary particles fuse during the

heating phase to form the obtained larger particles.

2.2 Optical Properties

With increasing size of semiconductor nanoparticles such as ZnO at the lower nanoscale, a complementary
change in the optical properties is expected, as described earlier for the apolar ZnO particles used here.[5]
Figure 2 shows UV-Vis and fluorescence spectra of the particles Py and Hayg, i.e., before and after phase
transfer, illustrating the redshift in both absorption edges and mean fluorescence energies. The former
were determined employing Tauc plots, yielding band gap energies of 3.44 + 0.01eV and 3.31 £ 0.01eV
for particles before and after phase transfer, respectively. The fluorescence spectra were approximated
with Gaussian distributions, resulting in mean fluorescence energies of 2.20 & 0.01 eV and 2.08 £ 0.01 eV
with comparable full widths at half maximum of 0.63 £ 0.01eV and 0.62 £ 0.01 eV, respectively. The
exact cause of the optical properties of nanoscale zinc oxide, and thus its dependence on, e.g., stabilising
agents and the solvent, is still disputed, hence the analysis here is restricted to the determination of the
respective energies.[12] The UV-vis and fluorescence data support our interpretation from SAXS that the

particles were grown in a defined way during the phase transfer.
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Figure 2: Normalised UV-Vis and Fluorescence spectra of ZnO nanoparticles before (Pg) and after phase
transfer (Ha40). a) Tauc plot depicting the absorption edges (solid lines) and linear fits (dashed lines) for
determination of the band gap energies. b) Fluorescence data (symbols) and Gaussian fits (solid lines) for

determination of the mean fluorescence energy.

2.3 Catalysis

A potential field of application for aqueous ZnO nanoparticle dispersions arises in photocatalysis. We
have chosen methylene blue as a model substance to test whether the particles Ha4 can photocatalytically
decompose organic pollutants. Methylene blue has been frequently used to evaluate the photocatalytic
activity of nanoparticles,[6, 13, 14] where the decomposition of the dye can be easily monitored with UV-
Vis spectroscopy. We added Hayg particles to a solution of methylene blue and irradiated the solution with
UV light with a wavelength of 365 nm. Over time, the solution discolored in the presence of Ha4q, while
the color did not change substantially when no particles were added. This indicates that the Hoyq particles

are photocatalytically active. Therefore, time-dependent UV-Vis spectra were measured to quantify the



catalytic activity. A typical time series of the spectra is shown in panel a) of Figure 3. Two distinct
absorbance bands are visible in the spectra with maxima at photon energies of £ = 1.8eV and 2.1€V,
respectively, corresponding to wavelengths of A = 689 nm and 590 nm. For interpretation we fitted each
spectrum with the sum of two Gaussian functions f; and fs and a background contribution f3. An example
is depicted in panel b) of Figure 3, which corresponds to a reaction time of ¢ = 0, i.e., directly after adding
Hay to the solution of methylene blue. It can be seen there that the measured spectrum (silver circles) is
sufficiently well reproduced by the sum f = f; 4+ fo + f3 (blue, solid line). The individual contributions to
the spectrum f1, fs and f5 are given for comparison (orange dashed line, green dash-dotted line, and red
dotted line, respectively). The f3 was modelled analogously to a scattering intensity I as a function of two
constants a and b and the photon energy F as [ = a + b - E*. Examples of the curves and curve fits are
given in Figure S4 for times of 0 s and 1780 s after the start of the irradiation of the sample. Furthermore,
the amplitudes A; and A; of f1 and f (left figure, second row), and the sum of both amplitudes ¥ A (right
figure, second row) are depicted. In the third row, plots of the time-dependent evolution of mean y; and
o, and widths o1 and o9 of fi and fs, are given, respectively. The last rows shows the concentration
of methylene blue cyp as a function of the irradiation time, and the decrease in Inc/cy with a linear
fit, alongside its slope and intercept. The liner fit is interpreted in terms of a pseudo first order reaction
kinetics expressed by

In < = gy - 1. (1)

Co

Values for the apparent rate constants are kppp, = (0.222 + 0.010) x 1073 s for Hap and kyp(0.026 +
0.001) x 10~3 s~ for pure water (Figure S5). This means that the decomposition of the methylene blue
dye is increased by a factor of 8.5 in the presence of Hayg in comparison to water as a control medium.
Balcha et al. synthesised zinc oxide nanoparticles for photocatalysis.[15] They reported a maximum of
kapp = 12.4 x 1072 min~*, which is equivalent to 0.207 x 1073 s~!, for a sol-gel prepared catalyst at a
concentration of 250 mg L1, This value is close to that of Ha,g, where the catalyst concentration is much
lower at 20 mg L~!. After normalization of these values to the mass concentration of the particles, one
could therefore assume that Hoyg has a much higher photocatalytic activity than the particles studied by
Balcha et al.[15] Such a finding might be plausible due to the smaller size of Hysy compared to the sol-gel
synthesized particles, which have crystallite sizes of about 30 nm. However, caution is required in this
interpretation.

Kisch and Bahnemann have laid out that the comparison of photocatalysts from different studies is
intrinsically difficult.[16] One reason for this unsatisfactory situation is the difficulty to quantify the quan-
tum yield correctly. Especially with semiconductor dispersions, a substantial part of the absorbance may
be due to reflection and scattering and not absorption. Another issue arises from the use of polychromatic
light sources, which complicates the determination of an apparent quantum yield. Further, the optical
properties can differ substantially between different photoreactors, catalyst concentrations, and the reac-
tions studied. To circumvent all these problems, to estimate the catalytic activity of Hayg, we investigate
commercially available ZnO and TiO5 catalysts in the same conditions as Hyy. In addition, a solution
of a mixture of sodium oleate and polysorbate 80 was investigated to evaluate the influence of the stabi-
lizer. All three samples were found catalytically active, and the data was evaluated in the same way as
Ha40, as shown in Figures S6, S7, and S8. An overview of the decrease in the concentration of methylene
blue is given in Figure 4. Curve fits according to eq. (1) are given as straight lines and the kapp-values
are shown in panels a) and b) of Figure 4, respectively. It can be seen that the commercially ZnO par-
ticles display the highest value of k,,, = (0.436 £ 0.019) x 10~3s~1, closely followed by TiO, with
kapp = (0.412 £ 0.020) x 10~3s~!. Noteworthy is that the stabiliser has a significant catalytic activity



even without the presence of nanoparticles with kyp, = (0.104 £ 0.004) x 1073571,

Since the zinc oxide nanoparticles of Hoyg are significantly smaller than those of the commercial
zinc oxide particles, we expected that Hoyg also has a higher catalytic activity than the commercial ones.
Nonetheless, this is not the case, and the observed, comparatively lower catalytic activity could be due
to the stabilizer molecules on the particle surface. It is likely that polysorbate 80 renders the surface
less accessible for methylene blue as compared to the commercial samples without stabilizer. The parti-
cle concentration of Hayo of cxp = 0.44 + 0.03 g L ™! and the volume-weighted surface area VSSAyxp =
(39£2) x 10° m? /m® were determined from the SAXS data. After dilution in the methylene blue dye solu-
tion for investigation of the catalytic properties, the sample contained nanoparticles at a concentration of
21 4+ 1 mg L —! and a surface area of VSSAxp = (3.940.2) x 1072 m?. The commercial comparison parti-
cles were then used at the same mass concentration, and the particle surface area available in each case was
calculated based on the particle size specified by the manufacturer. The determined values for k,p,, with
nanoparticle concentration- and surface area-normalised values k,p,/cnp and kapp/VSSAnp are listed in
Table 2. The surface normalised rate constants of (58 +1) x 10™3s ™ m =2 (Hay), (232416) x 10735~ tm 2
(commercial ZnO) and (165 & 11) x 10~3s~'m~2 quantify the differences of the catalytic activity.

Absorbance (a.u.)
Absorbance (a.u.)

1.6 1.7 1!8 179 2!0 2.1 2.2 1.6 1.7 118 179 2?0 2.1 2.2
Photon Energy (eV) Photon Energy (eV)

Figure 3: UV-Vis analysis of the photocatalytic degradation of methylene blue employing Hayg particles
as catalyst. a) UV-Vis spectra taken in 300 s intervals, depicting the decrease of absorbance of the dye over
time, and b) UV-Vis spectrum at a reaction time of Os (silver circles) and curve fit (blue, solid line) with
the sum of of two Gaussian functions f; and f2 and a Rayleigh scattering contribution f3 (orange dashed

line, green dash-dotted line and red dotted line, respectively).

3 Conclusions

Hydrophobic oleate-coated ZnO nanoparticles with a mean radius of Rye,n = 2.3 & 0.1 nm were pre-
pared by an established microwave-assisted synthesis and obtained in cyclohexane.[5] To transfer these
ultra-small nanoparticles to an aqueous medium, they were coated with polysorbate 80, and the organic
solvent was removed after the addition of water under low pressure. To obtain aggregate-free particle
systems, an intermediate heating process to 90 °C was needed, the duration of which determined the
final particle size. Thus, hydrophilic ZnO nanoparticles with sizes between Ruyean = 3.7 £ 0.1nm and
Rmean = 5.7 £ 0.11nm in aqueous dispersion were obtained. These particles could be utilized in photo-

catalysis, which was demonstrated by the degradation of methylene blue.



a)

0.0 4 %.
=
.'\\ \T~~-_
NN = R
IR ' T ——
-0.2 NS g -
N .
. ~
—_ ".\\ “~
o W N ~
] N '~
S 0.4 A CeoN
e, S
~ .
k=
..\s\
—-0.6 S
S
I
DN
L ~
-0.8 4 N

Sample

T T T T T T T T
0 250 500 750 1000 1250 1500 1750

Time (s)

water

stabilizer I

commercial

H240 ==
TiO,
Zn0O
0.0 0.1 0.2 0.3 0.4 0.5
k(1073 s71)

Figure 4: a) Plot of In ¢/cy of methylene blue dye as a function of irradiation time with UV-light for pure
water (blue), stabilizer (green), Hayo (red), commercial ZnO (orange) and TiO; (silver), given in the order
of increasing steepness of the decrease. Straight lines are linear fits for evaluation of the rate constants.

b) Rate constants derived from the slopes of the curve fits in a).

Table 2: Parameters obtained from catalysis experiments on different samples: applied concentration of
nanoparticles cnp, resultant volume-weighted specific surface area VSSAnp, determined apparent rate

constant k,p,, and normalised rate constants k,p, /cnp and kqapp /VSSAnp

Sample NP VSSAnp Kapp Kapp / NP Kapp /VSSAxp
mgL™" 107 m? 107371 1073Lg™'s™t 1073 s 'm™2

This Synthesis

ZnO particles (H240) 21£1 39+£0.2 0.2224+0.010 11+1 58 £4

Sodium oleate and polysorbate 80 - - 0.104 £ 0.004 - -

Blank (H,0) - - 0.026 + 0.001 - -

Commercial Particles

25nm ZnO 21£1 1.9 0.436 £0.019 21 £2 232+ 16

25nm TiO, 21£1 2.5 0.412 £ 0.020 20 £2 165 £ 11

4 Experimental

4.1 Materials

All chemicals were used as received without further purification. Sodium oleate (95%) was purchased
from abcr, zinc(Il) chloride and Polysorbate 80 from Merck, and tetrabutylammonium hydroxide (1 M
in methanol) from Sigma-Aldrich. Cyclohexane, ethanol, and tetrahydrofuran were purchased from Th.
Geyer. Ultrapure water (Milli-Q, 18.2 M(2 - cm at 25 °C) was used.

4.2 Nanoparticle Synthesis

Hydrophobic, oleate-coated zinc oxide nanoparticles were obtained as described previously.[5] Briefly,
166 mg (264 pmol) zinc oleate was dissolved in 4.736 mL tetrahydrofuran, and after addition of 264 pL.
of 1 M tetrabutylammonium hydroxide in methanol, the microwave-assisted synthesis of particles was
carried out at 125 °C for 5min. Particle purification was carried out by two times precipitation in a

fourfold excess of ethanol and subsequent dispersion in cyclohexane.



4.3 Phase Transfer

A volume of 3.5 mL particle dispersion (1.8 + 0.1 gL' ZnO in cyclohexane) was used for the phase
transfer of the particles from cyclohexane to water. An amount of 50 uL Polysorbate 80 (53 mg, 40 pmol)
was added to the dispersion and stirred for ten minutes. Then, 10 mL of water was added and stirred for
another ten minutes at a temperature of 21 °C. Afterwards, the temperature was set to 90 °C for time
intervals of 0, 15, 30 60 90 and 240 min. The cyclohexane was completely removed after a heating time
of 240 min as indicated by the absence of its characteristic smell. A rotary evaporator was employed
to remove remaining cyclohexane from the samples obtained at shorter heating times at a pressure of
100 mbar and a temperature of 40 °C. The obtained aqueous particle dispersions were centrifuged for

20 min (H;5: 90 min) at 12 000 g to remove any aggregates.

4.4 Catalysis Experiment

The catalytic performance of the phase-transferred particles was analysed by the photocatalytic degra-
dation of methylene blue (MB) as a 10~ M solution in water. An aqueous solution containing 1 vol%
Polysorbate 80 and 22.4 gL.~! sodium oleate was prepared as a reference sample. Samples used were an
aqueous solutions containing 21 gL.~! particles, the reference sample, or water. 100 pL of the sample so-
lutions were added to 2 mL of the MB solution contained in a 10 mm x 10 mm High Precision Quartz
Cell from Hellma Analytics under stirring. The samples were irradiated using a Herolab UV-4 S/L hand
lamp at an indicated wavelength of 365 nm and UV-Vis spectra were recorded using a StellarNet Inc.
BLACK-Comet C-50 Spectrometer with an SL5 Deuterium+Halogen Light Source and a DP400 dip probe
(10 mm optical path length) attached. A sketch of the experimental set-up can be found in the supporting
information (Figure S3). For the photocatalysis experiment, particles were added to a solution of methy-
lene blue dye, so that the final catalyst concentration was 21 4= 1 mg - L~!. This sample was placed in a
quartz cuvette and, under UV irradiation with a wavelength of 365 nm, the change in MB absorbance was
monitored in 10 s intervals for a duration of 30 min. A sketch of the experimental set-up can be found in
Figure S3 in the supporting information, and based on the geometries of the UV lamp and the cuvette, the

photon flux hitting the sample was estimated at around 1.9 x 10%® s=1.

4.5 SAXS Measurements

Small-angle X-ray scattering (SAXS) measurements were performed in a polycarbonate flow-through cap-
illary at 21 £ 1 °C with a SAXSess instrument (Anton Paar, Austria), attached to a laboratory X-ray gen-
erator (PW3830, PANalytical) and operated with a fine focus glass X-ray tube at a voltage of 40kV and
a current of 40 mA (Cu-K,, A = 0.1542nm). Focusing multilayer optics and a block collimator provide
a monochromatic primary beam with low background noise. SASfit version 0.94.11 was used for curve

fitting, and the determination of the particle size distribution[9].

4.6 DLS Measurements

Dynamic light scattering (DLS) measurements were performed using a multiangle ALV 7004 device with
a He-Ne-Laser (A = 632.8nm) from ALV Langen. The samples were used as obtained from the phase
transfer procedure without dilution or filtration. Data evaluation was performed according to the ISO
standard 13321:1996 and with the CONTIN program by Provencher to obtain the hydrodynamic radii
Ry.[17]



4.7 UV-Vis measurements

UV-Vis measurements were performed using a StellarNet Inc. BLACK-Comet C-50 Spectrometer with an
SL5 Deuterium+Halogen Light Source. Aqueous dispersions were used as prepared, whilst dispersions in
cyclohexane were diluted in a ratio of 1:20, and then filled into a 10 mm x 10 mm High Precision Quartz

Cell from Hellma Analytics. A tauc plot was used to determine the optical absorption edges.

4.8 Fluorescence measurements

Fluorescence measurements were carried out on a HORIBA Fluorolog-3 spectrofluorimeter. The particle
systems were prepared in the same way as for the UV-Vis measurements. Excitation wavelengths 10 nm
smaller than the absorption edges, as determined by UV-Vis measurements, were chosen, and Gaussian

approximations were employed to determine the mean fluorescence energy.
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Figure S1: a) Scanning Transmission Electron Microscopy (STEM) image of the Ha49 ZnO nanoparticles.

b) Estimate of the corresponding particle radii distribution.
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Figure S2: Photograph of a microwave vessel containing a water-rich and cyclohexane-rich phase after
incubation of Py 1w in a microwave at a temperature of 90 °C for 240 min. The right-hand figure displays
SAXS data and corresponding curve fits of particles after different phase transfer processes. Data in a are
from Hayg. Data in b are from the aqueous phase in the microwave vessel shown in the left-hand picture
and data in ¢ are from the particles in the same phase after evaporation of the cyclohexane. Data were
shifted vertically for better visibility. The curve fits (solid lines in a, b and ¢) correspond to the same radii

of Ryean = 5.7 £ 0.1 nm and size distribution width o, = 20%, within the experimental uncertainties.
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Figure S3: Scheme depicting the experimental set-up for analysis of the photocatalytic decomposition
of methylene blue. Therein the sample consisting of an aqueous solution of methylene blue and Ha4g
particles is located in a standard quartz cuvette. While stirring, the sample is irradiated with UV-light
from the right, with a wavelength of A\ = 365nm. UV-Vis spectra are recorded with a probe immersed

directly into the sample.



Sample: ZnO (this study)
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Figure S4: Evaluation of the UV-Vis data from the catalysis experiment with Hayo nanoparticles (ZnO
particles synthesized in this study). The upper row displays UV-Vis spectra measured at times of 0 s and
1780 s after the start of irradiation of the sample (silver circles). Curve fits utilising f (blue solid line)
consist of the sum of two Gaussian functions f; and fo (orange, dashed line, and green, dash-dotted line,
respectively), as well as a background contribution f3 (red, dotted line). Second row: Amplitudes A; and
A, of Gaussian functions f; and f5 (left). Sum of both amplitudes ¥ A (right). Third row: Time-dependent
evolution of mean p; and ps, and widths 07 and o of f1 and f, respectively. Last row: Concentration

of methylene blue cyp, and the decrease in In ¢/cg with linear fit and determined slope and intercept.



Sample: water
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Figure S5: Evaluation of the UV-Vis data from the blank catalysis experiment with only methylene blue
in water. The upper row displays UV-Vis spectra measured at times of 0 s and 1780 s after the start of
irradiation of the sample (silver circles). Curve fits utilising f (blue solid line) consist of the sum of two
Gaussian functions f7 and f5 (orange, dashed line, and green, dash-dotted line, respectively), as well as a
background contribution f3 (red, dotted line). Second row: Amplitudes A; and A5 of Gaussian functions
f1 and f5 (left). Sum of both amplitudes ¥ A (right). Third row: Time-dependent evolution of mean fi;
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Sample: sodium oleate and polysorbate 80
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Figure S6: Evaluation of the UV-Vis data from the catalysis experiment containing the colloidal stabilizer
(mixture of sodium oleate and polysorbate 80 in water). The upper row displays UV-Vis spectra measured
at times of 0 s and 1780 s after the start of irradiation of the sample (silver circles). Curve fits utilising f
(blue solid line) consist of the sum of two Gaussian functions f; and fs (orange, dashed line, and green,
dash-dotted line, respectively), as well as a background contribution fs (red, dotted line). Second row:
Amplitudes A; and Az of Gaussian functions f; and fa (left). Sum of both amplitudes ¥ A (right). Third
row: Time-dependent evolution of mean 7 and po, and widths o1 and o5 of f1 and fa, respectively. Last
row: Concentration of methylene blue cyp, and the decrease in In¢/cy with linear fit and determined

slope and intercept.



Sample: ZnO (commercial)
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Figure S7: Evaluation of the UV-Vis data from the catalysis experiment with commercial ZnO nanoparti-
cles. The upper row displays UV-Vis spectra measured at times of 0 s and 1780 s after the start of irradiation
of the sample (silver circles). Curve fits utilising f (blue solid line) consist of the sum of two Gaussian
functions f; and f2 (orange, dashed line, and green, dash-dotted line, respectively), as well as a back-
ground contribution f3 (red, dotted line). Second row: Amplitudes A; and A5 of Gaussian functions f;
and f5 (left). Sum of both amplitudes 3 A (right). Third row: Time-dependent evolution of mean p; and
1o, and widths o and o3 of f1 and fs, respectively. Last row: Concentration of methylene blue cyp, and

the decrease in In ¢/cg with linear fit and determined slope and intercept.
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Figure S8: Evaluation of the UV-Vis data from the catalysis experiment with commercial TiO2 nanoparti-
cles. The upper row displays UV-Vis spectra measured at times of 0 s and 1780 s after the start of irradiation
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Zinc Phosphate Nanoparticles Produced in Saliva

Patrick E. J. Saloga,’®®! Glen J. Smales,/@ Adam H. Clark,!” and Andreas F. Thiinemann*!]

Abstract: This paper reports the formation of zinc phosphate
nanoparticles from the artificial digestion of zinc chloride. Ini-
tially, the formation of amorphous primary particles with a
mean radius of 1.1 nm is observed, alongside the formation of
larger, protein stabilized aggregates. These aggregates, with a
radius of gyration of 37 nm, are observed after 5 minutes of
exposure to artificial saliva and are shown to be colloidally sta-
ble for a minimum time of two weeks. The initially formed pri-
\mary particles are thought to consist of amorphous zinc phos-

phate, which is then transformed into crystalline
Zn3(PO,)»+4H,0 over the course of two weeks. Our results dem-
onstrate that the interaction of inorganic salts with bodily fluids
can induce the formation of de novo nanoparticles, which in
turn, provides insights into how zinc-enriched foods may also
facilitate the formation of nanoparticles upon contact with sa-
liva. As such, this may be considered as an undesirable
(bio)mineralization.

/

Introduction

Zinc salts are commonly added to food and cosmetic products
to promote health and well-being, as zinc is an essential trace
element required by the hundreds of different enzymes within
the human body."! The recommended daily zinc intake is 8-
11 mg,? and levels of zinc within the body are maintained
predominantly through absorption and excretion within the
gastrointestinal tract.’! Zinc salts, instead of elemental zinc, are
added to products intended for human use/consumption, such
as cereals and mouthwash, often in the form of compounds
such as zinc acetate, zinc chloride, zinc gluconate and zinc glu-
tamate. However, the use of zinc-enriched products can lead
to the intake of excessive amounts of zinc (> 40 mg/day), which
can induce adverse effects, such as dysfunctions of the gastro-
intestinal tract, or a reduced copper status.”! The achievement
of daily intake levels > 300 mg with zinc-enriched, over-the-
counter products has been reported to be potential causes of
anaemia and leukopenia.l

For these reasons, cosmetic products within the European
Union, are only permitted to contain water-soluble zinc salts up
to concentrations of 1% to protect human health within the
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Single Market.! Recently, Voss et al.*"! evaluated the environ-
mental impact of ZnO nanoparticles by in vitro simulated
digestion.

In this study, zinc chloride (ZnCl,) at a mass fraction of
= 0.13 % in saliva, is utilized to study the effects that can occur
upon its addition to saliva, and more precisely, evaluate
whether the formation of nano-scale structures occurs. This is
particularly relevant from a toxicological point of view where
the chemical transformation, or the de novo formation of nano-
structures with different toxicological properties to those of the
originally ingested material, can take place.l®

Results

Formation of Nanoparticles

An aqueous solution of zinc chloride (sample A) was added to
a solution of artificial saliva (sample B), which abides by the
German standard DIN 19378.17) As per the NANOGENOTOX pro-
tocol for producing suitable, manufactured nanomaterial expo-
sure media, the artificial saliva contained the protein bovine
serum albumin (BSA).®

The samples were examined after the addition of the zinc
salt to artificial saliva at time intervals of five minutes (sample
C), seven hours (sample D), and after a period of storage of two
weeks (sample E).

For the investigation of the samples in a size range of ap-
proximately 0.3 - 300 nm, small-angle X-ray scattering (SAXS)
was utilized as a method of choice, in combination with wide-
angle X-ray scattering (WAXS) to detect changes in crystalline
structures. Sample B was used as background, for which the
SAXS data of samples C, D, and E was corrected (see Figure ST,
Supporting Information).

We found that the intensity of the SAXS signal increases rap-
idly upon the addition of ZnCl, to artificial saliva, and upon
investigation of sample C, the scattering curve exhibits features

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. SAXS data of samples C, D, and E (symbols). The model curves (red, solid lines) are the sum of the scattering contribution from the particles
according to Equation (1) (blue, solid lines) and a background according to Equation (2) (gray lines). The particle scattering is the product of the form factor
of log-normally distributed spheres according to Equation (3) (blue dashed lines) and the mass fractal structure factor according to Equation (7). The structure

factors are depicted in Figure S2 (Supporting Information).

typically expected from the presence of nano-scale structures
(see Figure 1).

The SAXS pattern can be described well by the presence of
two populations of nanostructures from the bumps observed
in the data at g-values of ca. 0.1 and 1 nm~'. Due to this, the
scattering curves are modelled as the sum of a contribution
from small primary particles that form aggregates (mass fractal
agglomerates),®'% alongside a contribution from larger parti-
cles with radii of several hundred nanometers, due to the SAXS
patterns’ tendency towards a slope of g™ at low g-values.

Briefly, the scattering intensity /(g) as a function of the scat-
tering vector q is the product of the particle form factor P(q)
and the structure factor S(g), and it is complemented by a back-
ground function according to Equations (1) and (2).

1(q) = P(q)S(q) + lyig(q) m

Iyg(q) = a+bg™* (2)

lekg(@) was introduced to compensate for structures larger
than ca. 300 nm in radius, whose scattering signal - as a first
approximation — was expected to drop off with g™ in the g-
range under investigation.

The form factor of a log-normal size distribution of spherical
particles is composed of said size distribution f(N, R,
Rmedians Olog) @and the scattering from a single sphere /(A7 g, R)
in Equation (3) as:

P(q) = fom f(N, R, Rmeclian: Ulog)IS(An: q, R) dR. (3)

Here, N is the particle number density, R the sphere radius,
Rmedian the median sphere radius, 0,4 the width parameter of
the size distribution, and A#n the scattering length density dif-
ference between the particles and the surrounding medium.
The log-normal size distribution is defined as Equation (4):

N (InR-InR ian)?
N, R, Riyedians Olog) = ——== €xXp |— ————median’_ (4)
f( » 4 Dmediane log) R"‘logm p 20‘1293
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and the scattering of a single sphere as Equation (5):

3(sin gR—qR cos qR)]? (5)

I5(&n,q,R) = [ RS an XIS

P(q) is depicted in Figure 1 as the blue, dashed line and
corresponds to the scattering of non-interacting particles, i.e.
S(g@) = 1. The corresponding number density of particles N and
the size distribution parameters Ryedians and 0jo4 can be found
in Table ST (Supporting Information). From these values, the
mean radius Rcan and the width o of the size distribution were
calculated in Equation (6):

Z 1

e fe o0 (©6)
— — 20; O 2
Rmean - Rmedia:\e 2z ando = Rmeau (e log —e 1og) .

To include particle-particle interactions such as the forma-
tion of agglomerates, a g-dependent structure factor needs to
be introduced. Equation (7) depicts the structure factor of said
mass fractal, with the fractal dimension D, the mean radius of
the individual particles r,, the distance from the fractal center
r, and the fractal correlation cut-off £. In general, ry can be inter-
preted as the particle radius including any stabilizing shell sepa-
rating the individual particles, and & as the fractal aggregate
radius.”'% The structure factors as a function of the scattering
vector are depicted in Figure S2 (Supporting Information).
S(g) =1 +% Jy P exp [—E]Si:,—:rdr. 7)

The integral in S(g) can be solved analytically according to
Equation (8):

DI'(D-1) sin[(D—1) arctan g&] @)
(un)D [1+(q§}—2](D—1)/z'

S(@=1+

Multiplication of the structure factor with the form factor as
in Equation (1) yields the scattering intensity /(q) of an aggre-
gate consisting of log-normally distributed spherical particles,
and is depicted in Figure 1 as the blue, solid line. That way, the
parameters of the mass fractal ro, &, and D were obtained.

Furthermore, the radius of gyration Ry and the aggregation
number N,44 were determined in Equation (9) as:

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. X-ray absorption fine structure (XAFS) spectra measured at the Zn K-edge of samples A, C, D, and E (left, solid lines), and coordination numbers of
zinc (right) with regard to chlorine (squares, left axis of ordinate) and oxygen (circles, right axis of ordinate) as determined from fitting to the EXAFS region.

Ry =¢€[3D(D + 1)]%and Nagg = (R—g)D. ©)

To

The particle size distribution parameters obtained from the
aforementioned theory can be found in Table ST (Supporting
Information).

X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) measurements were car-
ried out to investigate the local structural environment of zinc
within the reaction medium. The X-ray absorption fine structure
(XAFS) of the zinc-containing samples (A, C, D, and E) at the Zn
K-edge (9660 eV) is shown in Figure 2 (left), with the refined
Zn—Cl and Zn-0O coordination numbers (right) obtained from
fitting of the extended X-ray absorption fine structure (EXAFS).
The X-ray absorption near edge structure (XANES) is shown with
an enlarged inset focusing on the top of the edge (left). EXAFS
fitting was performed with k? weighting between 2.1 and
10.3 A" to refine the local geometric structure. The quality of
the EXAFS fitting is shown in Figure S3 (Supporting Informa-
tion) for both R- and k-spaces, demonstrating a close agree-
ment between the model and the data for all samples. The
bond length of Zn-O and Zn-ClI refined to be approximately
1.94 A and 2.36 A which are in line with the structure of ZnO
and ZnCl, respectively.

Compound Identification

Infrared spectroscopy (IR) and wide-angle X-ray scattering
(WAXS) were employed to determine the chemical composition
of the nanostructures formed in the digestive process. Since
after combining aqueous solutions of ZnCl, and the respective
component of saliva (see Table 1), formation of a precipitate
was only evident in the cases of KH,PO, and NaHCO;, these
samples were selected for comparison with sample C (ZnCl, in
saliva). IR spectra were recorded and are depicted in Figure 3,
and WAXS data is displayed in Figure 4, alongside reference

Eur. J. Inorg. Chem. 2020, 3654-3661 www.eurjic.org
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data for CaS0,4:2H,0 and Zn;(PO,),+4H-0, taken from ICSD Col-
lection Codes 161622 and 1945.1'2

Table 1. Composition of artificial saliva.

Compound Supplier Amount [mg]
a-Amylase Sigma-Aldrich 419
CaCl,*2H,0 NeolLab 25.0
KCl NeolLab 75.0
KH,PO, AppliChem 100.0
Mucin Sigma-Aldrich 1253
NaCl NeolLab 83.4
NaHCO; Neolab 25.0
NaSCN Carl Roth 25.0
Na,SO,4+10H,0 AppliChem 207.9
Urea AppliChem 1.7
Uric acid AppliChem 16.7
Discussion

To elucidate whether the addition of an aqueous solution of
ZnCl, to artificial saliva could induce the formation of nano-
structures, a corresponding solution was characterized by
means of SAXS, XAFS, WAXS, and IR at three time points
throughout the digestion procedure. In total, the following five
samples were obtained and examined: 6.8 % ZnCl, in H,O be-
fore the addition to saliva (sample A), artificial saliva without
zinc (sample B), and 0.13 % ZnCl, in saliva after five minutes
(sample C), seven hours (sample D), and after a storage period
of two weeks (sample E). SAXS curves were obtained from sam-
ples B, C, D, and E, with sample B acting as a background cor-
rection for the other three samples. XAFS measurements were
performed on the zinc-containing samples A, C, D, and E, whilst
WAXS measurements were performed on all samples. The iden-
tification of the products formed was complemented by IR
measurements of sample C.

It may also be desirable to additionally characterize the sam-
ples with imaging techniques, such as SEM and TEM, however,
saliva does not conform well to such methods due to its high
content of salts and proteins.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Infrared absorbance spectra of the precipitate formed from ZnCl,
in aqueous solutions of NaHCO; (top), KH,PO, (middle), and in saliva
(bottom). The top spectrum shows absorption bands characteristic of the
carbonate ion (antisymmetric stretching modes at ¥ = 1513 cm™ and
1388 cm™', symmetric stretching mode at ¥ = 1054 cm™', and bending modes
at ¥ = 953 cm™' and 832 cm™'). The two remaining spectra show absorption
bands associated with the phosphate ion (symmetric and antisymmetric
stretching modes between ¥ = 800 cm~" and 1200 cm™') and water of hydra-
tion (bending modes around ¥ = 1600 cm™").
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Figure 4. Wide-angle X-ray scattering data of samples A-E (solid lines) and
reference data for CaSO,4-2H,0 (bars at sample B) and Zn3(PO,),-4H,0 (bars
at sample E), taken from ICSD Collection Codes 161622!"" and 1945,1'?] re-
spectively.

From SAXS measurements, the formation of nanoparticles
was observed within five minutes of incubation in artificial sa-
liva. Small primary particles, exhibiting a mean radius of Ry ean =
1.1 £ 0.2 nm and a distribution width of o = 0.7 £ 0.2 nm, were
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found to aggregate, alongside structures larger than the maxi-
mum visible range of the data (ca. 300 nm in radius) in samples
C, D, and E. From fits of the SAXS data, it can be seen that the
resulting parameters describing the primary particles remained
unchanged, within their relative uncertainties, throughout the
experiments (samples C, D and E). This gives a good indication
that the primary particles are present from the beginning, with
their size distribution not changing significantly over the re-
maining period. Hence, only changes in the chemical composi-
tion and interaction with the environment are thought to be
possible.

Within the scope of identifying the chemical composition
of the formed particles, infrared spectroscopy measurements
revealed similarities between the precipitates formed from
ZnCl, with KH,PO, and in saliva whilst the sample formed in the
presence of NaHCO; is substantially different (Figure 3). More
specifically, the latter displayed strong absorption bands at v =
1513 cm™" and 1388 cm™', which are associated with the anti-
symmetric stretching modes of the carbonate ion.!"3! Bands
stemming from the symmetric stretching mode (1054 cm™)
and the bending modes (953 cm™" and 832 cm™) are also ob-
served. Hales and Frost performed infrared spectroscopy stud-
ies on smithsonite (ZnCOs) and hydrozincite [Zns(CO3),(OH)gl.
They attributed the occurrence of the otherwise IR-inactive
symmetric stretching mode and of several antisymmetric
stretching modes in hydrozincite to the reduced symmetry as
compared to smithsonite.

The other two samples, on the other hand, show several
bands in the 800 cm™" - 1200 cm™'-region that are typical for
the phosphate ion and assigned to symmetric and antisymmet-
ric stretching modes.!'™ The broader, less pronounced bands
around 1600 cm™' are thought to originate from bending
modes of water of hydration. Therefore, it was assumed that a
hydrated zinc phosphate forms upon the addition of ZnCl, to
saliva and wide-angle X-ray scattering (WAXS) measurements of
the dried samples A-E were carried out (Figure 4).

As a reference, the scattering pattern of ZnCl, was collected
(sample A), however this characteristic signal is not found in
the subsequent samples, indicating that the compound has un-
dergone a chemical transformation. Upon centrifugation and
drying of the artificial saliva (sample B), scattering peaks of
CaS04-2H,0 became visible at g = 8.28 nm™', 14.84 nm™,
16.55 nm~', and in the region of g > 20 nm~'. These peaks
remained visible in subsequent samples C and D. CaSO,4:2H,0
is thought to have formed due to the presence of CaCl,-2H,0
and Na,SO,4:10H,0 in saliva, and has been identified by com-
parison to a reference pattern (bars at sample B, ICSD collection
code 161622).""! The signal from CaSO,4-2H,0 is seen to domi-
nate the pattern obtained from sample C, suggesting that
shortly after the injection of the ZnCl, solution, no considerable
amounts of other crystalline material were formed. However,
small, broad diffraction peaks at g = 9.56 nm~" and 11.16 nm™’
were observed in both sample C and D (asterisks), but not in
the final product (sample E). This may indicate the formation of
an intermediate, thought to be hydrozincite [Zn;(COs),(OH)g],
which exhibits diffraction peaks at similar positions (ICSD collec-
tion code 16583).'>! Shifts in the X-ray absorption near edge

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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fine structure (XANES) region of the X-ray absorption spectra
(XAS) data support this assumption, as discussed later in more
detail. Seven hours after the ZnCl, injection, besides scattering
peaks of CaCl,-2H,0, those of the final product Zn;(PO,),-4H,0
became visible in the WAXS pattern of the dried sample D, al-
though slightly shifted to higher g-values. For instance, the
(020) scattering peak appeared at g = 7.11 nm~' and was ob-
served to be broadened in comparison to that seen in sample
E at g = 6.83 nm™". In comparison to the SAXS curves of the
liquid samples D and E, it can be seen that the said scattering
peak is only visible in sample E, with the diffraction signal most
likely being masked by the scattering of water in sample D.

Scattering of Zn3(P0O,),+4H,0 was not observed in sample C,
and non-crystalline intermediates during the formation of zinc
phosphate have been reported in the literature. For instance,
Roming et al. reported on the presence of non-crystalline zinc
phosphate structures in nanoparticles obtained from a polyol-
mediated synthesis.['® Despite the application of a whole series
of analytical methods, such as solid state P-NMR, they were
unable to elucidate the structure exactly. However, the pres-
ence of a low-molecular organic compound (diethylene glycol)
in the structure are thought to be responsible for the observed
delay in crystallization. Similarly, in an elaborate study by Bach
et al,, the presence of non-crystalline zinc phosphate nanoparti-
cles as intermediate species, during the formation of crystalline
zinc phosphate hydrates, was confirmed.!'”! This is consistent
with the observed delay, of more than 24 hours, for the appear-
ance of Bragg reflections in a BSA-templated synthesis of zinc
phosphate nanocomposites, as reported by Song et all'®
Therefore, we speculate that the particles observed in sample
C initially consist of a non-crystalline zinc phosphate and, simi-
lar to that reported by Roming et al., exhibit a significant delay
in crystallization due to organic components of the artificial
saliva. Lastly, the WAXS pattern of sample E was only indicative
of the formation of Zn3(P0O,),+4H,0 and no signals of ZnCl,,
CaCl,*2H,0, or the possible intermediates were found, indicat-
ing that the chemical transformation from ZnCl, to
Zn3(P0,),+4H,0 was only complete after the storage period of
two weeks. Based on the described results of the WAXS and
XAFS investigations, it is assumed that this transformation pro-
ceeds via precursors of amorphous zinc phosphate and hydro-
zincite, both compounds being sparingly soluble in water.

The formation of Zn3(P0O,),-4H,0 instead of Zns(CO3),(OH)e
as the final product is in accordance with the respective solubil-
ity values reported in literature: For the dissolution of
Zn5(PO,),*4H,0 according to Equation (10), Nriagu!'® found a
solubility product constant Kp in the order of 107°22 M while
for the dissolution of Zn5(CO3),(OH)s according to Equation (11),
a Kc of 107'%° M2 can be found.?%! K, and K can be converted
to molar solubilities Sp and S¢ according to Equation (12) and
Equation (13), respectively.

7 . Ke o g2+ 7 - (10)
nz(P0,), -4 H,0 =3 Zn** + 2 H,PO; + 4 OH

K
Zn(OH);,(C04)g = Zn2* + 1.2 OH™ + 0.4C0%" (n

From the resultant values of Sp = 5x 107 M and Sc =
2.5 % 107® m, the lower solubility of Zns(PO,4),+4H,0 compared
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Kp = (35p)3(25p)2(4Sp)* < Sp = (Kp/27648)1/° (12)

K¢ = Sc(1.25:)12(0.45.)%* & S = (K¢/0.48)1/26 (13)

to Zn5(CO3),(OH)s becomes apparent, which implies a preferred
formation of the phosphate.

A deeper insight into the changes in chemical composition
and crystal structure was obtained by XAFS. Zinc is most com-
monly found in the +Il oxidation state, with only rare cases of
Zn', found within compounds featuring Zn-Zn-bonds.?"? XAFS
experiments confirmed the presence of Zn" within the sample
and provided evidence that during the artificial digestion of
ZnCl, no Zn' species are formed.

A decrease in intensity of the absorption edge over time is
clearly visible (enlarged in the inset of Figure 2). The single peak
observed from sample A at an energy of 9668 + 1 eV, slowly
decreases and splits into two distinct absorption peaks within
the edge region at 9664 + 1 eV and 9670 + 1 eV. Furthermore,
a less pronounced feature directly after the white line develops
at 9677 £ 1 eV. Immediately after the injection of ZnCl, into
artificial saliva (sample C), the Zn K-edge is significantly altered
and shows decreasing white line intensity, a trend that pro-
gresses during the following seven hours, until sample D is ob-
tained. After storage, the white line intensity is further reduced,
whilst a doublet forms near the top of the edge in sample E,
which is in accordance with the XANES investigations of mineral
and synthetic zinc phosphate hydrates undertaken by Castorina
et al.??l Regarding sample A as the precursor and sample E as
the end product, the inset of Figure 2 shows that upon injection
of ZnCl,, a quick transformation to sample C occurs, whilst the
following change via sample D to the product, is much slower.
It can also be noted that there are no isosbestic points in the
XANES region, demonstrating the potential presence of an uni-
dentified intermediate. Hence, linear combination fitting of the
precursor and product to provide further insight into the XANES
data is not possible here. Thus, the XANES data supports the
assumption previously raised of the transient formation of an-
other zinc compound such as Zns(COs),(OH)g.

EXAFS analysis was performed to follow the change in local
coordination around Zn to gain additional insight. With regard
to the coordination numbers of zinc in relation to chlorine and
oxygen, it can be seen that the former is constantly increasing
over time, whilst the latter is decreasing. It is known, from the
literature, that ZnCl, can dissociate completely at low concen-
trations in aqueous solution.?®! In the presence of water, Zn?*
can coordinate octahedrally, whilst also remaining coordinated
to CI~ at higher concentrations, explaining the higher coordina-
tion number of Zn?* in relation to CI~ observed in sample A.
The results from EXAFS fitting are given in Table S2 (Supporting
Information). Due to high correlation with coordination num-
ber, the Debye-Waller factors o were held constant after re-
finement from the ZnCl, precursor. The Zn-Cl bond length was
constrained for sample E due to the lack of contribution to the
EXAFS. All other parameters were freely refined.

Based on the XAS and WAXS investigations, we assume an
initial formation of amorphous zinc phosphate, with the partici-
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pation of hydrozincite as an intermediate, being a similarly spar-
ingly soluble compound, but not the most thermodynamically
stable.  Subsequently, the conversion to crystalline
Zn3(PO,),+4H,0 proceeds over a period of two weeks, however
definitive statements about the kinetics of particle formation
go beyond the scope of this study.

Examining further structural parameters obtained from SAXS
analysis, the particle number densities N of the primary parti-
cles is seen to remain unchanged within uncertainties in sam-
ples Cand D (at 5.2 + 0.1 x 10> mL™", and 46 + 0.6 x 10"> mL™",
respectively). After two weeks of storage (sample E), a near 20-
fold increase in the primary particle number density to
80.6 +0.2 x 10" mL™" is observed.

Particle—particle interactions are represented in SAXS curve
fitting by the structure factor, yielding information on the ag-
gregates formed, such as aggregation number N,y radius of
gyration Ry, aggregate radius &, and the radius of the single
objects within the aggregates ry. The latter is not to be con-
fused with the mean particle radius Rcan, as in the case of
particles surrounded by a shell of lower scattering contrast,
Rmean May not include said shell in contrast to r,.

In all cases, the mean radius of the particle cores Rpean Was
smaller than the core/shell radius ry, indicating that within the
aggregates formed, particles were separated and stabilized by
an intermediate layer, which was assumed to be made up from
protein found within the artificial saliva. More specifically, the
samples contained a-amylase, BSA, as well as mucin (highly gly-
cosylated proteins). BSA, for instance, is known to possess sev-
eral cation binding sites, which can be formed by aromatic
amino acid residues, and is used in the templated synthesis of
inorganic nanostructures.''®24251 However, more precise state-
ments regarding the participation of the proteins present in the
saliva samples in the nanostructure formation cannot be made
at this point due to the high complexity of the reaction media.
The structural parameters describing the primary particles ag-
gregating changed over time: mean core/shell radii decreased
significantly, from ry = 2.2 £ 0.2 nm to 1.7 £ 0.1 nm, during the
first seven hours of incubation time between the collection of
samples C and D, and remained the same within uncertainties
during the following storage over two weeks yielding sample
E. This indicates a likewise change of the thickness of the stabi-
lizing shell, i.e. the particles became more tightly packed along-
side their transformation into crystalline zinc phosphate.

Contrary, aggregate radius ¢, radius of gyration Ry, and ag-
gregation number N,q4 did only change significantly during the
period of storage between collection of samples D and E. It was
found that the aggregate radius increased from & =
15.7 £ 0.2 nm in sample D to 22.4 £ 0.1 nm in sample E, which
is reflected in likewise increasing radii of gyration (from Ry =
36 = 1 nm to 49 + 1 nm) and aggregation numbers (from N,gg =
4400 =200 to 9000 * 100). These observations indicate that
during the first seven hours, in which the transformation of
ZnCl; into crystalline Zns(PO,4),+4H,0 occurs, only the particle
concentration within the aggregates increased. In contrast, the
particles remained unchanged during subsequent storage,
while the aggregates grew in size and approximately 20-fold in
number density.
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Conclusion

Upon the addition of ZnCl, to artificial saliva, nanoparticles with
a mean radius of 1.1 £ 0.2 nm and a size distribution width of
0.7 £ 0.2 nm were observed, and they formed aggregates with
radii of gyration of 37 = 1 nm, as determined from SAXS. Within
these aggregates, the particles are thought to adhere via a shell
of the protein found within artificial saliva. The initial composi-
tion of these nascent particles could not be determined directly,
however, they were converted to Zn;(PO,),-4H,0 within seven
hours of incubation, alongside an intermediate species
[thought to be Zns(CO3),(OH)el. Comparisons to literature stud-
ies suggests that the primary particles consist of amorphous
zinc phosphate precursors, and throughout the incubation pe-
riod, these slowly form crystalline Zn;(PO,),+4H,0.

The changes in particle size distribution parameters of pri-
mary particles and their aggregates at incubation times of five
minutes, seven hours and after a period of storage of two
weeks are depicted in Figure 5. During the incubation period,
the particle number density remained essentially the same
(within uncertainties), whilst the aggregates became more
tightly packed, i.e. the thickness of the particle-surrounding
shell decreased. Meanwhile, the chemical transformation of
ZnCl, into Zn3(PO,),*4H,0 proceeded with the involvement of
an intermediate. In the subsequent storage period of two
weeks, the particle number concentration increased about 20-
fold as the aggregates grew. While they initially consisted of
3200 + 900 primary particles, the aggregation number after
storage was 9000 + 100. Thus, it was demonstrated that upon
contact of solubilized, ionic zinc to artificial saliva, small
Zn3(P0O,),*4H,0 nanoparticles can be formed.

R,..(0hm)11£02 1101 0901
G(hm) 07+02 06+01 06+£0.1
5 min 7h 2 weeks

l(hm) 22+02 1.7+01 1.6+0.1
E(hm) 15802 157+02 22401

Figure 5. Scheme depicting the changes in particle size distribution parame-
ters of primary particles and their aggregates over time, regarding mean
particle core radius, Ryean Size distribution width, g, mean particle core/shell
radius, ro, and aggregate radius, &.

The assumption that the proteins, within the saliva, tempora-
rily stabilize zinc phosphate nanoparticles seems rational as it
is well-known that proteins have previously been utilized as
colloidal stabilizers in the preparation of inorganic nanoparti-
cles.'824251 Therein, proteins are frequently used in biotem-
plated nanoparticle synthesis. Most frequently used is BSA,
which in our study is present in saliva at a concentration of
0.48 g L™'. As an example, the production of a BSA templated
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zinc phosphate Zn;(PO,),@BSA was reported by Song et al.['®]
Their study reviews the biotemplated synthesis of metal phos-
phates, most of which were synthesized for application in catal-
ysis.

In contrast, the particles of our study are not foreseen for
technical applications. On the other hand, regularization of crys-
tal formation is hotly debated in biomineralization. Therein, it
is evident that proteins play a substantial role in healthy mine-
aralization such as amorphous calcium phosphate in bone
growth but also in pathological mineralization.?®! Examples for
undesired biominerals are kidney stones, atheromatous plaque
and dental calculus. The zinc phosphate formation of our
present study also has an amorphous initial state as it seems to
be a typical phenomenon in biomineralization. For example,
Gebauer et al. were the first to discover that stable prenuclea-
tion clusters play an important role as intermediate species in
the crystallization of calcium carbonate.[?”]

In conclusion, the zinc phosphate nanoparticles may also
form in vivo if food and cosmetics products, containing the
permitted zinc salt concentrations, are ingested, which could
be a source of unintentional mineral formation. Similarly, these
results may be of relevance for the design of biological studies
involving the use of, for example, ionic zinc and phosphate-
containing buffers.

Experimental Section

Materials

Zinc(ll) chloride (ZnCl,) was purchased from Merck, bovine serum
albumin (BSA) from Sigma-Aldrich and all chemicals for artificial
saliva from AppliChem, Carl Roth, NeoLab or Sigma-Aldrich accord-
ing to Table 1. Ultrapure water (Milli-Q, 18.2 MQ-cm at 25 °C) was
used.

Artificial Saliva

We adapted an in vitro artificial digestion procedure based on the
German standard DIN 19378.7! Solutions of ZnCl, (68.1 mg, sample
A) and BSA (25 mg), in 1 mL of ultrapure water, respectively, were
added to 50 mL of artificial saliva (composed according to Table 1,
pH = 6.4 £ 0.05, artificial saliva with BSA is referred to as sample B)
and incubated at 37 °C for 5 min (sample C). Further samples were
taken after 7 h incubation time (sample D) and after a period of
storage at ca. 4 °C of two weeks (sample E).

SAXS/WAXS Measurements

Small- and wide-angle X-ray scattering (SAXS/WAXS) measurements
were performed on a customized Xeuss 2.0 (Xenocs, France). X-rays
were generated from a microfocus X-ray tube with a copper target,
and a multilayer optic was employed to parallelize and monochro-
matize the beam to the Cu-K, wavelength of 0.1542 nm. The liquid
samples were examined in flow by continuous pumping through a
cell bearing silicon nitride windows. Data collection was performed
using an in-vacuum Eiger 1M detector (Dectris, Switzerland) which
was placed at multiple distances between 51-2507 mm from the
sample. The resulting data has been processed and scaled to abso-
lute units using the DAWN software package according to standard-
ized procedures.[282°]
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XAS Measurements

XAS measurements were carried out at the SuperXAS beamline of
the Swiss Light Source. The storage ring operated at 2.4 GeV in top-
up mode with a ring current of 400 mA. The polychromatic X-ray
beam resulting from a 2.9 Tesla bending magnet was collimated by
a silicon-coated mirror at 2.5 mrad (which also served to reduce
higher-order harmonics) and subsequently monochromatized by a
Si(111) channel-cut monochromator, which allowed data collection
in quick-scanning extended X-ray absorption fine-structure spectro-
scopy (QEXAFS) at 1 Hz. The beam was focused using a Rh coated
toroidal mirror with a focal spot size of 1000 x 200 um. Spectra
were collected in transmission mode using 15 ¢cm long, 2 bar N,-
filled ionization chambers. A Zn reference foil mounted between
the second and third ionization chamber was measured simultane-
ously for absolute energy calibration. The QEXAFS spectra were
processed using ProQEXAFS to extract individual XAS spectra,32
calibrate and normalize. Due to the inherent oversampling of the
XAS spectra, radial basis function interpolation was employed to
reduce the data point density. In the XANES region an energy step
of 0.25 eV was used. In the EXAFS region a constant k-step of
0.025 A~ was chosen. Fitting of the EXAFS was performed using
the Demeter software package.>"
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Figure S1: SAXS raw data with background (artificial saliva with BSA in the measurement cell) and background-

corrected data of samples C, D, and E.
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Table S1: Particle size distribution parameters for samples C, D, and E, derived from SAXS analysis.

Contribution Parameter Symbol  Unit Sample C Sample D Sample E
Primary particles  Particle number density N 10 mL™!  5.240.1 4.6 +0.6 80.6 = 0.2
Median radius Rumedian  nm 0.9+0.2 1.0£0.1 0.8+0.1
Width parameter Olog 0.52+0.04 0.494+0.01 0.53+£0.01
Mean radius (core) Rumean nm 1.14+0.2 1.14+0.1 09+£0.1
Distribution width o nm 0.7+0.2 0.6 0.1 0.6 0.1
Aggregates Mean radius (core/shell) g nm 2.2£0.2 1.7£0.1 1.6£0.1
Aggregate radius 13 nm 15.8 £0.2 15.7+0.2 22.4+0.1
Fractal dimension D 2.87+£0.07 275+£0.01 2.64+0.01
Radius of gyration R, nm 37+1 36+1 49+1
Aggregation number Nagg 3200 £900 4400 +£200 9000 £ 100
Background a 0.02 0.02 0.25
b 0.0078 0.0078 0.82

Table S2: EXAFS fitting results obtained from fits shown in Figure 3, with coordination numbers CN, Debye-Waller
factors 02, and bond lengths R, with regard to chlorine (Cl) and oxygen atoms (O).
Sample CNCl o2CI(A%) RCI(A) CNO 0¢20(4%) RO(A)

A 2.6 0.0045 236 £0.01 25 0.0045 1.95 £ 0.01
C 1.7 0.0045 236 £0.01 29 0.0045 1.93 £ 0.01
D 1.2 0.0045 2.36+0.01 3.1 0.0045 1.93 £ 0.01
E 0 0.0045 2.36 3.7 0.0045 1.93 £ 0.01
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CONCLUSIONS AND
PERSPECTIVES

The work presented in this thesis initially depicts the synthesis of spher-
ical zinc oxide nanoparticles in organic dispersion in project 1. The use of
microwave-assisted synthesis enabled the production of aggregate-free ZnO
nanoparticles within a reaction time shortened by more than 99% in com-
parison to conventional synthesis methods.[3°! By selecting a synthesis tem-
perature between 125 °C and 200 °C, the particle size, as well as the related
lattice and optical properties, could be adjusted. In the investigated size
range, lattice strain, €, stress, o, and deformation energy, u, which are de-
pendent upon the crystallite size according to a set of power law equations
that are speculated to apply universally to crystallites smaller than 20 nm.

Certain potential applications for these ZnO nanoparticles, for instance
in biological environments, require aqueous particle dispersions. A phase
transfer can be facilitated, for these initially hydrophobic particles, through
functionalisation with the surfactant polysorbate 8o. During this phase trans-
fer, in project 2, the particles are heated, which in turn induces particle
growth, thus providing more possibilities to tune their particle size. The
obtained, water-stable particles are also photocatalytically active, a property
that was investigated via the degradation of methylene blue.

Size characterisation was predominantly carried out by small-angle X-ray
scattering, which is particularly suitable for the determination of particle
size distributions in complex media. This was demonstrated in the second
part of this work in projects 3 and 4 when studying nanoparticles in digestive
fluids. Zinc oxide, as well as ionic zinc compounds, are commonly added
to food and cosmetic products. Hence, the potential chemical or structural
transformations of these substances were studied in an artificial digestion
process. It was found that contact of ZnO and ZnCl, to saliva can induce
the de novo formation of nanoparticles irrespective of size, concentration or
functionalisation of the ingested material or the presence of food simulants.
After the intermittent dissolution of all zinc-containing structures in gastric
juice, new particles were formed in the intestinal juice. In all cases, the de
novo formation of particles was thought to yield zinc phosphate compounds.

The addition of ZnCl, to artificial saliva was examined more closely, and
the formation of small nanoparticles was observed, which formed nano-
sized aggregates, presumably through adhesion facilitated via a protein-
containing shell. After seven hours of incubation, these nanoparticles were
found to consist of Zn;(PO,), - 4 H,O, alongside the presence of an interme-
diate species, that is thought to be Zn;(CO;),(OH)e from observations of the
WAXS data. During the subsequent two-weeks of storage, the aggregates
densify, i.e. the thickness of the protein shell decreased, and then the aggre-
gates grow to contain three times the number of particles.

In summary, the first part of this thesis focuses on the development of
synthetic routes for obtaining organic and aqueous dispersions of zinc oxide
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nanoparticles with adjustable size and correlated optical and structural prop-
erties, making these particles suitable candidates for certified reference ma-
terials. With their finely tunable radii in the range of 2.3 nm to 5.7 nm, these
nanoparticles could become calibrants for sizing methods such as light or
X-ray scattering at the lower nanoscale. Studies concerning size-dependent
optical or structural properties of ZnO at the lower nanoscale could bene-
fit significantly from the synthesis strategies presented in this dissertation.
Particles with selectable ultraviolet absorbance or luminescence properties
could be utilised as optical probes, particularly in aqueous dispersion for
biological applications.

In a broader context, the results of the second part of this dissertation are
of particular relevance to the application of zinc compounds in biological
systems, both within and outside the scientific community. No toxicological
evaluations are undertaken in this work; however, the characterisation of the
chemical and structural effects of an artificial digestion process on zinc com-
pounds provides valuable information for future biological and toxicological
studies in this respect.
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