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Summary 

Within this thesis two main topics of nanoparticle science were investigated: nano-

particle crystallization and nanoparticle-solvent interactions. The first aim was to in-

vestigate whether and how organic ligands influence the crystallization of zinc oxide 

nanoparticles in ethanolic sol-gel processes. Secondly, nanoparticles are supposed 

to induce solvation shells and it was the challenge to experimentally demonstrate 

for the first time their ubiquitous existence. For both topics, the pair distribution func-

tion (PDF) was the central experimental tool. 

For the crystallization studies, a room-temperature sol-gel synthesis of ZnO nano-

particles in ethanol at 27 mM was chosen, in which the particle formation is known 

to be initiated by the addition of the organic base tetramethylammonium hydroxide 

(TMAH). Four organic ligands were found to reproducibly stabilize different particle 

sizes. The ligand-capped ZnO diameters decrease in the order acetate (5.1 nm) > 

citrate and 1,5-diphenyl-1,3,5-pentanetrione (3.2 nm) > dimethyl-L-tartrate (2.1 nm). 

The crystallization pathway from the primary reactant, zinc acetate dihydrate, to the 

crystalline ZnO particles in presence of the four ligands was investigated by time-

resolved PDF measurements. The zinc acetate dihydrate dissolves into zinc ethoxy 

acetate complexes in solution, which undergo fast hydrolysis and condensation re-

actions upon the TMAH injection at high supersaturation (71 mM). Covalent Zn-O 

bonds form and tetrahedral motifs Zn4O are created instantaneously, which rapidly 

polymerize to disordered particles of 2 to 3 nm. The additional organic ligands inter-

act with the zinc precursor complexes prior to base addition and decelerate the fol-

lowing crystallization reactions. The ligand types and their binding strength influence 

the degree of crystallinity within the disordered intermediates. The crystalline do-

main sizes within the disordered particles were determined from multi-phase fits of 

the PDFs including nanoparticles with a Gaussian size distribution, precursor clus-

ters and a contribution from restructured solvent around the nanoparticles. Initially, 

the crystalline domain sizes extend over 3 to 4 unit cells. Over time, the crystalline 

domain sizes increase, and PDF peaks move from offset positions to interatomic 

distances that coincide with the wurtzitic ZnO crystal structure. In case of dimethyl-

L-tartrate, which binds the strongest, the PDF peaks not only shift, but some peaks 

even appear delayed due to the structural distortion of the disordered particles. After 

several hours and in case of all ligand types, the disordered particles have evolved 

into fully crystalline particles. The gradual crystallization is explained by the equilib-

rium of ad- and desorbing ligand and solvent molecules at the particle surface. A 

desorption event enables the strained particle below to relax to the energetically 
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more favourable crystalline state. The ligand type thus determines the crystallization 

rate, which decreases in the order citrate > acetate > 1,5-diphenyl-1,3,5-pentanetri-

one > dimethyl-L-tartrate. This sequence coincides with the order of particle sizes 

in the dry powders. For citrate, 1,5-diphenyl-1,3,5-pentanetrione and dimethyl-L-tar-

trate, no increase of the particle diameters was observed when comparing the size 

of the dispersed colloids and the dry powder. Acetate, in contrast, forms the weakest 

bond, and a post-synthesis growth of the particles during the drying of the wet gel 

to the dry powder is observed. Disordered intermediates were found in the sols of 

all four ligands and are unwanted by-products as they prolong the synthesis times. 

For the ligand 1,5-diphenyl-1,3,5-pentanetrione, an alternative synthesis route was 

tested. The base was added continuously with ramps of 0.8 and 4.0 mM TMAH/min 

and the reacting solution and the sol were observed along the way. For low TMAH 

concentrations, zinc ethoxy acetate complexes prevail. With increasing amounts of 

TMAH, these complexes transform to ca. 0.8 nm large clusters, which do not yet 

feature tetrahedral order. When a critical concentration of ca. 40 mM TMAH is 

reached, a spontaneous nucleation of fully crystalline particles takes place. A con-

tinuous base addition thus allows to bypass the disordered intermediates. 

All datasets of the in-situ PDF experiments show restructured solvent around the 

nanoparticles. The reorientation propagates over 3 to 5 molecular layers before bulk 

properties are regained. The affected region is the solvation shell of the nanoparti-

cle. Solvation shells thus appear to be a ubiquitous phenomenon. A large variety of 

commercially available (In2O3, ZrO2, TiO2, Ag) and self-synthesized (ZnO) nanopar-

ticles was redispersed in various solvents to experimentally manifest via PDF anal-

ysis the existence of solvation shells around nanoparticles within this thesis. The 

restructuring of the solvent molecules induces a layered electron density profile in 

the liquid along the surface normal of the nanoparticle, which appears as a sinusoi-

dal oscillation that exponentially decays. It can be characterized by the position of 

its first maximum, its wavelength and its modulation depth, which are very well in 

accord with molecular dynamics simulations. The fourth characterizing parameter, 

the amplitude, depends on a multitude of factors such as surface facetting or particle 

shape and was not interpreted within this thesis. Polar solvents, like water and al-

cohols, form hydrogen bonds to the surface hydroxyls and ligand groups on the 

nanoparticle surface and orient along the surface normal. A shift of the position of 

the first maximum of the oscillation to larger distances was observed for increasing 

chain length of the solvent, confirming an orientation of the molecule along the sur-

face normal. For water, two tightly bound adsorption layers exist at the particle sur-

face with an exponential decay of the ordering beyond. Nonpolar solvents like n-

hexane arrange their chain parallel to the surface. In general, the restructuring is 

dominantly influenced by the nanoparticle material and its crystallinity. The particle 



Summary 7 

shape, the habitus, the surface facetting, the surface curvature, the differences in 

organic ligands or surface hydroxylation play an additional role. 



Zusammenfassung 

Diese Dissertationsschrift umfasst zwei Fragestellungen aus der Nanopartikelfor-

schung, die Kristallisation von Nanopartikeln und die Wechselwirkung von Nanopar-

tikeln mit Flüssigkeiten. Hinsichtlich der Kristallisation wurde im Speziellen unter-

sucht, ob und wie organische Liganden die Kristallisation von Zinkoxid Nanoparti-

keln in ethanolischen Sol-Gel Prozessen beeinflussen. Solvationshüllen wurden als 

Ergebnis der Wechselwirkung von Nanopartikeln mit Lösungsmittelmolekülen vor-

hergesagt. Es war die Herausforderung die universelle Existenz dieser Solvations-

hüllen erstmalig experimentell nachzuweisen. Für beide Fragestellungen wurde die 

Paarverteilungsfunktion (PDF) als zentrale experimentelle Methode herangezogen. 

Für die Kristallisationsexperimente wurde eine Sol-Gel Synthese von ZnO Nanopar-

tikeln in Ethanol mit einer Zinkkonzentration von 27 mM bei Raumtemperatur ge-

wählt. Die Partikelbildung wird durch die Zugabe der organischen Base Tetrame-

thylammoniumhydroxid (TMAH) initiiert. Es wurden vier organische Liganden gefun-

den, welche reproduzierbar verschiedene Partikelgrößen stabilisieren. Die Durch-

messer der Liganden-stabilisierten ZnO Partikel nehmen ab in der Reihenfolge Ace-

tat (5,1 nm) > Zitrat und 1,5-Diphenyl-1,3,5-pentanetrion (3,2 nm) > Dimethyl-L-tar-

trat (2,1 nm). Der Kristallisationsprozess des Edukts, Zinkacetatdihydrat, zu kristal-

linen ZnO Partikeln wurde in Gegenwart der vier Liganden durch zeitaufgelöste PDF 

Messungen untersucht. Das Zinkacetat bildet Zink-Ethoxy-Acetat Komplexe in der 

Lösung, welche durch die hohe Übersättigung bei Basenzugabe (71 mM) schnelle 

Hydrolyse- und Kondensationsreaktionen durchlaufen. Kovalente Zn-O Bindungen 

und tetraedrische Zn4O Motive aus bilden sich unmittelbar aus, welche schnell zu 

fehlgeordneten 2 bis 3 nm großen Partikeln polymerisieren. Die zugegebenen orga-

nischen Liganden wechselwirken mit den Zink Precursor-Komplexen vor Basenzu-

gabe und verlangsamen die anschließenden Kristallisationsreaktionen. Der Ligan-

dentyp und seine Bindungsstärke bestimmen den Grad der Kristallinität in den fehl-

geordneten intermediären Partikeln. Die Größen der kristallinen Domänen in den 

fehlgeordneten Partikeln wurden durch Fits der PDFs bestimmt, welche sich aus 

drei Beiträgen zusammensetzen: Nanopartikel mit einer Gauß‘schen Partikelgrö-

ßenverteilung, Precursor-Komplexe und restrukturierter Solvent um die Nanoparti-

kel. Anfänglich sind die kristallinen Domänen 3 bis 4 Einheitszellen groß. Mit der 

Zeit wachsen die Domänen und PDF Peaks wandern von nicht-kristallinen Positio-

nen zu interatomaren Abständen der wurtzitischen ZnO Kristallstruktur. Im Fall von 

Dimethyl-L-tartrat, welches am stärksten bindet, wandern die PDF Peaks nicht nur, 
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sondern einige Peaks treten aufgrund der strukturellen Verzerrung in den fehlge-

ordneten Partikeln erst deutlich zeitversetzt auf. Nach einigen Stunden hatten sich 

die fehlgeordneten Nanopartikel unabhängig vom Ligandentyp in völlig kristalline 

Partikel verwandelt. Die allmähliche Kristallisation resultiert aus einem Gleichge-

wicht ad- und desorbierender Liganden- und Lösungsmittelmoleküle an der Parti-

keloberfläche. Ein Desorptionsvorgang ermöglicht es dem verspannten Partikel 

zum energetisch günstigeren kristallinen Zustand zu relaxieren. Der Ligandentyp 

bestimmt somit die Kristallisationsrate, welche abnimmt in der Reihenfolge Zitrat > 

Acetat > 1,5-Diphenyl-1,3,5-pentanetrion > Dimethyl-L-tartrat. Diese Reihung 

stimmt mit der Reihenfolge der Partikelgrößen in den trockenen Pulvern überein. 

Für Zitrat, 1,5-Diphenyl-1,3,5-pentanetrion und Dimethyl-L-tartrat gibt es keinen 

merklichen Größenunterschied der Nanopartikel zwischen dem dispergierten Sol 

und den trockenen Pulvern. Acetat hingegen bindet am schwächsten, was zu Par-

tikelwachstum während des Trocknens des nassen Gels zum trockenen Pulver 

führt. Intermediäre, fehlgeordnete Partikel liegen in den Synthesen mit allen vier 

Liganden vor und sind ungewollte Zwischenprodukte, da sie die Synthesedauer ver-

längern. Für 1,5-Diphenyl-1,3,5-pentantrion wurde eine alternative Syntheseroute 

getestet. Die Base wurde kontinuierlich mit Rampen von 0,8 und 4,0 mM TMAH/min 

zu der Reaktionslösung dosiert und währenddessen das sich bildende Sol beobach-

tet. Für niedrige TMAH Konzentrationen überwiegen Zink-Ethoxy-Acetate Kom-

plexe. Mit ansteigender TMAH Menge reagieren diese Komplexe zu ca. 0,8 nm gro-

ßen Clustern, welche noch keine tetraedrische Struktur aufweisen. Bei Erreichen 

einer kritischen Konzentration von ca. 40 mM TMAH, bilden sich spontan vollständig 

kristalline Partikel. Kontinuierliche Basenzugaben erlauben es somit fehlgeordnete 

Intermediate zu umgehen. 

Alle Datensätze der in-situ PDF Experimente weisen restrukturierte Lösungsmittel-

moleküle um die Nanopartikel auf. Die Umstrukturierung propagiert über 3 bis 5 

Molekülschichten bevor die Volumen-Eigenschaften wiedererlangt werden. Die be-

troffene, restrukturierte Region wird als Solvationshülle des Nanopartikels bezeich-

net. Solvationshüllen scheinen ein universelles Phänomen zu sein. Eine Vielzahl 

kommerziell erwerblicher (In2O3, ZrO2, TiO2, Ag) und selbst hergestellter (ZnO) Na-

nopartikel wurde in verschiedenen Lösungsmitteln redispergiert um mittels PDF 

Analyse die Existenz von Solvationshüllen um Nanopartikeln experimentell nachzu-

weisen. Die Restrukturierung der Lösungsmittelmoleküle erzeugt eine Veränderung 

des Elektronendichteprofils der Flüssigkeit senkrecht zur Partikeloberfläche, welche 

einer sinusförmigen Oszillation entspricht, die exponentiell abfällt. Die Oszillation 

kann durch die Parameter der Position des ersten Maximums, der Wellenlänge und 

der Modulationstiefe beschrieben werden, welche jeweils mit Molekulardynamik-Si-

mulationen gut übereinstimmen. Der vierte charakterisierende Parameter, die 
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Amplitude, hängt von einer Vielzahl von Faktoren ab, wie der Facettierung der Kris-

talloberfläche oder der Partikelform, und wurde nicht im Rahmen dieser Arbeit in-

terpretiert. Polare Lösungsmittel, wie Wasser oder Alkohole, bilden Wasserstoffbrü-

ckenbindungen mit Hydroxid- und Ligandengruppen der Partikeloberfläche aus und 

orientieren sich entlang der Oberflächennormalen. Mit dem Anstieg der Kettenlänge 

des Lösungsmittels wurde eine Verschiebung der Position des ersten Maximums 

der Oszillation zu größeren Abständen beobachtet, was die angenommene Mole-

külorientierung senkrecht zur Oberfläche bestätigt. Für Wasser existieren zusätzlich 

zwei stark gebundene Adsorptionsschichten an der Partikeloberfläche, bevor der 

exponentielle Abfall der Restrukturierung einsetzt. Unpolare Lösungsmittel wie n-

Hexan lagern ihre Alkanketten parallel zur Partikeloberfläche an. Ganz allgemein, 

ist die Restrukturierung von Lösungsmittelmolekülen durch das Material und die 

Kristallinität des Nanopartikels bestimmt. Die Partikelform, der Habitus des Kristalls, 

die Krümmung, Facettierung und Hydroxylierung der Oberfläche oder die Unter-

schiede in den organischen Liganden haben zusätzlichen Einfluss. 

 

 



1 Motivation 

Colloidal nanoparticles are used from catalysis and energy applications to cosmet-

ics. Typically they are embedded in matrixes or dispersed in solutions. Their syn-

theses are very often carried out in solution and in particular organic solvents are 

suitable to tailor size and shape during the particle formation in sol-gel processes. 

Organic ligand molecules are frequently added to the reacting solution to stabilize 

certain particle sizes. During the sol-gel syntheses, there is a vivid interplay of the 

nanoparticle buildings blocks (ions, precursor clusters, …), the organic ligand and 

the solvent molecules at the nanoparticle-solvent interface. For ions in water, solv-

ation shells are well known. Solvent molecules were also shown to restructure at 

planar interfaces over several molecular layers. Molecular dynamics simulations 

predicted a similar restructuring effect around nanoparticles, too. Figure 1.1 sche-

matically illustrates the concept of nanoscopic solvation shells, neglecting the con-

stant equilibrium exchange processes in between the molecules of the solvation 

shell and the surrounding bulk liquid. In the solvation shell, ligands (L) are tightly 

bound to the particle surface by covalent bonds. Solvent (S) molecules interact with 

the particle surface (indicated by arrows) and reorientate compared to the bulk liquid 

structure. This restructuring of solvent molecules creates an oscillation of the elec-

tron density profile perpendicular to the nanoparticle surface. For nanoparticles 

< 5 nm, these solvation shells can have diameters of the size of the particle itself. 

Within this thesis, it is shown, for the first time, how this oscillatory signal is experi-

mentally detected via pair distribution function (PDF) measurements and how it is 

undoubtedly assigned to a restructuring effect of solvent molecules around redis-

persed nanoparticles. 

Figure 1.1: Concept of nanoscopic solvation shells 

Enhanced interactions of ligands (L) and restructuring of solvent (S) molecules within the nanoscopic 

solvation shell compared to the bulk liquid. 
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Since about the year 2000, the fraction of publications in the field of PDF, which deal 

with nanoparticles, rapidly increased, see Figure 1.2 A. Within the last few years, 

high flux synchrotron sources facilitated the real-time observation of chemical pro-

cesses by applying the PDF method in-situ. Almost all of these publications on in-

situ PDF deal with nanoparticles, see panel B. At the start of this thesis in the year 

2012, the idea to observe nanoparticle crystallization in solution as it happens via 

in-situ PDF analysis was revolutionary new and hardly applied, see Figure 1.2 B. 

For decades, nucleation and growth kinetics were derived from the evolution of par-

ticle sizes as studied with small angle x-ray scattering or UV-Vis spectroscopy with-

out detailed knowledge on the particle crystallinity. Regular x-ray powder diffraction 

experiments could also not resolve the internal structure due to the finite size of the 

nanoparticles. With the advent of dedicated, high-flux PDF beamlines, the internal 

crystallinity of the particles and changes of local order from precursor molecules to 

nanoparticles became accessible in real-time. The first published in-situ PDF stud-

ies aimed at the observation of precursor clusters in solution and at nanoparticle 

formation at supercritical conditions or in hydrothermal syntheses. In contrast to su-

percritical or hydrothermal reactions, sol-gel syntheses of metal oxide nanoparticles 

at ambient conditions feature comparatively low metal ion concentrations and slower 

kinetics. For this thesis, sol-gel reactions seem to be the ideal candidate to study 

the influence of organic ligands onto the evolution of crystallinity during the ZnO 

nanoparticle formation. Time-resolved measurements of ZnO nanoparticles < 5 nm 

in ethanol are presented, which follow the structural changes from precursor clusters 

and possible amorphous intermediates to fully crystalline particles. 

Figure 1.2: Evolution of publications on PDF and in-situ PDF. 

The fraction of PDF publications on the topic of nanoparticles tremendously increased (A). In the 

field of in-situ PDF currently almost all publications concern nanoparticles (B) and the kick-off the 

method is about 2012. Statistics were made with google scholar research on 29th December 2015, 

publications in 2015 represent only 7 months (*). 



2 State of the Art 

In contrast to crystalline materials, liquids and glasses appear as rather unstructured 

media with random orientation of their constituting molecules. Nevertheless, they 

possess internal structure and this chapter provides insight into how liquids are in-

ternally structured and how this manifests itself in the pair distribution function 

(PDF). Solvent restructuring at 2D interfaces and around nanoparticles is intro-

duced. In the second part of this chapter, the synthesis of ZnO nanoparticles in sol-

gel processes in organic solvents is presented, in particular in ethanol. Previous in-

situ experiments on the nucleation and growth behaviour are summarized. The ben-

efit of in-situ PDF experiments to observe the evolution of crystallinity during particle 

formation is addressed. 

2.1 Structure of liquids 

2.1.1 Bulk liquids 

The structure of bulk liquids depends on the mutual interactions of the solvent mol-

ecules. Polar molecules like water or alcohols exert forces on each other via hydro-

gen bonds, whereas nonpolar molecules like alkanes interact via van der Waals 

forces. The different solvent types are thus treated separately within the following 

paragraphs. 

Alcohols 

One of the first analyses of the structure of liquids was done by Zachariasen in 1934 

on methanol [1]. In contrast to crystalline substances, Bragg analysis cannot be car-

ried out on the x-ray diffraction (XRD) patterns of liquids. Although these patterns 

feature a prominent first sharp diffraction peak (FSDP), see Figure 2.1 A for the 

example of ethanol at room temperature, its origin is not in lattice planes. The FSDP 

can be compared to an “effective” Bragg spacing 𝑑 = 2𝜋 𝑄⁄ , which represents a 

prominent real-space length scale of the liquid [2]. The FSDP is a result of interme-

diate range order, which builds up between different molecules beyond the first co-

ordination shell [3].  
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Zachariasen found that Fourier integral analysis nicely transforms the information 

that is evenly spread out over the entire reciprocal space into a more easily inter-

pretable representation in direct space. In direct space, interatomic distance distri-

butions are directly visible. In the liquids and glass community, the direct space rep-

resentation is referred to as radial distribution function (RDF). With a slightly different 

definition, the recent literature refers to it is the pair distribution function (PDF), 

dubbed G(r), which is described in more detail in Chapter 4. Both distribution func-

tions represent an atomic form factor weighted histogram of interatomic distances, 

as shown in the PDF in Figure 2.1 B. The sharp peaks at small r, enlarged in panel 

C, are intramolecular distances of the ethanol molecules. The long wavelength os-

cillations at and above ca. 4 Å are caused by intermolecular ordering owing to hy-

drogen bond formation [1], [4]. These oscillations are very similar to the PDF of 

glasses, whose internal structure is very comparable to the one of liquids [1], [3]. 

For many years, interest in this intermolecular ordering inspired scattering experi-

ments and molecular modelling (Monte Carlo (MC) and molecular dynamics (MD) 

simulations) to understand in detail the origin and structural arrangement of primary 

alcohol molecules in their bulk liquids [5]–[12]. Already back in 1976, Wertz et al. 

concluded from XRD experiments that the PDF peak of ethanol at 2.7 Å (Figure 2.1 

Figure 2.1: Experimental XRD (A) and PDF (B) of bulk ethanol. 

The PDF can be seen as consisting of two regions (C, D). One contains information about the mo-

lecular geometry (C) and the other information about the intermolecular arrangement in terms of 

short-range order in between different solvent molecules arranging in chains or ring motifs (D). 
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C) is not solely due to internal C-C-O distances. In fact, ethanol molecules were 

expected to orient in zig-zag chains, so that each oxygen atom is connected via a 

strong hydrogen bond network to about two neighbouring hydroxyl groups with a 

distance of 2.7 Å in between [9]. Zig-zig chains compose the crystal structure of 

solid ethanol [11] and hence for the liquid state, the model was changed to a winding 

chain concept by numerous others [6], [8], [10], [13]. Such a strong hydrogen bond 

network is also the source of the side maximum of the FSDP in the I(Q), see Figure 

2.1 A. The winding hydrogen-bonded chain model is extended to hold for methanol 

[14], [15], ethanol and 1-propanol with about 3 – 8 %of the molecules contributing 

to three hydrogen bonds by Jorgensen et al. [6]. About ten molecules were thought 

to contribute to one chain [8]. This prevailing model was contradicted by Sarkar and 

Joarder who postulated the preponderance of hexamer clusters of ethanol mono-

mers at room temperature based on available x-ray data [10]. 

Figure 2.2 illustrates in panel A the cluster formation of alcoholic molecules including 

chain and ring motifs. These are used in the inset of Figure 2.1 D to show the origin 

of the short-range order signal in the PDF. The controversy of linear winding-chains 

and closed chains was subject to research from there on. MD simulations at different 

temperatures reported hydrogen-bonded winding chains with variable shape and 

decreasing chain lengths for increasing temperatures, in almost complete absence 

of any closed chains [7]. Neutron scattering on partially deuteriated ethanol was 

combined with MD simulations and confirmed the existence of winding chains, pos-

sibly in U-shape, at room temperature [11]. With the advance of Reverse Monte 

Carlo (RCM) modelling, different modelling approaches and fit qualities to various 

experimental data were finally compared [12]. It was concluded that for methanol, 

ethanol and 1-propanol about 10 to 35 % of hydrogen-bonded molecules are pre-

sent in cyclic structures, whose existence was underestimated before. Whether this 

will finally be the ultimate answer or subject to further dispute in the future will be 

seen. 

Figure 2.2: Bulk solvent structure. 

(A) Chain and rings motifs for hydrogen bonding networks of alcohols and (B) parallel arrangement 

as present in n-alkanes. 
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n-alkanes 

In spite of the primary debate about the origin of local order in liquid n-alkanes, the 

ordering itself was observed by multiple experimental techniques [16]. As a model 

system for polymers, RDF studies on low molecular weight alkanes were carried out 

by Longman et al., who observed oscillations in the RDFs at and above 5 Å. The 

peak positions can be explained with a hexagonal packing of the liquid alkane mol-

ecules [4]. Immediate and vaguely next-nearest neighbouring molecules of bulk n-

alkanes tend to orient in parallel in the bulk [17], which was in the 1970 dubbed as 

“correlated molecular orientation” and is nowadays contained in the understanding 

of short-range order (SRO). This ordering was observed over domains of up to 20 Å. 

Such a parallel arrangement is schematically depicted for carbon backbones of al-

kane chains in Figure 2.2 B. 

Water 

As for alcohols, it is obvious that intermolecular ordering arises from the polarity of 

the water molecules and that water can be regarded as a network liquid due to its 

hydrogen bond connectivity within the bulk solvent [18]. On average, each water 

molecule is bond to four nearest neighbours via two donor bonds and two acceptor 

bonds, resulting in a tetrahedral coordination [2], [18]–[20]. The structure of liquid 

water is similar to the tetrahedral structure of ice, while an increasing number of 

hydrogen bonds becomes distorted or partly broken with increasing temperature [2], 

Figure 2.3: Comparison of experimental I(Q)’s and G(r)’s for different solvents. 

Water (black), ethanol (red) and hexane (blue) are stacked in offset for means of clarity (from top to 

bottom). (A) The FSDPs in the I(Q)’s correspond to the effective Bragg spacing, i.e. the characteristic 

length scale in the liquid. For larger molecules, the FSDP shifts to smaller Q. (B) Larger molecules, 

e.g. hexane, possess an increasing number of sharp intramolecular distances in the G(r), and the 

onset of the preponderance of intermolecular order is shifted to larger r. 
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[20], [21]. Figure 2.3 compares the I(Q) and G(r) of bulk water (black), ethanol (red) 

and hexane (blue). The FSDPs in the I(Q)’s correspond to the effective Bragg spac-

ing, i.e. the characteristic length scale in the liquid. For larger molecules, the FSDP 

shifts to smaller Q, see panel A. On the other hand, larger molecules possess more 

sharp intramolecular distances as can be clearly seen for hexane compared to water 

and ethanol in panel B. The onset of the preponderance of intermolecular ordering 

is shifted to larger r, as highlighted by the grey arrow. It is evident that water pos-

sesses an extremely well defined sharp peak at ca. 3 Å, which already belongs to 

the intermolecular order and represents the oxygen-oxygen distance of neighbour-

ing molecules. The magnitude of this peak is caused by the large scattering contrast 

of the oxygen atoms compared to the hydrogen atoms and its sharpness by the very 

well defined tetrahedral order within water. The intermolecular order of n-alkanes or 

n-alcohols is way more variable and hence distances more smeared out into broad 

oscillations already for the next-neighbouring molecules. 

It is worth a short note, that a standard PDF calculation from I(Q) data is based on 

the Debye approximation, i.e. the assumption of spherical electron densities around 

the contributing atoms. X-ray diffraction measures the electron distributions, and 

structures are derived. In the case of water, this assumption obscures the derived, 

true mutual arrangement of molecules because, actually, more charge is centred 

around the oxygens with a charge depletion around the hydrogens [20]. This dis-

torted charge distribution would have to be taken into account if one wants to derive 

the actual interatomic distances correctly, which are prone to errors for incorrect 

electron density distributions. 

2.1.2 Restructuring at 2D solid surfaces 

Nonpolar solvents played an important role in the early times for the examination of 

solvation forces at planar interfaces. In surface force apparatuses, the solvation 

forces between two surfaces have been measured in different solvents from hexane 

to hexadecane. The resulting oscillatory force profiles along the surface normals 

were found to be directly correlated with the RDFs of liquids and hence the molec-

ular interactions [22]. The maxima in the oscillatory force profiles were compared 

with molecular dimensions. In the case of n-alkanes such as n-hexane, which is 

used within this thesis, the spacing of subsequent minima corresponds to the width 

and not the chain length of the even-numbered alkane molecules. From this, it was 

concluded that n-alkane chains align in parallel to the surface [23] as shown in Fig-

ure 2.4 B. This figure is a continued development of Figure 2.2 by the introduction 

of a planar wall. On contrary, polar solvent molecules like water or alcohols, interact 
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with each other as well as with substrates by hydrogen bond formation. They orient 

along the surface normal as plotted in panel A. The enhanced order is most pro-

nounced directly at the interface and decreases to the order found in the bulk with 

increasing distance r from the surface. Adsorption isotherms confirmed reversible 

and irreversible adsorption of primary alcohols on ZnO surfaces [24]. Second har-

monic generation (SHG1) studies of the solvatochromic shifts of chromophore so-

lutes at hydrophilic silica surfaces in presence of various n-alcohols indirectly re-

vealed the local interfacial solvent structure [25], [26]. Changes in the interfacial 

solvent polarity were interpreted by the ability of the silica surface to induce long-

range structure in the alcohols by hydrogen bond formation with the surface. A bi-

layer-like structure was proposed, which builds up along the surface normal. The 

ordering effect within branched alkyl chains such as 2-propanol was found to be less 

pronounced compared to the linear counterparts due to steric hindrance.  

In search of an adequate model to describe oscillatory profiles like the ones found 

by Israelachvili [22], a minimal model of hard spheres against a planar wall found 

recognition [27]. X-ray reflectivity (XRR) measurements of hexane films on silicon 

wafers could readily be explained with it [28]. Theories and computer simulations 

became more elaborate to model liquid structure factors at interfaces and more 

complex systems like binary mixtures [29]–[31]. The advent of synchrotron radiation 

sources enabled an increase in the experimentally accessibly Q range together with 

the study of more complex sample environments and the detection of effects at high 

                                                 
1 SHG is a nonlinear optical effect, which is only allowed in media without inversion symmetry. It is 
also observable at surfaces of centrosymmetric materials, as the symmetry of the material is broken 
at the interface. The nonlinear optic media induces a doubling of the frequency of the incoming laser 
photons. It is sensitive to the energetics and the orientation of the electronic transition moments [25], 
i.e. the ability and interaction strength of an atom with an electromagnetic wave of a given polariza-
tion. 

Figure 2.4: Ordering of solvent molecules at planar interfaces. 

Hydrogen bond network along the surface normal for alcohols (A) and parallel arrangement for n-

alkanes (B). 
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dilution. One of the most prominent recent examples is the layering of room temper-

ature fluorinated ionic liquids at charged sapphire substrates, i.e. a two-component 

ionic system, which was studied by XRR [32]. Magnussen et al. also used the in-

creased Q range in XRR measurements to experimentally probe whether liquid mer-

cury rearranges into layers at the liquid-vapour interface [33]. Liquid gallium was 

proven to form layers at a diamond surface without external fields, too [34]. All these 

studies over and over again explicitly correlate the interfacial electron density oscil-

lations with the bulk liquid pair correlation function [33]–[35]. Within this thesis, the 

similarity of the signal of restructured solvent to the bulk liquid structure factor will 

once again be the key to the restructuring effect around nanoparticles. 

2.1.3 Restructuring around nanoparticles in solution 

The influence of planar surfaces onto the restructuring of solvent molecules at the 

interface is well established. It appears likely that also dissolved species such as 

ions or particles within solution affect the ordering of the surrounding liquid. 

As interest in hydrophobic effects increased, nonpolar noble gases served as a 

model system for hydrophobic solutes. A hydrophobic hydration shell of water mol-

ecules around krypton atoms in saturated aqueous solutions was shown to exist in 

Extended X-Ray Absorption Fine Structure (EXAFS)2 measurements [36]. EXAFS, 

though, can only describe about two coordination shells and fails beyond due to the 

damping of the photoelectron wave and the resulting short mean free path (typically 

< 6 Å) [37]. The sensitivity of PDF towards the intermolecular ordering, i.e. short-

range order (SRO), and changes within the SRO was first reported in 1973. Slight 

changes in the SRO of amorphous polymers with different thermal history had been 

derived from laboratory XRD data [38], [39]. Therefore, it appears likely that PDF 

analysis of x-ray and neutron diffraction data can contribute to the study of restruc-

turing phenomena in solutions. In order to probe the water structure around mono-

valent ions, e.g. NaCl and KCl, neutron diffraction experiments were carried out on 

differently deuteriated samples to deduce composite partial structure factors [40]. 

The hydrogen bond network around the ions was found to be not broken, but dis-

torted beyond the first hydration shell. Contrary to these neutron scattering experi-

ments, measurements of the relaxation times of water molecules had previously 

                                                 
2 In EXAFS, an absorption edge of on element is selectively excited. The ejected photoelectrons are 
backscattered by atoms surrounding the absorbing atom [167]. Oscillations in the spectrum around 
the absorption edge occur due to interference between the wave of the ejected and backscattered 
photoelectrons. From the oscillations, the next- and second next-neighbouring bond distances and 
coordination numbers are deduced. 
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reported that relaxation times beyond the first hydration shell are not altered com-

pared to the bulk. Here, it has to be pointed out that H-bond lifetimes and residence 

times are dynamical quantities that do not have to go hand in hand with structural 

changes. Ions can change the orientational distribution of neighbouring molecules 

over several molecular layers, but do not break hydrogen bond networks [40]. For 

the more elaborate modelling of PDF data, the empirical potential structure refine-

ment (EPSR) technique had been developed, which employs an MC simulation to 

derive 3D structures from diffraction data based on potential energy functions [41], 

[42]. EXAFS data was combined with H/D isotopic substitution neutron scattering in 

order to establish a full picture of both the immediate hydration structure of the hexa-

aquachromium ion, [Cr(H2O)6]3+, and its hydration shell, which involves at least three 

solvent layers [43]. 

As early as 1970, Hertz came up with the idea that also neutral inert particles are 

hydrated in aqueous solution [44]. His interest, whether the solvent structure is en-

hanced or destroyed, could back then not be answered due to a lack of computa-

tional capabilities and experimental evidence. The interaction of water with solid 

surfaces and around nanoparticles was the starting point for the description of re-

structuring phenomena at nanoparticle-solvent interfaces. Water molecules, in gen-

eral, were shown to undergo molecular or dissociative adsorption dependent on the 

surface characteristics [45]–[47]. Different surface stoichiometries of different metal 

oxides, with respect to metal-metal distances for example, influence the dissociation 

process [48]. Also polar axes within planar substrates were shown to promote water 

dissociation [48]. The dissociation of water to form surface hydroxyls was shown 

amongst others at rutile (110) α-TiO2 [46], at hematite (001) Fe2O3 [45] and at non-

polar ZnO (1010) surfaces [48], [49], as well as at nanoparticles surfaces of In2O3 

[47] and SnO2 [50]. The latter study furthermore points out that hydration layers on 

nanoparticle surfaces can prevent particle growth, but that they can lead to lattice 

distortions at the same time. The water molecules coordinate the otherwise under-

coordinated surface atoms and thus stabilize the particle. The particle can adopt a 

more crystalline structure compared to the unsaturated case, when surface atoms 

have to rotate to saturate more bonds [45], [51], [52]. 

Both, molecularly and dissociatively adsorbed water molecules are bound rather 

tight within two distinct adsorption layers and result in well-defined interatomic dis-

tances in the PDF, see Figure 2.3 B [45], [46], [53], [54]. Beyond, slight oscillations 

characterize the PDF which feature the same period as the water density oscillations 

themselves. They reach out as far as 15 Å, as shown amongst others for planar 

calcite surfaces [45], [53]. Calcite nanoparticles were modelled to have quite similar 

restructuring effects as planar calcite surfaces, but the water molecules are more 
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loosely bound and more mobile [51]. The comparison of restructuring effects around 

nanoparticles and surfaces of the identical material showed that the idea and prin-

ciples of restructuring phenomena at planar interfaces can, in general, be well trans-

ferred to nanoparticle surfaces. 

For lack of experimental methods to study restructuring around nanoparticles, com-

puter simulations were pursued. MD simulations focused on the effect of particle 

size and morphology onto the restructuring of water around hematite α-Fe2O3 na-

noparticles of 1.6 and 2.7 nm in diameter [55]. Larger particles and higher degrees 

of surface facetting tend to structure the surrounding water molecules more in com-

parison with smaller, spherical particles. The less facets particles provide, the more 

different crystallographic orientations lie beneath the particle surface, which impede 

well defined water restructuring into pronounced layers. Curved surfaces result in 

isolated domains of restructured water. Besides size and morphology, the additional 

parameter of surface composition with respect to hydroxylation was addressed for 

the case of 4 nm MgO nanoparticles [56]. It was concluded that rather the bulk struc-

ture than the surface composition determines the intrinsic properties of restructuring 

at the interface. 

An experimental approach to study nanoparticle-water interactions was conducted 

with Raman spectroscopy on highly diluted silver nanocolloids of ca. 15 nm diame-

ter. The slightly negatively charged colloids enhance hydrogen bond formation at 

the interface [57]. Raman spectroscopy is sensitive to the changes in the magnitude 

of the hydrogen bond network, which is enhanced in the first two layers. The method 

cannot detect possible changes in the orientational order, which occurs beyond. 

Figure 2.5 gives a schematic idea of the restructuring at nanoparticle interfaces for 

the case of alcohols. The solvent molecules preferentially orient along the surface 

normal by hydrogen bond formation to the surface, see panel A. This enhanced 

order is assumed to exist over several molecular layers before it is damped down to 

Figure 2.5: Ordering of solvent molecules around nanoparticles. 

Orientation of alcohol molecules along the surface normal extending over several molecular layers 

(A). Simplified scheme of nanoscopic solvation shell (B). 
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the bulk liquid properties. Panel B illustrates a simplified scheme of enhanced order 

within a nanoscopic solvation shell and bulk properties beyond. 

Within this thesis, the experimental proof of solvent restructuring around nanoparti-

cles in solution is given for a range of solvents and nanoparticles. The PDF tech-

nique is exploited to detect shifts in the electron density oscillations along the nano-

particle surface normal, which decay exponentially over a range of ca. 2 nm from 

the interface [58]. 

2.2 Formation of ZnO nanoparticles in sol-gel pro-
cesses 

In the last decades, the availability of literature on nanoparticle nucleation and 

growth greatly increased. The focus was on the evolution of particle sizes and did 

often not address the internal structure in detail. The formation of dense, crystalline 

particles has been implied [59]–[64]. For biominerals, such as CaCO3, amorphous 

intermediates are well known since long. Just recently it was shown by in-situ TEM 

that different pathways – direct nucleation of calcite crystals or their transformation 

from amorphous intermediates – are concomitantly possible at moderate to high 

supersaturations [65]. The significance that CaCO3 possesses in the field of bio-

minerals, the same holds for ZnO as a semiconductor. ZnO nanoparticles became 

interesting candidates for many applications such as dye-sensitized solar cells [66], 

[67], transistors [68] or UV light-emitting diodes [69], [70]. Many different synthesis 

strategies to produce ZnO nanoparticles exist including gas phase, hydrothermal as 

well as sol-gel processes [71]. Sol-gel processes, and in particular reaction path-

ways in organic solvents have become increasingly attractive in comparison to 

aqueous routes, as it is easier to tune the nanoparticle size, shape and crystallinity 

[72]. Non-aqueous sol-gel syntheses are suitable to produce nanoparticles < 10 nm 

and have been in the focus of innumerable studies. 

2.2.1 Synthesis in ethanol 

Non-aqueous ZnO nanoparticle syntheses are in general carried out in alcoholic 

solutions of zinc salts and the particle formation is often induced through base ad-

dition. The original ZnO sol-gel recipe by Spanhel and Anderson produced particles 

of 3.5 nm in diameter from a zinc acetate dihydrate (Zn(OAc)2∙2H2O) salt in ethanol, 



2.2 Formation of ZnO nanoparticles in sol-gel processes 23 

which grew to 5.5 nm within 5 days [73]. This reflects the intrinsic problem that un-

stabilized ZnO nanoparticles readily grow even in nominally dry powders, because 

the particles aggregate and then adsorbed water or surface hydroxyls serve as pro-

moters for growth [74]. Hydroxyl groups cover a good portion of the surfaces of ZnO 

particles produced via the sol-gel route based on zinc acetate salts [49], [75]. The 

remaining fraction of the surface is shielded by acetate molecules [76], which nev-

ertheless cannot prevent the growth promoted by the hydroxyls. A modified synthe-

sis strategy at ambient conditions was found, which employs the organic base tet-

ramethylammonium hydroxide (TMAH) to initiate ZnO nanoparticle formation in a 

27 mM ethanolic Zn(OAc)2∙2H2O solution [77]–[81]. During the nucleation, the na-

noparticles were capped with dimethyl-L-tartrate (dmlt), citric acid (cit) or 1,5-diphe-

nyl-1,3,5-pentanetrione (pent), which stabilize average diameters of 2.1 nm for dmlt 

and of 3 nm for cit and pent. In particular ZnO dmlt particles are stable over several 

weeks in the corresponding dry powders. This improved recipe serves as the basis 

for the in-situ experiments on the nucleation of ZnO nanoparticles. The nucleation 

and growth of ZnO initiated by TMAH is remarkably slow compared to other basic 

catalysts such as LiOH and hence is a suitable model system for in-situ studies [77]. 

Moreover, concentrations and temperatures employed are reasonably comparable 

to previous in-situ UV-vis and SAXS experiments. 

2.2.2 Influence of solvent and ligands onto ZnO nanoparticle for-
mation 

The synthesis of inorganic nanomaterials in organic solvents is a complex process 

due to the interplay of the different organic species in the solution [82]. The organics 

effect the size, shape, composition, crystal structure and surface properties of the 

inorganic particles [83], [84]. The involved reaction pathways are more diverse and 

complex than for simple precipitation reactions in aqueous media. Within the litera-

ture of nanoparticle synthesis, the term sol-gel synthesis is not solely used for true 

sol-gel processes, which involve the formation of a sol and a gel. Rather, the term 

is employed for the transformation of molecular precursors into metal oxides, what 

sometimes rather resembles a precipitation reaction, although it is not [72]. The pro-

ceeding reactions usually underlie principles from elementary organic chemistry and 

resemble inorganic polymerization reactions. The pathways are frequently domi-

nated by surfactants or solvents [83]. The oxygen atoms required for the metal oxide 

particles stem from either the solvent or the organic constituents of the reactants. 

Metal alkoxides, M(OR)n, are frequently encountered reactants, as here the zinc 
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acetate salt Zn(OAc)2∙2H2O. By exchanging the counter-ions of the primary reac-

tant, here the acetate, with stronger or weaker binding groups, the entire reaction 

pathway can be changed [84], [85]. 

The formation of dense metal oxide particles involves hydrolysis and condensation 

reactions [86]. Both reactions are in general very fast and need to be slowed down 

or avoided to produce nanoparticles [87]–[89]. In the hydrolysis reaction, the alkox-

ide group –OR of the metal alkoxide is replaced by a hydroxyl group –OH. The re-

action equation reads: 

 
2    M OR H O M OH ROH      eq. 2.1 

The condensation to M–O–M bonds can proceed via the release of a water molecule 

H2O (oxalation), eq. 2.2, or the release of an alcohol molecule ROH (alkoxolation), 

eq. 2.3 [72], [84]: 

 
2     M OH HO M M O M H O        eq. 2.2 

      M OR HO M M O M ROH        eq. 2.3 

According to eq. 2.1, water can act as a catalyst during particle formation. The crys-

tallization water content of Zn(OAc)2∙2H2O is however not high enough to classify 

its contribution as catalytic. It somewhat promotes the dissolution of the zinc salt 

[90], and it can also enhance the activity of all species [86]. Besides the crystalliza-

tion water, the non-aqueous ZnO sol-gel processes are carried out in the absence 

of any additional water by using anhydrous solvents, since increased amounts of 

water can shift the reaction equilibrium to zinc hydroxide double salts as an un-

wanted by-product [91].  

An impediment or deceleration of the hydrolysis and condensation reactions is 

achieved by the addition of organic ligands. [87], [88]. If no additional ligands are 

introduced to the synthesis, the acetate itself serves as ligand in unidentate, biden-

tate or bridging configuration [76], [92]. Acetate was postulated to slow down the 

growth rates of clusters to ZnO nanoparticles, because the acetate molecules have 

to desorb from the clusters before these can react onward [62], [77], [93]. On the 

final dry ZnO nanoparticle powders, acetate seemed to bind only with moderate 

strength to the surface, because multiple washing with antisolvents like heptane re-

moved a significant fraction of the acetate groups. The resulting decreased surface 

coverage lowered the colloidal stability and promoted growth to an extent as it was 

observed for non-capped particles [74], [76], [94]. In order to prevent such post-
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synthesis growth, the injection of suitable ligands into as-synthesized nanoparticle 

suspensions appeared favourable. Continued growth of 5 nm ZnO nanoparticles in 

2-propanol was moderated by the injection of solutions containing thiols and phos-

phonic acids [95]. By adding the surface-capping agents at earlier reaction times, 

the opportunity opens up to control the primary particle formation instead of just 

preventing further growth. Metal ions like zirconia or zinc possess an intrinsic ten-

dency to extend their alkoxide network via fast hydrolysis and condensation reac-

tions [87]. Strong complexing ligands (SCL) bind to the metal ion and form new 

precursor species M(OR)n-x(SCL)x, which decrease the reactivity of the metal alkox-

ide and enable control of the sol-gel reactions [88]. Carboxylic acids, β-diketones or 

functional alcohols act as such strong chelating ligands [72]. Density functional the-

ory (DFT) modelling suggested a binding of the ligands to the active Zn2+-sites on 

the ZnO surface via Zn•••O, Zn•••N or Zn•••S bonds [96]. Ligands with multi-func-

tional groups form stronger bonds. Similar results were achieved in ab initio elec-

tronic structure simulations on ligand binding on CdSe nanoparticles, which showed 

preferential linking of the oxygen atoms in the ligands with the cadmium atoms of 

the nanoparticle [97]. In presence of tertiary butyl phosphonic acid as ligand, ZnO 

nanoparticle growth was sufficiently inhibited even for long reactions times 

> 12 hours [59]. 

Besides stabilizing ligands, the degree of supersaturation plays a crucial role in ob-

taining small particle sizes. In general, as holds for classical nucleation theory, high 

degrees of supersaturation result in smaller particle sizes as more nuclei are formed. 

High supersaturation can be achieved by the addition of a base, which catalyses the 

reactions in eq. 2.1 to eq. 2.3 in non-aqueous sol-gel syntheses. The ratio of hy-

droxyl ions to metal ions is referred to as the hydrolysis ratio and has a strong influ-

ence onto the degree of branching of the oxo-polymers. High hydrolysis ratios do 

not only produce small nanoparticles, but also result in incomplete hydrolysis of 

metal centres, in particular in presence of strong complexing ligands. Amorphous 

metal oxo species form, where alkoxides and ligands remain bonded to the metal 

and prevent immediate condensation to an oxide network [87]. Elevated tempera-

tures or hydrolysis with water, acidified with a poorly complexing acid, promote the 

reversible dissociation of surface-bond ligands, that in turn enables a recoordination 

at the surface of the growing clusters [87], [88]. Exemplarily, the synthesis of acetyl 

acetone-capped ZrO2 nanoparticles at room temperatures in n-propanol produced 

disordered particles due to a competitive growth/termination mechanism of oxo and 

acetyl acetone groups at the nanoparticle surface. Subsequent ageing at 60 °C with 

para-toluene sulfonic acid transformed them to crystalline nanoparticles [87]. 
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Aside from the ligands and the supersaturation, also the solvent molecules interact 

with the nanoparticles and bind to undercoordinated surface metal ions. This coor-

dinating ability of the solvent can impact the final particle size [98] or introduce 

changes in the interatomic bond distances within layers of surface atoms [50], [99]. 

More surprisingly, it can also severely influence the internal particle structure. In 

methanol, 3 nm zinc sulphide particles feature a crystalline (cubic) core with a tre-

mendous surface reconstruction and may be regarded as disordered. Upon the ad-

dition of small amounts of water, the particle surface is saturated with water mole-

cules and the internal structure relaxes to entirely crystalline particles as observed 

by synchrotron XRD and MD simulation [52], [100]. However, even strong chemical 

passivation of the surfaces is often deficient to produce perfect crystalline particles 

because various bonding environments (solvent, ligand, hydroxyl groups, …) exist 

at the surface that drive inhomogeneous strain [101]. 

2.2.3 Recent in-situ studies and modelling approaches 

Already for a long time, the formation of ZnO nanoparticles from zinc salts in alco-

hols is described as the evolution of molecular building blocks into dense nanopar-

ticles [102]–[104]. Such an assembly process in contrast to fast ionic precipitation 

reactions is recently designated as non-classical crystallization [105]. Upon dissolu-

tion of the zinc acetate salt, which features an 

octahedral coordination of the zinc atom, zinc 

ethoxy acetate (EtOZnAc) complexes form in 

solution at room temperature. Isolated Zn2+ 

ions are less stable in alcoholic solvents com-

pared to EtOZnAc complexes [104]. Most syn-

theses are based on a precursor solution, 

which has been refluxed at elevated tempera-

tures of ca. 80 °C for about 3 hours. Within 

such refluxed solutions, tetrahedral precursor 

species form, which have been identified as 

Zn4OAc6 and whose structure is pictured in Figure 2.6 [102], [103], [106]. Their yield 

was shown to increase with increasing temperature via EXAFS measurements 

[106]. Prolonged refluxing of ethanolic Zn4OAc6 solutions was found to produce 

some Zn10O4(OAc)12 clusters [102], which were later on suggested to be a dominant 

species during the ZnO nanoparticle nucleation [86]. It was postulated that these 

primary building blocks form a series of cage-like magic size clusters up to 1.7 nm 

in diameter, where four smaller blocks assemble to the next higher hierarchic clus-

Figure 2.6: Precursor cluster Zn4OAc6 
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ter. The clusters can be imagined as self-similar Koch pyramids, also called Sier-

pinski triangles [102]–[104]. Although suggesting such a growth scheme as likely, 

Spanhel emphasizes that already the precursor formation and the types of clusters 

present in the solutions are strongly dependent on the temperature, the refluxing, 

the solvent and the initial salt concentration [104]. Therefore, the proposed model 

might not hold in general due to the poor knowledge about the complex ZnO system 

[104]. Just recently, a review article subdivided the vast field of quantum dots into 

magic size nanoparticles, such as CdSe, and regular quantum dots. Magic size clus-

ters (MSC) are defined as small clusters that consist of an exact number of atoms 

and are very stable. Regular quantum dots do not possess particularly stable sizes 

and are often subject to a continuous size distribution. They feature no unique nu-

cleation and growth route, which undoubtedly is true for ZnO [107]. As detailed in 

the following section, different nucleation pathways, depending on the chemical syn-

thesis conditions, have been reported based on in-situ ultraviolet-visible (UV-Vis) 

spectroscopy and small angle x-ray scattering (SAXS) experiments as well as the-

oretical modelling approaches. 

In-situ studies 

The evolution of particle size and thus growth kinetics can be derived from in-situ 

UV-Vis and SAXS experiments [61], [62], [91], [93], [105], however reported ripening 

rates and proposed growth models are rather contradictory [105]. In-situ UV-Vis 

studies on zinc acetate dihydrate in various n-alcohols showed a fast nucleation and 

growth with subsequent diffusion-limited coarsening [64], [98], [108], [109]. For eth-

anol and propanol a retarded nucleation was observed and the longer the solvent 

chain length, the faster the coarsening of the particles [64], [109]. At earlier reaction 

times, i.e. smaller particle diameters, the growth mechanism proved to be an inter-

mediate of diffusion control and reaction (kinetic) control [110]. Besides, anomalous 

size dependency of growth rates with a logarithmic dependence of the particle ra-

dius on ageing time were reported [86], [111]. In opposition to previous reports [109], 

the influence of counter ions, which are adsorbed at the particle surface, seems 

more recently to slow down the ripening rates to values smaller than in the diffusion-

limited case [63]. No agreement could be achieved between different reports on the 

influence of the amount of base, the overall precursor concentration or the temper-

ature onto the nucleation [105]. Strong surface capping agents were postulated to 

rather inhibit oriented attachment (OA) processes3, but at the same time to also 

suppress classical ripening, so that in case of facet-selective ligand adsorption OA 

                                                 
3 Oriented Attachment is the aggregation of individual particles after these self-organized to be mu-
tually aligned along common crystallographic axes. The driving force of the attachment process is 
the reduction of surface energies [82], [124]. 
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might nevertheless dominate the growth process [105]. Also for solvents with high 

dielectric constants and high solubility limits OA seems favourable [105]. Recently, 

in-situ EXAFS revealed the existence of precursor species throughout the entire 

observation time, which made the interpretation of a pure ripening for the growth 

process somewhat obsolete [61], [112]. More complex nucleation and growth 

schemes have to be considered. The most detailed mechanistic insight was exper-

imentally provided by Caetano et al. by combining UV-Vis, SAXS and EXAFS meas-

urements [61]. Their model comprises four steps: 

1) t < 5 min: Nucleation of 1.8 nm large particles, which grow to 2.1 nm 

2) 5 min < t < 100 min: Growth of compact aggregates, i.e. oriented attachment 

of the primary particles of 2.1 nm to particles of 2.4 nm in diameter 

3) 100 min < t < 350 min: Growth of fractal aggregates in a diffusion-controlled 

way, slight particle size increase to 2.6 nm 

4) 350 min < t: Secondary nucleation and growth of fractal aggregates in a      

polydisperse aggregation model 

Although this study provides a decent model for particle growth and agglomeration, 

no insight into the evolution of crystallinity is provided. EXAFS is limited to the sec-

ond neighbouring shell and thus cannot follow the evolution of short-range order on 

intermediate length scales. SAXS is not at all sensitive to crystallinity and for UV-

Vis the effect of internal disorder onto the band gap is not addressed in most ZnO 

studies. 

Theoretical modelling 

The theoretical attempts to describe ZnO nanoparticle nucleation comprise mecha-

nistic MD studies on the internal ordering processes during particle formation [75], 

[113] and population balance equation (PBE) modelling [59], [60]. PBE modelling 

combines nucleation kinetics of individual particles with collision and growth dynam-

ics of populations of particles [59]. Such studies are capable of including various 

effects like reactant concentration, reaction time, temperature, etc. Two independ-

ent PBE studies resulted each in a three stage model in agreement with in-situ UV-

Vis experiments, in which ZnO nanoparticles rapidly nucleate, then undergo ori-

ented attachment within minutes and further grow via Ostwald ripening during sev-

eral hours. Segets et al. based part of their calculations of the nucleation and growth 

stage on Spanhel’s magic size cluster model of aggregated tetrahedrons, which is 

arguable as to the proper chemical stoichiometry [60], [104]. The model was found 

to overestimate the particle size and to not reproduce the particle size evolution. 



2.2 Formation of ZnO nanoparticles in sol-gel processes 29 

Modelling of the particle size evolution without the Spanhel model resulted in mean-

ingful and comparable time scales in between the two studies and experiments [59], 

[60]. 

Kawska et al. modelled the formation of ZnO particles from the ionic association of 

Zn2+ and OH- ions in a box of ethanol molecules up to particle sizes of 250 ions (ca. 

1.8 nm) [75]. One drawback of the MD study is the lack of stabilizing acetate or other 

ligand groups, which might further influence the internal particle structure or modify 

the attachment process of new constituents. In particular the lack of acetate groups, 

prevents the simulation of the well-known precursor Zn4OAc6, which most likely in-

tegrates differently into existing particles than free Zn2+ or OH- ions. Nevertheless, 

the study provides fundamental, valuable inside into the crystallization process. 

Within small clusters, Zn2+ and OH- groups preferentially arrange octahedrally. In 

the growing [Znx(OH)yOz]2x-y-2z clusters, local tetrahedral organisation builds up as a 

result of condensation reactions to Zn-O-Zn bridges. Once the cluster sizes reach 

150 ions, the cluster core is entirely free of OH-. Further ion attachment produces 

core-shell particles. A 1.8 nm particle (250 ions) features a nanometer-sized wurtz-

itic core surrounded by a disordered shell of Zn2+ and OH- ions. 

2.2.4 Insight into crystallinity during nucleation – in-situ PDF 

The structural insight during nucleation provided by Kawska et al. shows that about 

half of the nanoparticle diameter of ~ 2 nm particles can be disordered and lacking 

the final transformation to crystalline ZnO. As known from the sol-gel chemistry, 

such a disordered state can be astonishingly stable for prolonged periods of time, 

in particular in presence of coordinating ligands. This shows the demand for an in-

situ experimental technique, which can access short-range order and crystallinity 

during particle formation. Time-resolved PDF measurements make use of the Bragg 

and diffuse scattering. For this reason they are also called total scattering (TS) ex-

periments. A very small community also refers to them as high energy x-ray scat-

tering (HEXS) experiments, since x-ray energies > 40 keV are most frequently used 

in order to reach a reasonably high Qmax for the PDF calculation. PDF analysis can 

extract structural information from nanocrystalline as well as disordered materials 

and within the last few years the in-situ observation of nucleation became a major 

field of application. Precursor structures of various metal oxide nanoparticles (CeO2, 

SnO2, WO3, ZrO2, …) were identified and the burst nucleation and the subsequent 

growth of crystalline particles in hydrothermal or supercritical synthesis was ob-

served [114]–[117]. The high reactant concentrations in these processes compared 
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to reactions at ambient conditions in organic solvents prompted the first in-situ ex-

periments in this direction. Just recently, two studies reported the existence of amor-

phous intermediates during nanoparticle formation. 3.5 nm Yttrium-stabilized ZrO2 

nanoparticles were shown to nucleate along a multi-step pathway in a solvothermal 

reaction in supercritical methanol. Polymeric precursors react to an amorphous in-

termediate, which undergoes gradual bond reformation within small domains till the 

entire intermediate has restructured to the final crystalline nanoparticles within ca. 

30 minutes after the start of the reaction [118]. The second study focussed on 

3 - 5 nm large TiO2 particles. Titanium isopropoxide firstly creates an amorphous 

precursor of ca. 4 TiO6/TiO5 units in an isopropanol-water mixture under hydrother-

mal conditions. Quickly the nanoparticles form with a size-dependent defect con-

centration of up to 33 %, which can be correlated with OH defects in the surface 

layer. These defects heal during growth over a time span of 20 minutes and the 

crystalline domain size increases [119]. Such a conception of a hydroxyl-rich shell 

for TiO2 goes along the ZnO nucleation scheme of Kawska et al. and prompt a re-

spective in-situ investigation on ZnO as carried out within this thesis. 

2.2.5 Disordered-crystalline transition in nanoparticles 

The relevance of disorder-order transition within nanoparticles during their formation 

or in a post-synthesis step was not solely studied recently by in-situ PDF [118], [119], 

but some attempts to understand the effect of surface capping agents or bound sol-

vent molecules onto the transition had been done previously. 

For dry powders, the influence of surface capping agents onto nanoparticle crystal-

linity is reasonably well studied. Exemplarily, strong covalent termination of 3 nm 

large cubic ZnS nanoparticles was shown to result in more crystalline particles com-

pared to weaker coordinating ligands [100]. The influence of the solvent onto the 

internal structure was addressed in Chapter 2.2.2. Moreover, both solvent and lig-

and molecules are known to bind to the particle surface during the reaction, thereby 

limiting crystal growth and influencing the particle morphology and the growth be-

haviour [83]. They are also known to undergo dynamic adsorption and desorption 

processes during nucleation and growth, whereas their binding decreases with in-

creasing temperature [83], [120]. The resulting impact on the crystallization behav-

iour of nanoparticles has however only been probed in few studies directly. Ex-situ 

UV-Vis, XRD and high resolution transmission electron microscopy (HRTEM) were 

done on quenched samples of CdSe nanoparticles reacting at 220 °C with tri-

phenylphospine (TPP) as capping agent. Samples taken at early reaction times fea-

tured an amorphous structure and gradual crystallization took place over time [121]. 
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Again ex-situ via UV-Vis and XRD, Epifani et al. redispersed amorphous dodecan-

ethiole (DDT) -capped CdSe nanoparticles in pyridine to study the crystallization 

behaviour upon heating. Comparing the evolution of crystallinity for two different 

ligands and solvents, they showed that ligands pose a threshold to crystallization, 

which is altered by the solvent-ligand interaction [122]. Any phase transformation in 

between different crystal types or amorphous-crystalline transitions has to over-

come the energy barrier which is impressed by the nanoparticle surface, descrip-

tively dubbed “surface rigidity effect” [122]. The complex interaction of solvent and 

ligand molecules at the nanoparticle surface is illustrated in Figure 2.7. Panel A is a 

snapshot and thus reflects a static picture. Over time, exchange processes of both 

adsorbed ligand and solvent molecules occur as indicated in panel B, or more sim-

plified in panel C by omitting non-interacting solvent and ligand molecules. The cru-

cial role of the “surface rigidity effect” was more directly tested in heating experi-

ments on uncoated and alumina-coated amorphous ZrO2 nanoparticles via in-situ 

XRD. The blocked interface of the coated particles inhibited grain growth upon 

heating since surface reconstruction and internal restructuring were impeded [123]. 

Summarizing, the solvent-nanoparticle interface plays a key role in nanoparticle for-

mation. It influences nucleation and growth kinetics by controlling the attachment 

and integration of new ions or precursor species into existing particles. Synthesis 

strategies are not entirely tuneable as long as the organic-inorganic interface is not 

completely understood [83]. The interface impacts the internal particle structure 

which ranges from disordered to crystalline. The internal nanoparticle order again 

determines the degree of periodicity and anisotropy of the electrostatic field of the 

particle, which in turn drives attachment processes. This electrostatic field however 

is modulated by solvent-surface interactions [124], which shows the miscellaneous 

entanglement of solvent, ligand and nanoparticle interactions and joins the two parts 

of this thesis. 

Figure 2.7: Interactions of solvent and ligand molecules with nanoparticle surface. 

(A) Snapshot of a possible configuration of ligands (L) and solvents (S) at the nanoparticle surface. 

(B) Complex ad- and desorption processes of ligand and solvents take place. (C) Simplified version 

of (B) focusing on the dynamic surface exchange processes. 
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The PDF experiments carried out within this thesis can be subdivided into three 

categories: 

 Powder measurements in capillaries: calibration standards and nanoparticle 

powders in Kapton® (polyimide) capillaries (background measurement: 

empty Kapton® (polyimide) capillary) 

 Redispersion experiments: commercially available and self-synthesized na-

noparticles redispersed in various solvents, pumped continuously through a 

flow cell setup; the pumping is performed for good suspension of the parti-

cles, not for means of time resolution (background measurement: pure sol-

vent pumped through flow cell) 

 In-situ nucleation experiments: synthesis of ligand-capped ZnO nanoparti-

cles in ethanol, pumped continuously through a flow cell setup; the pumping 

allows time-resolved data of the particle formation process (background 

measurement: pure ethanol or ethanol+TMAH pumped through flow cell) 

Following the purchased chemicals, the synthesis of the ZnO nanoparticle powders 

and the procedure of the flow cell experiments are presented. 

3.1 Purchased nanoparticles and chemicals 

In the redispersion experiments, self-synthesized ZnO as well as commercial nano-

particle powders have been redispersed in various solvents. Five types of nanopar-

ticle powders have been purchased from two different companies (nanoAmor, 

Nanostructured & Amorphous Materials, Inc., Houston, TX 77084, USA; 

PlasmaChem GmbH, Rudower Chaussee 29, 12489 Berlin, Germany), see Table 

3.1. 
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Table 3.1: Purchased nanoparticles, sizes, ligands and manufacturer 

abbreviation  name 
structure 
formula 

size, as 
specified 

(nm) 
ligand manufacturer 

TiO2 
titanium   
dioxide 

TiO2 5 N/A nanoAmor 

In2O3 
indium    
oxide 

In2O3 4 
nitrate 
ions 

PlasmaChem  

ZrO2, phob 
zirconia  
dioxide 

ZrO2 3 
benzoic 

acid 
PlasmaChem 

ZrO2, phil 
zirconia    
dioxide 

ZrO2 3 
nitrate 
ions 

PlasmaChem 

Ag silver Ag 7 
alkane-
thioles 

PlasmaChem 

 

The specifications of all solvents of the redispersion experiments and all chemicals 

used for the ZnO nanoparticle synthesis are listed in Table 3.2, together with the 

minimum purities applicable for all manufacturers. Article numbers and manufac-

turer-specific purities can be found in Table A1, p. 118. All chemicals were used with-

out further purification. 

 

Table 3.2: Chemicals with minimum specifications applicable for all manufacturers 

(SA = Sigma Aldrich, FS = Fisher Scientific, R = Roth) 

abbrevi-
ation 

name 
structure for-

mula 

molar 
mass 

(g/mole) 

purity 
(%) 

manufac-
turer 

ZnOAc 
zinc acetate di-

hydrate 
Zn(CH3COO)2 

• 2H2O 
219.51 > 98 SA, FS 

TMAH 
tetrame-

thylammonium 
hydroxide 

(CH3)4NOH 91.15 
25 wt% in  
methanol 

SA, FS 

meth methanol CH3OH 32.04 
99.8 %, 

< 0.03% H2O 
SA, R 

eth 
ethanol,       

anhydrous 
C2H5OH 46.07 

99.5 %, 
≤ 0.2 % H2O 

SA, FS, R 

prop 
1-propanol, 
anhydrous 

C3H7OH 60.10 
99.7 , 

< 0.005% H2O 
SA 

ac 
acetone,      

anhydrous 
(CH3)2CO 58.08 

> 99.5, 
≤ 0.5% H2O 

SA, FS, R 

hex 
n-hexane,    
anhydrous 

C6H14 86.18 
95.0 %, 

< 0.01% H2O 
SA, FS, R 

dmlt 
dimethyl-L-   

tartrate 
[CH(OH)CO2  

CH3]2 
178.14 99 SA 

cit citric acid 
HOC(COOH)  
(CH2COOH)2 

192.12 > 99.5 R 

pent 
1,5-diphenyl-
1,3,5-penta-

netrione 

(C6H5)2(CO)2  

CH2 
266.29 > 98 SA 
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3.2 Synthesis of ZnO nanoparticles 

The synthesis procedure is based upon Spanhel and Anderson [73]. Various modi-

fications of the original recipe exist with respect to the concentrations, the base, the 

synthesis temperature, the refluxing, etc. [67], [85], [86], [98], [125], [126]. This the-

sis focusses on a modified synthesis strategy at room temperature with the organic 

base tetramethylammonium hydroxide (TMAH) as suggested by [77], [78], [80], [81]. 

Additional organic ligands are employed to produce stable particle sizes < 5 nm. 

Figure 3.1 depicts the synthesis route for the production of dry nanoparticle powders 

(left) and the fraction of the synthesis carried out in the in-situ experiments (right). 

The synthesis starts with the dissolution of 0.58 g zinc acetate dihydrate salt 

Zn(OAc)2∙2H2O in 100 mL anhydrous ethanol to yield a 27 mM solution. In order to 

stabilize particle sizes < 5 nm in the final dry powder, additional organic ligands are 

simultaneously dissolved at 6.75 mM and the entire solution is magnetically stirred 

for about 1 hour at room temperature. The reaction time is indicated in the arrows 

at the right side of each panel. 1,5-diphenyl-1,3,5-pentanetrione (pent), dimethyl-L-

tartrate (dmlt) and citric acid (cit) were chosen as ligands, since they are known to 

influence the shape and size of the final nanoparticles due to selective adsorption 

Figure 3.1: Synthesis route for dry ZnO powders and in-situ experiments 
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on certain crystal faces [127]–[132]. Table 3.3 contains the required masses of the 

ligand powders and the TMAH volumes for a standard synthesis with 100 mL etha-

nol. Besides, the average nanoparticle sizes are given, as they were determined 

from PDF refinements of polydisperse nanoparticles with Gaussian size distribu-

tions (average mean diameters dNP, widths σNP of the Gaussian, stacking fault prob-

ability pstack, and quality of fit Rw). The individual particle sizes and their crystallinity 

within the agglomerated powders were further confirmed with high resolution trans-

mission electron microscopy (HRTEM)4. Figure 3.2 shows a representative HRTEM 

image of ZnO ac nanoparticles, further images are in the Appendix A.7, p. 128, Fig-

ure A2 and Figure A3 [81]. 

Table 3.3: Sizes of nanoparticles in powders 

ligand 

ligand mass to be 
additionally 
weighed in    

(standard recipe) 

TMAH volume 
(standard  

recipe) 

dNP 
(nm) 

σNP 
(nm) 

pstack 
Rw-

value 

ac  3.0 5.1 1.4 0.13 0.1372 

cit 0.1353 6.7 3.1 0.9 0.27 0.1396 

dmlt 0.1254 3.0 2.1 1.2 0.27 0.2232 

pent 0.1875 3.0 3.2 0.2 0.23 0.1296 

 

                                                 
4 TEM measurements were performed with Tecnai F30 at 300 kV equipped with a field emission gun 

and a Gatan Ultrascan 4000 CCD camera (4kx4k) in TEM imaging mode. The samples were dis-

persed in ethanol and sprayed onto holy carbon coated TEM Cu-grids with an ultrasonic pulse [168]. 

Figure 3.2: HRTEM image of ZnO ac nanoparticles 

Individual particle sizes are in accord with sizes as determined from XRD. Scale bar in bottom left 

corner. 
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The injection of 3 mL TMAH, equalling a ratio [TMAH]/[Zn2+] = 2.4, initiates the for-

mation of nanoparticles. For cit the ratio is adjusted to [TMAH]/[Zn2+] = 5.4, because 

of the acidic character of citric acid, which requires a larger amount of base (6.7 mL) 

to be added to adjust the pH equivalently. For the in-situ experiments, the sol is 

subsequently magnetically stirred, pumped and monitored for several hours after 

the base addition. The automatic base injection itself only takes 2 sec, i.e. less than 

the lowest time resolution of 10 sec within this thesis. The stirred sol initially is clear. 

Depending on the organic ligand, it becomes visibly cloudy after half an hour (pent) 

up to 12 hours (dmlt). The cloudiness indicates an agglomeration of the particles. 

In order to gain powders, the nanoparticulate sol has to be agglomerated by the 

addition of an antisolvent [94]. A mixture of hexane and acetone (hex-ac, ratio  

hex : ac = 2.5 : 1) promotes the formation of white gel-like flocculates. The stirring 

time prior to and after the addition of the antisolvent mixture, before the centrifuga-

tion of the precipitates can be carried out, strongly depends on the organic ligand 

used. The stirring times are contained in Figure 3.1 at the bottom right. The sols 

were filled into 40 mL centrifugation tubes and centrifuged twice for 2 min with 

125 rcf5 and once for 5 min with 2000 rcf. After one centrifugation step, the super-

natant containing left-over reactants was discarded. The sediment of each centrifu-

gation tube was filled up with 20 mL acetone and shaken for better dissolution of 

further organic remnants. The third and faster centrifugation produces a more com-

pact, sedimented gel, which is then dried overnight in a desiccator to gain the nano-

particle powder after pestling. Further details on the precipitation and centrifugation 

steps can be found in the Appendix A.1, page 116. 

All glassware, which was used for the experiments, was cleaned with 1 wt% NaOH 

and HCl and rinsed three times with water and Millipore water and dried at 110 °C 

in a heating oven prior to usage. The flow cell was 

cleaned with HCl and Millipore water and dried in a 

heating oven in between two experiments. The entire 

tubing was exchanged for each experiment. 

ZnO nanoparticles produced along this synthesis 

route feature particle sizes according to Table 3.3. 

Their surface is covered by acetate or respectively lig-

and groups as well as hydroxyl groups. Figure 3.3 

shows a particle with citrate groups, whereas the cap-

ping density was determined from neutron PDF data 

                                                 
5 rcf =relative centrifugational force, also dubbed g-force 

Figure 3.3: Wurtzitic ZnO nano-

particle with citrate ligands. 

Omittance of hydroxyl groups for 

blank surface Zn atoms 
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[133]. The majority of ZnO surfaces is covered by hydroxyl groups [75], [134], [135], 

which are omitted here for clarity. 

3.3 Procedure of flow cell experiments 

Both the redispersion and the in-situ nucleation experiments were carried out with 

the flow cell setup depicted in Figure 3.4. 

The solution, respectively the sol were magnetically stirred during the entire experi-

ment to keep the nanoparticles suspended at all times. A peristaltic pump (type 

323E/4D, Watson Marlow) pumped the solution in a circuit at 190 mL/min. For the 

calibration of the volume flow, see Table A12, p. 127 in Appendix A.2. The stainless 

steel flow cell was custom-made in the workshop of the institute and featured ex-

changeable polyimide windows in transmission geometry with a diameter of 1.5 cm 

and an x-ray path length of 3 mm. The scattering patterns were collected on 2D 

Perkin Elmer detectors (XRD 1621 AN/CN) with 0.1 s frames, which were binned by 

the detector software to either 10 s or 1 min frames. The syringe pump (Nexus 6000, 

Chemyx) in Figure 3.4 was used to add the base and was controlled from outside 

the experimental hutch. In an in-situ standard experiment, the base was entirely 

injected at once with the maximum pump speed of 100 mL/min. Alternatively, in in-

situ ramp experiments, the base was gradually dosed with two different ramp 

speeds of 0.25 or 0.05 mL/min, see Table 3.4. Within this thesis, ramp experiments 

have only been carried out for the ligand pent. The observation time of each exper-

iment is also listed. 

 

 

 

Figure 3.4: Setup of in-situ experiment 
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Table 3.4: In-situ experiments and mode of TMAH addition 

The maximum pump speed was 100 mL/min as used for injection experiments. 

experiment mode of  
addition 

ramp speed 
(mL/min) 

ramp speed 
(mM TMAH/min) 

observation time 
(min) 

ZnO ac injection 100 1600 870 
ZnO cit injection 100 1600 500 

ZnO dmlt injection 100 1600 1010 
ZnO pent injection 100 1600 120 

ZnO pent fast ramp 0.25 4.0 40 
ZnO pent cont ramp 0.05 0.8 90 

 

In the redispersion experiments, comparable amounts of nanoparticle powder were 

weighted in and redispersed in the different solvents according to the matrix shown 

in Table 3.5. The dispersion was magnetically stirred and pumped in a circuit ac-

cording to Figure 3.4. No TMAH was injected, i.e. the syringe pump not used. The 

data was typically collected and averaged over 10 minutes, since no radiation dam-

age or degradation was observable in the collected XRD patterns during this time 

range. 

Table 3.5: Solvent-nanoparticle matrix of redispersion experiments. 

Combinations indicated by checkmarks have been measured (phob = hydrophobic, phil = hydro-

philic). 

 meth eth prop hex water 

ZnO ac           

ZnO cit           

ZnO dmlt         

ZnO pent           

TiO2           

In2O3           

ZrO2,phob          

ZrO2,phil       

Ag         

 

For each setup, separate calibration measurements with NIST CeO2 or Si standards 

were acquired in order to calibrate e.g. the sample-detector distance and the detec-

tor tilt. The respective calibration parameters can be found in the Appendix A.3 and 

the relevance of these parameters for the PDF calculation is further explained in 

Chapter 4.1. The background measurements of the empty capillaries and the flow 
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cell as well as for the flow cell with the pure solvents and ethanol + TMAH solutions 

were done with equivalent experimental parameters. 

The measurements were performed either at beamline ID-15-B of the European 

Synchrotron Radiation Facility (ESRF) in Grenoble, France, or at beamline 11-ID-B 

of the Advanced Photon Source (APS) in Chicago, USA. The energy was about 

60 keV, i.e. a wavelength of 0.21 Å. Exact values for the wavelength of each single 

experiment can be found in Appendix A.2, Table A2 and Table A3, p. 119. The ac-

cessible Q range was in both cases ca. 0.6 to 23 Å-1. 



4 The PDF technique 

The pair distribution function (PDF) corresponds to a histogram of interatomic dis-

tances, normalized for the scattering contribution of the individual atoms (atomic 

form factors) and the overall num-

ber of atoms in the sample. In Fig-

ure 4.1 the PDF of a ZnO powder is 

derived schematically from the ab-

plane of the wurtzitic crystal struc-

ture of ZnO. Any atom of the sample 

serves as an arbitrary centre, from 

which all interatomic distances to all 

other atoms are measured. Each 

distance is normalized by the scat-

tering power of its corresponding 

atom pair. All distances are 

summed up and projected over the 

radius r. Consequently as in a histo-

gram, each peak corresponds to a 

distance, where neighbouring at-

oms are most likely found in the 

sample. A value of G(r) = 0 corre-

sponds to the average density of an 

amorphous (disordered) structure, 

where roughly speaking no en-

hanced correlation of atoms beyond 

next-neighbouring covalent bond 

distances occurs. This kind of normalization is further explained in Chapter 4.2.Val-

ues of G(r) < 0 are found at distances where the probability to find an atom is smaller 

than in a disordered structure. More descriptively speaking, putting atoms onto a 

crystal structure, let’s say the corners of a cube for a cubic structure, all distances 

between zero and the edge length of the cube feature values G(r) < 0, since no atom 

is present in between the two atoms on the corner sites.  

 

 

 

Figure 4.1: Schematic derivation of the PDF of a 

ZnO nanoparticle powder from the ab-plane of the 

wurtzitic crystal structure 
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4.1 PDF calculation from experimental data 

The experimental XRD data was collected with 2D detectors and the detector im-

ages were radially integrated to I(Q) datasets with the software Fit2D [136]. The 

beamstop, dead and high pixels and sensitivity loss at the detector edges were 

masked beforehand. A NIST CeO2 standard was used to calibrate the geometrical 

parameters, which are needed for the integration of all other datasets with the iden-

tical setup. The calibration parameters of all beamtimes (sample-detector distance, 

detector tilt, etc.) are listed in Appendix A.2, p. 119. 

The experimentally observed intensity I(Q) is the sum of the elastically scattered 

intensity by the sample, the thermal diffuse background, the Compton scattering by 

the sample, the scattering by the sample holder and air. Correcting for the back-

ground and experimental aspects such as detector sensitivity, and applying a proper 

normalization with the scattering cross-sections of all contributing atoms results in 

the total scattering structure function S(Q) [137]. The data are normalized such that 

S(Q) oscillates around the value of “1” at high Q. The expression 𝑄[𝑆(𝑄) − 1] is 

called reduced total scattering structure function F(Q) and oscillates around zero 

due to the subtraction of “1”. It emphasizes signal at high Q due to the multiplication 

with Q. It can subsequently be Fourier Transformed to gain the PDF, dubbed G(r), 

according to eq. 4.1. 

  
max

min

2
( ) ( ) 1 sin( )

Q

Q

G r Q S Q Qr dQ


   eq. 4.1 

𝑄 = 4𝜋 𝜆⁄ ∙ sin(𝜃) represents the momentum transfer vector with the wavelength λ 

and the scattering angle 2θ. According to eq. 4.1, the Fourier Transformation runs 

from the smallest experimentally accessible Qmin = 0.6 Å-1 to Qmax = 23 Å-1 for the 

powder samples. All software, in fact, adds a straight line from the origin Q = 0 to 

F(Qmin). For the in-situ data, Qmax was suitably chosen at a value that minimizes the 

termination ripples. Qmax was 15.8 Å-1 (dmlt), 17.9 Å-1 (ac), 14.6 Å-1 (cit), 17.7 Å-1 

(pent), 16.3 Å-1 (pent fast, ramp with 4.0 mL TMAH/min) and 16.3 Å-1 (pent cont, 

ramp with 0.8 mL TMAH/min). Qmin was set to 0.6 Å-1 for ac, cit and dmlt, 0.8 Å-1 for 

pent, but had to be increased to 1.2 Å-1 for pent fast and pent cont. For the redis-

persion data, Qmin was 0.6 Å-1 and Qmax was adjusted separately for each dataset. 

The PDF calculation was done with the software PDFgetX3, which uses a mathe-

matical ad-hoc approach and combines all steps from the background subtraction 

to the Fourier transformation. This eliminates the need for the determination of the 

single contributions to the experimental background during the S(Q) calculation 

[138]. The subtraction of all background components, such as sample capillary, or 
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the solvent, is also carried out within PDFgetX3. A few selected PDFs were calcu-

lated with the predecessor software PDFgetX2, which gave identical results. 

In case of the redispersion and in-situ data sets, the raw I(Q) data from the sample 

consists to more than 99% of signal from the solvent, see Figure 4.2. ZnO ac nano-

particles after a reaction time of 500 min (blue curve) possess only slight signal 

above the corresponding (eth+TMAH) background (red), as is more readily seen in 

the insets. The ZnO peaks are at positions, where the powder of wurtzitic ZnO ac 

nanoparticles (grey) features peaks. 

The raw data of the redispersion and in-situ experiments are pretty smooth curves 

at large Q, as liquids show no distinct features in this regime. The experimental 

noise is approximately 0.01 %. Since the count rates of the sample and background 

pattern are almost identical, this experimental noise scales up to 3 % after back-

ground subtraction. This relatively high noise limits the data to a rather low Qmax 

value. Smoothing the data as described in Appendix A.3.1, p. 121, allowed to use a 

Qmax in the range of 14 to 17 Å-1. This is still a moderate Qmax value, but the required 

time resolution for the in-situ experiments did not allow for longer counting times. 

Figure 4.2: Experimental I(Q) data of the ZnO ac in-situ experiment. 

The small signal from the nanoparticles after 500 min reaction time is slightly above the background 

measurement (eth+TMAH), as better seen in the insets, and coincides with peaks of powder data on 

ZnO ac nanoparticles 
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For the in-situ data sets prior to TMAH addition, an ethanol background was sub-

tracted and for data sets after TMAH addition, an (eth+TMAH) background with the 

proper TMAH concentration of the experiment was used. Besides the injection of 

the entire TMAH addition in a single shot, ramp experiments have been carried out, 

where the TMAH was dosed with ramps of 0.8 and 4.0 mL/min. A corresponding 

dosing of TMAH to pure ethanol to achieve the ideal background files for each da-

taset was not carried out. Instead, pure ethanol background was subtracted from all 

datasets of the two ramp experiments. The differences of the I(Q) patterns of ethanol 

and (eth+TMAH) for low TMAH concentrations beyond the FSDP are small enough 

not to affect the ZnO part of the PDF. The restructuring background in the PDF is 

affected and was not evaluated quantitatively for these datasets. 

The primary beam intensity at a beamline changes with time. The main reason is 

the slow decrease of the electron current and the discontinuous increase after a refill 

procedure. Further fluctuations are caused by the instability of all optical elements 

in the beam path and an interconnection to neighbouring beamlines, etc. Usually, 

the intensity of the primary beam is monitored and protocolled, by e.g. ion chambers, 

to normalize all datasets with respect to each other. During the beamtimes of this 

thesis, several times this primary beam intensity was not recorded due to technical 

beamline issues. A regular normalization could not be carried out. The presented 

samples, though, are highly diluted at ≤ 0.4 wt%. Therefore, even for the in-situ nu-

cleation experiments with changing crystalline character of the nanoparticles, it can 

be assumed that the overall scattering volume during the nanoparticle formation is 

constant and thus the scattered intensity over a large Q range, as it is typically rec-

orded in PDF experiments. Consequently, each I(Q) dataset and background was 

normalized to the averaged integrated intensity of ethanol with the scaling factor 

according to eq. 4.2. For each measurement the ethanol was measured several 

times and the integrated intensity averaged over these N measurements. 
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 eq. 4.2 

The normalized datasets were fed into PDFgetX3 for the PDF calculation. For the 

powder samples, the smoothing and normalization was not necessary. Within one 

experiment all parameters for the Fourier Transformation within PDFgetX3 were 

kept constant. The amplitude of Fourier termination ripples strongly depends on the 

value of F(Q) at Qmax. Ideally Qmax should be chosen such that F(Qmax) = 0. In order 

to keep some consistency within the analysis, especially with respect to PDF peak 
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widths, Qmax was not individually adjusted for each single dataset, but fixed to the 

most suitable value for the whole experiment. This caused a slightly increased am-

plitude of the termination ripples for part of the datasets. The accuracy of this strat-

egy was confirmed by MD simulations, since Zn-O distances extracted from the 

background-corrected PDFs agreed well with those found in the MD simulations 

[139]. The solvent background-corrected PDFs are from now on called difference 

PDFs (d-PDFs) according to the current denotation of the PDF community. D-PDFs 

can be calculated on two different ways. Firstly, they can be calculated within the 

PDFgetX3 software by inputting the solvent background and the sample at the same 

time, which automatically calculates the d-PDFs. Alternatively, the PDF of the sol-

vent background and the PDF of the sample can be calculated and manually sub-

tracted from one another afterwards, which also gives a d-PDF. The information 

content of the two approaches is identical. 

4.2 PDF modelling 

All PDFs were modelled with the software package DISCUS [140]. A theoretical 

PDF can be calculated with means of the Fourier Transform of the Debye formula, 

which performs an explicit summation of the scattering contributions of all atom pairs 

in the sample. The sum of all interatomic distances rij, between atoms i and j, is 

weighted by their atomic form factors fi(Q) and averaged by the overall number of 

atoms N in the system. This firstly results in what is called radial distribution function 

RDF(r), eq. 4.3. 
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  eq. 4.3 

The number of distances within a thin spherical shell between r and r+dr increases 

with r2. In order to correspond to the sine Fourier Transform of F(Q), a normalization 

by “1/r” is introduced and a baseline “-4πρ0r” is subtracted, with ρ0 as the average 

number density of all N atoms in the system. The resulting G(r) oscillates around 

zero. 
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  eq. 4.4 

Each experimental detector image has a finite resolution due to the detector pixel 

size, the incident beam divergence, sample size, etc. The two chosen beamlines 
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are both most suited for time-resolved experiments with high photon flux and fast 

read-out 2D detectors. The downside is a very limited reciprocal resolution. Any 

experimental powder pattern I(Q) is the result of a convolution of the idealized pow-

der pattern of the sample with the instrument-specific resolution function, which 

broadens peaks in the reciprocal space. To a first approximation, the resolution 

function can be approximated by a Q-independent Gaussian function. In real space, 

i.e. in the PDF, peak heights get increasingly dampened with increasing r, which is 

included in the PDF modelling by a parameter qdamp. However, the instrumental res-

olution is a function of the scattering angle 2θ, i.e. Q-dependent. In the PDF, peaks 

possess increasing FWHM for increasing r. Thus, a second resolution parameter is 

introduced in the PDF modelling to cover this effect and is suitably dubbed qbroad. 

These two correction terms, in particular qdamp, become significant at r ≥ 10 Å [141]. 

Since the PDF peaks of a nanoparticle are damped due to the size, see Chapter 

4.2.1, and due to the resolution dampening, the latter parameter has to be carefully 

determined by a fit to a suitable standard sample. Neglecting qdamp can result in too 

small particle diameters. Qdamp and qbroad can be determined from the refinement of 

the PDF of a calibration standard like CeO2 or silicon, measured under identical 

geometrical conditions. In order to compare differences in between the capillary and 

flow cell measurements, a capillary filled with CeO2 was analysed and the flow cell 

was filled with silicon powder and its PDF refined. Differences are small, see Table 

A4, Appendix A.2, p.119. During the PDF refinement of the experimental sample 

PDFs, all theoretical model PDFs were calculated using the proper qdamp and qbroad. 

For those flow cell measurements, where a Si calibration was not available, the 

CeO2 refinement parameters for qdamp and qbroad of the same beamtime were used. 

In different PDF software, qdamp is called qσ and qbroad named qα. 

4.2.1 Monodisperse nanoparticles 

In general, in powders of crystalline nanoparticles, such as in other, non-textured 

powder samples, no correlations in between different individual particles occur. In-

teratomic distances, which show up in the PDF, stem purely from intraparticular dis-

tances. Consequently, the largest distance, which is found in a nanoparticle PDF, is 

the distance of the particle diameter. Long interatomic distances such as the one of 

the particle diameter are way more rarely found than next-neighbouring distances 

within the particle. Therefore, the peak heights of the PDF peaks become increas-

ingly damped for larger distances till the particle diameter is reached and the PDF 

decayed to zero. 
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Such a finite-sized, crystalline object can be modelled by two approaches. On the 

one hand, the PDF of an infinite crystal can be calculated based on the space group 

and it can subsequently be convoluted with the shape envelope of the nanoparticle. 

The shape envelope describes how fast which peaks are damped to zero due to the 

finite size of the object. The shape envelope depends on the particle size and shape 

and is closely connected to the particle shape function used in SAXS analysis [137]. 

On the other hand, an explicit modelling of single nanoparticles including the calcu-

lation of all individual interatomic distances can be carried out, applying a subse-

quent correction of the “-4πρ0r” baseline [142]–[144]. The particle shape is taken 

into account by modelling spherical, ellipsoidal or any other particle shape explicitly. 

Figure 4.3 A shows the influence of particle size onto the ZnO nanoparticle PDF for 

spherical 25 (grey), 8 (blue) and 3 nm (red) particles. Panel B compares the shape-

modulated PDFs of spheres and ellipsoids with an identical diameter in the ab-plane 

of dab = 3 nm and varying diameters along the c-axis of dc = 5 (grey), 4 (blue) and 

3 nm (red). The zoom in more clearly shows the differences at larger r. 

Due to the finite size, nanoparticles frequently contain stacking faults. For ZnO na-

noparticles these are commonly found along the c-axis, so that the wurtzitic stacking 

ABAB is locally disrupted with cubic ordering ABC. The stacking fault probability is 

commonly defined with values 0 < pstack < 1. A value of 0 corresponds to pure wurtz-

itic phase, a value of 1 to pure cubic phase and a value in between to the corre-

sponding mixture. The influence of stacking faults onto the ZnO nanoparticle PDF 

Figure 4.3: Influence of size and shape onto the ZnO nanoparticle PDF. 

The PDF peak heights are damped to zero due to the size / shape envelope of the nanoparticle. For  

spherical, monodisperse nanoparticles, no distances can be found beyond the particle diameter, see 

the comparison of a 25 (grey), 8 (blue) and 3 nm (red) large particle (A). For non-spherical particles 

such as ellipsoids, PDF peak heights are modulated by the shape envelope, see a 3 nm sphere (red), 

a 3x4 nm ellipsoid (blue) and a 3x5 nm ellipsoid (grey) (B). 
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is shown in Figure 4.4 for spherical 3 nm particles with pstack = 0 (black), 0.2 (red), 

0.5 (blue) and 1.0 (grey). 

The DISCUS software, which is used within this thesis to build the theoretical PDF 

models, employs the bottom-up approach and models the nanoparticles explicitly. 

The usage of an ellipsoidal model with stacking faults is well established to refine 

nanoparticle data [80], [145]. 

4.2.2 Nanoparticles with a Gaussian size distribution 

For nanoparticles without correlation in between the individual nanoparticles, as is 

most often the case in powders and in solution, only intraparticular distances con-

tribute to the PDF and peak heights are damped to zero by a shape-related enve-

lope function as the nanoparticle diameter is reached. This allows the determination 

of the particle size [142]–[144]. The nanoparticle powders were initially modelled 

with the assumption of monodisperse spheres, as shown for ZnO cit in Figure 4.5 A. 

The inset shows a zoom into the high r range, which evidences not described peaks 

and thus an underestimation of the mean particle size. When the aspect ratio was 

Figure 4.4: Influence of stacking faults onto the ZnO nanoparticle PDF. 

The PDF peak heights are modulated by the stacking fault probability according to the preponder-

ance of wurtzitic or cubic phase. Theoretical ZnO PDFs of 3 nm particles are compared, which fea-

ture stacking fault probabilities of 0 (black, wurtzitic), 0.2 (red), 0.5 (blue) and 1 (grey, cubic). Panel 

B zooms into the intermediate distance range, where differences are most obvious. 
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added as a free parameter to model ellipsoids, the fit quality did not improve signif-

icantly, showing the need for a polydisperse model. This is in agreement with litera-

ture, which reports narrow, but never monodisperse size distributions for ZnO in n-

alcohols [64], [77], [108], [146]. The easiest size distribution to be assumed is a 

Gaussian distribution, although most nanoparticle syntheses produce lognormal-

distributed particle sizes [147], [148]. Two attempts have been made in the literature 

to fit polydispersity in nanoparticle PDF data before [143], [144]. Howell et al. fitted 

a normalized distribution to the data and compared the results with TEM data [143], 

whereas Kodama et al. fitted a distribution based on TEM measurements to the data 

[144]. The derivation of the kind of polydispersity (Gaussian, lognormal, etc.) purely 

based on PDF data, however would over-interpret the data and the PDF technique. 

Therefore, in this thesis the simplest distribution, a Gaussian distribution P(dNP,σNP) 

according to eq. 4.5 was chosen to model the powder PDFs. These particles then 

feature an average diameter dNP with a standard deviation, i.e. the width σNP of the 

distribution. In order to calculate the average PDF of the polydisperse distribution 

PDF(dNP,σNP), at least 30 PDFs of 30 individual particles, which underlie the Gauss-

ian distribution, were calculated and averaged. 
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Figure 4.5 B shows the Gaussian fit to the data and the inset clearly displays that 

with a size distribution also the peaks at high r can be suitably described. The RW-

value improved from 0.1456 to 0.1396. The same holds for the ac, pent and dmlt 

powders. Figure 4.6 shows the fits to the experimental PDFs, the fit results are listed 

Figure 4.5: Monodisperse (A) and polydisperse (B) fits to experimental ZnO cit nanoparticle 

powders. 

Polydispersity is approximated by a Gaussian size distribution. Experimental PDFs (blue) and their 

fits (red), showing the difference curves (grey) in offset. The goodness of fit Rw is included in the 

insets, which enlarge the high r range. 
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in Table 3.3, p. 35. It is readily seen from Table 3.3 and Figure 4.6 (higher RW-value) 

that the fit of the ZnO dmlt powder is inferior to the other three refinements. This 

difference can be explained by inspecting the experimental PDFs. The full width half 

maxima (FWHM) of all ZnO dmlt peaks are larger than those of all other ligands. 

Dmlt produces the smallest and most stable particles, which results from the strong 

binding of the dmlt molecule to the nanoparticle surface. It was shown for different 

nanoparticle systems, that the binding of adsorbents or ligands to the particle sur-

face results in structural distortions of the perfect crystalline particle structure [99], 

[100], [149], [150]. It is sensible to assume, that the dmlt molecules distort the wurtz-

itic ZnO structure, which enlarges the FWHMs of the PDF peaks. PDF modelling, 

which focusses on strain distribution or surface distortions, is however not subject 

of this thesis. 

The investigated nanoparticle powders typically showed stacking fault probabilities 

around 0.2, see Table 3.3, p. 35, and therefore this value was kept constant for the 

modelling of the in-situ datasets. 

 

Figure 4.6: Fit of Gaussian size distributions to ZnO powders with four different ligands. 

Ac (A), cit (B), dmlt (C) and pent (D). Experimental PDFs (blue) and their fits (red), showing the 

difference curves (grey) in offset.  Average diameters dNP and widths σNP of Gaussian size distribu-

tions are given in the panels together with stacking fault probabilities pstack and goodness of fit RW. 
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4.2.3 Restructured solvent around redispersed nanoparticles 

The d-PDFs of the redispersed samples consist of two contributions, the signal of 

the nanoparticles and the one of the restructured solvent. The powder of each re-

dispersed nanoparticle type was measured prior to redispersion. The sum of the 

scaled powder PDF, pNPGexp,NPpowder(r), and a contribution of the restructured sol-

vent, w(r), were fitted to the experimental d-PDF, see eq. 4.6. 

 exp,( ) ( ) ( )NP NPpowderG r p G r w r   eq. 4.6 

The solvent contribution was modelled with an exponentially dampened sine wave 

according to eq. 4.7, 
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where A is the amplitude of the oscillation, λ the wavelength, φ the phase shift and 

σeff the effective damping with 𝜎𝑒𝑓𝑓 = 𝜎 𝑎⁄  for r < r0 and 𝜎𝑒𝑓𝑓 = 𝜎 ∙ 𝑎 for r > r0, with σ 

as mean variance and a as asymmetry parameter. An example of such a fit for the 

experimental d-PDF of ZnO cit nanoparticles in propanol is displayed in Figure 4.7. 

In offset, the difference of the fit (grey), the contribution of the nanoparticles (green) 

and the contribution of the solvent (blue) are shown. Initially, the solvent contribution 

was detected by subtracting the nanoparticle contribution from the experimental d-

PDF. The left-over signal of this double difference of the original data was thus de-

scriptively dubbed experimental double difference PDF (dd-PDF, light blue). It still 

contained the termination ripples. A fit to this experimental dd-PDF then resulted in 

the refined solvent contribution (dark blue). In the following plots, the experimental 

dd-PDFs will be plotted together with the refined solvent contributions in order to 

show the quality of the fit of the solvent contribution to the oscillations in the dd-

PDFs. 

The termination ripples and their amplitude in the difference curve (grey) might ap-

pear astonishingly high. Nevertheless, it was just recently shown that one can de-

termine active pharmaceutical ingredients (API’s) within aqueous solutions down to 

0.25 wt%, but with an increasing dominance of the termination ripples over the over-

all signal when lowering the nanoparticle contribution from 5 to 0.25 wt% [151]. 

Within this thesis, the concentration is at about 0.3 – 0.4 wt% and hence the detec-

tion challenging, but reproducible. 
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The data presented in this thesis is the first experimental proof of the ubiquitous 

phenomenon of solvent restructuring at nanoparticle interfaces [58]. Further details 

on the justification of this modelling attempt can be found in Chapter 5, p. 57. 

4.2.4 In-situ data – multicomponent systems 

The PDF of a multicomponent system can be calculated as the weighted sum of the 

individual phases i according to 
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where pi is the fraction of the PDF, Gi(r), of the phase i in relation to the overall PDF 

G(r). The overall scale factor pscale scales the theoretical to the experimental PDF 

[152], [153]. The fraction pi takes into account the number of atoms per unit cell or 

the finite size of an object like a nanocrystal. From these phase fractions, the com-

position of the sample in atom% of the constituting elements can be calculated. In 

this thesis, the composition with respect to atom% of zinc is used, since this refer-

ence value is representative for the turnover of the primary reactant Zn(OAc)2∙2H2O 

Figure 4.7: Fit to the PDF of redispersed ZnO cit nanoparticles in propanol. 

Experimental d-PDF of redispersed ZnO cit nanoparticles (black) together with the final calculated 

PDF (red). In offset, the difference of the fit (grey) and the contribution of the nanoparticles (green) 

is shown. The bottom graph shows the refined contribution of the restructured solvent (dark blue) 

together with the experimental dd-PDF (light blue, noisy curve). The dd-PDF is the difference be-

tween the experimental d-PDF and the nanoparticle contribution. 
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to the final ZnO nanoparticles. The conversion can be retraced in Appendix A.4, 

p. 123. As the experimental setup is a close system, the total amount of zinc atoms 

does not change with time [61]. This amount of zinc atoms is split into zinc in pre-

cursors and in nanoparticles. Consequently, the fitted scaling factors ppre and pNP 

can be directly compared over time. 

In order to apply eq. 4.8, the Gi(r) have to be explicitly calculated with the correct 

baseline, which requires knowledge about the densities ρ0,i and particle diameters. 

In the case of reacting solutions, the sample PDF is a mixtures of phases with and 

without organic matter as well as of varying size: 

(1) precursor clusters Zn4OAc6, whose structure including the organic acetate 

groups was relaxed in MD simulations6 [139]. The acetate molecules were 

included into the structural model used in the fit, since they contribute to sig-

nificant peak heights in the PDF of a single precursor cluster. 

(2) ZnO nanoparticles of varying size without organic ligands on the surface. The 

ligands are explicitly not included in the model, because an experimental 

powder x-ray PDF of ZnO nanoparticles capped with either ligand does not 

feature any peaks which can be attributed to organic ligand molecules. The 

latter do not significantly contribute to an x-ray PDF and can hence be ne-

glected in the fit. 

The largest drawback to the ad-hoc calculation of the nanoparticle PDF, GNP(r), is 

the unknown size of the particles, for it is in fact the quantity which shall be extracted 

from the fit. To circumvent this issue, RDFs according to eq. 4.3 were calculated 

separately for the precursor (pre) and nanoparticles (NP) and then transformed to 

the PDFs by an empirical background correction. Figure 4.8 illustrates the individual 

steps of this background correction. Panel A averages exemplarily 5 of the com-

monly 30 individual nanoparticle RDFs with an underlying Gaussian size distribution 

and weighs the average with its scale factor pNP. Panel B shows the weighted RDF 

of the precursor. The merged sum of the weighted, averaged nanoparticle RDF of 

panel A and the weighted precursor RDF of panel B is scaled with the overall scale 

factor pscale and plotted in panel C. An empirical polynomial fit is applied to and sub-

tracted from this sum. The resulting difference curve is displayed in panel D and 

oscillates around zero. It corresponds to the contribution of the nanoparticles and 

                                                 
6 Molecular modelling. The Zn4OAc6 cluster was initially prepared in vacuum and subjected to geom-
etry optimization from quantum calculations using the 6.311G** basis set at the MP2 level (Gauss-
ian03). Using empirical force fields [75], the precursor cluster was embedded in ethanolic solution 
(including 4 % water content). For this system and the pure ethanol/water solvent model, PDF data 
was sampled from 10 ns molecular dynamics simulations imposing ambient temperature and pres-
sure. The molecular dynamics simulations were performed for cubic simulation cells of 4 nm dimen-
sions using a time step of 1 fs and particle mesh Ewald summation. 
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precursors to the fit and mainly consists of the nanoparticle contribution, since the 

scale factor of the precursor is much smaller than the nanoparticle one. The empir-

ical background correction performed in panel C equals the fit of a polynomial 

“ P•r j ” of nth order to the merged sum of the RDFs. The polynomial correction con-

tains two contributions, see eq. 4.9. 
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 ≙-4πρ0r + shape correction eq. 4.9 

The first order term of the polynomial corresponds to the linear density line, “-4πρ0r”, 

whereas higher order terms reflect the correction for the particle shape. This empir-

ical correction has proven successful before and is equivalent to a direct calculation 

including ρ0 [140], [142], [145], [154]. 

Figure 4.8: Empirical polynomial background correction. 

Exemplarily shown for the fit of ZnO ac at t = 500 min. Averaging over RDFs of Gaussian distributed 

nanoparticles (A), addition of the scaled precursor RDF (B), polynomial correction (C) and final PDF 

of the sum of nanoparticles and precursor (D). 
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The contribution of the nanoparticles and precursors to the final fit, which is shown 

in panel D of Figure 4.8, is added to the contribution w(r) of the restructured solvent 

according to eq. 4.10. The contribution w(r) is calculated as before (eq. 4.7, p. 50). 
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eq. 4.10 

Figure 4.9 exemplifies the fit of the experimental d-PDF of ZnO ac nanoparticles 

after 500 min of reaction time (black). The final fit (red) is composed of the contribu-

tion from the nanoparticles (green), the precursor (turquoise) and the restructured 

solvent (blue), shown in offset for clarity. The difference curve (grey, in offset) 

smoothly oscillates around zero. All data sets of all in-situ experiments could be 

fitted with this approach. The sum of the nanoparticle and precursor contribution of 

Figure 4.9 corresponds to the PDF in Figure 4.8 D. 

As mentioned shortly above, the calculation of the nanoparticle RDFs for the in-situ 

datasets is again based on the assumption of a Gaussian particle size distribution, 

see Figure 4.8 A. Therefore, eq. 4.10 can be rewritten in more detail as eq. 4.11, 

where the term RDFNP(dNP,σNP,r) reflects the averaged RDF of the Gaussian distrib-

uted particles of the average diameter dNP and the width of the distribution σNP. 
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 eq. 4.11 

Nucleation pathways including MSCs are reported for some nanoparticle types such 

as CdSe [155]–[158]. Other systems, in particular biominerals [65] and just recently 

TiO2 and ZrO2 nanoparticles [118], [119], have been shown to form amorphous in-

termediate phases during nucleation, followed by a continuous growth of the crys-

talline domain size. While some studies on ZnO used an MSC model to explain the 

nucleation data [59], [60], other reports show a polydisperse size distribution [64], 

[108], [146]. The fit of our ZnO nanoparticle powders was also found to be best 
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described by a size distribution, see Chapter 4.2.2, p. 47. Therefore, the in-situ nu-

cleation data were also fitted based on a polydisperse model for the nanoparticles 

with a Gaussian distribution as defined for the powders, eq. 4.5, p. 48. 

Overall, the fits to the in-situ d-PDFs contain 6 parameters that describe the restruc-

tured solvent, as well as 4 parameters for the nanoparticle and precursor contribu-

tion pscale, ppre (pNP), dNP, σNP (since pNP and ppre are correlated). The particles were 

assumed spherical with a constant stacking fault probability of 0.2. The refined di-

ameters dNP do not represent the particle sizes, but rather correspond to the size of 

crystalline domains within the particles, as will be discussed in detail in Chapter 6.2, 

p. 83. The evolution of the crystallinity of the nanoparticles is most easily grasped 

from a 2D colour plot of the respective d-PDFs over time. In order to merely plot the 

contribution of the nanoparticles and the precursor, the fitted contribution w(r) of the 

restructured solvent was subtracted from the experimental d-PDFs. The resulting 

dd-PDFs of the nanoparticle and precursor contribution were chronologically 

stacked over time behind each other, which gives a 3D-graphics, see Figure 4.10. 

By using a birds eye view and maintaining the 3D colour code, a 2D graphics is 

created. In order to keep the 2D graphics as simple as possible, no colour code or 

colour nuances are used for values of the G(r) < 0. In the 2D plot, all data points 

Figure 4.9: Fit to the d-PDF of ZnO ac nanoparticles after 500 min reaction time in ethanol. 

Experimental d-PDF of nucleating ZnO ac nanoparticles (black) with the final calculated PDF (red) 

and the difference of the fit (grey) in offset. Separately, the contribution of the nanoparticles (green), 

the precursors (turquoise) and the solvent contribution with its dd-PDF (blue) are shown. 
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with G(r) < 0 are plotted in dark blue, so that only maxima of the d-PDFs are shown 

in light blue, green, yellow and red. 

 

 

 

Figure 4.10: Scheme for creation of 2D colour plots of d-PDFs. 

After the subtraction of the fitted contribution of the restructured solvent w(r) from each of the time-

resolved datasets, the resulting dd-PDFs of the nanoparticle and precursor contribution are stacked 

over time and projected in a birds eye view. 
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Nanoparticle dispersions most often are highly diluted systems. For example the 

ZnO nanoparticle synthesis presented within the scope of this thesis is realized at 

concentrations below 30 mM. It is challenging to observe the nucleation and growth, 

the size and reaction pathways as well as the crystallinity of such nanoparticles in 

solution, on which we will focus in Chapter 6. It is even more challenging to unam-

biguously tackle down restructuring phenomena around those highly diluted entities, 

which had been theoretically predicted for many years [44], [55], [56]. 

Figure 4.2, p. 42, gave an impression of the tiny signal of the nucleating ZnO nano-

particles above the signal of the solvent ethanol. Figure 5.1 is a variation of this 

graphics with focus on the solvent FSDP instead of the ZnO signal and shows the 

XRD patterns of bulk propanol (black) together with the patterns of redispersed lig-

and-capped ZnO nanoparticles in propanol (ac = red, cit = blue, pent = orange). The 

insets highlight a small peak shift of the FSDP as well as its modified FWHM, which 

will be the corner stone of the data analysis and the unambiguous tackling down of 

the restructuring effect [58]. 

Figure 5.1: Comparison of the I(Q) of pure propanol with the I(Q)’s of redispersed ZnO nano-

particles in propanol. 

The ligand-capped ZnO nanoparticles (ac = red, cit = blue, pent = orange) induce a slight peak shift 

and change of the FWHM of the main peak in comparison to pure propanol (black). See insets for 

magnification of most distinct features. 
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5.1 Unambiguous assignment of restructuring effect 

In Chapter 4.1 it was explained how the experimental d-PDF is gained from the 

sample and background XRD patterns. All structural information, which is originally 

contained in the difference of the I(Q)’s of the sample and background will be passed 

on, such as the slight differences observed in Figure 5.1. Thus, it is informative to 

look at the normalized F(Q)’s, which reflect the information in reciprocal space di-

rectly prior to Fourier transformation. Figure 5.2 shows the F(Q)’s of the powder 

diffraction patterns of the dry ZnO samples. All peaks can be indexed by reflections 

of the wurtzite ZnO polymorph, exemplarily done for the enlarged small Q range in 

panel B. 

Figure 5.3 contains the difference F(Q)’s of the redispersed nanoparticles in propa-

nol (using a propanol background) together with the F(Q) of bulk propanol (using an 

empty flow cell as background). A comparison of Figure 5.2 with Figure 5.3 readily 

shows the coincidence of the peak positions of the ZnO peaks, in particular in 

panel B. However, an additional peak at Q = 1 – 2 Å-1 is clearly visible for all redis-

persed ZnO particles, which does not occur for the ZnO nanoparticle powders in 

Figure 5.2. This additional peak coincides roughly with the position of the main fea-

ture in the F(Q) of bulk propanol (arbitrarily scaled). Since the difference F(Q)’s of 

the redispersed nanoparticles have already been corrected for the propanol back-

ground, and since a distinct shift of this 1 - 2 Å-1 peak with respect to its position in 

bulk propanol is present, it is likely that structural changes within the solvent must 

have occurred. It is this similarity of the restructuring signal to the bulk liquid pair 

Figure 5.2: F(Q)’s of ZnO nanoparticle powder with different ligands. 

All peaks can be attributed to the wurtzitic ZnO structure for all four ligands: ac (red), cit (blue), dmlt 

(green) and pent (orange). Panel B zooms into the low Q region, important for the restructuring effect, 

and shows the indexation of peaks. The amplitudes of the F(Q)’s are scaled arbitrarily for means of 

clarity. 
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correlation function, which was back then used for the assignment of the restructur-

ing effect at 2D interfaces [33]–[35]. In the present experiments, care was taken that 

all pure solvents and the solvents with redispersed nanoparticles were measured 

under identical conditions. Pure solvents were measured first. The very same sol-

vent sample was then used for one nanoparticle redispersion without changing the 

flow cell and the tubing. Further nanoparticle redispersions used fresh solvent sam-

ples from the same solvent container. All experiments were carried out while pump-

ing the solvent through the flow cell with the polyimide foil windows. Identical win-

dows were used for the measurements of the solvent background as well as the 

redispersed particles. Even if the windows were to induce some restructuring at their 

surface, this effect would cancel out by subtracting the solvent background meas-

ured under identical conditions. 

The signal in the difference F(Q)’s of the redispersed particles at Q < 2 Å-1 causes 

an oscillation in the experimental d-PDFs, which is shown in black together with its 

fit (red) in Figure 5.4 for ZnO dmlt (panel A) and ZnO pent (panel B) in propanol. 

The d-PDFs were fitted as described in Chapter 4.2.3, p. 50. They consist of the 

contributions from the nanoparticles (green) and the contributions from the restruc-

tured solvent (blue). The solvent contribution is the double difference PDF (dd-PDF) 

of the experimental, background corrected d-PDF and the nanoparticle contribution. 

This dd-PDF is best described by a damped sinusoidal oscillation, see eq. 4.7, and 

Figure 5.3: F(Q)’s of different redispersed ZnO nanoparticles in propanol compared to bulk 

propanol. 

The F(Q) of pure propanol (black) features one distinct peak at 1.5 Å -1 (see magnification in panel B 

for more detail) and a long-frequency oscillation describing the SRO. The difference F(Q)’s of the 

ZnO nanoparticles in propanol (ac = red, cit = blue, dmlt = green, pent = orange) contain sharp peaks 

from the nanoparticles (as in Figure 5.2), but additionally a quite sharp peak from the restructured 

solvent between 1 and 2 Å. The amplitudes of the F(Q)’s are scaled arbitrarily for means of clarity. 
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itself can be characterized by four parameters: the position of its maximum ampli-

tude, its wavelength, its modulation depth and its amplitude. The amplitude gives 

information about how many molecules rearrange around the nanoparticle. In pure 

liquids it corresponds to the number of atoms or molecules in the respective neigh-

bouring shell [35]. For nanoparticle-solvent interactions, the number of neighbouring 

molecules is affected by a multitude of factors, such as facetting of the nanoparticle 

surface, the chemistry of the surface (hydroxylation, ligand molecules, …), the par-

ticle size or the internal particle crystallinity [47], [51], [54]–[56]. Moreover, agglom-

eration of the particles changes the amplitude and it is most likely that not all nano-

particles within these experiments were fully redispersed. The intent of this study 

was to show the ubiquity of the restructuring effect around nanoparticles. The de-

tailed interpretation of the amplitude as a complex parameter on its own will probably 

be subject to detailed studies in the future. It is not interpreted within this thesis. The 

parameters used herein to verify the restructuring effect are the position of the max-

imum amplitude, the wavelength and the modulation depth. The position and wave-

length are indicated within Figure 5.4. The utilization of these parameters is not new, 

but they were already employed in the description of the structure of liquid mercury 

[35]. In particular, the modulation depth was introduced back then as a critical cor-

relation distance. The latter described the loss of interatomic correlations with in-

creasing distance up to this critical correlation distance and was found to be 40 Å 

for pure liquid mercury at 25 °C. The modulation depth σ, as used in this thesis, is 

not the maximum correlation distance itself, because the latter is hard to define for 

an exponentially decaying function. In fact, the modulation depth herein describes 

how fast the oscillation is damped to 1/e and is a measure for the exponential decay 

Figure 5.4: Fit to the PDF of redispersed ZnO nanoparticles in propanol. 

ZnO dmlt (A) and ZnO pent (B). Experimental d-PDF of ZnO nanoparticles (black) with the final 

calculated PDF (red) and the overall difference of the fit (grey) in offset. Separately, the contribution 

of the nanoparticles (green) and the contribution and dd-PDF of the restructured solvent (blue) are 

shown. 
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of the correlations. It is calculated from the peak height ratio (A2/A1) of the second 

and first maxima of the oscillations at distances r2 and r1 as defined in eq. 5.1. 
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A1 and A2 are the amplitudes of the oscillations at r1 and r2 and r0 is defined in eq. 

4.7, p. 50. 

During the data reduction of the redispersed samples, explicit care was taken to 

propagate all relevant features of the restructured solvent to the G(r) by using a 

Qmin = 0.6 Å-1. When using Qmin = 2.0 Å-1 instead, the major signal from the restruc-

tured solvent in the F(Q)’s is cut off, see Figure 5.3, which then strongly reduces the 

oscillations in the resulting PDFs. A slight oscillation however remains, because the 

F(Q)’s of the pure solvents are not entirely featureless above Qmin = 2.0 Å-1, but con-

tain a broad oscillation out to ca. 15 Å. The main peak of the restructured solvents 

in the F(Q)’s at Q = 1 – 2 Å-1 can be fitted by a Pseudo-Voigt function P according 

to eq. 5.2 to eq. 5.5. Its partial Lorentzian character demands and at the same time 

justifies the application of an exponentially decaying function in the fit of the restruc-

tured solvent contribution in the dd-PDFs as implemented in this work, see eq. 4.7, 

p. 50 [159]. 

 𝑃 = 𝑡0 + 𝑡1 ∗ (𝑟 − 𝑟0) + 𝐼 ∗ (𝜂𝐿 + (1 − 𝜂)𝐺) ∗ 𝑎 eq. 5.2 
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Within the Pseudo-Voigt fit, β is the FWHM of the peak, a and a1 the peak asym-

metry, L the Lorentz function and G the Gaussian function. η represents the Lo-

rentzian contribution to the Pseudo-Voigt function and the intensity I scales the ab-

solute height of the peak. The background is approximated with a 1st order polyno-

mial with the parameters t0 and t1. 

The mathematical relationship, i.e. the sine Fourier Transform, of F(Q) and G(r) re-

quires that the dominant solvent feature in the F(Q)’s, the position of the solvent 

peak, is directly reflected in the G(r)’s. In Figure 5.5, the peak positions of the re-

structured organic solvents in the F(Q)’s are plotted versus the positions of the first 

maxima of the oscillations in the corresponding dd-PDFs. The blue data points cor-

respond to all nanoparticles used in this study (ZnO with different ligands, Ag, TiO2 

and ZrO2), except In2O3. As the first diffraction peaks of the In2O3 particles overlap 

with the solvent peaks in the F(Q)’s, this analysis was not performed for In2O3. The 

pure solvents have been fitted accordingly and are represented by black stars. The 

Figure 5.5: Correlation between the position of the first maximum in the dd-PDFs and the 

position of the solvent maximum in the F(Q)’s. 

Fits of Pseudo-Voigt functions to the peak of the restructured solvent in the F(Q) data give the posi-

tion of the solvent maximum, which is clearly correlated to the position of the maximum amplitude in 

the PDF. Black stars represent the parameters of the pure solvent, blue rhombs are from all nano-

particles except In2O3. Panel A shows methanol, B ethanol, C propanol and D hexane. Error bars 

resulted from least-squares fits. 
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blue data points follow a common trend for all organic solvents, and confirm the 

correct propagation of the information of the restructured solvent from the F(Q) to 

the G(r). 

The continuous pumping of the solvents and redispersed nanoparticles was always 

done at an identical volume flow of 190 mL/min. The question might arise whether 

the pumping itself induces structural changes in the solvent. This was explicitly dou-

ble-checked. Methanol, ethanol and propanol loaded with ZnO pent particles were 

pumped at the standard volume flow of 190 mL/min, whereas the ZnO pent sample 

in propanol was additionally pumped at lower, 100 mL/min, and higher, 300 mL/min, 

volume flows. The background was only measured at 190 mL/min. PDFs were cal-

culated for 100, 190 and 300 mL/min pumping speed of the sample with subtraction 

of the 190 mL/min propanol background. The resulting PDFs were fitted and the 

resulting parameters of the restructured solvent are compared in Figure 5.6. The 

change of all oscillation parameters for propanol at different volume flows is smaller 

than the change of those parameters in between different solvents at the same vol-

ume flow. The modulation depth is, in general, less reproducible in all fits in com-

parison with the reproducibility of the maximum position and the wavelength. The 

latter two give quite identical values for the propanol data at different volume flows 

Figure 5.6: Influence of flow velocity on restructuring. 

Fit results of the position of the maximum amplitude, the wavelength and modulation depths of ZnO 

nanoparticles with ligand pent redispersed in different solvents with different flow velocities: methanol 

at 190 mL/min (green), ethanol at 190 mL/min (red), propanol at 100 mL/min (light blue), propanol at 

190 mL/min (purple), propanol at 300 mL/min (dark blue). The change of the parameters, i.e. the 

restructuring, for different pumping speeds in the same solvent is smaller than the difference in be-

tween different solvents at the same volume flow of 190 mL/min. 
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and hence show no influence of the pumping speed onto the restructuring phenom-

enon within the range of applied volume flows. 

The redispersion experiments have mainly been carried out at 55 keV at the beam-

line ID-15B of the ESRF. In order to rule out beamline-specific effects, analogous 

selected experiments had been done at 59 keV at beamline 11-ID-B of the APS, 

which showed comparable results. X-rays are known to influence occasionally the 

properties of materials or lead to radiation damage. All samples have been meas-

ured over a time range between 10 and 20 minutes with shorter individual frame 

times. Subsequent scattering patterns did not show any hint of changes within the 

sample and therefore were averaged over the entire observation time. Moreover, 

the series of ZnO dmlt nanoparticles in methanol, ethanol and propanol was meas-

ured at 90 keV instead of 55 keV at beamline ID-15B in order to rule out an influence 

of the x-ray energy. The PDF calculation of selected measurements was further 

carried out with the software PDFgetX2 (instead of using the ad-hoc background 

correction of PDFgetX3) and identical results were obtained. Manual Fourier trans-

formation of the F(Q) datasets calculated by PDFgetX3 also results in PDFs that 

contain the same oscillation, so that no step during the PDF calculation creates an 

artificial oscillation. The oscillation is inherent to the original experimental data. 

Figure 5.7: d-PDFs of dissolved ligand molecules in ethanol. 

The d-PDFs only show intramolecular distances of the dmlt (blue) and pent (red, inset) molecules, 

when these are dissolved at concentrations used in the synthesis of the ZnO nanoparticles. The 

structural formulas of the molecules are shown each at the bottom right corner. 
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Summarizing all of the cross-checked points above, the oscillatory signal of the dd-

PDFs is inherent to the experimental data and does furthermore occur upon intro-

duction of the nanoparticles into the solvent. Having in mind the ligand-capped na-

noparticle of Figure 3.3, p. 36, the question arises whether the dd-PDF signal might 

be a structural feature of the ligands. Figure 4.6, p. 49, showed the fits of the ZnO 

nanoparticle powders capped with different ligands. They could all be well described 

by purely wurtzitic ZnO particles containing some stacking faults and without any 

signal in the difference curve which might be mistaken for an oscillation. The differ-

ence curves are entirely flat except for the high-frequency termination ripples. How-

ever, critically eyeing the state of the ligands on the nanoparticle surface, there is a 

change in between the powders and the dispersion. Within the powders, the ligands 

are supposedly collapsed onto the particle surface. In the dispersion, the ligands 

most likely stretch out into the liquid and lead to an enlarged swollen ligand layer 

compared to the dry state. Therefore, if the signal in the dd-PDFs of the redispersed 

nanoparticles were to arise from the ligands, it would have to stem from this layer. 

The following points will however contradict any such assumption. Firstly, and most 

importantly, organic, uncharged ligand molecules do not restructure the solvents on 

their own. For the case of ethanol, different ligand molecules and ionic salts were 

dissolved at concentrations comparable to the redispersed nanoparticles and the in-

situ ZnO nucleation experiments. The solutions were also pumped under identical 

conditions and the d-PDFs of the dissolved species were calculated. Figure 5.7 

shows the d-PDF of dissolved dmlt molecules in ethanol, as well as the one of pent 

molecules in the inset. Due to the high dilution and the low scattering contrast of 

organic ligand molecules against organic solvent molecules, the d-PDFs feature sig-

nificant termination ripples, but can unambiguously be identified [151]. The intramo-

lecular distances of single molecules such as C-C or C-C-O can be identified at their 

correct positions with no modulation of the d-PDF at distances > 5 Å which would 

indicate restructuring. Dissolved isolated organic ligand molecules do thus not re-

structure the surrounding solvent and there is no reason to assume that bonded 

ligands behave distinctly differently. On contrary, Figure 5.8 compares the PDF of 

crystalline MgCl2 powder, bulk ethanol and the d-PDF of MgCl2 dissolved in ethanol 

(using an ethanol background). The crystalline long-range order of the MgCl2 pow-

der (black) breaks down upon dissolution and each ion is surrounded by a solvation 

shell [40], [43]. Below 4 Å, few sharp peaks are visible in the d-PDF (blue), which 

stem from next-neighbouring distances of e.g. Mg•••O pairs. Above 4 Å, the d-PDF 

features oscillations out to ca. 20 Å, which arise from the solvation shell. Therein, 

the short-range order of the ethanol molecules is different from the liquid structure 

of bulk ethanol producing a pronounced phase shift of the oscillation compared to 
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bulk ethanol (red). Dissolved ionic species in contrast to dissolved organic 

molecules thus do restructure solvents. 

Nonetheless, the ligand-solvent interactions shall be looked at a bit closer. The sur-

face coverage of nanoparticles with ligand molecules is high enough to prevent ag-

glomeration, but is surprisingly low according to neutron PDF data [134]. A recent 

NMR study on ZnO nanoparticles capped with dodecyl amine revealed, that only 

15(5)% of all surface zinc atoms are actually capped with the ligand, which corre-

sponds to a mere 25(8)% coverage of a self-assembled dodecyl amine monolayer 

[135]. Thermal gravimetric analysis measurements (TGA)7 have been carried out 

within this thesis on the ZnO nanoparticles with the ligands pent and dmlt as well as 

on the pure ligands [81]. 

                                                 
7 Measurements of the powders were carried out in a TGA of type Q50 (TA Instruments) with a 
heating rate of 10 °C/min (Balance Gas Nitrogen 40 mL/min, Sample Gas Nitrogen 60 mL/min) 

Figure 5.8: Ethanol restructuring in a salt solutions of MgCl2. 

d-PDFs of dissolved MgCl2 in ethanol (blue) compared to PDFs of MgCl2 powder (black) and bulk 

ethanol (red). Polycrystalline MgCl2 powder shows distances far out, which break down upon disso-

lution of the salt crystals in the ethanol. The d-PDF features a short-range order (oscillations) which 

is way more pronounced and phase shifted compared to the bulk ethanol.  
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Figure 5.9 shows the relative mass loss of the ZnO dmlt nanoparticle powder as well 

as of pure dmlt powder as a function of temperature. Pure dmlt evaporates or de-

composes entirely below 200 °C. The ZnO dmlt powder shows a slight mass loss 

below 100 °C, which can be attributed to the evaporation of remnant solvent from 

the synthesis. Above 400 °C pure ZnO nanoparticles remain and the sample weight 

is constant. In between ca. 100 and 380 °C a gradual weight loss is observed, which 

can be attributed to the elimination of chemisorbed dmlt. This disintegration of the 

adsorbed ligand is delayed and broadened compared to the pure ligand powder as 

was shown before for ligand-nanoparticle systems [160]. The mass loss attributed 

to the elimination of the bonded ligands can be converted into the approximate sur-

face coverage of the nanoparticles with the ligand. For the conversion see Appendix 

A.5, p. 126. For dmlt a coverage of 3.9 molecules per nm2 was found and for pent 

one of 2.0 nm-2. The higher coverage with dmlt coincides well with the observation 

that ZnO dmlt nanoparticle powders can be stored for longer periods of time, up to 

several weeks, without significant growth [81]. These surface coverages lie favour-

ably in the range of coverages reported before [135] and correspond to ca. 50 – 60 

ligand molecules per nanoparticle. The signal from the restructured solvent, see 

Figure 5.4, p. 60, extends ca. 2 nm into the bulk. Projecting the 1D information of 

the PDF back into the 3D world, we have to imagine the nanoparticle as being sur-

rounded by a 2 nm thick solvation shell. A length scale of 2 nm clearly surpasses 

the range of distances, which can be attributed to the size of one ligand molecule, 

Figure 5.9: TGA measurement of ZnO-dmlt nanoparticles. 

Pure dmlt is decomposed entirely above 200 °C, but the surface-bound dmlt on the nanoparticles 

partially stays on the particles up to 400 °C. The measurement can be subdivided into the three 

regions of (i) evaporation of adsorbed solvent, (ii) decomposition of chemisorbed ligand and (iii) rem-

nant of pure ZnO nanoparticles. 
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see the decay of the d-PDFs in Figure 5.7. For a nanoparticle of ca. 3 nm in diame-

ter, such a solvation shell corresponds to ca. 1100 propanol molecules. There is a 

huge difference in the amount of scatterers, which contribute to the scattering signal 

arising from the ligand (ca. 60 molecules) and to the one arising from the solvation 

shell (ca. 1100 molecules). This difference readily explains why a nanoscopic solv-

ation shell of organic solvent molecules can be observed in the PDF. Although the 

individual scattering power of one solvent molecule does not truly exceed the scat-

tering power a single ligand molecule, it is the amount of scatterers that makes the 

modulation in a layer of 2 nm visible for x-ray PDF measurements. 

Conclusively, many experiments and cross-checks combined with a vast set of sol-

vents and nanoparticles did unambiguously show that nanoparticles induce a re-

structuring of solvent molecules at the nanoparticle-solvent interface. Following, the 

restructuring mechanism shall be illustrated. 

5.2 Ubiquity of the restructuring effect 

All solvent-nanoparticle combinations that have been measured within this thesis to 

give a broad demonstration of the restructuring effect are contained in Table 3.5, 

p. 38. They encompass self-synthesized ZnO nanoparticles with four different or-

ganic ligand molecules, see Table 3.3, p. 35 for sizes, as well as commercially avail-

able particles (Ag, TiO2, ZrO2 and In2O3), see Table 3.1, p. 33 for sizes and ligand 

molecules. They were redispersed in organic solvents and water, which feature dif-

ferent restructuring effects and are thus discussed separately. 

5.2.1 Restructuring of primary alcohols and hexane 

The general idea of a nanoscopic solvation shell was pictured in Figure 2.5, p. 21. 

The reorientation of solvent molecules at the nanoparticle surface is induced by in-

teractions between the surface and the solvent. In case of alcohols, preferential hy-

drogen bond formation along the surface normal occurs. For the model system ZnO, 

the nanoparticle surface is covered partially by ligand molecules as shown in Chap-

ter 5.1. MD simulations suggest that the vast majority of the surface is terminated 

by hydroxyl groups [49], [56], [75]. Both, the ligand groups and the surface hydroxyls 

induce hydrogen bond formation with adjacent solvent molecules. Figure 5.10 sche-

matically illustrates the restructuring of ethanol molecules at the surface of a ZnO 

cit nanoparticle in more detail. The hydrogen atoms of the ethanol molecules are 
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omitted for clarity. The ethanol molecules form layers perpendicular to the surface 

normal, which generate a modified electron density compared to the bulk ethanol. 

Ethanol molecules of adjacent layers either point their hydroxyl groups or their alkyl 

chains towards each other, which resembles a bilayer formation. Hydroxyl groups 

increase the electron density, whereas alkyl chains decrease it. With increasing dis-

tance the ordering declines until the properties of bulk ethanol are regained. The 

alternating arrangement and the decay result in an exponentially damped sinusoidal 

oscillation of the electron density as indicated by the green curve in Figure 5.10 [58]. 

Such an arrangement was just recently substantiated by adsorption enthalpy 

measurements of ethanol on calcite surfaces [161]. 

This concept of the orientation of the alkyl chains of the solvent molecules along the 

surface normal was tested by redispersing identical particles in n-alcohols of differ-

ent chain length. The maxima and minima of the oscillations should shift to larger 

distances away from the surface with increasing chain length. ZnO nanoparticles 

with different ligands were redispersed in the three primary alcohols methanol, eth-

anol and 1-propanol. Figure 5.11 A shows the resulting dd-PDFs and fits for the 

restructured propanol around ZnO ac (red curve), ZnO cit (blue), ZnO dmlt (green) 

and ZnO pent (yellow) together with the PDF of bulk propanol (black). Assuming 

that the nanoparticles redisperse to the same extent, the dd-PDFs in Figure 5.11 A 

were scaled such that the respective contributions of the nanoparticles, which are 

Figure 5.10: Restructuring of ethanol molecules at a ZnO nanoparticle surface. 

The surface of a ZnO nanoparticle, exemplarily shown for the ligand cit, induces solvent restructuring. 

The ethanol molecules (hydrogen atoms omitted) form hydrogen bonds with surface hydroxyl groups 

and citrate molecules. The surface coverage of these groups is reduced for means of clarity. The 

reorientation extends a few molecular layers into the bulk liquid before bulk properties are recovered. 

In bulk ethanol, molecules do not arrange in pairs, but form winding-chains or hexamers and the 

modified short-range order around the nanoparticles is not as crystalline as suggested in the scheme, 

which serves as simplified illustrative representation. 



70 5 Nanoscopic solvation shells 

not plotted for means of clarity, would be of identical amplitude. The dd-PDFs differ 

from the PDF of the pure propanol in that they exhibit a distinctively larger modula-

tion depth. Moreover, they do not show sharp intramolecular distances of the pro-

panol molecules in the range 0 to 3 Å, because these distances are entirely cor-

rected for in the background subtraction. The restructuring as described above does 

not change the internal molecular structure, but only changes the relative orientation 

between different solvent molecules. The modified short-range order around the na-

noparticles becomes visible as the electron density oscillation. It has to be men-

tioned shortly, that the PDF technique intrinsically averages over 3D and projects 

the 3D information into a 1D diagram. However, the observed oscillatory signal 

bears a striking similarity to those seen when using specular x-ray surface scattering 

[32], [33], which probes only the direction normal to the interface. Moreover, such a 

restructuring behaviour along the surface normal of nanoparticles was theoretically 

predicted [55], [56] and hence the presented interpretation is conclusive. The fit re-

sults of the positions of the first maxima in all dd-PDFs of the primary alcohols and 

of hexane are gathered for all redispersed ZnO particles in Figure 5.11 B. The posi-

tions follow the trend of the pure solvents (black stars) and shift to larger distances 

with increasing alcohol chain length. This trend occurs for the four different capping 

agents, which suggests that the detailed surface composition plays a minor role in 

the restructuring, which is in accordance with MD simulations [56]. The spread of 

the data points however indicates an additional role for particle shape, surface fac-

Figure 5.11: Comparison of short-range order in restructured and bulk solvents. 

(A) Comparison of the PDF of pure bulk propanol (black) and the dd-PDFs of restructured propanol 

around ZnO nanoparticles with ligand ac (red), cit (blue), dmlt (green) and pent (yellow). The ampli-

tudes of the dd-PDFs are scaled with respect to the contribution of the ZnO nanoparticles to the data. 

(B) The positions of the first maxima in the dd-PDFs of the redispersed ZnO nanoparticles in the 

alcohols and hexane are plotted over the chain length of the solvent molecules. The positions follow 

the trend of the pure solvents (black stars), yet the dd-PDF positions are distinctly offset with respect 

to the error bars that resulted from least-squares fits. 
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etting or differences in the capping agents. The other fit results for the ZnO nano-

particles, wavelength and modulation depth, can be found in the Appendix, Figure 

A4, p. 130. All fit results for all other nanoparticles, Ag, TiO2, ZrO2,phil and In2O3, are 

also contained in the Appendix, Figure A5, p. 131. The larger spread of the fit results 

of non-ZnO particles compared to the ZnO particles with different ligands empha-

sizes a dominant role of the nanoparticle material in the restructuring mechanism. 

The restructuring mechanism for hexane as a nonpolar molecule is not driven by a 

hydrogen bond network, but rather by steric constraints. Hexane is known to align 

in parallel at 2D surfaces, see Figure 2.4 B, p. 18 [22], [23], [28]. This parallel align-

ment is most likely less pronounced at facetted or curved nanoparticle surfaces. The 

dd-PDF maxima positions of hexane in Figure 5.11 B do not have to continue the 

linear trend of the primary alcohols, because the alkyl chain of the hexane molecule 

will not align along the surface normal as the alcohols do. The width of a hexane 

molecule is about 5 Å in the liquid phase [23], which coincides both with the posi-

tions of the first maxima, Figure 5.11 B, and also with the wavelengths of the oscil-

lations in the dd-PDFs, Figure A4, p. 130. This confirms a preferred parallel arrange-

ment of hexane molecules at the nanoparticle interface, as sketched simplified for 

2D surfaces in Figure 2.4 B, p. 18. 

5.2.2 Restructuring of water 

Water is the most omnipresent solvent and of particular interest for our everyday 

lives. This subchapter grants special focus to its interaction with nanoparticles and 

how it compares to organic solvents. Figure 5.12 summarizes the experimental d-

PDFs (black) and fits (red) for TiO2 nanoparticles in all five solvents – methanol (A), 

ethanol (B), 1-propanol (C), hexane (D) and distilled water (E). In offset, the differ-

ence of the fit (grey), the contribution of the nanoparticles (green) as well as the 

signal from the restructured solvent are shown (blue). It is observed that hexane, 

panel D, restructures the least since the contribution of the solvent compared to the 

one of the nanoparticle is the smallest. Water, on contrast, redispersed the TiO2 

particles the best and features a very large signal from the restructured solvent, 

panel E. Moreover, water shows a dd-PDF which consists of two contributions. The 

latter accordingly holds for all other nanoparticles in water. The restructuring of all 

organic solvents, panels A to D, could be described by an exponentially decaying 

sinusoidal oscillation. The water dd-PDFs additionally feature a very deep first min-

imum and very high first maximum, each with a very small FWHM and at very low r. 

In order to describe these dd-PDFs, the sum of two asymmetric Gaussian functions 

was fitted to the first dip and maximum (pink curve in panel E). An exponentially 
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decaying function was modelled to the oscillation beyond analogous to the fit for the 

organic solvents. With this approach, all water data sets could be described. The 

dd-PDF of In2O3 was the only one that differed from all others since the order of the 

maxima and minima within the Gaussian peaks and the damped oscillation was 

Figure 5.12: Fits to the d-PDFs of redispersed TiO2 nanoparticles in different solvents. 

Methanol (A), ethanol (B), 1-propanol (C), n-hexane (D) and distilled water (E). Experimental d-PDFs 

of ZnO nanoparticles (black) with the final calculated PDFs (red) and the overall differences of the fit 

(grey) in offset. Separately, the contributions of the nanoparticles (green) and the contributions and 

dd-PDFs of the restructured solvent (blue) are shown. In contrast to the organic solvents, the dd-

PDF of water (E) consists of two different contributions from tightly adsorbed water (purple) and from 

the larger hydration shell (blue). 
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inverted. This can, for instance, be explained by a different surface charge of the 

In2O3 nanoparticles, which inverts the orientation of the water molecules and hence 

the density profile. 

The need for a different fit for the water data goes hand in hand with a different 

interaction mechanism at the nanoparticle-solvent interface. The physical interpre-

tation was subject of theoretical modelling before, as addressed in Chapter 2.1.3, 

p. 19. Water is known to form two distinct adsorption layers and slight oscillations 

with the period of water density oscillations beyond, as shown e.g. in MD simulations 

for calcite and iron oxide surfaces [45] or with x-ray reflectivity measurements at 

mica surfaces with a terminating SiO4 layer [53]. Also for TiO2, the water interaction 

with a 2D surface had been discussed based on MD simulations [46]. The discrete 

adsorption layers on 2D surfaces result in well-defined interatomic distances with 

several maxima and minima in the PDF at r < 4 Å, or one large maximum with sub-

structure depending on the surface characteristics [45], [46], [53]. The purple curve 

in Figure 5.12 E only features one deep minimum and one high maximum. The MD 

simulation of water around an Au nanoparticle yielded density profiles which also 

merely featured one dominant maximum in this region < 4 Å [54]. Theoretical stud-

ies on MgO and Fe2O3 particles [55] addressed the influence of particle size and 

facetting onto the restructuring. Large, planar substrate surfaces with a single crys-

talline orientation restructure the adjacent solvent molecules best. The solvent mol-

ecules all feel an identical interaction with the uniform crystalline lattice below and 

snap into place with one another. This order easily propagates away from the sur-

face as schematically illustrated in Figure 5.13 A. The green colour represents re-

gions of increased solvent density. The introduction of different facets or surface 

steps disturbs the perfect surface and at the site of the dislocation, the restructuring 

breaks up, see panel B. In case of nanoparticles, panel C, many facets and curved 

Figure 5.13: Influence of facetting and shape onto solvent restructuring. 

Green colour indicates areas of increased solvent density. At planar walls (panel A) the restructuring 

can propagate best with highest intensity. Step dislocations and facetting (B), in particular for tiny, 

multifaceted nanoparticles (C), disturb the uniform restructuring. 
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surfaces exist. Moreover, the nanoparticles are often strained internally and, in par-

ticular, the surface atoms feature the largest deviations from perfect crystalline lat-

tice parameters. Consequently, the interaction with the solvent is strongly reduced 

compared to macroscopic, crystalline 2D surfaces. This explains why only one max-

imum without substructure at r < 4 Å is detected in the dd-PDFs of the redispersed 

nanoparticles in water compared to studies on 2D surfaces. Additionally, the exper-

iments of this thesis were performed at very high dilution and the noise in the data 

is not negligible, see the difference curve in Figure 5.12 E. The termination ripples 

can readily be mistaken for signal or vice versa if the signal is of the same amplitude 

as the noise. A substructure of the maximum, if it exists for certain nanoparticle 

types, most likely would be masked by the termination ripples. One way to gain 

further insight are neutron PDF measurements on deuteriated samples, where the 

partial PDFs like gOO, gOH, gOD, etc. can be probed and possibly discriminated against 

the noise in the data. 

In summary, the observed water dd-PDFs are in accord with previous studies at 2D 

surfaces. The bulk water structure and the restructuring mechanism of water are 

different than for organic solvents. A separate scheme illustrates the restructuring 

of water molecules at nanoparticle interfaces, see Figure 5.14. Water dissociatively 

adsorbs at the surface of a bare TiO2 nanoparticle to form a hydroxylated surface. 

This hydroxylated surface, in turn, closely binds a hydration layer, which results in 

a pronounced minimum and maximum before the bulk water structure is recovered 

Figure 5.14: Restructuring of water molecules at a TiO2 nanoparticle surface. 

Water dissociatively adsorbs at the particle surface and forms a layer of surface hydroxyls and a 

closely bound first hydration layer, which produce the first dip and the first high maximum. Beyond 

water gradually recovers the bulk tetrahedral network structure resulting in the exponentially decay-

ing sinusoidal oscillation. Yellow and orange solid lines represent covalent bonds, dashed lines hy-

drogen bonds. 
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after few decaying sinusoidal oscillations. Bulk water is represented by a tetrahedral 

network. In contrast to organic solvents, which form solvation shells out as far as 15 

to 20 Å from the surface, the bulk water structure is regained at a distance of ca. 

10 Å, as shown in Figure 5.15 A for the dd-PDFs of redispersed ZnO ac (red), TiO2 

(blue) and ZrO2,phob (green) particles. The included fits already combine the contri-

butions from the adsorption layer and the hydration shell, which were plotted sepa-

rately in Figure 5.12 E. This distance of ~ 10 Å matches published XRR and MD 

data [53], [54]. Comparing the number of oscillations for both water and organic 

solvents, in between 3 to 5 molecular layers can be identified within the nanoscopic 

solvation shells independent of the solvent type. It is merely the different molecular 

sizes that result in different absolute numbers for the diameters of the solvation 

shells. Figure 5.15 B furthermore contains the values of the fit results of the tightly 

adsorbed water layer (max. position 1, max-min distance 1) and the sinusoidal os-

cillation (max. position 2, wavelength 2, modulation depth). As observed for the or-

ganic solvents, the dd-PDF fit results scatter around the values of bulk water (black 

stars) and thus correlate with the molecular dimensions of water. For all nanoparti-

cles measured, the adsorbed, tightly bound water layer peaks at 3 Å (maximum po-

sition 1). The distance between the first minimum and maximum is called max-min 

distance 1 and is 0.5 Å. This value of 0.5 Å corresponds to half the bond length of a 

hydroxyl group O-H. The first maximum of the sinusoidal oscillation (maximum po-

sition 2) is at ca. 5 Å and the respective wavelength 2 in between two maxima is ca. 

2 Å. These distances are in accord with theoretical values of water density profiles 

on hematite Fe2O3 surfaces [45]. The maximum position 1 at 3 Å can be attributed 

Figure 5.15: Comparison of short-range order in restructured water and bulk water. 

(A) PDF of pure bulk water (black) and dd-PDFs of restructured water around ZnO ac (red), TiO2 

(blue) and ZrO2,phil (green) together with their fits. (B) Fit results of dd-PDFs of the redispersed nano-

particles in water compared to the values of bulk water (black stars). The fit results of the dd-PDFs 

follow the trend of the bulk, yet the values are distinctly offset with respect to the error bars that 

resulted from least-squares fits. Parameters indexed with #1 belong to the close adsorption layers, 

those with #2 to the sinusoidal oscillation. 
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to the second hydration layer, in which water molecules interact with surface hy-

droxides. The second maximum at 5 Å coincides with the third hydration layer, in 

which water molecules form hydrogen bonds to water molecules of the second hy-

dration layer. These distances are however subject to change dependent on the 

degree of surface hydroxylation. For non-hydroxylated surfaces, water molecules of 

the second layer could not adsorb as close to the surface as for hydroxylated sur-

faces and the density profiles would shift to larger r. 

One open question within the presented data is the intensity ratio of the contribution 

from the restructured water to the d-PDF compared to the contribution from the na-

noparticle. Even for the estimation of a coverage of the nanoparticle surface with a 

water monolayer, the observed amplitudes of the restructured water are astonish-

ingly high. One way to explain this is the orientational averaging of the PDF. Simpli-

fied within this chapter the dd-PDFs were interpreted as if they were purely recorded 

along the surface normal of the nanoparticle. However, they are the orientational 

average over 3D. Any atom of the sample serves as an arbitrary centre for creating 

the averaged histogram. Enhanced order within the solvation shell compared to the 

bulk is assumed over several molecular layers and thus an increased number of 

hydrogen bonds is found not only for water molecules directly at the particle inter-

face but for way more molecules within the entire solvation shell. Therefore also 

short distances between two next-neighbouring, hydrogen-bonded molecules in the 

outer shell are projected to low r values and can be misinterpreted as being at the 

interface, when regarding the dd-PDF as a pure surface normal signal. Therefore, 

the surprisingly high amplitude might stem from an overlay of contributions from 

different directions and from different positions within the solvation shell. 

5.3 Factors influencing nanoscopic solvation shells 

The benefit of this restructuring study - the large matrix of nanoparticles and solvents 

– was the key to show the ubiquitous restructuring effect. In order to analyse the 

detailed influence of different factors onto the restructuring, different, well-chosen 

matrices will be necessary. The influence of one single parameter such as 

- particle size -   particle crystallinity 

- facetting -   ligands 

- temperature -   surface hydroxylation 
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can readily be studied by keeping all other parameters fix. For example a series of 

titania nanoparticles of uniform size and morphology, without ligands, but with dif-

ferent ratios of surface hydroxylation. Up to this point, the amplitude was not inter-

preted for the data sets presented in this thesis and is in general a fitting parameter 

which allows inference to be made about the influence of different factors onto the 

restructuring. Within the series of ZnO nanoparticles with the four different ligands 

and particle sizes, a correlation of the amplitude with three possible influencing fac-

tors was checked. Figure 5.16 links the amplitude with the chain length of the solvent 

(A), the nanoparticle diameter (B) as well as the molar mass (size) of the ligand 

molecule (C). Both, the size of the nanoparticle and the molar mass of the ligand 

molecule somewhat correlate with the amplitude. The amplitude itself is directly con-

nected to the amount of solvent molecules, which rearrange in the solvation shell. 

Therefore, entirely identical and perfect redispersion conditions in between different 

experiments have to be guaranteed to meaningfully draw conclusions from the am-

plitudes of the dd-PDFs. Within these experiments, no cross-check was done on 

Figure 5.16: Dependence of amplitude of restructured solvent around ZnO nanoparticles on 

different parameters. 

Dependence on chain length of solvent (A), nanoparticle size (B) and molar mass of ligand molecule 

(C). 
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entirely identical redispersion conditions since the amplitude was not in the focus of 

the study. Therefore, no finite conclusion can be drawn. 

Based on the presented evidence of the general fundamental effect of restructuring 

for a vast matrix of solvents, ligands and nanoparticles, the field is now open for 

broad research on the detailed factors influencing the solvation shells and vice 

versa, how solvation shells influence interfacial properties, like diffusional coeffi-

cients. For the case of ZnO nanoparticles, it was just recently demonstrated in MD 

simulations that diffusional properties of counter ions and surfactant molecules are 

different from their bulk values within a nanometer-sized halo around the nanopar-

ticles [113]. The solvation shell was specified with 1.8 nm in size, very well in ac-

cordance with the thickness experimentally observed in this thesis.  

 

 

 



6 Initial crystallization of ZnO nanoparticles 

Previous in-situ nucleation and growth studies of the ZnO sol gel process in ethanol 

were carried out in the absence of additional organic ligands and focussed on 

growth kinetics based on the evolution of particle sizes [60], [61], [64], [98]. The 

general strong influence of additional organic stabilizers onto the metal oxide nano-

particle formation was presented in Chapter 2.2.2, p. 23. Therefore, two main as-

pects were in the focus of the in-situ PDF experiments on the nucleation of ZnO 

nanoparticles carried out within this thesis. Firstly, the evolution of crystallinity during 

particle formation shall be observed in order to complement the previous studies on 

particle size and growth kinetics with additional insight into the internal particle struc-

ture. Secondly, the ZnO nanoparticle formation is carried out in presence of three 

additional ligands (cit, pent and dmlt) with the aim to study the influence of the lig-

ands onto the nucleation. 

The in-situ PDF experiments presented herein are the first in-situ PDF data sets on 

metal oxide nanoparticle formation in organic solvents at ambient conditions. The 

biggest challenge to observe the process is the signal-to-background ratio of the 

Figure 6.1: Evolution of experimental raw data of nucleating ZnO dmlt nanoparticles. 

The in-situ I(Q) data is compared to the (eth+TMAH) background and a ZnO dmlt powder (rescaled 

for better comparison). Insets show the growth of ZnO peaks. 
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raw data, which consists to > 99 % of signal from the solvent, i.e. background. Fig-

ure 6.1 shows the I(Q) datasets of the (eth+TMAH) background (black) as well as 

the precursor solution of ZnO dmlt prior to TMAH addition (red) and a series of da-

tasets after TMAH addition (purple to green). The powder diffraction pattern of a 

ZnO dmlt powder sample (grey, rescaled for better comparison) is included in order 

to compare the wurtzitic ZnO peak positions. The insets zoom into the Q-range with 

the most pronounced ZnO peaks, which appear in the in-situ datasets after TMAH 

addition and increase in intensity over time. Such an increase in peak heights in the 

I(Q) plots at positions of wurtzitic ZnO is observed for all ligands. In the following, 

only background-corrected d-PDFs are discussed. 

The strength of the PDF technique is the study of order at short and intermediate 

distances. This encompasses both, the really local coordination of atoms by their 

next-neighbours as well as order on intermediate length scales up to some tenths 

of Angstroms. In the first section of this Chapter, the establishment of local tetrahe-

dral coordination upon base addition is illustrated, which directly leads to the evolu-

tion of crystalline domain sizes beyond 5 Å during particle formation. The modelled 

theoretical nanoparticle PDFs are based on the assumption of wurtzitic ZnO and 

hence the fitted diameters are the dimensions of crystalline domain sizes and not 

particle sizes. SAXS, for example, determines particle sizes independent of internal 

structure. For late reaction times of the presented in-situ syntheses and for the dry 

powders, the crystalline domain sizes are, within the measurement accuracy, equal 

to the particle sizes as confirmed by HRTEM, see Figure A2 and Figure A3, p. 129. 

Hence, fully crystalline particles exist at late reaction times and in the powders. In 

the third part of this chapter, a crystallization mechanism for high supersaturation is 

presented, which describes the reaction from molecular precursors via disordered 

intermediates to crystalline particles. Suitably adjusted synthesis conditions are 

found, which allow a spontaneous nucleation of fully crystalline nanoparticles, by-

passing the disordered intermediates. 

6.1 Change of local zinc coordination upon base addi-
tion 

In contrast to ionic reactants in aqueous media, Zn2+ ions do not exist as free ions 

in alcoholic solvents, because zinc acetate or zinc ethoxy acetate complexes are 

more stable as shown by partial charge calculations [104]. The formation of primary 

precursors Zn4OAc6 of tetrahedral shape was first postulated in 1998 [103] and 

these precursors have been implemented as the most simple building blocks into 
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nucleation models [104]. The most frequently used synthesis procedure for ZnO 

nanoparticles in ethanol involves a 3 hour long refluxing step at elevated tempera-

tures, after which an enrichment of Zn4OAc6 clusters was evidenced by EXAFS 

[106]. These clusters were shown to exist throughout the entire synthesis [61]. 

Within the synthesis approach used in this thesis and which works at room temper-

ature without refluxing, the Zn2+ concentration is about one third compared to the 

reflux strategy due to the room temperature solubility limit of the Zn(OAc)2∙2H2O salt 

used as reactant. The corresponding zinc acetate solutions were stirred for 1 h prior 

to TMAH addition in order to guarantee the full dissolution of the zinc acetate dihy-

drate. These solutions, see Figure 6.2 A (purple curve), do not contain Zn4OAc6 

clusters. A theoretical PDF of a Zn4OAc6 cluster was calculated (green) based on 

results from ab initio quantum dynamical simulations, which derived the most stable 

configuration of this cluster. The purple curve of the solution prior to TMAH addition 

does not feature a peak at 3.2 Å, which corresponds to the Zn-Zn distance within 

the Zn4O tetrahedron of the Zn4OAc6 cluster, see a scheme of the cluster in Figure 

2.6, p. 26. 

Stirring the precursor solution for extended times of up to 19 h (blue curve) did not 

result in Zn4OAc6 clusters either. The zinc coordination increased, however, com-

pared to the 1 h solution as documented by the higher 3.1 Å peak. The broad peaks 

at ca. 2.1 Å and 3.1 Å stem from zinc ethoxy acetate complexes, in which Zn2+ is 

Figure 6.2: Evolution of local zinc coordination in zinc acetate solutions. 

(A) Comparison of experimental d-PDFs of zinc acetate solutions after 1 and 19 h of ageing and at 

different TMAH concentrations, 7.9 and 71 mM (t = 1.5 min) compared to theoretical structures of a 

Zn4OAc6 cluster and 1 nm ZnO particles. Only sufficient TMAH concentration can induce tetrahedral 

coordination, which is immediately followed by the formation of larger agglomerates of local wurtzitic 

structure up to 1 nm in diameter. (B) Observation of zinc acetate solution directly after TMAH addi-

tion. Distinct peak shifts are observable below 5 Å for ca 0.5 min after base addition and a fast ag-

glomeration beyond occurs thereafter. 
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not yet covalently bonded to oxygen in tetrahedral motifs. The 2.1 Å peak stems 

from Zn2+-OH- bonds, whose interatomic distances are known to be between 2.0 

and 2.2 Å. Zn2+-O2- covalent bond distances, on contrary, are found at 1.8 to 2.1 Å 

[75], and appear in the zinc acetate solutions upon slight base addition to 7.9 mM 

TMAH (yellow curve). The tetrahedral coordination is however not yet obtained as 

evidenced through the offset of the 3.1 Å peak compared to the theoretical cluster 

at 3.2 Å (green). A larger, critical amount of base is necessary to promote formation 

of tetrahedral motifs, which at the same time then polymerize to larger zinc species 

beyond 5 Å (red). In order to continuously observe the changes in the zinc coordi-

nation induced by the base, TMAH (71 mM) was automatically injected into a regular 

precursor solution which had been previously stirred for 1 hour. The solution was 

observed continuously with a time resolution of 10 seconds (the base addition only 

takes 2 seconds). Figure 6.2 B shows a colour plot of the d-PDFs over time, 

whereby the logarithmic colour scheme of Figure 6.3 holds. Upon the injection, the 

coordination of zinc changes abruptly. Tetrahedral coordination is achieved after 

0.5 min and smeared out peaks beyond 5 Å appear almost at the same time. In 

Figure 6.2 A, the PDF for t = 1.5 min (red curve) of Figure 6.2 B is compared to the 

theoretical PDFs of the precursor cluster (green) as well as a 1 nm large ZnO nano-

particle (black). A comparison of the intensity ratios of the 2.0 and 3.2 Å peaks indi-

cates the existence of agglomerates of tetrahedral motifs larger than just one pre-

cursor cluster in the 1.5 min solution. Peaks at 5.4 Å and 6.2 Å appear in the colour 

plot, which are already quite similar to peaks within a 1 nm wurtzitic ZnO particle 

(black). From this it can be concluded that long stirring or too low base concentra-

tions cannot induce tetrahedral zinc coordination for 30 mM Zn2+ solutions. High 

hydrolysis ratios, though, immediately transform the zinc ethoxy acetate clusters 

into extended agglomerates, which feature crystalline domains of ca. 1 nm in diam-

eter. Spanhel proposed a growth model for ZnO based on a series of regular Koch 

pyramids, also called 3D Sierpinski triangles [103], [104]. Within the experiments of 

this thesis, there is no hint for the prolonged existence of hierarchical structures with 

fixed formulas such as Zn10O4Ac12, which are entirely overrun by the fast polymeri-

zation kinetics induced by the base addition [87]. Moreover, no octahedral phases 

exist after base addition, because those would feature interatomic distances of 

2.8 Å, where no peak occurs at any time after base addition. A corresponding ex-

periment to the one presented in Figure 6.2 B, was carried out for the ligand cit. For 

pent and dmlt, no such experiments with high time resolution were carried out within 

the scope of this thesis. Figure 6.3 compares the evolution of the short-range order 

in ZnO ac and ZnO cit solutions during the first 5 minutes after base addition with a 

10 second time resolution of the datasets. In ZnO ac solutions, the tetrahedral motifs 

build up slightly faster than for cit solutions, because the 3.2 Å peak forms a bit more 
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rapidly upon base injection and is of higher intensity and sharper. In particular the 

mutual arrangement of tetrahedrons evolves quicker, because peaks beyond 5 Å 

appear earlier and more pronounced in the ZnO ac solution. For the ZnO cit solution 

there seems to be a lag time of ca. 2 minutes before significant short-range order 

> 5 Å emerges. The stronger stabilizing action of the citrate molecules within the 

precursor complexes obviously decelerates particle formation or respectively slows 

down the creation of wurtzitic order within already nucleated larger disordered struc-

tures. 

6.2 Evolution of particle size and crystallinity 

The observation of the ZnO ac and cit solutions from Figure 6.3 were carried on for 

more than 8 hours with a 1 min time resolution. Similar experiments with a 1 min 

time resolution were done for pent and dmlt. These experiments however lack the 

high time resolution observation period presented in Chapter 6.1. The evolution of 

the short-range order of the ZnO nanoparticles can again readily grasped from 2D 

colour plots. Figure 6.4 compares ZnO ac (panel A) and dmlt (panel B) in order to 

contrast different crystallization rates. The first 150 minutes are enlarged for better 

visibility of peak shifts, and a crystalline nanoparticle PDF of ZnO ac in panel A and 

respectively of ZnO dmlt in B is overlaid in red. A comparable plot is shown for cit 

and pent in the Appendix, see Figure A6, p. 132. Upon base injection, as already 

seen in Figure 6.3, the tetrahedral coordination builds up instantaneously for all lig-

ands. Broad peaks at offset positions compared to wurtzitic ZnO are detectable out  

Figure 6.3: Changes of short-range order in ZnO ac (A) and ZnO cit (B) solution induced by 

TMAH addition. 

For ac and cit, distinct peak shifts are observable below 5 Å directly upon base addition. For ac, the 

short-range order at r > 5 Å builds up way faster than with the additional ligand cit. The colour bar to 

the right represents the colour scheme. 
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Figure 6.4: Temporal evolution of nanoparticle crystallinity for the ligands ac (A) and dmlt (B).  

The yellow horizontal line indicates the injection of 71 mM TMAH, the colour bar to the right repre-

sents the colour scheme. The first 150 min are enlarged for better visibility of peak shifts. ZnO ac 

nanoparticles relax faster to the crystalline wurtzitic structure, whereas slow and gradual peak shifts 

are observed for ZnO dmlt. A PDF of crystalline ac (A) and dmlt (B) nanoparticles is overlaid in red. 

Figure 6.5: Evolution of prominent ZnO PDF peak positions over time. 

Prominent interatomic distances for ZnO nanoparticles with ligands ac (red circle), cit (blue triangle) 

and dmlt (green rhomb). The 3.2, 5.6 and 8.6 Å peaks are representative for the evolution of the 

short-range order of the particles. All peaks shift asymptotically to a constant value, but with different 

rates. ZnO dmlt particles crystallize by far the slowest, visible by the delayed appearance of the 5.6 

and 8.6 Å peaks. 
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to 25 Å for ac and 20 Å for dmlt. Gradually over time, these offset peaks shift to 

interatomic distances, where peaks in wurtzitic ZnO are expected, as the compari-

son with the overlaid crystalline ZnO nanoparticle PDFs readily shows. The gradual 

peak shift for ZnO ac is most pronounced for the 5.6 Å peak, for dmlt many peaks 

and regions are clearly affected (5.6, 8.6, 12 – 15 Å). This prolonged shift and even 

delayed occurrence of some peaks is demonstrated further in Figure 6.5. Gaussian 

peak profiles were fitted to the 3.2, 5.6 and 8.6 Å peaks in the d-PDFs, since these 

peaks are most representative for the evolution of short-range order in the particles 

and furthermore possess the least peak overlap with other peaks.  The fit results of 

the Gaussian peak positions are plotted for ac (red circles), cit (blue triangles) and 

dmlt (green rhombs). For all ligands, the tetrahedral Zn-Zn peak (3.2 Å) position 

changes the least (different y-axis scaling!), because the tetrahedral coordination is 

pretty well achieved directly after the base addition. However, at early times the 

peak height ratio of the 3.2 and 2.0 Å (Zn-O) peak is distinctly decreased compared 

to this ratio in the bulk. Thus, the local tetrahedral zinc coordination is readily estab-

lished, but the tetrahedrons are tilted against each other, diminishing crystalline 

short-range order. The cit particles have the most wurtzitic structure after nucleation, 

since their peaks at 5.6 and 8.6 Å are at wurtzitic positions right away and hardly 

change over time. Although in Figure 6.3, ZnO ac nanoparticles seemed to crystal-

lize slightly faster within the first 5 minutes, this trend is reversed when looking at 

the longer time scale. Both, cit and ac, restructure to crystalline particle quite quickly, 

whereas ZnO dmlt needs extended periods of time till the disordered structure can 

transform to the crystalline phase. The 5.6 and 8.6 Å peaks of dmlt even appear 

delayed after ca 30 and 70 minutes. This qualitative observation is supported by the 

d-PDF refinements according to the procedure described in Chapter 0, p. 51. Rep-

resentatively, Figure 6.6 shows the fits of ZnO ac nanoparticles for t = 20, 50 and 

200 min, together with the fitted Gaussian size distributions of the nanoparticles in 

the insets. All interatomic distances within the nanoparticles are described well. The 

Figure 6.6: Fits of d-PDFs of crystallizing ZnO ac nanoparticles for three points in time. 

Experimental d-PDFs (black) and their fits (red) for different times (20, 50 and 200 min) after TMAH 

addition; the difference curves are plotted in offset. The fitted Gaussian size distributions of mean 

diameter dNP and width σNP are shown in the insets. 
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original data consisted to > 99 % of background and hence, the d-PDFs are subject 

to comparatively high noise (termination ripples), which causes the high frequency 

oscillations in the difference curves (in offset), particulary in the low r regime. It was 

however just shown recently for nanoparticles of API’s in water, that API’s can be 

unambiguously detected down to 0.25 wt% via PDF measurements of their solutions 

[151]. The studies in this thesis feature a comparable concentration in organic sol-

vents. 

The crystalline domain sizes dNP and widths σNP of the Gaussian size distributions 

are plotted for ac (red circles), cit (blue triangles) and dmlt (green rhombs) in Figure 

6.7. The fit results of ZnO pent are not included in these two figures, because the 

signal-to-noise ratio of the ZnO pent d-PDF data was rather low, which is reflected 

in the noise in the 2D colour plot in Figure A6, p. 132. The ZnO ac, cit and dmlt 

nanoparticles seem to feature comparable polydispersity, i.e. widths of their distri-

butions, after 500 min, see Figure 6.7 B. Thereafter the trend is not clear for ac, and 

no data points exist for cit because the measurement was aborted after 600 min. 

The large fluctuation of the fitted values can be explained by the fact that the PDF 

technique is not ideal to determine the polydispersity [143], [144], [150]. Neverthe-

less, fitted values of the widths of the Gaussian distributions lie in the range of values 

reported in literature for ligand-capped ZnO nanoparticles. For example, TBPA8-

capped ZnO particles synthesized in methanol at 60 °C show a size of 2.8 ± 0.7 nm 

[59]. No further conclusions shall however be drawn from the fit results of the distri-

bution widths. 

                                                 
8 TBPA = tertiary butyl phosphonic acid 

Figure 6.7: Evolution of crystalline domain sizes dNP (A) and width σNP (B) of the Gaussian 

size distributions of crystallizing ZnO nanoparticles. 

Shown for ligands ac (red dots), cit (blue triangles) and dmlt (green rhombs). Lines are guides to the 

eye. (Due to computational effort, only every 20th data set of the experiment was fitted and the results 

of three of these averaged for clarity of display.) 
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More significantly and less fluctuating, the crystalline domain sizes in Figure 6.7 A 

show a clear trend. Instantly after base addition, crystalline domains are 1 nm on 

average and then grow during the first 200 to 300 minutes to about the final particle 

size, although the kinetics differ for the ligands. Thereafter, only slight further growth 

or ceding of the growth process takes place. For ZnO cit, the measurement was 

aborted slightly too early and it cannot be testified whether further growth in solution 

would occur or whether the achieved particle size would remain stable. Acetate caps 

the particles the least efficient as already reported manifold before [73], [76], [86], 

which is reflected in the slight continued growth after 600 minutes. In contrast, the 

ligand dmlt successfully stabilizes not only final nanoparticle sizes in the dry pow-

ders at d0 = 2.1 nm, but also within the solution no further growth occurs for ex-

tended stirring times of up to 1000 minutes. 

These conclusions are coherent with the evolution of the precursor composition. 

According to eq. 4.11, p. 54, the precursor Zn4OAc6 and the nanoparticle phase are 

each fitted with a scale factor, from which the solution composition with respect to 

atom% of zinc atoms in precursor, respectively particles is calculated. Figure 6.8 A 

shows the development of the fraction of zinc atoms, which are contained in precur-

sor clusters for the ligands ac (red dots), cit (blue triangles) and dmlt (green rhombs). 

Cit forms the largest, most crystalline particles, and also in the fastest reaction. This 

goes hand in hand with a high turnover of precursors to particles and almost no 

remaining precursor clusters. ZnO cit nanoparticles in their dry powder form feature 

an average diameter of 3.1 nm compared to 2.5 nm in solution, proving the stabiliz-

ing action of the cit molecule. ZnO dmlt nanoparticles maintain a constant particle 

Figure 6.8: Evolution of the solution composition of crystallizing ZnO nanoparticles. 

(A) The composition is represented by the atomic number fraction of Zn atoms contained within the 

tetrahedral precursor clusters Zn4OAc6, shown for three ligands: ac (red dots), cit (blue triangles) 

and dmlt (green rhombs). (Three data points were binned for each displayed data point and about 

every 20th dataset of each experiment was fitted.) (B) Comparison of the theoretical PDFs of a 2.5 

nm ZnO particle (blue) and a Zn4OAc6 precursor cluster (pink). 
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size in the solution over 1000 minutes and also the zinc fraction in the precursor 

clusters is about constant. The final particle size of 2.2 nm very well coincides with 

the size of 2.1 nm, which was determined for ZnO dmlt particles in dry powders. At 

this point, when interpreting the phase fraction of Zn4OAc6 clusters, it has to be kept 

in mind, that the tetrahedral precursor core Zn4O is identical with a building block of 

wurtzitic ZnO nanoparticles. They both feature peaks in the PDF at 2 and 3.2 Å, 

which are two of the three most dominant peaks in the PDFs, see Figure 6.8 B 

(2.5 nm particle = blue, precursor = pink). Moreover, the PDF of a disordered nano-

particle, where neighbouring tetrahedrons are tilted against each other, will also fea-

tures predominantly these two peaks, because peaks at r >5 Å become damped 

due to the loss of correlations at increasing distances in non-crystalline substances. 

Therefore, the fit cannot truly distinguish in between precursor clusters, disordered 

nanoparticles and disordered regions within nanoparticles. Hence, one might argue 

that in fact disordered nanoparticles produce the signal, which is interpreted as the 

precursor phase in Figure 6.4 A. Such an interpretation would neither contradict the 

powder nor the in-situ ZnO dmlt data. Firstly, it was shown for the in-situ data in 

Figure 6.4 B, that ZnO dmlt particles crystallize the slowest as visible in the very 

gradual peak shifts and are thus the most disordered in solution. Secondly, it was 

discussed in Chapter 4.2.2, p. 47, that dmlt puts also the largest strain onto the ZnO 

crystal structure in the dry powders. Therefore, both the low turnover rate of precur-

sors and an enhanced fraction of disordered regions in the particles may lead to an 

apparent precursor fraction in the refined data. It has to be concluded that based on 

PDF alone, no unique answer can be given with respect to the interpretation of the 

precursor phase fraction presented in Figure 6.8 A. In contrast to ZnO dmlt, ZnO ac 

particles continue to grow slightly in solution between 600 and 1000 minutes of re-

action time, see Figure 6.7 A, while the zinc fraction in the precursor phase de-

creases by ca. 10 %, Figure 6.8 A. Keeping to the conception that the precursor 

phase truly represents precursors and not disordered domains in particles, it is read-

ily imagined that the number of precursor clusters diminishes as more and more are 

integrated into already existing particles. This leads to particle growth to ca. 2.5 nm 

in diameter. Such a continued consumption of precursor clusters is in accordance 

with previous in-situ EXAFS measurements, which tracked Zn4OAc6  precursors 

during ZnO nucleation and found a prolonged uptake and nucleation process for 

late reaction times [61]. In contrast to the sol size of 2.5 nm, particle diameters of 

ZnO ac in their dry powders are distinctly larger with 5.1 nm (Table 3.3). The exper-

imental PDFs of the dry powder (red) and the d-PDF of ZnO ac nanoparticles in 

solution after 14 hours of reaction time (blue) are contrasted in Figure 6.9 A. Obvi-

ously, in between the dispersed sol and the dry powder, significant growth occurs 
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either during the centrifugation and washing or the drying. In a separate study, sam-

ples were taken from an initially as-synthesized, wet ZnO ac gel, which was drying 

in a desiccator according to the standard synthesis recipe of the powders, see Fig-

ure 3.1, p. 34. XRD measurements were done on a lab diffractometer9 for samples 

after different drying times and the diffraction patterns are plotted in Figure 6.9 B. 

The time t = 0 equals the time after centrifugation, i.e. the starting time of the drying 

process. The growth of the nanoparticles is directly observed by the increase in peak 

heights and the decrease of their FWHM. The 2θ section is chosen such as to show 

three distinct peaks of the ZnO wurtzite structure with the least peak overlap with 

other peaks in order to carry out fits of the Gaussian peak profiles, which are in-

cluded in grey for t =5 min and the dry powder. Times < 5 min have not been ac-

cessible due to sample transfer time. 

The particles grew from 4.5 nm in diameter for t = 5 min to 7.5 nm in the dry powder 

and the sizes were estimated by the Scherrer equation from the FWHMs of the fitted 

Gaussians. This growth process is responsible for the different particle sizes ob-

served in the sol and the powder. The slight mismatch of particle sizes in the dry 

powders as determined from the PDF fits (dNP = 5.1 nm) and from the XRD patterns 

via the Scherrer equation (d = 7.5 nm) can be readily explained. Firstly, Gaussian-

distributed particle sizes were fitted to the experimental PDFs, whereas the size 

                                                 
9 Lab XRD measurements were performed on an X’Pert powder diffractometer (Philips, Analytical, 
CuKα) at room temperature on standard powder sample holders. Scan times of the drying gels were 
short enough to minimize the drift of the background signal due to the evaporation of solvent from 
the wet gels and crumbling of the remaining gel chunks. 

Figure 6.9: Influence of gel drying onto ZnO ac particle size. 

(A) Size difference of the particles in the experimental PDFs of the dry powder (red, d0 = 5.1 nm) and 

the particles in the sol after 14 hours of stirring (blue, d0 = 2.5 nm). (B) XRD patterns of drying ZnO 

ac gel for drying times of 5, 10, 20, 30, 45, 70, 130 and 190 min as well as dry, pestled powder (from 

bottom to top as indicated by arrow) together with fit curves for t = 5 min and dry powder. 
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from XRD was based on a monodisperse assumption. Moreover, by frequently tak-

ing out samples from the desiccator, the drying conditions are not entirely identical, 

as the humidity in the desiccator is higher during this drying study compared to reg-

ular synthesis conditions. Water is known to contribute to post-synthesis particle 

growth (Ali and Winterer 2010) and this could also explain the difference in the ob-

served final particle sizes. However, this straightforward experiment readily shows 

that ZnO ac particles undergo strong post-synthesis growth during the drying of the 

gel to the powder, because the ac ligand does not bind sufficiently strong [76], [162]. 

The other ligands cit, pent and dmlt stabilize the particle sizes of the sol during the 

drying and prevent such growth. The chosen organic ligand molecules however not 

only stabilize different particle sizes in the dry powders, but also their effective bind-

ing strength to the particles and precursor clusters varies strongly. Different turnover 

rates and crystallization kinetics are the outcome, which are following compared to 

existing literature on ZnO nanoparticle formation. 

6.3 Comparison to existing nucleation models 

Various in-situ SAXS studies for refluxed ZnO systems share the observation of 

initial particle sizes of ca. 2 nm in diameter. As SAXS experiments do not reveal the 

internal structure, the possibility of disordered intermediates was not discussed [61], 

[106], [110]. The evolution of the crystalline domain sizes for ZnO ac as observed 

within this thesis, follows the trend of the evolution of particle sizes observed by 

Caetano et al., although their particles are larger over the entire reaction time [61]. 

This difference can be explained by slightly different synthesis conditions of Caetano 

et al.: a refluxed precursor solution was used along the Spanhel and Anderson rec-

ipe, which was held at 40 °C and was reacted with KOH at a molar ratio 

[KOH] / [Zn2+] = 0.5. Moreover, the dissolution of the KOH into the precursor solution 

was spread over 5 min, where within this thesis faster homogeneous mixing by con-

stant stirring and pumping was achieved. They observed a decrease of the relative 

zinc concentration in the precursor clusters from 50 % at t = 0 min to ca. 20 % at 

t = 700 min as deduced from EXAFS data. In the experiments presented in this the-

sis, a slight decrease of the precursor fraction is observed combined with a higher 

overall yield in nanoparticle fraction, see Figure 6.8. Caetano et al. observe strong 

agglomeration of the particles in their SAXS data. ZnO ac dispersions as used in 

this thesis turned macroscopically cloudy after ca. 15 hours, indicating the formation 

of agglomerates. Within this thesis and for all four ligands, concurrent SAXS meas-

urements have been carried out. The SAXS data analysis, though, was not part of 
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this thesis and was not finished by the time of writing. The first background subtrac-

tion provides an evolution of the SAXS curves, which is very similar to the one re-

ported by Caetano et al. [61]. It is meaningful to assume that agglomeration also 

occurs in the synthesis presented within this study. Agglomeration is however 

slower since long times have to pass before the dispersions become macroscopi-

cally turbid. Furthermore, the crystalline domain sizes observed in the dry powders, 

Table 3.3, p. 35, are not significantly increased compared to the sol sizes after 

500 minutes for cit, dmlt and pent. This points towards a strong stabilizing action of 

the additional ligands, which prevent strong agglomeration and post-synthesis 

growth [139]. Besides agglomeration, Caetano et al. also found Ostwald ripening in 

their reaction. In the synthesis presented in this thesis, a continued slight increase 

in all peak heights of the d-PDFs is observed for ZnO ac, which can be attributed to 

either final minor restructuring processes or as well to Ostwald ripening. 

The PBE simulations with the most comparable sets of parameters (20 °C, 50 mM 

Zn2+, 100 mM LiOH [60]; 25 °C, 40 mM Zn2+, 90 mM KOH [59]) also modelled par-

ticle diameters of about 2 nm after few minutes of reaction time with further subse-

quent growth [59], [60]. One of these PBE studies is based on Spanhel’s nucleation 

concept of self-similar building blocks [60]. High hydrolysis ratios as used in all pre-

vious studies and modelling attempts result in rapid polymerization reactions, which 

contradict the occurrence of magic size clusters up to 2 nm in diameter. In general, 

the composition of particles in this size range is no longer purely determined by 

electronic stability due to closed electronic shells, but by geometric factors. Larger 

variability in the composition prevails against the magic number concept [163]. The 

formation of disordered particles as suggested within this thesis is more sensible. 

In this thesis, a rapid polymerization reaction to disordered particles is observed for 

all ligands, in which the crystalline domains only extend over roughly 3 to 4 unit cells, 

i.e. a diameter of ca. 1 nm. As the domain sizes increase in the fits, several peaks 

in the PDFs shift from some offset position to interatomic distances, where peaks in 

wurtzitic ZnO structures are expected. The reorientation of the tilted tetrahedrons 

towards the energetically more favourable wurtzitic crystal structure requires a crys-

tallization process and is evidenced for all ligands by the visible peak shifts at 

r > 5 Å. Cit, dmlt and pent each possess several hydroxyl or carboxyl groups, which 

can interact with the nanoparticle surface [127]. It is this difference in multi-functional 

groups and ligand geometry, which changes the binding characteristics to the na-

noparticles and consequently the crystallization kinetics. Citrate and tartrate (dime-

thyl-L-tartrate = dmlt) are known to chelate the metal ions in solution and to slow 

down the hydrolysis reactions [129], [130]. Their respective metal ion coordination 
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compounds are commonly regarded as the precursor species in metal oxide nano-

particle formation [129]. These complexing ligands also bind strongly to surface sites 

of the growing crystals, so that an exchange with hydroxyl groups and subsequent 

growth is prevented. The formation of new particles prevails over the growth [129]. 

For instance for maghemite, γ-Fe2O3, citrate ligands replaced surface hydroxyl 

groups and stabilized particle sizes of less than 3 nm [164]. 

The previous nucleation and growth models for ZnO nanoparticles did not address 

the influence of organic ligand and solvent molecules onto the formation process. 

For calcite, the impact of hydroxyl group containing ligands or solvents was however 

just recently highlighted [161]. In this thesis, the influence of four different organic 

ligands onto the ZnO crystallization process was directly probed and their immediate 

impact was ascertained. A nanoparticle nucleation and crystallization pathway for 

sol-gel reactions at high supersaturation including the action of the organic ligands 

is therefore presented in Figure 6.10. 

The initial high hydrolysis ratio very rapidly builds up tetrahedral order, e.g. in the 

form of Zn4OAc6 precursors, which instantly polymerize to nanoparticles of a certain 

size distribution. These particles possess crystalline domains of ca. 1 nm in diame-

ter, well in accordance with the smallest crystalline domain sizes observed before 

[77], and disordered regions, which add up to a total diameter of ca. 1.5 to 2.5 nm. 

This ratio of the crystalline core to the disordered shell is very well in accordance 

with MD simulations [75]. The particles are sketched as cuts through the hexagonal 

ab-planes of Wurtzite with blue regular hexagons for crystalline and purple distorted 

Figure 6.10: ZnO nanoparticle crystallization scheme through disordered intermediates. 

From left to right: Upon base addition primary tetrahedral precursors form in solution. At high super-

saturation these instantly polymerize to particles of the final nanoparticle diameter, but with internal 

disordered structure (purple) and only partially crystalline domains (blue). Cuts through the ab-plane 

with hexagonal motifs illustrate the wurtzitic structure. Organic ligand molecules stabilize the particles 

against agglomeration and are sketched by the red zig-zag lines indicating the carbon backbone. 

Relaxation processes in solution finally result in entirely crystalline particles. 
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hexagons for disordered regions. They are stabilized against agglomeration, aggre-

gation and further growth by organic ligand molecules, illustrated as red zig-zag 

lines in remembrance of the carbon backbones of these ligands. Slow crystallization 

leads to the final, ligand-capped crystalline ZnO particles. 

The crystallization proceeds as follows, starting out with basics of sol-gel chemistry: 

Metal oxide salts, M(OR)n, which are dissolved in coordinating solvents and ex-

posed to high supersaturation, rapidly undergo fast hydrolyzation and condensation 

reactions. The result is a fortuitous polymerization of primary building blocks. The 

chosen solvent, ligand and degree of supersaturation influence the ratio of dense 

particles and branched chains [84]. Strong complexing ligands (SCL) such as car-

boxylic acids (ac, cit), beta-diketones (pent, dmlt) and allied derivatives result in the 

formation of new precursors M(OR)n-x-(SCL)x, which are less hydrolysable and alter 

the nucleation and crystallization [88]. Due to the low solubility of ZnO in ethanol, 

bonds that randomly form cannot reorient in time and disordered particles are gen-

erated [84]. For zirconia in propanol, polydisperse disordered particles were shown 

to form at high hydrolysis ratios in presence of acetyl acetone as ligand [87]. Their 

crystallization was promoted at elevated temperatures, e.g. under hydrothermal 

conditions, where reorganization and reprecipitation to equilibrium conditions is fa-

voured [84], [122]. A similarly fast crystallization from disordered intermediates to 

crystalline nanoparticles was just recently observed with in-situ PDF for yttrium-sta-

bilized zirconia in supercritical methanol and titanium dioxide in hydrothermal syn-

thesis [118], [119]. Again, the elevated temperatures promoted the quick crystalliza-

tion. The ambient conditions, which were chosen in this study, slow down the crys-

tallization and are thus very suitable to distinguish changes in between different lig-

ands. The disordered ZnO particles most probably feature internal hydroxyl groups. 

Two of these have to overcome the energetic barrier to split off a water molecule, 

which then releases enough energy to propagate this process throughout the entire 

particle to enable the formation of internally hydroxyl-free ZnO particles [75]. The 

water molecules however have to diffuse out of the dense agglomerates, which 

needs time and further explains the very gradual peak shifts in the PDFs. The sur-

faces of the disordered nanoparticles are capped with ethoxy groups and ligand 

molecules. In solution such bonds are dynamic. The latter show a lifetime of a few 

hours and therefore prevent immediate further condensation reactions of internal 

hydroxyl groups to a pure oxide network [87]. The disorder is trapped within the 

particles due to the ligands, which impose a surface rigidity effect and which was 

merely addressed by few studies up to now [121]–[123]. The crystallization of initially 

disordered 2 nm triphenylphospine-capped CdSe particles was observed in a 

200 °C hot solution and the process attributed to the gradual healing of surface de-

fects enabling relaxation reactions and surface reconstruction [121]. For disordered 
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dodecanethiole-stabilized CdSe nanoparticles dynamic surface-exchange phenom-

ena of coordinating solvent and ligand molecules were used to explain the observed 

crystallization kinetics in heated pyridine solutions [122]. Herein, the crystallization 

of ZnO nanoparticles in presence of four different organic ligands in ethanol at high 

supersaturation is compared. The ligands lead to a prolonged existence of disor-

dered intermediates, which gradually transform to crystalline nanoparticles by grad-

ual surface exchange processes of ligand and solvent molecules enabling restruc-

turing of the particles. 

6.4 Influence of base addition on the evolution of crys-
tallinity 

Having in mind the general concept of sol-gel processes, supersaturation is one of 

the key factors determining the ratio of dense to branched particles. Supersaturation 

can be achieved by a change of external conditions such as temperature or pres-

sure, or by an increase of the concentration of the reactants. In the present case, 

the hydrolysis ratio is the easiest parameter to vary. In a standard experiment, the 

entire TMAH volume (71 mM) is injected at once. In a ramp experiment, TMAH is 

added continuously with a constant dosing speed up to the final TMAH concentra-

tion of 71 mM. Within this thesis, two ramp speeds were probed for the ZnO pent 

system. Figure 6.11 shows the evolution of the average crystalline domain sizes dNP 

(blue rhombs) and of the precursor fraction (red dots) over time, respectively with 

increasing TMAH concentration on the top x-axis, for a dosing rate of 4.0 mM/min 

in panel A and 0.8 mM/min in panel B. The experiment for the low dosing rate (B) 

was aborted upon reaching 71 mM, whereas the measurement with the high dosing 

rate (A) was observed for about another 20 minutes after the 71 mM TMAH have 

been reached and held constant. In both experiments, no particles are observed for 

low TMAH concentrations and particle formation sets in abruptly accompanied by a 

strong decrease of the precursor phase fraction. The particles formed with the high 

dosing speed (A) feature a more abrupt decrease of the precursor phase and slightly 

smaller diameters. The critical TMAH concentration, upon which nucleation takes 

place is almost the same for both ramp speeds, ca. 44 mM for the high and 37 mM 

for the low rate. This can be explained within the concept of classical nucleation 

theory, that homogeneous nucleation takes place in a metastable regime above a 

certain critical supersaturation. The latter seems to be about 37 mM. If the critical 

supersaturation is overrun faster with the steeper ramp, the formation of the first 
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particles is delayed within the metastable regime and nucleation occurs at a slightly 

higher supersaturation of 44 mM. Due to the higher supersaturation, the amount of 

nuclei formed upon burst nucleation is higher and therefore the particle size smaller 

as the available precursors are shared between more nuclei. For both ramp speeds, 

the precursor phase fraction decreases before the nucleation of particles takes 

place, which is way more pronounced for the low dosing rate in panel B. Concomi-

tantly, an increasing amount of ca. 0.8 nm large species is formed. This happens 

between 8 < t < 11 minutes for the high ramp and between 22 < t < 44 minutes for 

the low ramp. To further understand the process, the experimental d-PDFs of the 

ramp experiments with a time resolution of 30 seconds are plotted in a 2D colour 

scheme in Figure 6.12 A for the high and in panel B for the low dosing rate. For early 

times in both cases, only distances < 5 Å occur representing zinc ethoxy acetate 

complexes. The weak spots and lines at ca. 7, 9 and 14 Å in panel B stem from 

termination ripples. The signal of the ethoxy acetate clusters is only weak above the 

background and when calculating the dd-PDFs the contribution of the termination 

ripples is so high that their contribution to the 2D plot cannot be eliminated. Com-

paring the time ranges of Figure 6.11, where the precursor phase fractions decrease 

(8 to 11 min in A and 20 to 44 min in B), with the corresponding regions in Figure 

6.12, it becomes obvious that during these times, shifts of interatomic distances 

around the 3.2 Å peak occur (yellow arrows in Figure 6.12). The interatomic bond 

distances within the zinc ethoxy acetate clusters evolve and the local coordination 

of the zinc ions changes, finally resulting in the appearance of the 3.2 Å peak. Once 

this tetrahedral coordination is established after 11 minutes (44 mM TMAH) in panel 

A, respectively after 44 minutes (37 mM TMAH) in panel B, spontaneous nucleation 

Figure 6.11: Spontaneous nucleation of crystalline nanoparticles in ramp experiments. 

Gradual base addition with TMAH dosing rates of 4 mM/min (A) and 0.8 mM/min (B). The crystalline 

domain sizes (blue rhombs) spontaneously nucleate to about the final particle size after 11 min (A), 

respectively 44 min (B), whereas the precursor concentration (red dots) already decreases before 

the first nanoparticles are detected. 
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of crystalline particles occurs. All peaks in the PDF out to the particle diameter ap-

pear at wurtzitic positions right away. 

This spontaneous nucleation of crystalline particles in ramp experiments of ZnO 

pent is contrasted to the evolution of crystallinity in ZnO pent particles in a standard 

experiment with a fast injection of the entire 71 mM TMAH. As before, the PDF 

peaks at 3.2, 5.6 and 8.6 Å serve as a measure for the short-range order between 

neighbouring shells of tetrahedrons within the particles. Gaussian peaks were fitted 

to these peaks for the two ramp and the standard experiment and the fitted peak 

position plotted over time in Figure 6.13, showing the high rate with red circles and 

the low rate with blue triangles. The standard experiment (green rhombs) was car-

ried out at c(TMAH) = 71 mM =constant and run for two hours, see the correspond-

ing 2D colour plot in Figure A6 B, p. 132. Colour-coded vertical dotted lines in Figure 

6.13 highlight the onsets of the peaks in all three experiments. Both ramp experi-

ments feature a spontaneous burst nucleation of entirely crystalline particles. All 

three peaks appear at the same time and their positions do not change. The stand-

ard experiment with manifold initial supersaturation results in quite disordered par-

ticles as already previously observed for ZnO ac, cit and dmlt. Already the 5.6 Å 

peak needs ca. 30 min after base injection to appear and the 8.6 Å distance takes 

even longer, ca. 60 min, which reflects the slow crystallization process within the 

initially disordered particles. Moreover, the peak position of the 5.6 Å peak shifts 

significantly over time. Concluding, the ramp experiments feature better synthesis 

Figure 6.12: Temporal evolution of nanoparticle crystallinity for two ZnO pent ramp experi-

ments. 

TMAH was dosed with a rate of 4.0 mM/min in panel A and the horizontal dotted line at 18 min 

indicates the end of TMAH addition, whereas in panel B, base addition with the rate of 0.8 mM/min 

goes over 90 minutes. Crystalline nanoparticles of the final size spontaneously appear after 20 min 

(A), respectively 44 min (B), at a critical TMAH concentration and no peak shifts occur thereafter. 
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conditions, which allow to bypass the disordered intermediates by tuning an opti-

mum base concentration, i.e. pH. Just recently, the formation of 2 to 3 nm large 

crystalline CeO2 particles in aqueous solution was studied via DLS, EXAFS and 

PDF [165]. The pH value of the solution was well-adjusted and incrementally in-

creased. Below a critical pH, dimer and trimer species underwent olation reactions 

to hydroxyl-bridged ceria. Above, oxalation reactions to metal oxide networks pre-

vailed. The critical pH was seen as the key to produce crystalline nanoparticles 

straightforward in simplified synthesis strategies [165]. For ZnO, it was known for 

long that the pH plays a crucial role in the synthesis of phase-pure wurtzitic nano-

particles [73], [77] and to prevent the hydroxide double layer salt formation as a by-

product [91]. Through the in-situ studies of this thesis, the crossover from small hy-

droxyl-bridged, ca. 0.8 nm large zinc ethoxy acetate clusters to dense, crystalline 

ZnO nanoparticles was directly observed for different synthesis conditions in stand-

ard injection and in ramp experiments. A critical base concentration was found to be 

essential in the ramp experiments for the spontaneous nucleation of crystalline par-

ticles. This study therefore emphasizes the conclusion by Ikeda-Ohno et al. that the 

critical pH plays a crucial role in obtaining crystalline nanoparticles straightforward. 

Consequently, in-situ PDF experiments will be able in the future to contribute a lot 

more to the understanding of the mechanistic details of crystallization processes 

and thereby enabling the optimization of synthesis conditions. 

Figure 6.13: PDF peak positions indicating evolution of crystallinity in ZnO pent experiments.  

Positions of the PDF peaks at 3.2, 5.6 and 8.6 Å as they result from fit of Gaussians to the peaks, 

for the low ramp with 0.8 mM/min (blue triangles), the high ramp with 4 mM/min (red circles) and the 

complete injection of 71 mM TMAH at t = 0 min (green rhombs). Vertical lines indicate the appear-

ance of peaks. A delayed appearance and peak shifts occur for the standard experiment. 
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Appendix 

A.1 Synthesis of ZnO nanoparticles – powder prepara-
tion 

In addition to the presented synthesis strategy in chapter 3.2, further details on the 

precipitation and the centrifugation parameters are presented below. 

Upon the addition of the antisolvent mixture, the flocculates form immediately for the 

ligand pent, whereas for ac and cit stirring times of 1 to 2 hours is required and for 

dmlt even 2 hours or more. The flocculates are centrifuged twice with 900 rpm / 

125 rcf for 2 minutes and once with 3,500 rpm / 2000 rcf for 5 minutes, during which 

they sediment as a gel. In between the centrifugation steps, the supernatant is dis-

carded and the sediment is washed with acetone to dissolve remaining ligand and 

unreacted precursor molecules from the gel. 20 mL of acetone are added to the 

sediment of 40 mL of initial sol. With these centrifugation parameters, the produced 

powders consisted of pure wurtzitic ZnO particles with no other crystalline or amor-

phous phases present. When the rotational speed or duration were lower, the yield 

of nanoparticle powder was smaller or no gel sedimented at all. Upon exceeding 

these parameters, too much organic residue (solvent and left-over ligands) was sed-

imented into the gel and observed as a wide, amorphous peak in the XRD patterns 

in the 2θ range of 10 -30 °. The influence of the antisolvent mixture and of the sub-

sequent washing with acetone during the centrifugation steps onto the final powders 

were systematically studied for the ligand pent. It was already known, that long al-

kane chains such as hexane are suitable to precipitate ZnO nanoparticles due to 

their antisolvent effect [86], [94]. Without the addition of the antisolvent, the nano-

particles would stay suspended in solution and only very little sediment can be 

gained during centrifugation for solutions which had previously stirred 3 hours. Upon 

washing these precipitates with acetone, they dissolved entirely and no sediment 

could be gained upon further centrifugation. Therefore, ethanol was tested as a 

washing solvent for the 3 h solution. The gained powder did not contain ZnO parti-

cles, but only consisted of amorphous residue, see red curve in Figure A1. The 

same solution was stirred for 16 h instead of only 3 h and then centrifuged and 

washed with ethanol (green curve). Now, ZnO particles were gained but accompa-

nied by organic residue and with decreased overall yield. Quintupling the stirring 

times obviously enables the nanoparticles to form a certain amount of agglomerates 

even without the antisolvent addition. Hence, part of the same 16 h solution was 

washed with acetone instead of ethanol to get rid of the organic residue. However, 
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everything re-dissolved into solution upon the acetone addition and no powder could 

be gained. This shows, that the agglomerates, which formed upon quintupling the 

stirring time, were loosely bound and disintegrated due to the solvation power, which 

acetone exerts onto the organic ligand-capped ZnO particles. In order to wash the 

ZnO agglomerates with acetone to get rid of the organic residues in the powders, 

precedent addition of an antisolvent is necessary to form compact agglomerates. 

The stirring time of the solution can at the same time be reduced to 3 hours and 

phase-pure ZnO powders synthesized (blue curve). 

 

 

 

 

 

 

 

Figure A1: Influence of precipitation and washing onto nanoparticle purity. 

Washing with ethanol does not reduce the amorphous residue (red, green) even for long reaction 

times. Antisolvent precipitation and washing with acetone is required for phase-pure ZnO particles 

(blue). 
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Table A1: Specifications of chemicals (purity and water content) detailed for each manufac-

turer 

chemical company article number 
purity 

„>“ 

water 
content 

„<" 

ZnOAc Sigma-Aldrich, D 96459-250G 99.0% x 

  Fisher Scientific S25634 98.0% x 

TMAH Sigma-Aldrich, D 334901-100ML 
25 wt% in 
methanol 

x 

 Fisher Scientific AC13835-1000 
25 wt% in 
methanol 

x 

meth Roth HN41.2 99.98% 0.03% 

  Sigma-Aldrich, D 322415-2L 99.8% 0.002% 

eth Roth 9065.2 99.8% 0.2% 

  Sigma-Aldrich, D 34963-2.5L 99.9% 0.1% 

  SiAl, France 02854-2.5L 99.8% 0.05% 

  SiAl, USA 459836-1L 99.5% 0.005% 

  Fisher Scientific BP2818-4 99.5% 0.2% 

prop SiAl, France 279544-2L 99.7% 0.005% 

ac Roth T906.1 99.9% 0.2% 

  Sigma-Aldrich 34850-2.5L 99.8% 0.1% 

  Fisher Scientific A9291 99.5% 0.5% 

hex Roth T908.1 99.0% 0.005% 

  Sigma-Aldrich 296090-1L 95.0% 0.001% 

  Fisher Scientific H3031 99.9% 0.01% 

dmlt Sigma-Aldrich, D 163457-25G 99.0% x 

cit Roth X863.1 99.5% x 

pent Sigma-Aldrich, D 43146-5G 98.0 % x 
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A.2 Calibration parameters of detector and instrumental 
resolution 

Table A2 and Table A3 contain the calibration parameters of all in-situ, redispersion 

and powder experiments, which were gained from calibration measurements of 

powders of NIST CeO2 standards and used for the radial integration of the detector 

images. 

 

Table A2: Detector calibration parameters for in-situ nucleation and redispersion experiments 

beam-
time 

experi-
ments 

wave-
length 
(Å) 

sample-
detec-
tor dis-
tance 
(mm) 

x-pixel co-
ordinate of 
primary 
beam 

y-pixel co-
ordinate of 
primary 
beam 

rotation 
angle of 
tilting 
plane 
(°) 

angle of 
detector 
tilt in 
plane 
(°) 

ID-15B, 
Apr2014 

redis-
persed 
(dmlt) 

0.1431 
(90 keV) 

158.098 1023.580 1017.983 -9.698 -0.126 

ID-15B, 
Apr2014 

redis-
persed 

0.2236 
(55 keV) 

171.772 1023.862 1015.428 152.615 0.761 

11-ID-B, 
2013 

ac, cit 
0.2114 
(59 keV) 

179.755 1050.744 1024.504 -113.145 -0.307 

11-ID-B, 
2012 

dmlt, pent 
0.2128 
(59 keV) 

179.276 1048.498 1023.684 50.098 0.139 

ID-15B, 
Feb2014 

pent cont, 
pent fast 

0.2237 
(55 keV) 

178.271 1023.770 1035.780 102.537 0.294 

 

 

Table A3: Detector calibration parameters for powder experiments 

beam-
time 

wave-
length 
(Å) 

sample-
detector 
distance 
(mm) 

x-pixel 
coordi-
nate of 
primary 
beam 

y-pixel coor-
dinate of pri-
mary beam 

rotation 
angle of 
tilting 
plane (°) 

angle of 
detector 
tilt in 
plane (°) 

ID-15B, 
Apr2014 

0.2236 
(55 keV) 

160.972 1023.783 1015.412 -53.313 0.276 

ID-15B. 
Feb2014 

0.2237 
(55 keV) 

180.788 1023.643 1035.648 24.5077 0.0126 

11-ID-B. 
2013 

0.2114 
(59 keV) 

179.755 1050.744 1024.504 -113.145 -0.307 

11-ID-B. 
2012 

0.2128 
(59 keV) 

179.276 1048.498 1023.684 50.098 0.139 
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Table A4 comprises the calibration values of the instrumental resolution, which were 

used as input for the fitting of the PDFs. 

 

Table A4: Instrumental resolution – calibration parameters 

beamtime 
calibration      
substance 

geometry qdamp qbroad 

ID-15B. Apr2014 CeO2 capillary 0.0408 0.0028 
11-ID-B. 2013 CeO2 capillary 0.0310 0.0018 
11-ID-B. 2013 Si flow cell 0.0327 0.0047 
11-ID-B. 2012 not measured10    
ID-15B. Feb2014 CeO2 capillary 0.0269 0.0039 
ID-15B. Feb2014 Si flow cell 0.0333 0.0054 

 

  

                                                 
10 for this measurement the calibration parameters of the same beamline from the 11-ID-B, 2013 
measurement have been assumed 
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A.3 Data treatment 

A.3.1 Smoothing of the experimental data 

The I(Q) data of the redispersed and in-situ nucleation experiments have been 

smoothed with a Savitzky-Golay algorithm [166]. This algorithm calculates a 

weighted, gliding average value with a weighting polynomial of 2nd order. The 

weighted average is calculated for each data point by averaging over n data points. 

Different Q ranges showed different experimental noise and the data points therein 

were smoothed over different numbers of n data points. The different smoothing 

routines are listed in Table A5 to Table A7. The Q-ranges were on purpose chosen 

to overlap in order to guarantee smooth transitions in between the different ranges. 

 

Table A5: Smoothing of ZnO ac and ZnO cit in-situ 

Q range (Å-1) n 

- 2.1 0 
2.0-3.1 5 
3.0-4.4 11 
4.3-5.5 15 
5.4-23 21 

 

Table A6: Smoothing of redispersed samples 

Q range (Å-1) n 

- 2.1 0 
2.0-3.1 5 
3.0-4.4 11 
4.3-5.5 15 
5.4-23 21 

 

Table A7: Smoothing of ZnO pent in-situ 

Q range (Å-1) n 

- 4.1 7 
3.9-7.9 11 
7.7-9.3*  /  7.7-9.6 15 
9.0-12.0*  /  9.4-12.0 21 
11.9-22.5 31 
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The dmlt data was initially radially integrated with a too fine grid compared to the 

maximum pixel-based resolution of the 2D detector. This caused artificial noise in 

the data. The Q step width was three-times as high as for all other data sets. There-

fore, the number of data points, over which the smoothing was carried out, had to 

be increased by a comparable factor. 

Table A8: Smoothing of ZnO dmlt in-situ 

Q range (Å-1) n 

- 4.2 11 
4.1-8.4 21 
8.2-23 101 

 

A.3.2 PDF calculation in PDFgetX3 

The sample composition was always chosen to be the one of the nanoparticles with-

out ligands, i.e. Zn1 O1 for zinc oxide, Ti1 O2 for titanium dioxide, Zr1 O2 for zirco-

nia dioxide, In2 O3 for indium oxide and Ag1 for silver. All other parameters for the 

PDF calculation are given in Table A9 and Table A10. For the redispersed nanopar-

ticles, the appropriate solvent was chosen as background and Qmax was individually 

adjusted for each dataset in the range of 12 to 14 Å-1 to reduce termination ripples. 

 

Table A9: PDFgetX3 parameters for redispersed samples 

 background 
λ 
(nm) 

Qmax-

inst 

(Å-1) 

Qmax 
(Å-1) 

Qmin 

(Å-1) 
rpoly 

nanoparticle solvent 0.2236 22.5 individually 0.6 0.9 

 

Table A10: PDFgetX3 parameters for in-situ samples 

 background 
λ 
(nm) 

Qmaxinst 

(Å-1) 
Qmin 

(Å-1) 
Qmax 

(Å-1) 
rpoly 

ac eth+TMAH 0.2114 23 0.6 16.4 0.9 
cit eth+TMAH 0.2114 23 0.6 16 0.9 
dmlt eth+TMAH 0.2128 23 0.6 15.8 0.9 
pent eth+TMAH 0.2128 22.5 0.8 16.3 0.9 
pent-cont eth 0.2237 22.5 1.211 16.3 0.9 
pent-fast eth 0.2237 22.5 1.211 16.3 0.9 

  

                                                 
11 Qmax had to be increased to 1.2 instead of 0.6 or 0.8 Å-1, because the beamstop was not ideally 
adjusted with a too large distance in between the beamstop and the detector. 
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A.4 Conversion of phase fractions pi into at% Zn 

The phase fractions are introduced into the PDF calculation via phase fractions pi 

based on eq. 4.11. This reads simplified: 

 0( ) ( ) ( , , )scale pre pre NP NP NPG r p p RDF r p RDF d r     eq. A.1 

During the RDF calculation, in general the histogram of interatomic distances is 

weighted with the atomic form factors f of the contributing atoms and the overall 

number of atoms in the substance via eq. A.2. 

 2

1
RDF histogram

f N
   eq. A.2 

The overall scale factor pscale is expressed via the total averaged atomic form factor 

ftotal and the total number of atoms in the sample Ntotal. 

 2

1
sclae

total total

p
f N

  eq. A.3 

The atomic form factors were calculated based on the atomic numbers of the con-

stituting elements. 

  
30 8

   19
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f ZnO


   eq. A.4 

   
  

4 2 2 3 6

4 30 8 6* 2 8 12 3 1
 =  6.6

4
 8

7
pref f Zn O O C H

      
   eq. A.5 

Based upon this, a weighted summation of a precursor and a nanoparticle phase 

takes into account the total number of atoms in the precursor and the nanoparticle 

phase, Npre.total and NNP.total. 

 
2 2

, ,2

1
( ) ( )pre pre total pre NP NP total NP

total total

G r f N RDF r f N RDF
f N

  
  

 eq. A.6 

In the simulation software DISCUS, the macros worked slightly differently. 
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The histograms are only weighted by the number of atoms in one precursor cluster 

Npre or respectively one nanoparticle NNP, not by the sum of all atoms in all precursor 

clusters and all atoms in all nanoparticles. The latter requires a multiplication of Npre 

or NNP with the number of precursor clusters Mpre or number of nanoparticles MNP. 

 ( )
pre NP

scale pre NP

pre NP

HIST HIST
G r p p p

N N

 
  

  
 eq.A.7 

 
,

,

pre total pre pre

NP total NP NP

N N M

N N M

 

 
 eq.A.8 

Hence, DISCUS calculates: 

 
2 2

2

1
( ) ( )pre pre pre pre NP NP NP NP

total total

G r f N M RDF r f N M RDF
f N

  
  

 eq. A.9 

The nanoparticle scale factor was set to pNP = 1 during the fitting procedure, so that 

eq. A.9 becomes: 

 

2 2

2 2
( ) ( )

NP NP NP pre pre pre

pre NP

total total NP NP NP

f N M f N M
G r RDF r RDF

f N f N M

 
  
 
 

 eq. A.10 

The change of pscale due to the term in eq. A.10 is negligible, since real additional 

scaling effects of the theoretical to the experimental G(r) prevail. The scaling factor 

ppre results as: 

 

2

2

pre pre pre

pre

NP NP NP

f N M
p

f N M
  eq. A.11 

The final interest is the relative atom fraction of zinc atoms in nanoparticles com-

pared to the overall number of zinc atoms in the entire sample. To get there, the 

ratio of the phase fractions is calculated in eq. A.12, which gives after rearranging 

the total number of atoms in all nanoparticles in eq. A.13. 
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2
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2

1 1 NP NP NPNP

pre pre pre pre pre pre pre pre

NP NP NP

f N Mp

p p f N M f N M

f N M

    
eq. A.12 
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1pre

NP NP pre pre

preNP

f
N M N M

pf
   eq. A.13 

The atom fraction of zinc atoms in ZnO nanoparticles is assumed to be equivalent 

to the zinc fraction in one elementary cell, which is 0.5. The atom fraction of zinc 

atoms in precursor clusters is 4/47 = 0.085. These atom fractions have to be taken 

into account in order to calculate the final atom fractions of zinc in the nanoparticles. 
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A.5 Calculation of surface coverage of nanoparticles 
with ligands 

Besides the relative mass fractions of the TGA curves, the TGA measurements pro-

tocol the absolute sample weights over temperature. This gives the absolute 

masses of the ligand and the final pure ZnO nanoparticles, which can be converted 

to the surface coverage of ligand molecules per nanoparticle surface area. 

Table A11: Conversion of sample masses into surface coverage (ρ(ZnO) = 5.61 g/cm3) 

 unit calculation dmlt pent 

m(ligand in sample) mg from TGA experiment 4.3 7.5 
M(ligand) g/mole  178 266 

n(ligand)  =
𝑚

𝑀
 2.4*10-5 2.82*10-5 

m(ZnO in sample) mg from TGA experiment 7.3 25.9 
r(1 ZnO NP) nm from Table 3.3 1.05 1.6 

V(1 ZnO NP) nm3 = 4
3⁄ 𝜋𝑟3 4.85 17.16 

m(1 ZnO NP) g = 𝜌(𝑍𝑛𝑂) ∗ 𝑉(1𝑍𝑛𝑂𝑁𝑃) 2.72*10-20 9.63*10-20 
S(1 ZnO NP) nm2 𝐴 = 4𝜋𝑟2 13.85 32.17 

N(NP) - number of nanoparti-
cles in sample 

 =
𝑚(𝑍𝑛𝑂𝑖𝑛𝑠𝑎𝑚𝑝𝑙𝑒)

𝑚(1𝑍𝑛𝑂𝑁𝑃)
 2.68*1017 2.69*1017 

n(NP) mole =
𝑁(𝑁𝑃)

𝑁𝐴
 4.45*10-7 4.47*10-7 

Nligands_per_NP = number of lig-
and molecules per particle 

 =
𝑛(𝑙𝑖𝑔𝑎𝑛𝑑)

𝑛(𝑁𝑃)
 54 63 

surface coverage nm-2 =
𝑁𝑙𝑖𝑔𝑎𝑛𝑑𝑠_𝑝𝑒𝑟_𝑁𝑃

𝑆(1𝑍𝑛𝑂𝑁𝑃)
 3.9 2.0 
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A.6 Calibration of volume flow 

The solutions and dispersions of the experiments with the flow cell setup were 

pumped with a peristaltic pump, whose volume flow was controlled by adjusting the 

pump speed in rotations per minute (rounds per minute - rpm). In order to convert 

the displayed pump speed into a volume flow, pure ethanol was pumped through 

the entire setup as it was used during the experiments. Different pump speeds were 

adjusted and 40 mL of ethanol were collected in a measuring beaker while measur-

ing the time with a stop watch. The volume flow is given by dividing the volume by 

the time and listed in Table A12. 

 

Table A12: Conversion of pump speed (rpm) to volume flow (mL/min) 

pump speed 
(rpm) 

volume 
(mL) 

time 
(sec) 

volume flow 
(mL/min) 

50 40 23.3 100 
60 40 19.2 125 
90 40 12.7 190 
150 40 8.0 300 
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A.7 TEM images 

All samples are, in spite of ultrasonic treatment, agglomerated as shown in Figure 

A2 for ZnO ac. Due to this agglomeration, a size distribution cannot be derived nu-

merically. The size of the individual nanoparticles corresponds nevertheless very 

well with the PDF refinements. Some correctly oriented particles in the high resolu-

tion images of all samples exhibit the crystalline character of the particles. The Fast 

Fourier Transform (FFT) of a ZnO pent particle agrees with the kinematically calcu-

lated diffraction pattern of hexagonal ZnO, see Figure A3. 

 

 

 

 

 

Figure A2: High resolution TEM (HRTEM) images of ZnO-ac nanoparticles with increasing 

magnification. 

The dark spots indicate the particle size derived from XRD. 
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Figure A3: HRTEM images of ZnO pent nanoparticles with increasing magnification and FFT. 

The dark spots in the HRTEM images (A, B) indicate the particle size derived from XRD. The white 

arrow points at the particle whose FFT (panel C) was done and compared to the kinematically cal-

culated diffraction pattern of ZnO (P63mc; Zone 100) in panel D. 
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A.8 Additional fit results of nanoscopic solvation shells 

In chapter 0, the restructuring mechanism of the primary alcohols and hexane was 

discussed and the fit results of the maximum position of the oscillation interpreted, 

see Figure 5.11 B, p. 70. The fit results for the wavelength and modulation depth 

are contained in Figure A4. 

 

  

Figure A4: Wavelength and modulation depth of restructured solvent for ZnO nanoparticles. 

Wavelength (panel A) and modulation depth (panel B) plotted over the chain length of the organic 

solvent. Black stars represent the pure solvent, the other filled symbols are for the four different ZnO 

nanoparticles capped with ac (red circle), cit (blue triangle), dmlt (green triangle) and pent (orange 

rhombs). Error bars resulted from least-squares fits. 
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Identical fits as for ZnO have been carried out for the commercially available nano-

particles, i.e. Ag. TiO2. ZrO2 and In2O3. Their fit results are composed in Figure A5. 

 

 

 

  

Figure A5: Parameters of restructured solvent for Ag, TiO2, ZrO2 as well as In2O3 nanoparti-

cles. 

Position of the maximum amplitude (panel A), wavelength (panel B) and modulation depth (panel C) 

plotted over the chain length of the organic solvent. Black stars represent the pure solvent, the other 

empty symbols are for the different nanoparticles, i.e. silver (red circle), TiO2 (blue rhomb), ZrO2 

(purple triangle) and In2O3 (green square). Error bars resulted from least-squares fits. 
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A.9 2D colour plots of ZnO cit and ZnO pent in-situ ex-
periments 

The evolution of crystalline order after TMAH injection for ZnO cit (panel A) and ZnO 

pent (panel B) is shown in Figure A6 as 2D colour plots. The TMAH addition oc-

curred just before t = 0. The pent experiment was aborted after 110 minutes due to 

technical problems, which also explain the bad signal-to-noise ratio compared to all 

other in-situ data sets. The technical problems resulted from a leakage of the exper-

iment, which lowered the concentration and signal strength. The lack of sample in-

tensity is reflected by the many spots in the range 5 < r < 15 Å, which do not appear 

systematically. These spots can be attributed to termination ripples that are so high 

that they cannot be properly discerned from true peaks of particles. Therefore, the 

entire refinement of the d-PDF data of ZnO pent with the modelling approach as 

described in Chapter 0 does not give meaningful results. It can be qualitatively 

stated from the peak shifts of the peaks at 5 Å that the initially nucleated ZnO pent 

particles are disordered and undergo crystallization, as is further confirmed by the 

delayed appearance of the peak at 8.6 Å after ca. 50 minutes. All further conclusions 

will over-interpret the data. The ZnO cit solutions, on contrary, feature a very good 

signal-to-noise ratio. Pretty crystalline nanoparticles of the final diameter nucleate 

right away. Only slight and fast relaxation processes at 12 < r < 17 Å take place 

within 50 minutes after base addition. 

 

 

Figure A6: Temporal evolution of nanoparticle crystallinity for the ligands cit (A) and pent (B). 

The TMAH injection (71 mM) was just before t = 0. ZnO cit nanoparticles nucleate quite crystalline 

right away and relax fast over the entire diameter of ca. 3 nm. The ZnO pent experiment was aborted 

after 110 minutes due to technical problems, which also explain the bad signal-to-noise ratio com-

pared to all other in-situ data sets. 
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