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Lafs die Molekiile rasen,
was sie auch zusammenknobeln!
Laf3 das Tiifteln, lafs das Hobeln,
heilig halte die Ekstasen!

Let the molecules career,

leave them to their own confections.
Never fuss about corrections
ecstasies thou shalt revere!

Laisse les molécules faire rage,
Quoi qu’elles en secret combinent.
Corrections ne plus rumine,

Pour sacrées tiens les extases!

- CHRISTIAN MORGENSTERN

- translation by Sarah Fulford'

- traduction par Hans-Werner Kirstein



Summary

Single-molecule methods play a growing role in materials science because they can
reveal structural and dynamic features which are obscured by ensemble averaging in
conventional spectroscopic techniques. In this work, such methods were used to study
the dynamics of single dye molecules (guests) within different surrounding porous
matrices (hosts) using wide-field microscopy and single-molecule tracking. A signifi-
cant amount of tracking data was collected and sophisticated methods to analyse the
data according to diffusion theory were developed. A method was established to di-
rectly correlate the diffusion information that is provided by single-molecule trajecto-
ries with the images of the porous host systems obtained by transmission electron mi-
croscopy (TEM). Furthermore, the results from single-molecule tracking experiments
were compared with diffusion measurements using pulsed-field gradient NMR in the
same samples. All these investigations provided detailed structural information about
the porous host systems as well as a thorough understanding of the diffusional beha-

viour within the different environments.

Two different types of porous silica materials were investigated in this work: Sol-gel
glasses and mesoporous thin films. Whereas sol-gel glasses exhibit a broad distribution
of pore sizes around a mean value, mesoporous materials have pores with a distinct
diameter which are arranged in well defined topologies.

Sol-gel glasses with two different mean pore diameters, 3nm and 22nm, were inves-
tigated using a newly synthesized streptocyanine dye for the single-molecule experi-
ments. In the materials with the bigger pores the dye molecules were found to follow a
random motion with an average diffusion coefficient of Dy2=0.72 pm? s~!. However,
in the material with smaller pores, large inhomogeneities in the diffusion behaviour
were detected. A large number of molecules remained confined within regions of dif-
ferent diameters in the range of hundreds of nanometres. Some molecules showed
changes between mobile and immobile states. Appropriate methods for the data anal-
ysis were devised in order to reveal the inhomogeneities within a single trajectory and
to evaluate the changes in the diffusivity quantitatively. For comparison, pulsed-field
gradient NMR measurements were done in the same sol-gel glasses and the results
completed the picture obtained from the single-molecule tracking data.

Structural features on the nanometre scale cannot be directly imaged with optical meth-
ods. Therefore, a unique combination of transmission electron microscopy (TEM) and
single-molecule tracking was developed to trace out the internal structure of meso-
porous thin films and to establish how the diffusion dynamics depend on the under-
lying structure of the host. With this approach dynamical information from single
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particle diffusion was directly correlated with the structural details of the porous host
obtained by TEM.

Additionally, it was shown how different populations of diffusing species can be clearly
distinguished in various topologies of mesoporous thin films by high resolution wide-
tield microscopy and single-molecule tracking. By using two different liquid-crystal
templates and by varying the silica/template ratio in the synthesis recipes, pore sys-
tems with different pore-to-pore distances and pore topologies could be obtained. Brij
56 templated thin films, with a pore-to-pore distance of about 6 nm, were synthesised
in hexagonal or lamellar topology or with a mixture of both. On the basis of the struc-
ture of the trajectories, the diffusivities and the orientation of the molecules, it was pos-
sible to distinguish dyes travelling on the external surface of the thin film from those
travelling inside the pore system, dyes that diffuse along horizontal channels of the
hexagonal phase, and those that move much more slowly in lamellar galleries of the
mesoporous material. In the hexagonal phase the molecules showed very structured
pathways reflecting the ordered structure of the porous host on a long range of several
microns, with an average diffusion coefficient of Dpyijs6.nex = 5.0 1072 um? s~1. On the
contrary, doughnut-shaped diffraction patterns corresponding to molecules oriented
perpendicular to the substrate were observed in the lamellar phase. These molecules
diffuse randomly with a diffusion coefficient up to two orders of magnitude lower than
the structured ones in the hexagonal phase (Dgpyijs6.1am = 5.0 x 107° pm? s71). These two
populations of fast, structured trajectories and slow, randomly moving molecules, ori-
ented perpendicular to the substrate, are observed simultaneously when a mixture of
the two phases coexists in the same spin-coated film. Thin films with bigger pores (ca.
9nm) and hexagonal or cubic arrangement of pores were synthesized using Pluronic
P123 as template. In the hexagonal phase structured diffusion along the channels was
observed, similar to the findings in the hexagonal Brij-templated films. However, the
diffusion coefficient was one order of magnitude higher when Pluronic P123 was used
as template (Dpiaznex = 4.0 X 1072 pm? s1). The molecules in the cubic phase showed
unstructured, random diffusion in 2D, with an even higher diffusion coefficient than
in the hexagonal phase (Dp123.cubic = 3.0 X 107 pm? s71).

The data presented in this thesis thus provide for the first time a detailed picture of the
real mesoporous structure and its effects on the dynamic behavior of dye molecules at
the nanometre to micron scale, e.g. information about pore connectivity and accessi-
bility. The methodology established here is expected to provide detailed insights into
the dynamics of other important host-guest systems, such as bioactive molecules in
porous materials for drug delivery or reactants in porous catalysts.
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Résumeé

La microscopie de molécules individuelles devient de plus en plus importante pour la
science des matériaux, car elle révele des caractéristiques structurelles et dynamiques
qui ne sont pas accessibles si on applique des méthodes conventionnelles de la spec-
troscopie. Cette thése se sert de cette méthode pour étudier les dynamiques des mo-
lécules uniques dans différents environnements poreux (les materiaux «hotes») en uti-
lisant la microscopie de champ-lointain et le suivi de molécules uniques. Une quan-
tité significative de données ont été collectionnées et des méthodes sophistiquées pour
’analyse des données selon la théorie de la diffusion ont été développées. Une méth-
ode a été mise au point pour mettre en rélation directe des informations sur la dif-
tusion, accessible par le suivi de molécules individuelles, et les images précises des
structures poreuses prises par microscopie électronique en transmission (TEM). De
plus, les résultats du suivi des molécules uniques ont été comparés avec les mesures
de diffusion obtenues en appliquant la résonance magnétique nucléaire avec des gra-
dients pulsés (PFG NMR) dans les mémes échantillons. Toutes ces analyses donnent
des informations détaillées sur les structures poreuses mais aussi sur les mouvements
a l'intérieur des environnements différents.

Deux sortes de matériaux poreux en silice ont été étudiées dans cette these : des mono-
lithes sol-gel et des films minces de mésoporeux. Les monolithes sol-gel comportent
une large distribution des diametres des pores autour d’une valeur moyenne. Les
pores des matériaux mésoporeux, par contre, ont un diametre bien défini et se présen-
tent arrangées dans des topologies bien déterminées.

Des monolithes sol-gel de deux diametres moyens des pores, 3nm et 22nm, ont été
analysés par microscopie de molécules uniques en utilisant un nouveau colorant de
type streptocyanine. Dans les materiaux a pores plus grands les molécules ont suivi
une marche aléatoire (random walk) avec un coefficient de diffusion moyen de Dy22=0.72
pm? s~!. Par contre, dans les monolithes avec les pores plus petits, des inhomogénéités
de diffusion ont été détectées. La plupart des molécules ont diffusé dans des lim-
ites de quelques centaines de nanometres. On pouvait observer d’autres molécules
présentant des changements entre un état mobile et un état stationnaire. Des méth-
odes d’analyse des données susceptibles de dévoiler les inhomogénéités dans une tra-
jectoire de molécule unique et d’évaluer les changements de coefficient de diffusion
quantitativement ont été appliquées. A des fins de comparaison, des mesures de PFG
NMR ont été exécutées avec les mémes échantillons pour compléter les informations
obtenues par le suivi de molécules uniques.

On ne peut pas voir directement les caractéristiques de la structure sur une échelle
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de nanometre par microscopie optique. C’est pourqoi une combinaison unique de
la microscopie électronique en transmission et du suivi de molécules uniques a été
développée, pour mettre en évidence la structure interne des ces films mésoporeux et
pour découvrir la fagon dont la dynamique de la diffusion dépend des structures sous-
tendues des matériaux hotes. Ainsi on pouvait mettre en relation directe 1'information
dynamique obtenue par le suivi des molécules individuelles avec les détails de la struc-
ture des hotes poreux qui se dessinent dans les images de TEM.

Par ailleurs, ce travail montre comment des populations différentes de molécules dif-
fusantes peuvent étre distinguées dans les topologies variées des films minces et mé-
soporeux, en se servant de la microscopie de champ lointain et du suivi de molécules
uniques. Des structures avec des distances différentes entre les pores et des topologies
variées ont été synthétisées en utilisant deux tensioactifs différents en tant qu’agent
structurant et en faisant varier le rapport silice/tensioactif dans la solution de syn-
thése. Des films minces avec une distance d’a peu pret 6 nm entre des pores ont été syn-
thétisés en utilisant le Brij 56 comme tensioactif. Ces fils comportent une topologie soit
hexagonale soit lamellaire, ou un mélange des deux. En se fondant sur la structure des
trajectoires, des diffusivités et des orientations des molécules, il a été possible de faire
la distinction entre des colorants qui bougent sur la surface externe des films minces et
ceux a l'intérieur des pores. De plus, les colorants qui diffusent le long des canaux hor-
izontaux de la phase hexagonale ont été distingués de ceux qui bougent beaucoup plus
lentement dans les galeries lamellaires du matériau mésoporeux. Les molécules dans la
phase hexagonale ont suivi des trajectoires tres structurées, reflétant la structure ordon-
née de I'hote poreux, sur une échelle de plusieurs micrometres. Le coefficient moyen de
diffusion dans cette phase était de Dpijsenex = 5.0x 1072 um? s7'. Au contraire, la tache
de diffraction des molécules dans la phase lamellaire a eu une forme de «beignet»,
correspondant a des molécules perpendiculaires a la surface de 1’échantillon et donc
perpendiculaires aux lamelles de silice. Ces molécules ont suivi une marche aléatoire
et leur coefficient de diffusion était de deux ordres de grandeur plus petit que celui
des trajectoires structurées dans la phase hexagonale (Dpg;ij56:1am = 5.3 X 107° um? s71).
Ces deux populations de molécules — les unes rapides et strucutrées, les autres lentes
et de mouvement aléatoire, orientées perpendiculaire a la surface — ont coexisté dans
les échantillons composés d"une mixture d’une phase hexagonale et lamellaire. Des
films minces avec des pores plus grandes (env. 9nm) et des structures hexagonales
ou cubiques ont été synthétisés en utilisant le tensioactif Pluronic P123. La diffusion
dans la phase hexagonal ressemblait a la diffusion dans les films synthétisés avec le
tensioactif Brij 56, mais avec un coefficient de diffusion d'un ordre de grandeur plus
élevé (Dpiaznex = 4.0 x 1072 um? s71). Les molécules dans la phase cubique ont bougé
aléatoirement en deux dimensions, avec un coefficient de diffusion encore plus grand
(Dp123:cubic = 3.0 x 107 pm? s71).
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Les données et analyses présentés dans cette these donnent pour la premiere fois une
image détaillée de la vraie structure mésoporeuse et de ses effets sur la dynamique des
colorants sur une échelle de quelques nanometres a quelques microns. Elles donnent
des éclaircissements sur 'accessibilité et la connectivité des pores du matériau hote.
La méthodologie qui a été établie ici peut apporter une nouvelle vision détaillée de
la dynamique dans d’autres systemes hotes, comme les molécules bio-actives incor-
porées dans des matériaux poreux servant a des thérapies ciblées par vectorisation des

remeédes (drug delivery systems) ou comme des réactions dans des catalyseurs poreux.

Zusammenfassung

Einzelmolekiilmethoden spielen in den Materialwissenschaften eine immer wichtigere
Rolle, da sie strukturelle und dynamische Eigenschaften aufzeigen konnen, die durch
konventionelle Spektroskopie-Techniken nicht zugénglich sind. In dieser Arbeit wur-
den Einzelmolekiilmethoden verwendet, um mittels Weitfeld-Mikroskopie und Einzel-
molekiil-Tracking die Dynamik einzelner Farbstoffmolekiile, der Géste, in verschiede-
nen porosen Wirt-Systemen zu untersuchen. Es wurde eine grofie Anzahl von Track-
Daten aufgenommen, und dabei wurden ausgefeilte Methoden zur Datenanalyse ge-
mafs der Diffusionstheorie entwickelt. Zudem wurde eine Methode entwickelt, um die
Diffusionsdaten aus Einzelmolekiiltrajektorien mit den elektronenmikroskopischen Ab-
bildungen der Porenstruktur der Wirt-Systeme zu tiberlagern. AufSerdem wurden die
Resultate der Einzelmolekiil-Datenanalyse mit Diffusionsmessungen an den gleichen
Proben verglichen, die durch kernmagnetische Resonanz mittels gepulster Feldgradi-
enten (PFG NMR) ermittelt wurden. Alle hier durchgefiihrten Untersuchungen gaben
nicht nur ein detailliertes Bild der Porenstruktur der Wirt-Systeme, sondern auch einen
tiefen Einblick in das Diffusionsverhalten der Gaste innerhalb der unterschiedlichen
Umgebungen.

Zwei verschiedene Arten von pordsen Silikamaterialien wurden in dieser Arbeit un-
tersucht: Sol-Gel-Glaser und diinne, mesoporose Filme. Sol-Gel-Glédser weisen eine
sehr breite Verteilung unterschiedlicher Porenweiten um einen Mittelwert auf. Meso-
pordse Materialien hingegen haben einen festen Porendurchmesser und die Poren sind
in spezifischen Topologien angeordnet.



Sol-Gel-Glaser mit zwei unterschiedlichen mittleren Mesoporendurchmessern, 3 nm

und 22nm, wurden mittels Einzelmolekiilmikroskopie untersucht. Dazu wurde ein

neu synthetisierter Streptocyanin-Farbstoff verwendet. Es ergab sich, dass in den grofier-
porigen Materialien die Farbstoffmolekiile einer Zufallsbewegung folgten (random walk),
mit einem mittleren Diffusionskoeffizienten von Dy3,=0.72 uym? s~!. Die Diffusion in
den kleinerporigen Materialien wies hingegen Inhomogenitiaten auf. Die Mehrzahl
der Molekiile bewegte sich in Regionen mit unterschiedlichen Durchmessern, die auf
einige hundert Nanometer beschriankt waren. Einige Molekiile wechselten zwischen
mobilen und immobilen Zustidnden. In diesen Féllen wurden geeignete Methoden
zur Datenanalyse angewendet, die derartige Inhomogenitdten im Diffusionsverhalten
eines einzelnen Molekiils aufdecken kénnen und mit denen die Anderungen der Dif-
fusionskoeffizienten quantitativ erfasst werden konnen. Zum Vergleich wurden in den
gleichen Sol-Gel Gldasern PFG NMR Untersuchungen durchgefiihrt, welche die Einzel-

molekiilmessungen erganzen.

Da die Porenstrukturen im Nanometerbereich nicht direkt durch optische Methoden
abgebildet werden kénnen, wurde eine einzigartige Kombination von Transmission-
selektronenmikroskopie (TEM) und Einzelmolekiil-Tracking entwickelt. So konnte die
Porenstruktur der diinnen mesoporodsen Filme direkt abgebildet werden und es konnte
festgestellt werden, wie die zugrundeliegende Wirt-Gast-Struktur die Diffusionsdy-
namik der einzelnen Molekiile beeinflusst. Diese Methode ermdglichte also eine di-
rekte Korrelation der dynamischen Information aus der Einzelmolekiildiffusion mit
strukturellen Eigenheiten des pordsen Wirt-Materials, die mit TEM abgebildet wur-
den.

Des Weiteren wurde in dieser Arbeit gezeigt, wie mittels hochauflosender Weitfeld-
Mikroskopie und Analyse der Einzelmolekiiltrajektorien verschiedene Populationen
von diffundierenden Teilchen in den unterschiedlichen Porentopologien der diinnen,
mesopordsen Filme deutlich voneinander unterschieden werden konnen. Porensy-
steme mit unterschiedlichen Porenabstidnden und Porentopologien konnten durch Ver-
wendung zweier Fliissigkristall-Template und durch Variation des Silica/ Templat-Ver-
héltnisses in den Syntheserezepten hergestellt werden. Mittels des Templats Brij 56
wurden diinne Filme mit einem Porenabstand von etwa 6 nm synthetisiert, die ent-
weder eine hexagonale oder eine lamellare Porenanordnung aufwiesen oder auch ein
Gemisch dieser beiden Topologien. Anhand der Struktur der Einzelmolekiiltrajekto-
rien, der Diffusionskoeffizenten und der Orientierung der Molekiile konnten Farb-
stoffe, die sich an der Oberfliche der diinnen Filme bewegten, von solchen im In-
neren der Porenstruktur unterschieden werden. Farbstoffe, die sich in waagerecht
verlaufenden Rohren der hexagonalen Phase bewegten, konnten von Farbstoffen, die
sich deutlich langsamer zwischen den Platten der lamellaren Struktur bewegten, abge-
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grenzt werden. In der hexagonalen Phase diffundierten die Molekiile iiber mehrere
Mikrometer hinweg entlang ausgestreckter Pfade, welche die Struktur des pordsen
Wirt-Systems widerspiegelten. Thr durchschnittlicher Diffusionskoeffizient betrug da-

bei DBrij56:heX = 5.0 x 1073 me Sil.

Im Gegensatz dazu wurden in der lamellaren
Phase Donut-formige Beugungsbilder beobachtet, die zeigen, dass die Molekiile hier
senkrecht zum Probentisch und damit senkrecht zu den Schichten der lamellaren Phase
ausgerichtet waren. Diese Molekiile folgten einer Zufallsbewegung, wobei ihr Diffu-
sionskoeffizient zwei Grofienordnungen kleiner war als der der strukturierten Mole-
kiile in der hexagonalen Phase (Dgpyijs60am = 5.0 X 107> um? s™!). Diese zwei Popula-
tionen von Molekiilen — die einen schnell und strukturiert, die anderen senkrecht aus-
gerichtet, sich langsam und ungeordnet bewegend — lagen in einer Probe mit einem
Gemisch beider Porentopologien gemeinsam vor. Diinne Filme mit grofleren Poren-
abstdnden (ca. 9nm) und hexagonaler oder kubischer Porenanordnung konnten unter
Verwendung des Templats Pluronic P123 synthetisiert werden. Die Diffusion in der
hexagonalen Struktur war dhnlich der, die in den mittels Brij 56 hergestellten hexago-
nalen Filmen gefunden wurde. Mit Pluronic P123 als Templat war der Diffusionsko-
effzient allerdings eine Grofienordnung hoher (Dpiogpex = 4.0 X 1072 um? s71). In der
kubischen Phase diffundierten die Molekiile unstrukturiert, gemaf; einer Zufallsbewe-
gung in zwei Dimensionen, mit einem noch etwas grofieren Diffusionskoeffizienten

als in der hexagonalen Phase (Dp123.cubic = 3.0 X 107! pm? s71).

Insgesamt bieten die in dieser Doktorarbeit dargestellten Ergebnisse zum ersten Mal
ein detailliertes Bild der mesopordsen Porenstrukturen und sowie ihres Einflusses auf
die Dynamik der Farbstoffmolekiile auf der Nanometer- und Mikrometerskala. Zum
Beispiel vermitteln sie Informationen iiber Verbindungen der Poren miteinander und
tiber die Zugdnglichkeit der Poren. Es wird erwartet, dass die hier vorgestellte Methodik
Aufschluss iiber die Dynamik in anderen bedeutenden Wirt-Gast-Systemen geben kann.
Mogliche Anwendungen sind beim Einschluss von bioaktiven Molekiilen in pordsen
Materialien in der Pharmakotherapie (drug delivery systems) oder bei Reaktionen in
pordsen Katalysatoren zu sehen.
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1 Introduction

The investigation and manipulation of matter on an atomic or molecular scale emerged
as one of the key technologies of the 21 century. This field has become known un-
der the title 'nanotechnology’. The prefix nano- is derived from the Greek word for
dwarf (vdvrog) and signifies a part in a billion (107?). A nano-metre is in the range of
ten atomic bonds, the size of an average organic molecule. Nanotechnology as such
was born in the 1980’s when new microscopy techniques were invented that allowed
imaging of surfaces at the nanometre scale: Scanning tunnelling microscopy (STM)*?
in 1981 and atomic force microscopy (AFM)* in 1986, using nano-scale interactions of
surface atoms with tunneling electrons or forces from sharp tips. Soon after this the
first investigations of single molecules with optical microscopy were published.>®7:8
The advantage of optical methods is that not only surface features can be investigated
but also the behaviour of individual particles in the interior of a host matrix can be ob-
served. This work is focussed on the investigation of translational diffusion of individ-
ual dye molecules incorporated into mesoporous hosts using optical single-molecule
microscopy methods.

Two different types of host systems were investigated in this work: Mesoporous thin
tilms, synthesized via a liquid-crystal template mechanism resulting in a very narrow
pore size distribution, and sol-gel glasses, prepared without the use of a structure di-
recting template and thus exhibiting a broad distribution of pore sizes. Ever since
their first synthesis in the early 1990’s by Beck et al.,”' the field of liquid-crystal tem-
plated, mesoporous materials has undergone rapid and sustained development. The
tunability of their structural order, pore size, pore topology and the composition of
the framework material has attracted much attention, resulting in a variety of periodic
materials: e.g. materials with very large pore sizes (over 10nm)," different cubic, he-
xagonal and lamellar structures, and framework compositions containing many metal
oxides and even non-oxides,'* %1415 to name just a few. These attractive pore systems
have been used as hosts for numerous molecular and cluster-based catalysts,'¢ for se-
lective sequestration of contaminants'” and chromatography, for the stabilization of
conducting nanoscale wires, as a matrix for carbon casting,18 and for novel drug de-
livery systems.'”? Though less well defined than templated mesoporous materials,
amorphous, micro- and mesoporous sol-gel glasses are widely used as hosts because
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they are cheap and easy to prepare by sol-gel synthesis in a variety of physical forms,
including powders, cast monoliths, and spin-coated thin films. Porous sol-gel mate-
rials may also perform molecular recognition or contribute to stabilization of reactive
species.

Hybrid materials in which an organic guest molecule is encapsulated in a mineral
host have many and varied applications, including biological and environmental sen-

223,24 nonlinear optical devices,” and photocatalysis.?** In most of

sors,’! laser media,
these applications the transport or orientation of guest molecules in the pores is of
paramount importance for successful preparation or for the functionality of the ma-
terials. More than 30 years ago Paul Weisz emphasized the importance of diffusion
processes in mass separation and chemical conversion in microporous materials.?”-
In many metal-catalyzed industrial reactions, diffusion of reactants into the porous

silica used to support the metal clusters is of importance.?

In this thesis, single-molecule fluorescence microscopy has been used to characterise
both types of host-guest systems, i.e. sol-gel glasses and mesoporous thin films, by
tracking the diffusion of individual dye molecules inside their pores. Extremely long
trajectories with high statistical quality give for the first time a detailed picture of the
structure and connectivity of different pore systems. The molecular ‘beacons’ directly
trace out in striking detail the 'landscape’ of the inner pore system of the host over large
areas, and a detailed view of the dynamics of the guest molecules inside the porous
host is obtained. To understand the intricate interplay of guest molecule dynamics —
the primary data obtained by single-molecule microscopy — and host pore structure, an
independent means to determine the latter is needed. Therefore, a unique combination
of electron microscopic mapping and optical single-molecule tracking experiments has
been developed that provides a detailed picture of the real mesoporous defect struc-
ture and its effects on the dynamic behavior of dye molecules at the nanometre scale.
The porous structures are directly correlated with the diffusion dynamics of single
molecules. This approach allows to observe, in unprecedented detail, how single fluo-
rescent dye molecules travel through linear or strongly curved sections of the hexago-
nal channel system in a thin film of mesoporous silica, how they decelerate in certain
segments of the channel structure, and how they bounce off domain boundaries. Even
lateral motions between ‘leaky”’ channels can be observed, which allow the molecules
to explore different parallel channels within well-ordered periodic structures. One
of the strengths of single-molecule tracking compared to ensemble measurements is
bringing out heterogeneities. However, one of the weaknesses is bias by the operator,
i.e. he might select bright molecules, or those that appear to show an especially inter-
esting behaviour. A particular strength of the work presented here is comparison of
single-molecule tracking with other different techniques, like diffusion measurements



using pulsed-field gradient NMR and superimposing single-molecule trajectories with
transmission electron micrographs.

This work is structured as follows:

After this introduction, Chapter 2 describes the different sample systems that were
investigated in this work. First, the sol-gel process and the synthesis of micro- and
mesoporous sol-gel glasses will be described. These silica materials have a certain
distribution of pores present in the sample, because no structure directing agent is
used for the synthesis. If a structure directing template, like a liquid-crystal template

surfactant, is added to the synthesis solution, mesoporous silica thin films*’3!-32

can
be synthesized. The template induces the formation of pores of a given diameter. The
last part of this chapter focusses on methods to investigate structural properties of
such porous materials, like X-ray diffraction, transmission electron microscopy, atomic
force microscopy and sorption isotherms. In addition a brief introduction to diffusion

measurements using pulsed-field gradient NMR will be given.

Following this presentation of the materials, an introduction to fluorescence microscopy,
single-molecule methods and single-molecule tracking is provided in Chapter 3. The
technical details of the microscope setup and the tracking procedure are presented in
the same chapter.

In Chapter 4, the theoretical background of diffusion on a microscopic scale is ex-
plained, and the methods used to analyse single-molecule tracking data in this work
are discussed.

In Chapters 5 to 7 the results of applying the techniques described in Chapter 3 and 4
to the systems introduced in Chapter 2 are discussed. First, single-molecule diffusion
in sol-gel glasses, which do not have a certain pore topology or diameter, is reported
on (Chapter 5). The following two chapters focus on the more ordered mesoporous
thin films, having specific arrangement of pores of a given diameter. In Chapter 6 a
newly developed method to overlay single-molecule tracking data with the structural
information obtained by transmission electron microscopy is described. Then, a de-
tailed discussion of single-molecule tracking experiments in mesoporous thin films,
having various pore topologies and diameters, follows (Chapter 7). At the end of each
Chapter a summary of the main results is provided.
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In the end the data obtained in this work are compared to and put into the context of
diffusion measurements conducted elsewhere on similar systems. Special focus will
be on the comparison of the findings in this thesis compared to those in the literature,
e.g. the diffusion coefficients or the general information about the materials (as far as
it could be found in the literature). This chapter serves — along with the abstract in the

beginning of this document — as overall conclusion of this thesis.



2 Porous Materials

In this chapter the porous materials that were investigated in this work are introduced.
Physical and chemical properties of porous matter are governed by the pore diame-
ter. IUPAC discerns three size regimes: micropores, mesopores and macropores (Table
2.1).%

Table 2.1: IUPAC classification with of pore width.
Pore Diameter (0 —2nm 2 — 50nm > 50 nm

Definition =~ Micropores Mesopores Macropores

The materials used in this work have pores in the meso- and also the micro-range.
As important as the pores’ diameter is their degree of ordering. Two groups of ma-
terials with differnt degrees of pore ordering have been investigated: sol-gel glasses
and mesoporous thin films. Mesoporous materials are synthesized via a liquid-crystal
templating mechanism and have a very defined pore topology and pore diameter, de-
termined by the template used in the synthesis. In contrast, no template is used for the
synthesis of sol-gel glasses and thus there can be a relatively broad distribution of pore
sizes in these materials.

The synthesis procedure of the sol-gel glasses is presented first. Then the synthesis
of mesoporous thin films by liquid-crystal templating and evaporation induced self-
assembly will be explained. Different techniques for the investigation of porous matter,
such as X-ray diffraction, electron microscopy or sorption isotherms close this chapter.

2.1 Sol-Gel Glasses

The sol-gel process, invented more than 150 years ago by Ebelmen,** is a low-tempera-
ture technique for synthesizing solid glass slabs or thin films from a colloidal disper-
sion — called a sol — through gelation, i.e. flocculation of the sol, and a successive drying
step.



2. Porous Materials

The method is based on subjecting organometallic compounds, such as silicon alk-
oxides, to hydrolysis and polycondensation reactions. The process of the formation of,
e.g. a silica glass can be explained as follows.

The method is usually a three step process, illustrated in Figure 2.1a for a silica glass.
First an organometallic precursor, here a tetra-alkoxy orthosilicate, is hydrolyzed (I).
The second stage of the process is the polycondensation of the hydroloysis products,
yielding a 3D crosslinked network (II). In the final drying step the solvent is removed
at atmospheric pressure and elevated temperature which is most often combined with
a shrinkage of the material, resulting in the final xerogel. Figure 2.1b sketches the sol-
gel process, starting from the hydrolysis of the precursor via gelification of the sol and
the final drying and heating step to form the sol-gel glass.

(a) (1) Hydrolysis
OR TR OH
; FH0  +HO0  +
RO—Si—OR 120, ro—si—on 122, 2 W0 Ho—Si—oH
-ROH | -ROH -ROH -ROH
OR OR OH

(Il, 1) Polycondensation and drying

—Si—0—Si—
OH OH OH OH (o]
| I ] +n Si(OH), | | ‘
HO—Si—QOH+ HO—Si—OH ——— HO—Si—0—§j—0QH — —Si—0—SI—0—Si—0—5S5i——
| T N R
OH OH OH OH (|] (i) (|]
T
(b)
+H,0
Hydrolysis | ® e | Condensation Heating
e ==
Precursor + Sol Gel Sol-Gel
Alcohol Glass

Figure 2.1: Steps in the sol-gel synthesis process. (a) Hydrolysis and condensation reactions
of a tetra-alkoxy orthosilicate. (b) Schematic representation of the synthesis steps.

No template is used in this synthesis procedure. Therefore, the final glasses have a
wide distribution of pore diameters in the micro- and mesopore range (cf. Table 2.1).

The hydrolysis can be catalyzed by an acid (most commonly by HCI or HNOs) or
nucleophilic bases. The hydrolysis reaction rate is also influenced by steric conditions.
For instance, it decreases with the size of the alkoxy group, as shown by the slower
hydrolysis of tetraethyl orthosilicate than that of tetramethyl orthosilicate.®

Due to their high porosity sol-gel glasses can host different guests, and are used for
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a wide variety of applications, such as supports for catalysis, optical filters, materials
for linear and non-linear optics, or biosensors.**%3 Porous sol-gel materials may also
perform molecular recognition or contribute to stabilization of reactive species. Mild
synthetic conditions allow the addition of dopants such as organic dyes, inorganic
ions, and nanoparticles during the synthesis. This has been exploited, e.g. to build

a solid state laser.3?40-41

Sol-gel glasses are particularly important as hosts because
they are cheap and easy to prepare in a variety of physical forms, including powders,
cast monoliths and spin-coated thin films. However, working with sol-gel glasses is
sometimes challenging. The synthesis is dependent on a number of different param-
eters which cannot always be controlled. Therefore the same recipe might result in
different porosities of the final glasses and a lot of effort has to be made to find re-
producible synthesis procedures. Furthermore, the structures are subject to ageing by
turther, slow polymerisation induced by residual water. Therefore porosity changes

even months or years after the synthesis can occur.

Such silica glasses doped with fluorescent dyes have been studied in the present work
using single-molecule fluorescence techniques and pulsed-field gradient NMR. Ageing
of the samples was analysed by sorption isotherms. The experiments and results are
described in Chapter 5.

2.2 Mesoporous Thin Films

Mesoporous materials have attracted considerable attention within the last few years
as building units for nanoscale architectures like molecular sieves,'” catalyst supports,'®
nano-reactors for a variety of chemical reactions and as hosts for nanostructured ma-
terials, e.g. for carbon casting.!® They are synthesized as powders or films with pore-
diameters between 2 — 50 nm from silica-containing precursor-solutions using a sur-
factant as structure directing agent.*> According to their degree of structural order,
they can be classified between the highly ordered, crystalline zeolites and the sol-
gel glasses that were described in the previous section. The mesoporous materials
show periodic arrangement of pores, but the mesopore walls are amorphous. Meso-
porous powders can be obtained under either basic or acidic conditions, resulting, e.g.
in MCM (Mobile Catalytic Material) or SBA (Santa Barbara Acidic) materials, respec-
tively.!1 Thin films have been prepared on a variety of substrates with a thickness
from a few nanometres to several microns. Compared to mesoporous powders they
have the advantage of structure orientation with respect to the substrate surface and
alignment of the pores over a macroscopic length scale. Mesoporous thin films can

) 43,31
4

be prepared by evaporation-induced self-assembly (EISA which is based upon
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the sol-gel procedure presented in the previous section. This approach employs ho-
mogeneous silica/surfactant/alcohol/water coating-solutions, containing silica pre-
cursors obtained by acid-catalyzed hydrolysis of silica monomers, such as tetraethyl
orthosilicate (TEOS). Initially the surfactant concentration is below the critical micelle
concentration (CMC), which means that no micelles, i.e. small units of self-assembled
surfactant molecules, are present. The synthesis solutions are spin- or dip-coated to
give preferential evaporation of the volatile co-solvent. The rapid solvent evaporation
drives the self-assembly process towards the CMC, the formation of the liquid-crystal
mesophase and simultaneously the silica condensation.** This process is illustrated in
Figure 2.2.

442444 Evaporation

Rotation
Deposition rel. humidity ~30-60%

time (s}

r

Figure 2.2: Evaporation induced self-assembly (EISA). The precursor solution is deposited
on a substrate and rotated at about 3000 rpm. The solvent evaporates and after reaching the
critical micelle concentration, the template molecules and the silica oligomer self-assemb]e.
Finally, the silica condensates and the mesoporous film is formed.

In general, the synthesis mechanism can be explained either by a two-step process,
where the liquid-crystal phase is built first and the silica is cast around it, or by a
cooperative one-step mechanism, in which addition of the silicate to the surfactant
molecules pre-assembles the subsequent silicate-encased surfactant micelles. The lat-
ter mechanism appears to be more likely,** as the formation of the mesopore phases
often takes place at much lower surfactant concentrations than the critical micelle con-
centration of the pure liquid-crystal template. In this mechanism the multidentate
charge density matching between soluble inorganic species and surfactant molecules
determines the initial interaction between them.* *® In addition, “N-NMR in-situ
measurements have shown, that no pure hexagonal surfactant liquid-crystal phase is
formed.*

Different mesopore phases can be synthesized by varying the molar ratio between the
surfactant and the silica oligomers of the precursor solution.>*%>! An important aspect
of mesophase formation is how the hydrophobic tails of the surfactant self-organise
within the material. To describe the packing quantitatively an effective surfactant pack-
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52,53 1

ing parameter g, like it is used for lyotropic liquid-crystal phases,” > is defined as

g=— (2.2.1)

where V' is the complete volume of the surfactant, a, the effective head group area
at the micelle surface and ! the length of the surfactant tail. The g-parameter can be
used to predict in first approximation the geometry of the micellar aggregates. The
curvature of the micellar surface decreases with increasing g, i.e. with increasing V'
and decreasing a, and [. In aqueous solution the hydrophobic heads are on the outside
of the micelles. Thus a high head surface area and length of the hydrophobic tails
favors the formation of spherical micelles, like in a cubic phase. Increasing the overall
volume while decreasing the head surface area, reduces the volume in the interior of a
sphere and thus cylindrical micelles, like in the hexagonal phase, or planar bilayers as
in a lamellar phase are formed.

Table 2.2: Surfactant packing parameter and mesophase topology.
g-factor 1/3 1/2 1/2-2/3 1

Topology cubic hexagonal cubic lamellar
Space group (Pm3n) (P6m) (Ia3d)

The most frequently obtained 2D-mesophase consists of hexagonally ordered arrays
of tubular pores oriented with the long axis parallel to the substrate surface. Lamellar
structures, 3D cubic phases, and 3D hexagonal mesophases have been reported as well.
Three of these topologies are sketched in Figure 2.2.

Hexagonal

Figure 2.3: Mesopore topologies. Through different recipes, i.e. surfactant/silica concen-
tration, mesopore structures with (a) hexagonal 2D-P6m, (b) lamellar or (c) cubic (Pm3n)
arrangement of pores can be synthesized.

All structures have a preferred orientation, e.g. through alignment of the tubular pores
parallel to the substrate surface in the 2D-hexagonal mesophase. However, on a long
range the pores can be curved and they are organised in domains with different pore
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orientation.* Not much is known about the size of the domains or factors influenc-
ing the domain growth. Transmission electron microscopy (TEM) measurements pre-
sented later in this work, yield domain sizes from a few hundred nanometres up to
several microns.

After synthesis the liquid-crystal template usually remains inside the silica pores. This
is essential for the experiments in this work, as the diffusion of dyes in as-synthesized
materials was investigated, i.e. the hydrophobic dyes were diffusing in the interior of
the surfactant filled pores. The template can be removed in an additional step, the
so-called calcination, to increase the free pore volume and to make the mesoporous
materials more robust. The sample is heated to about 500°C, in order to decompose
the organic surfactants. Most importantly however, calcination does not only destroy
the surfactant but also organic dyes that are incorporated into the pores during the
synthesis. Therefore the materials used in this work were used as-synthesised and not
calcined. It is known that the calcination process might introduce defects into the thin
films,” and decreases both the pore-to-pore distance and the pore diameter. However,
such mesoporous materials become more robust after calcination.

2.3 Techniques for Investigation of Porous Matter

In this section an overview over the variety of standard techniques to investigate the
properties of the porous host materials is given. X-ray diffraction (XRD) is used to
distinguish between different pore topologies and to determine the average pore-to-
pore distances in a periodically ordered phase. The pore structure on the nanometre
scale can be analysed via transmission electron microscopy (TEM). With this technique
only small areas of the sample (< 1 pum x 1um) can be analysed in one image. In the
ensemble regime the adsorption behaviour of small molecules, usually N, provides
information about the internal surface area, the porous volume, the distribution of
pore diameters and some extent the shape of the pores. However, nitrogen sorption
isotherms on thin films are very difficult to obtain. Surface features of the samples can
be investigated using atomic force microscopy (AFM) or scanning electron microscopy
(SEM). To obtain a thorough characterisation of the material, the different methods
presented here have to be used on the same sample. Furthermore, for most of the
applications of such materials the behaviour of guest molecules inside the pores is im-
portant. One method to investigate diffusion of small species inside the porous system
is the pulsed-field gradient NMR spectroscopy, which will be introduced at the end of
this chapter. However, the above mentioned techniques are not sufficient for a com-
plete characterisation of mesoporous materials. Further methods are needed to obtain

10
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a better understanding of silica host structures and in addition the behaviour of guest
molecules incorporated into the pores. Single-molecule diffusion measurements, like
they were established in this work, provide such information, using fluorescent dye
molecules as guests. The dynamics and photophysical properties of such guests within
a porous host matrix are followed using fluorescence microscopy methods. Such in-
vestigations were the main topic of this work, thus fluorescence methods and diffusion
theory will be covered in two individual chapters.

2.3.1 X-ray Diffraction

Since it was discovered that X-rays travelling through a crystalline or partly crystalline
medium are scattered in distinct directions,®® X-ray diffraction (XRD) has become the
method of choice for structure analysis of crystalline materials. As the inter-atomic
distances in a crystal are on the order of the wavelength of X-rays, the bound electrons
act as a diffraction grating. XRD gives the distance of regions with highest electron
density, that is the distance from one crystal plane to the next. This distance is called
the d-spacing. The unit cell parameter a can be calculated from that. The mesoporous
materials investigated in this work do not exhibit a crystalline structure on the atomic
scale. Nevertheless, through the liquid-crystal template synthesis, they contain pores
with a fixed diameter and periodic arrangement of these pores. However, owing to the
low degree of order in mesoporous materials compared to single crystals often only
few Bragg peaks are observed.

According to the Bragg law (Equation 2.3.1) the incident X-rays of wavelength A are
scattered elastically on the sets of planes of the porous system with a distance d under
the Bragg angle 6; n being here the order of diffraction:

nA = 2dsin 6 (2.3.1)

Whereas in crystalline materials the scattering occurs at each of the atom layers of the
crystal, resulting in characteristic sets of sharp lines, X-ray diffractograms of meso-
porous thin films show only very few and broad peaks corresponding to the layers
defined by the pore topology (see Figure 2.4a). Broadening of the peaks is due to vari-
ations in the pore diameter or variations of the interplane distances, e.g. parallel and
normal to the substrate. As these distances are in the nanometre range, the scattering
occurs at very low angles of the incident beam. The wavelength of a Cu K, source,
which is commonly used in XRD, is A=1.5418 - 1079 m. Therefore, the first order reflec-
tion (n=1) for typical pore-to-pore distances of 3 — 10 nm is located at angles of 1.47 °or

11
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0.44 °, with "A/24 = sin f equals 2.6 - 1072 or 7.7- 1072, The geometry of the measurement
is depicted in Figure 2.4b.

(a) ' 0 7
x\““m\\/ﬁ,{//’z (100)
( \
Mesoporous \
fim / (200)
Substrate
(b) /
Scanning direction ‘\

X-ray tube \ / Detector
\/ d
Figure 2.4: 1D X-ray scattering. (a) The incident X-rays are scattered on the planes of pores

and collected under the same angle (§ — 6 geometry), resulting in characteristic diffractograms.
(b) 6 — 0 geometry in a XRD measurement [Adapted from>’] .

The measurements in this work were carried out on a Scintag XDS 2000 reflection (6 —6)
diffractometer with Cu K, source. This method is fairly quick and non-destructive.
However, as discussed above, the amount of information to be gained from 1D XRD is
limited. Additional information, like the pore ordering with respect to the substrate,
can be gained for example by electron microscopy techniques.

2.3.2 Electron Microscopy

Structures that are much smaller than the wavelength of visible light, like the pores
of mesostructured silica materials, cannot be imaged by optical microscopy due to the
diffraction limit (see below in the next chapter, Equation 3.4.8). In order to observe
nanometre-scale topologies directly, electron microscopy techniques are used.”®* In a
transmission electron microscope (TEM) the electrons are emitted from a filament and
accelerated by a high voltage. The resulting electron beam is focussed onto the sample
by electromagnetic fields, and the diffracted electrons are detected on a photographic
film or a fluorescent screen. Figure 2.5 shows a schematic representation of a TEM
setup.

12
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Figure 2.5: Transmission electron microscope. (a) Jeol JEM-2011 (b) Scheme of the beam path
through the microscope [Adapted from>'] .

The de Broglie wavelength of electrons can be much smaller than the wavelength of
visible light, and by tuning the applied electric fields a large range of magnifications
can be obtained. Equation 2.3.2 describes the dependence of the wavelength A on the
accelerating voltage V, with Planck’s constant h and m, e the mass and charge of the
electron, respectively:>’

A= (2.3.2)

As we can see from this equation, the diffraction-limited resolution of the TEM is given
by the ability to accelerate electrons. The higher the accelerating voltage the greater the
theoretical resolving power. However, the imperfections of the electromagnetic lenses
limit the resolution in practice. The electron beam primarily interacts with the bound
electrons of the investigated material, thus the contrast and with it the practically
achievable resolution also depends on the number of electrons per atom of the ma-
terial. Carbon compounds, like organic materials, are difficult to image, and heavy ele-
ments like gold are very good electron scatterers and allow resolution down to 0.1 nm.
For silica materials resolution in the nanometre range can be achieved, which suffices
to see the main structural features of the materials investigated in this work.

One of the limitations of electron microscopy is that in a single high resolution image
the area that can be observed is very small. An image that resolves the pore structure

13
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of a mesoporous solid like the ones investigated in this work typically covers no more
than about 300nm x 300 nm of the sample. Larger areas can in principle be observed
by mapping hundreds of such images together. This tedious and time-consuming pro-
cedure is practically limited to areas of about 4pum x 4um. Moreover, it demands
extremely high-quality samples that are thin enough for electron transmission over
large areas. Since this is often not the case, invasive preparation, such as scratching,
grinding and ion milling must be used.

In this work TEM images were obtained with a JEOL 2011 transmission electron micro-
scope operated at 200 kV. Cross-sections were prepared by dimple grinding followed
by argon ion polishing, with a dimple grinder and a precision ion polishing system
(Gatan, Inc.). Alternatively, small pieces of the mesoporous film were scratched off the
substrate using a razor blade. The resulting mesophase powder was transferred onto a
copper grid for investigation with TEM. In addition, ultra-thin films were synthesized,
which could be mapped over larger areas without additional preparation, as presented
in detail in Chapter 6.

A complementary electron microscopy technique is scanning electron microscopy
(SEM), where the reflected electron beam is rastered across the surface of the sample
and the image is formed by counting backscattered electrons. To obtain good interac-
tions of the beam with the surface, a thin layer of gold is sputtered onto the surface of
the investigated material. Using SEM much larger areas ranging from micrometres to
millimetres can be observed, but the resolution is not high enough to resolve, e.g. the
pore system of a mesoporous thin film. The SEM images presented in Chapter 6 were
obtained with a Phillips XL40ESEM scanning electron microscope.

2.3.3 Atomic Force Microscopy (AFM): Surface Imaging

The surface of mesoporous films can also be investigated by atomic force microscopy
(AFM) with resolution down to a few nanometres. In general, the core element of an
AFM is a probe consisting of a miniature cantilever and a sharp tip which is scanned
over the sample, or the sample stage is moved underneath the tip using a piezo scan-
ner. Forces between the tip and the sample surface lead to a deflection of the cantilever,
when the tip is in close proximity of the surface. The deflection can be measured by
focusing a laser spot onto the top of the cantilever and measuring the position of the
reflected beam with an array of photodiodes. In this way, the surface structure can be
imaged by the changes of the deflection of the tip when scanning. The universal char-
acter of the repulsive forces between the tip and the sample permits the examination
of a practically unlimited range of materials. The general principle of AFM is sketched
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in Figure 2.6a.

(a) in air intermittent contact
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Figure 2.6: Principle of an atomic force microscope and tapping mode AFM. (a) While scan-
ning the sample, the forces between tip and surface and thus the deflection of the cantilever
change. The deflection of the cantilever is measured by the reflection of a laser beam, which
is focussed on the top of the cantilever, on a photodiode array. (b) Tapping mode cantilever
oscillation amplitude in free air and during scanning [Adapted from®°].

In order to measure surface features the AFM can be operated in different modes.
These modes can be distinguished via several criteria, e.g. if the tip is in contact with
the surface or if frequency® or amplitude® changes of the cantilever deflection are the
measured variable. In contact mode, the tip apex is in continuous contact with the sur-
tace, whereas in non-contact mode the tip does not touch the surface. An intermediate
option is the tapping mode (also called intermittent mode or dynamic contact mode).
The latter technique was used for the AFM images in this work, therefore it will be
explained here in more detail. In this mode, the probe is driven into an oscillation at
or close to its resonant frequency by a small piezoelectric element. Tip-to-sample in-
teractions reduce the oscillation amplitude of the probe (Figure 2.6b). In practice, the
oscillation amplitude is usually kept at a set-point value by adjusting tip-to-sample
distance (z-position) through a feedback mechanism. The variations of the z-position
during scanning are plotted as a function of the z,y position of the tip to create the
height image. Additionally, material property variations can be mapped by recording
the phase shift between the driving force and the tip oscillation. Amplitude modula-
tion experiments usually involve amplitudes in the 1 — 100 nm range.

The AFM has several advantages over the SEM: First, it provides a real 3D image of
the surface structure, whereas SEM can only give a 2D projection of the 3D image
and no height profile. Second, no special sample treatment, such as metal coating, is
needed for AFM. Third, it can be operated at ambient conditions or even in liquid,
while electron microscopes work only in a high vacuum environment. Furthermore
AFM can provide higher resolution than SEM; it is comparable in resolution to scan-
ning tunneling microscopy and transmission electron microscopy. A disadvantage of
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AFM compared with the SEM is the image size. The AFM can only image a maximum
height on the order of micrometres and a maximum scanning area of around 150 pmx

150 pm.

The Surface images in this work were taken with a commercial AFM (Asylum Research
MFP3D) in tapping mode. The Olympus AC160 SiN Cantilever was driven 5 % below
its resonance frequency with a target amplitude of 1.2 V. In the measurements a set-
point of 0.85 V was used to scan each surface with an image size of 512 px x 512 px and
a scanning rate of 2 Hz per line.

2.3.4 Sorption Isotherms

In addition to the experimentally quite complex and costly techniques like XRD, TEM /
SEM and AFM, sorption measurements can provide insight into the inner structure of
mesoporous materials, i.e. the inner pore surface, the pore volume and the pore dia-
meter distribution.®>%® In a gas sorption measurement the sample is exposed to a
controlled gas environment (usually dry nitrogen), and the volume V' of adsorbed and
desorbed gas is measured versus relative pressure p at constant temperature. An ad-
sorption isotherm is the plot of V' versus »/p,, where p is the absolute pressure and pj is
the saturation vapor pressure. The gas adsorption proceeds via multilayer adsorption
occasionally followed by capillary condensation, visible in steep steps in the isotherms

(e.g. Type 1V, see Figure 2.7).

Type | Type ll Type IV

"t

Amount adsorbed —»

Y

p/p; p/p; > p/py >

Figure 2.7: Types of sorption isotherms. Type I: microporous material, Type II: macroporous or
non-porous material, Type IV: mesoporous material, the arrows indicate capillary condensation

(up) and evaporation (down). The black triangles highlight the points at which monolayer
66

coverage is complete and multilayer adsorption is about to begin® .

Physisorption isotherms are grouped into six types,® the most common three of which
are sketched in Figure 2.7. At low surface coverage the isotherm is almost always li-
near. Type I isotherms are concave to the 7/p, axis and approach a limiting value as
?/po — 1. Such reversible Type I isotherms are typical for microporous solids with rela-
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tively small external surfaces (e.g. activated carbons, molecular sieve zeolites and cer-
tain porous oxides). The uptake is limited by the accessible micropore volume. A non-
porous or macroporous material gives a reversible Type II isotherm, resulting from un-
restricted monolayer-multilayer adsorption. The beginning of the almost linear middle
section of the isotherm, highlighted by the black triangle, indicates the completion of
monolayer coverage and the begin of multilayer adsorption. The initial part of the
Type IV isotherm follows the same path as a Type II isotherm and is thus attributed
to monolayer-multilayer adsorption. However, characteristic of the Type IV isotherm

is hysteresis. Due to metastable ‘gas’ states or pore blocking,®%¢”

capillary condensa-
tion (arrow up) and capillary evaporation (arrow down) in the mesopores occur most
often not at the same relative pressures, which leads to the appearance of hysteresis
loops. A steep curve in the capillary condensation regime indicates a narrow pore size

distribution.

A model that allows to calculate the surface area from such multilayer adsorption iso-
therms was developed by Brunauer, Emmett, and Teller.®® The BET model, called after
its inventors, is an extension of the monolayer adsorption Langmuir theory,* to mul-
tilayer adsorption. It is based on the hypotheses that gas molecules physically adsorb
on a solid in layers, that the number of layers is not limited, that there is no interaction
between the layers, and that the Langmuir theory can be applied to each layer. In the
case of adsorption on real solids, these assumptions often do not hold and the absolute
surface areas derived from the BET model must be regarded with caution. Nonethe-
less, the BET model has become a standard method for the interpretation of sorption
isotherms, and relative comparisons provide valuable information.

For the evaluation of the pore size distribution, the BJH model (named after Barrett,
Joyner and Halenda) is commonly used.”® It is based on the Kelvin equation (Equation
2.3.3). Assuming that the vapor side of the meniscus formed in a pore behaves as an
ideal gas at constant temperature, this equation can be used to calculate the radius of
the meniscus Ry, more precisely, the mean radius of curvature of the meniscus at which
capillary condensation occurs:

ln£ . 20V},
Do N RkRT

(2.3.3)

Here, V;, and o are the molar volume and the surface tension of the sorbent, #/p, is
the relative pressure, T the absolute temperature and R the gas constant. Alterna-
tively, for the calculation of pore sizes and volumes a nonlocal density functional the-
ory (NLDFT) equilibrium model of N on silica can be used.”!

17



2. Porous Materials

2.3.5 Pulsed-Field Gradient NMR

All methods introduced in this chapter so far aim to characterise the host material.
In contrast, pulsed-field gradient nuclear magnetic resonance (PFG NMR) is used to
investigate the ensemble diffusion of a certain species within a porous host.”>7>747° In
classical nuclear magnetic resonance (NMR),” the individual nuclei, or more precisely
their mechanical and magnetic moments, i.e. their ‘spins’, rotate about the direction of
a constant externally applied magnetic field with the magnetic flux density B. Together
with the spins, also the macroscopic magnetization performs this rotation and induces
a voltage in the surrounding receiver coil of the spectrometer, the NMR signal. The
resonance frequency of the NMR signal is proportional to the magnetic field strength,
and the gyromagnetic ratio v of the nucleus under study is the factor of proportionality.
If an inhomogeneous magnetic field is applied, the frequency of the signal, i.e. the
position in the NMR spectrum, can be used directly to determine the positions of the
nuclei contributing to this signal. In PFG NMR, an inhomogeneous gradient field is
applied over two short time intervals §, as shown in Figure 2.8.

i: : nuclear
— spin
i rotates about B
with @ = vB
&
B Magnetic field \i,q'b°&(\\‘z ,
A 1 QQ\
A =
- 7 /e
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Figure 2.8: Principle of pulsed-field gradient (PFG) NMR. An inhomogeneous field is applied
over two short time intervals ¢ and leads to an attenuation of the NMR signal which, in the
given example, is generated by the Hahn echo sequence (two rf pulses referred to as 7/2 and 7
pulses, respectively)”® .

The NMR signal becomes thus sensitive to the positions of the spins during the two
gradient pulses (indicated in the Figure in red for two different positions). Differences
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in the positions of the individual nuclei and thus the molecules to which they belong,
can be detected through the decay of the NMR signal. The decay of the NMR signal
is described by the following equation, where 9, g and ¢ are the duration, the ampli-
tude and the separation of the two field gradient pulses; z is the coordinate along the
direction of the applied field gradient:

W(tk,p—'(y)c?g) = /p(z,t) cos(ydgz)dz (2.3.4)
Here, p(z,t) denotes the probability density that a nucleus contributing to the signal is
displaced by the distance z in gradient (i.e. z-) direction during the time ¢. The mean-
square displacement (z(¢)?) during the time interval ¢ between the two field gradient
pulses and with it the isotropic diffusion coefficient D can be extracted from ¥/#, as
follows: Diffusion theory, as explained in Chapter 4 and in the literature (e.g. by Kérger
in”), yields the propagator p(z,t):

1 22
z,t) = exp(— 2.3.5
Insertion of Equation 2.3.5 into Equation 2.3.4 yields:
U (t,ydg (z(t)2)=2Dt 1
Pit109) 7 ) = exp(—7?0°¢°Dt) = exp(—§7252g2<z(t)2>) (2.3.6)

The last term is calculated using the Einstein-Smoluchowski relation ((r(t)?) = 2D,
Equation 4.1.9), which is derived in the later chapter about diffusion theory.

Using PFG NMR intracrystalline diffusion and long-range diffusion in porous matter
can be recorded, depending on the relation between the mean displacements covered
in the experiments and the diameters of the crystallites under study. The mean-square
displacement must be much smaller than the mean diameter of the crystallites to ex-
clude an influence of the finite crystal size on the measurements. The lower limit for
displacement measurements is 100nm. A typical maximum value for the observation
time ¢ is a few 100 ms, thus minimal diffusion coefficients of Dy, = 1072 um? s~ 'are
observable using PFG NMR.”"7® The detection limit of this technique is a minimum
concentration of the measured nuclei (usually protons) of one per cubic nanometre.

Owing to the large gyromagnetic ratio v of the hydrogen nucleus, hydrogen-containing
molecules offer the best conditions for diffusion measurements by NMR. In addition
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2. Porous Materials

measurements with zeolites have been carried out with a large number of further nu-
clei, including *H, *C, N, "F, and '*Xe. The possibility of simultaneously moni-
toring different nuclei makes PFG NMR particularly valuable for selective diffusion
studies in multicomponent systems.”
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3 Single-Molecule Microscopy

Single-molecule detection provides access to information not accessible by ensemble
methods, as it gives the real distribution of a certain measurement parameter rather
than the average value. This is why it has become a widely used method” 88 in

82,83,84,85,86,87, 89,90,91,92,93,94,95

various fields, ranging from biology 8 to material science.

In single-molecule microscopy the laser induced fluorescence signal of single dye molecules
is recorded in a microscope setup. By tracking the successive positions of an individual

molecule (single-molecule tracking, SMT) it is possible to resolve molecular trajectories

and learn about translational diffusion in the sample under study.?®7-89%.100.101 Tp this
chapter, the basics of fluorescence microscopy and the most important characteristics
of dyes used for single-molecule experiments will be presented. This is followed by
an overview of different techniques for the observation of single molecules and the
experimental details of the wide-field setup used throughout this work. The last part
of this chapter is devoted to single-molecule tracking, including the fitting procedure
that allows to pinpoint a molecule with 5nm precision. Furthermore, modern CCD
technology will be introduced, which makes a very high temporal resolution down to

10 ms per image possible.

3.1 Principles of Fluorescence Microscopy

In order to describe the photophysics of the most common fluorescent dyes used in
single-molecule microscopy a simple three-level energy diagram is sufficient.!®> Figure
3.1 shows such a scheme.

The molecule has an electric dipole-allowed singlet-singlet optical transition S; « S,
pumped by radiation at energy hv from a laser or a lamp, with / the Planck constant
and v the optical frequency of the excitation light. The energy has to be sufficient
to pump the lowest electronic excited state. After the absorption of the photon, the
excited molecule quickly relaxes via vibrational modes of the molecule (internal con-
version IC) and of the host (phonons) to the lowest electronic excited state, from which
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Figure 3.1: Jablonski Diagram. Typical energy level scheme for single-molecule spectroscopy.
So, ground singlet state, S, first excited singlet, 77, lowest triplet state or other intermediate
state. For each electronic state, several levels in the vibrational progression are shown. Pho-
tons at energy hv excite the dipole-allowed singlet-singlet transition. The intersystem crossing
rate is kisc, and the triplet decay rate is kt. Fluorescence emission at rate kp.. shown as dot-
ted lines originates from S; and terminates on various vibrationally excited levels of Sy or Sy
itself.

the excited molecule can return to the electronic ground state by emitting a fluores-
cence photon (dashed lines). Fluorescence lifetimes of allowed transitions (suitable
for single-molecule detection) are of the order of 1 — 10ns. After the emission, the
molecule is brought back to the vibrational ground state by phonon relaxation. In
general, the relaxation steps represent energy losses which cause a spectral redshift
between absorption and emission bands, called the Stokes shift. Additionally there is
also a certain probability for intersystem crossing (ISC) into the triplet state. From there
the excited molecule can return to the electronic ground state via another radiationless
ISC or by emission of a phosphorescence photon. The latter process takes place on a
slower timescale than the fluorescence, it occurs within microseconds and ranges up to
seconds after the excitation. A molecule ‘trapped’ in the triplet state therefore becomes
invisible for a certain time (triplet blinking).

An absorption spectrum of the terrylene diimide derivative, which was used most
frequently throughout this work!®1941% (AS-TDI, structure depicted in the inset), is
shown in Figure 3.2 (blue line). It was measured using chloroform as a solvent with
a Perkin Elmer 330 dual-beam absorption spectrometer. For fluorescent molecules the
intensity of the fluorescence at a fixed wavelength can be measured as a function of the
excitation wavelength. This results in an so-called fluorescence excitation spectrum,
which resembles the absorption spectrum and is therefore not shown here. The fluo-
rescence emission spectrum of AS-TDI is shown in red in Figure 3.2. It was measured
on a F900 spectrofluorimeter (Edinburgh instruments).

For the observation of a single-molecule, the fluorescence emission rate has to be max-
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Figure 3.2: Terrylene diimide Spectra. Absorption and fluorescence spectrum of the asym-
metric TDI derivative (AS-TDI, structure shown in the upper left corner).

imized. Therefore the molecule must be pumped with high probability and it needs
to have a very high fluorescence quantum yield @y close to unity. The latter gives the
efficiency of the fluorescence process and is defined as the ratio of the number of pho-
tons emitted to the number of photons absorbed. The maximum fluorescence quantum
yield is 1.0 (100 %), i.e. every absorbed photon results in an emitted photon. Another
way to define the quantum yield of fluorescence is by the ratio of the radiative decay
rate and the sum of all, i.e. radiative and non-radiative, rates of excited state decay.

_ femitted photons krad 3.1.1)

b = =
"~ ¥ absorbed photons  (krad + knonrad)

In addition to a high fluorescence quantum yield, single molecule dyes need to have
a high absorption cross section o, which may be interpreted as the effective area per
molecule which is able to capture photons from the incident laser beam. High o means
that the photons of the incident light are efficiently absorbed and therefore higher
signal-to-background ratios can be achieved than in the case of weak absorbers.

Processes that limit the integrated signal of single molecules are photoblinking and
photobleaching, i.e. the reversible or irreversible transition to a non-radiative state.
Photoblinking can be induced by transitions to the triplet state (triplet blinking, see
above), taking place on a timescale of microseconds, or by other effects.!% 17 Pho-
tobleaching occurs for fluorescent dyes after a certain number of excitation-emission
cycles. In many cases photobleaching is photo-oxidation of the fluorophore. Reducing
the amount of oxygen in the surrounding atmosphere can help minimizing this effect.
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3. Single-Molecule Microscopy

3.2 Fluorescence Techniques for the Observation of

Single Molecules

Since the first observation of a single dye molecule via its absorption® or its fluores-

cence excitation spectrum®

a wide range of single-molecule techniques has been devel-
oped. The first single-molecule publications were based on spectral selection of narrow
zero-phonon line absorption and were therefore performed at very low temperatures.
Because the absorption cross section of a molecule is at least two orders of magnitude
smaller than the area illuminated by a focussed laser beam, this absorption is very dif-
ficult to detect against the shot noise of unabsorbed photons.®! Today, modern inter-
ference filters allow to separate the red-shifted fluorescence efficiently from scattered
or reflected light of the excitation laser, and high numerical aperture objectives (up to
N.A.=1.49) are used to collect high amounts of the light emitted by a single molecule.
Therefore most of the single-molecule techniques nowadays are based on the detection
of fluorescence light, which provides a much better signal-to-background and signal-
to-noise ratio than absorption measurements.

Wide-field Confocal
| - :
1 /\ Sample /:\
Objective
back-focal plane_{ ¥ | :
_ i\
B B, Dichroic
— A" mirror i
Widefield i Tube lens :
lens : ;
: e Pinhi0le
CCD Detector avalanche
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Figure 3.3: Single-molecule fluorescence microscopy methods. Orange: Illumination light.
Red: Fluorescence light. (a) Wide-field: The molecules in a certain area, up to 50 pm x 50 pm
in size, are excited by a widened laser beam. Fluorescence from this area is projected onto
an array detector. (b) Confocal: The excitation laser beam is focussed in the diffraction lim-
ited focal volume. Fluorescence light is detected through a pinhole, to exclude out-of-focus
emission, with a highly sensitive point detector.

Two different types of microscope configurations, distinguished by the detection ge-
ometry are used for single-molecule microscopy. Wide-field methods use an array
detector like a CCD camera to image sample regions of several tens of micrometres in
diameter at the same time (Figure 3.3a and Section 3.2.1). Confocal microscopy tech-
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niques detect fluorescence from a small diffraction limited focal volume in the sample,
as shown in Figure 3.3b, and images are obtained by scanning the sample or the focal
spot. In this work mostly wide-field microscopy was used to investigate the diffu-
sion of single molecules because it allows a much higher temporal resolution. This
technique will be presented first, and scanning confocal microscopy will be briefly in-
troduced afterwards.

3.2.1 Wide-field Methods

In wide-field microscopy an area of the sample is illuminated by a laser beam or an
arc lamp, similar to a conventional white-light microscope. Fluorescence light of the
excited single molecules in this area is separated by a set of optical filters and focussed
onto an array detector, which is in most cases an intensified charged coupled device
(CCD) chip. The implementation of this method in the wide-field setup used in this
work will be explained in detail below in Section 3.3 and Figure 3.5. This method
has two major advantages: by illuminating a micron-sized area of the sample the be-
haviour of many individual molecules can be observed simultaneously; in addition,
modern CCD technology allows to collect up to several thousands of images at very
high frame rates. Read-out rates of 30 frames per second are easily realized in full chip
mode and rates up to 100 frames per second are possible by decreasing the size of the
observed area on the chip.

In order to illuminate a micron-sized area on the sample, two different methods can
be used. Standard wide-field microscopes, as the one used throughout this thesis,
work in epi-fluorescence, i.e. the excitation beam is passed through the same objective
that is used to collect the fluorescence light (see Figures 3.3a and 3.5). This arrange-
ment minimizes the amount of background coming from excitation laser light, which
is leaking through the optical filters in the detection pathway. A drawback of this
technique is that the widened beam passes through the entire thickness of the sample
and excites molecules outside the focal plane, which contribute to background fluores-
cence. A possibility to overcome this problem is total internal reflection microscopy
(TIRF).!%81% This technique makes use of the fact that light is totally reflected when it
hits an interface with a medium having a smaller index of refraction » under large an-
gles (from the normal to the interface). From the area of reflection an evanescent field
reaches about 100 nm into the lower n material and can be used to excite specifically
the molecules in this thin layer. The necessary refraction index change is for exam-
ple formed by the glass/water interface between the cover-slip (cover-slip: np=1.52)
and a sample in aqueous solution (water: np=1.33). In addition to this so-called objec-
tive type TIRF, which is also an epifluorescence technique, an alternative method, the
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prism-type TIRF can be used. Here, the incident laser is guided through a glass prism,
which is placed on top of the sample and the evanescent field penetrates into the sam-
ple at the prism-sample interface. Fluorescence from this region is then collected us-
ing a high numerical aperture objective placed below the sample. However, the TIRF
technique is restricted to probes with a strong refractive index change between the
objective/cover-slip or the prism and the sample, as it is the case for many biologi-
cal samples in aqueous buffer solution. It is not suited for the kind of measurements
presented in this work because very little refractive index change occurs between the
thin silica films with the incorporated dye molecules and the cover-slips on which the
tilms are spin-coated. However, the problem of out-of-focus background addressed by
TIRF does not arise for the thin films investigated here because they are thinner than
the focal depth of the microscope (> 1pm). Therefore no out-of-focus molecules can
be excited by the incident laser beam and contribute to background fluorescence.

For all wide-field techniques the detected signals of the single molecules are diffraction-
limited. In each frame single molecules show up as bright spots on a dark background.
Since they are much smaller than the wavelength )\, the single molecules can be con-
sidered as point like emitters, and the response of the imaging system consisting of
the objective and the lenses in the detection pathway is described by the point spread
function (PSF). The radial intensity distribution is described by a first order bessel func-
tion, which can be fitted to good approximation by a 2D Gaussian function.'® Using
a high numerical aperture (N.A.) objective and excitation light in the red part of the
visible spectrum the single molecules will be imaged as spots of ca. 300 nm diameter
(full width at half maximum) on the detector. However, the positions of these spots can
be determined with a much higher accuracy by fitting a suitable peak function such as
a 2D gaussian to the signal. The accuracy of the fit is determined only by the signal-
to-background and the signal-to-noise ratio. If a CCD detector with a chip consisting
of a pixel array is used, the magnification and thus the number of pixels on which the
single-molecule signal is imaged has to be taken into account for the accuracy of the fit.
Before tackling this question in Section 3.4 a brief overview of modern CCD technology

is given in the following section.

CCD Technology for single-molecule microscopy

The area detector represents the heart of every wide-field imaging setup. Its read out
rate and the gain and noise of the amplifier strongly influence the quality of the data.
Therefore this paragraph gives a short introduction into the mode of operation of CCD
cameras that are used for single-molecule microscopy.
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A CCD detector consists of an array of silicon diode photosensors, the pixels (= picture
elements), which is coupled to a charge storage region that is, in turn, connected to
an amplifier that reads out the quantity of accumulated charge. Incident photons with
energy larger than the semiconductor band gap create an electron-hole pair and thus
an electronic charge. The quantum efficiency and spectral response of the detector is
thus defined by the transmission and absorption properties of the silicon. The minimal
time Tinage between two images and thus the temporal resolution of the measurement
is determined by the exposure time Ty, and the readout time Ticaqou Of the chip. The
inverse of Tin,ge is denoted the frame rate FR (typically given in units of fps = frames
per second).

ﬂmage = Texp + Treadout = FR_l (321)

The readout time T}eadgout Of ONe complete image depends on instrumental parameters,
like the time needed to read out a single pixel and the complete number of pixels per
image. Modern CCD cameras can work in frame transfer mode to decrease the readout
time. In this mode only half of the pixels on the chip are exposed during T, (Image
Section), the other half is shielded from light (Store Section), see Figure 3.4a. After Teyp
the charges from the image section are transferred to the store section, so that the image
section can be again exposed while the charges from the store section are read out line
by line in the readout register. In that way, Tieadout is reduced to the shift time from the
image to the store section as long as 7, exceeds the time needed to readout the store
section. The readout time can be decreased further by using subregions of the full chip.
For most cameras the shifting of the lines into the readout register limits Tieaqout. Thus
a decrease of the height of the illuminated region can improve the frame rate, whereas
a decrease in the width will not provide any improvement.

In general the sensitivity of a camera is governed by its readout noise, as signals below
the readout noise cannot be detected regardless of the subsequent amplifying stages.
Therefore, to gather comparably weak signals, like single-molecule fluorescence, ad-
ditional on-chip signal amplification is needed. Different technologies exist to per-
form this, like intensified (ICCD) or electron multiplying CCD cameras (EMCCD). Both
types have been used for the measurements in this work. The structure of an EMCCD
is essentially the same as of a conventional CCD, with an additional multiplication
register after the serial readout register. Thus the electronic signal is amplified prior to
being read at the output node, and hence the sensitivity of the device is increased.
Alternatively, the photonic signal can be increased before the CCD chip through a
microchannel plate (MCP). This MCP is similar to a photomultiplier tube. The inci-
dent photons release electrons from a photocathode in front of the MCP. The electrons
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Figure 3.4: Different CCD structures. (a) EMCCD (electron multiplying). (b) ICCD (Intensi-
fied). Adapted from!!!.

are then accelerated through the multiplier, consisting of a series of angled tubes, like
sketched in Figure 3.4b. In the accelerating field they gain sufficient energy to knock off
additional electrons along the tubes of the MCP. The multiplied electrons are then ei-
ther detected directly by a special electron bombardment CCD or indirectly by using a
fluorescent screen coupled with an optical fibre array to a conventional CCD. By using
a pulsed gate voltage, an ICCD can achieve very short exposure times. However, for
single-molecule experiments EMCCD cameras are better suited, because they provide
a higher sensitivity than ICCD devices and sufficiently high frame rates.

The quantum efficiency of a CCD can be increased by exposing the sensitive region of
the chip, its ‘back’-side. In conventional CCD cameras the incoming light has to pass
first the region with the gate electrodes attached to the front’-side of the chip that are
used to shift the charge through the CCD. In a back-illuminated CCD the bulk silicon
substrate of the chip has been thinned by etching until it is transparent and therefore
the chip can be exposed at the substrate side. Through this quite expensive process the
quantum efficiency can be as high as 90% for light in the visible region.

3.2.2 Confocal Microscopy

Alternatively to the large-area excitation of wide-field imaging, the sample can also
be illuminated with the smallest diffraction limited spot possible and the fluorescence
from this spot can be collected with a point detector. Such point detectors are simple
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photo-multiplier tubes or more sensitive avalanche photo diodes (APDs). In order to
excite the molecules within and detect the signal from the diffraction limited confo-
cal volume, the collimated excitation laser beam is focussed onto the sample plane,
and the emitted fluorescence is then re-collected and re-collimated by the same micro-
scope objective. Residual laser light is filtered with high quality interference filters, like
in wide-field imaging. A pinhole in the detection pathway, as shown in Figure 3.3b,
blocks out of focus light in the detection pathway to increase the resolution along the
optical z-axis. The diameter of the pinhole determines the absolute depth of field for
the confocal image, so that the overall size of the focal spot is in the range of 300 nm
in diameter in the observation plane and about 900 nm along the optical axis. It has a
volume of about one femtoliter. In order to obtain images of larger areas on the sample,
the excitation focus or the sample have to be scanned point by point. Therefore confo-
cal techniques are also referred to as scanning methods. In addition to the molecules’
position, confocal microscopy can provide further useful information about the single
emitters. By introducing a polarizer into the excitation and detection pathway the ori-
entation of the molecule in the observation plane can be determined.”*%!!% The point
signal from immobile single-molecules can be split into the spectral components by a
prism or grating and imaged onto a CCD camera.''? In this way the spectral dynamics
of a dye can be followed at video rate, i.e. 24 frames per second. However, even though
one point can be observed with high temporal resolution, the scanning time per point
is the limiting factor for fast accumulation of larger images. In a conventional laser
scanning microscope like the Zeiss LSM 410 used for the confocal measurements in
Chapter 7, the fastest scanning time for a 256 px x 256 px region of the sample is about
one second. To obtain high resolution images with a signal-to-noise ratio suitable for
tracking with high positioning accuracy, much slower scanning times have to be cho-
sen (e.g. 64s for one 256 px x 256 px image). Therefore, real-time observation of the
molecular motion is only possible for very slowly diffusing species.

A confocal technique that can be used to measure faster diffusion is fluorescence corre-
lation spectroscopy (FCS).!'*11>116 Here, the signal of individual dye molecules diffus-
ing through the focal volume is recorded against time. The diffusion coefficient and the
concentration of the dye in solution can be calculated from the autocorrelation function
9@ (1) of the fluorescence intensity (¢) in the focal volume:

@y = L) It +7))
97(7) aaes (32.2)

A disadvantage of FCS is that it requires a model to extract the diffusion coefficient

from the intensity correlation function. This is not a serious drawback for diffusion
in liquids, but a substantial limitation for the complicated motions within the intricate
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3. Single-Molecule Microscopy

porous structures investigated in this work. In Chapter 8, a few studies from the lit-
erature using FCS in mesoporous silica are discussed. However, even though average
diffusion coefficients can be calculated and models with several diffusion components
are applied, FCS measurements cannot provide the detailed structural and dynamical
information accessible by single-molecule tracking.

The range of diffusion coefficients that are accessible by FCS measurements depends,
among other factors, on the size and shape of the confocal volume of the given setup.
The diffusion times through the focus should be long enough that antibunching ef-
fects, i.e. blinking on a timescale of 1 — 10ns, are averaged out. Moreover, the upper
limit is correlated with the concentration of molecules in the focus and thus also the
size of the molecules: If too few molecules are in the focus, the number of fluctuations
is too low for a good auto- or crosscorrelation of the signal intensities; on the other
hand if too many molecules are in the focus, the fluctuations due to diffusion of the
molecules are averaged out and statistical fluctuations dominate the signal. In general,
the optimum concentration of molecules is slightly higher than that for single parti-
cle measurements, ideally between 107'? and 1072 mol L~1.1'7 At these concentrations
typically more than one molecule is in the focus at the same time, thus one might argue
that this technique is not a ‘real” single-molecule technique.

3.2.3 Comparison of Wide-field and Confocal Microscopy
Methods

Wide-field and confocal microscopy methods both have their advantages and disad-
vantages and for each individual problem the best-suited method has to be deter-
mined. Therefore, a short summary of the differences between the two methods and
their respective assets and drawbacks will be given.

As mentioned above, the methods differ experimentally in the way the single-molecule
signal is excited and detected. In wide-field microscopy a whole area of the sample is
excited and the light from this area is imaged onto an array detector (Figure 3.3a). In
confocal microscopy the excitation laser is focussed to a diffraction limited volume,
and fluorescence light is detected from this volume with a point detector. Out of focus
fluorescence is excluded by an additional pinhole in the detection pathway (Figure
3.3b).

Table 3.1 summarizes the main specifications and the advantages and disadvantages
of the individual methods.
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3.3. Wide-Field Imaging Setup

Table 3.1: Single-molecule fluorescence methods.

Wide-field Confocal

Temporal Resolution

1D lps

2D Full chip 512 px x 512px: 30fps® 200 px x 200 px: > 1s per frame
128 px x 512 px: 125 fps

3D 20s

Focal dimensions

x-y-plane 300 nm 300 nm

z-direction Standard: 1 — 2pum 900 nm

TIRF: 100 — 200 nm

Advantages e high temporal and spatial e spot scan with high temporal
resolution for imaging resolution
e large area with many e orientation and spectra mea-
molecules observed simulta- sured simultaneously
neously
e TIRF: high z-resolution e high z-resolution
Limitations e no detailed spectral or orienta- e slow acquisition of images

tional information accessible
e Standard wide-field: out-of-

focus blur
e TIRF: index of refraction

change needed

e Standard confocal: only one

molecule in the focal volume
e FCS: no information on the
direction of motion

“fps=frames per second

3.3 Wide-Field Imaging Setup

The wide-field imaging setup used in this work is sketched in Figure 3.5. In the fol-

lowing the excitation pathway of the incident laser light and the detection pathway of

the emitted single-molecule fluorescence will be described in detail.

3.3.1 Excitation Pathway

For excitation of both types of dye (9A1 and TDI, see Chapters 5 and 6, 7) a Helium-
Neon-Gaslaser was used with a maximum power of 75mW at 632.8nm (Coherent,

Inc.). The light is guided through a laser line filter (Laser Components GmbH, \ =

632.8 nm) to obtain a narrow-band excitation, and an optical density (OD) filter wheel

(continuous change of OD 0 - 2, Thorlabs) to adjust the laser intensity for the different

measurements. Initially, the laser beam was magnified five times by a telescope (Thor-
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3. Single-Molecule Microscopy

Microscope
() White light transmission
= Sample
Excitation " Objective L,
100x
Lens L1 N.A. 1.4
f=200 mm

Back focal plane

' »
‘ ) ‘ [ 17 Dichroic mirror
Diap/!agm |

=

Switchable mirror
Eye piece
) or
Motor to vibrate the fibre N digital camera
—
= Optical Multimode : e — Tube lens L,
fibre (diameter 0.6 mm) i V Detection |- 160 MM

f=150 mm
Bandpass filter 730/14C

ODO0-2
e L ASET iN€ filter

Lens L3
f=200 mm

| P l; Lens L2
1l Filter wheel : -

HeNe gas laser

632.8 nm i Back-lluminated
max. 75 mw EM-CCD

Figure 3.5: Wide-field Imaging Setup. The magnified image of the laser in the diaphragm is
projected onto the back-focal plane of the microscope. In the detection pathway, emission of
the single-molecules is separated by filters from excitation light and focussed onto the CCD

camera after additional magnification.
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3.3. Wide-Field Imaging Setup

labs) and guided with a periscope through the diaphragm that serves to adjust the
beam diameter and the wide-field lens into the microscope (Nikon Eclipse TE 200).118
To obtain a more homogeneous illumination of the sample, the setup was rebuilt and
instead of the telescope and the two mirrors an optical multimode fibre (& 0.6 mm,
Optronis GmbH) was integrated that acts as a spatial mode-filter. The laser is coupled
into the fibre by an achromatic lens (50 mm, Thorlabs), and another identical lens is
used to parallelize the light at the fibre exit. An additional advantage of this new setup
is that different excitation lasers can be easily overlayed with each other. To get rid of
interference patterns at the fibre exit, the fibre is constantly shaken by a motor. Fur-
thermore, the round diaphragm was exchanged with a home-built rectangular one to
avoid photobleaching in sample regions that are not in the rectangular region of inter-
est imaged on the CCD chip. The image of the diaphragm is focussed by the wide-field
lens (200 mm achromat, Thorlabs) in the back focal plane of the objective. Thus, a par-
allel beam leaves the objective, and the molecules are excited in a rectangular area of
about 30 um x 30 um, that corresponds to the image of the illuminated diaphragm on
the sample. The laser power is adjusted individually for each measurement, depend-
ing on the frame rate and the dye used in the measurement (see above, Section 3.2.1).
In most experiments an excitation intensity of I, = 0.1 — 1kW cm™2 is used. An
oil-immersion objective with a high numerical aperture (Nikon, CFI Plan Apochromat
100x Oil, N.A. 1.4) allows to obtain a high excitation and detection efficiency .

3.3.2 Detection Pathway

The individual molecules can be considered as point like emitters. Their fluorescence
is collected by the microscope objective L, and passes a dichroic mirror (Dual Line
Beamsplitter 532/633, AHF Analysentechnik, Tiibingen) and the tube lens L, (160 mm).
The fluorescence light is guided to the side exit of the microscope by a switchable mir-
ror. By a telescope consisting of the lenses L2 (f, = 150 mm), and L3 (f5 = 200 mm), the
fluorescence signal is magnified by a factor of 1.33 and focussed onto the CCD camera.
Using a 100x objective, the overall magnificationis 1.33-100x = 133x. It was adjusted
to this value in order to obtain an optimal image of the single molecules on the CCD
chip (see below, Figure 3.6). In the parallel beam path between L2 and L3 a bandpass
tilter (730/140, AHF) eliminates scattered excitation light. The microscope also has a
white light unit that is adjusted for Kohler illumination in transmission. The transmit-
ted light can either be guided to the CCD camera, to the eyepiece of the microscope or
to a digital camera for alignment purposes (Nikon, Coolpix).

The initial setup was equipped with a microchannel plate (MCP) intensified CCD cam-
era (Princeton Instruments, PentaMAX) with frame-transfer-CCD chip (EEV, 512 px x
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3. Single-Molecule Microscopy

512 px). The pixels on the MCP chip with a size of 22.5 pm were projected onto the pix-
els of the CCD chip with a size of 15 um. One pixel on the chip corresponds to 169 nm
on the sample, calculated in the following way:

size of one pixel on th? MCP _ 225pm _ 169 nm (33.1)
overall magnification 133

To improve the detection efficiency of the setup, the ICCD was replaced by a back-
illuminated electron multiplying CCD camera (iXon DV887, 512 x 512 Pixel). Here,
one pixel had the size of 16 pm corresponding to a theoretical value of 120nm on the
sample, calculated as in Equation 3.3.1. Evaluation of measurements with the USAF
test target (Melles Griot) gave a value of 122 m/pixel, which fits well with the theoretical
value. The higher detection efficiency of the new EMCCD camera and the smaller area

1119

per pixel " greatly improve the positioning accuracy.

3.4 Single-Molecule Tracking

Observing diffusion in porous host-guest systems serves not only to visualize the struc-
ture of the materials, but also to establish the diffusion dynamics of individual guest
molecules inside the pores. Tracking individual fluorescing molecules in the pores thus
provides important insight into mesoporous hybrid systems.'?%%391

The signal of a single molecule appears as a diffraction limited spot on the detector. For
conventional wide-field optics and light in the red part of the visible spectrum, these
spots have a full width at half maximum of about 300 nm. The accuracy with which
the position of the molecule can be determined depends on the signal-to-noise ratio
(SNR) and on the distribution of the signal over the image pixel, as explained in the
following paragraphs.

3.4.1 Fitting Functions

The far-field image of an individual molecule with its transition dipole moment ori-

ented within the observation plane or of freely rotating molecules can be described by

110,121

a Bessel function, which can be approximated by a 2D gaussian function (Equa-
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3.4. Single-Molecule Tracking

tion 3.4.1).122:98,123

fley,Aw) = A - exp <— (2 — 0" + (y y0)2> (3.4.1)

w2

Here z, and y, designate the centre coordinates of the Gaussian, i.e. the position of the
tracked molecule, A the amplitude of the signal and w the width of the gaussian curve.
The width w is linked to the full width at half maximum wgwiv in the following way:

Furthermore,
w? = 20§y, (3.4.3)

where aﬁy is the radial variance of the 2D Gaussian.

The emission pattern of molecules oriented with their transition dipole moment per-
pendicular to the observation plane and thus with the optical z-axis, exhibit the shape
of a ‘doughnut’.12+125,126,127,128, 129 Thjg s fitted with a product of the above described

gaussian and a sine squared function:

fley.Aw,r) = Aexp (_ (x —20)* + (y — y0)2> sin? (W\/(“f —x9)? + (y — y0)2> (3.4.4)

w? 2r

3.4.2 Factors Influencing the Quality of the Fit

The object centre (zy, 1) that is found by fitting a single-molecule pattern according to
Equation 3.4.1 or 3.4.4 using a x* minimization is only an estimate for the true object
centre. The positioning accuracy is defined as the region in which the true object centre
can be found with a probability of 68%, which corresponds to the standard deviation
of the fit of the z, and y - position. Usually this accuracy is at least ten times smaller
than the wrwrm of the single-molecule pattern. It depends on specific instrument and
measurement parameters, e.g. detector pixel size, read-out rate, quantum efficiency of
the detector, laser power, instrument shot noise or fluorescent background signal. All
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3. Single-Molecule Microscopy

these factors contribute to the signal-to-noise ratio (SNR) of the image. The SNR is

defined as follows:'3% 12!

Iy
[ +2 2
Jbg + O-I()

where /; designates the maximum signal intensity above background, o1, the variance

SNR = (3.4.5)

of the background intensity values and o7, the true variance of the maximum signal
intensity above the background. As stated above all these parameters depend on the
image acquisition parameters. Kubitscheck et al. deduce the following expression for

the localization accuracy:'?!130.131

-1
i (13w} /ot Jexpl—(a2 + y?) /202

o(r)=[353] >, > o + (1 (z1,4))

i=—Ng j=—N,

(3.4.6)

Here, I is the maximum intensity in the region of interest (size of (2/Nx + 1) x (2N, +
1)), z; and y; are the coordinates on the detector and oy the width of the Gaussian
(see Equation 3.4.3). o, and o*(I(x;,y)) are the variance of the background intensity
and local variance of the signal intensity at the position (z;,y;), respectively. With the

definition of the SNR in Equation 3.4.5, o(r) is approximately:!3!

o(r) ~ % (34.7)

where the parameter ¢ depends only on the size of a discrete interval on the sample
that corresponds to one pixel on the detector in relation to the width of the gaussian
function oyy. It has the dimension of a length. Equation 3.4.7 shows that the positioning
accuracy is approximately proportional to the SNR for a given setup. The size of the
discrete intervals on the sample that correspond to one pixel on the detector can be
adjusted correctly by changing the magnification factor in the detection pathway and
adapting it to the size of a pixel on the camera chip. In an EMCCD the signal intensity
can be well adjusted by the gain, i.e. the on-chip multiplication factor. Ideally the full
dynamic range of the detector, i.e. the full range between minimum and maximum
signal intensity that can be detected, is used, while saturation of the pixels is avoided.
Figure 3.6 exemplifies the problem of adjusting the size of a pixel correctly to the width
and amplitude of the gaussian curve in order to get the minimum o (r). The area under
the gaussian curve is proportional to the overall number of photons of the signal and
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3.4. Single-Molecule Tracking

remains unchanged in (a)-(c); only the number of pixels over which the signal is spread
varies. In (a) the magnification is too low, nearly all the signal intensity is collected
in one pixel. This pixel is over-saturated, whereas the neighbouring ones are very
little illuminated. Along one dimension (top images in the Figure) only three pixels
contribute to the signal, therefore the accuracy of the fit is low. The middle image, (b),
illustrates the ideal case, where the signal is spread over a sufficiently high number of
pixels while taking advantage of the full dynamic range of the detector. On the right
the magnification is too high, so that the signal spreads too much, thus the contrast
and the SNR is low.

Saturation
(a) limit of (b) (c)
the detector

L AN e

Figure 3.6: Influence of size of the pixels on the detector and the width of the gaussian
function o4y on the accuracy fit. Top: Signal along one direction and corresponding gaussian
tit. Bottom: Distribution of the signal on the pixels of the array detector. (a) Low optical mag-
nification in the detection pathway yields a too small signal width, where the centre pixel is
over-saturated. (b) Ideal case: The full dynamic range of the detector is used and a sufficiently
high number of pixels is covered to obtain a high fitting accuracy. (c) The signal spreads too
much, when the magnification is too high. The signal intensity is not much higher than the
background.

An additional aspect has to be taken into account, when the molecules are diffus-
ing during the integration time of the individual images. In this case the spots are
not perfectly gaussian-shaped but can be elongated in the direction of the diffusion.
These elongated patterns can also be used to determine the diffusion coefficient of
the molecules in each individual frame using the spot-size-analysis method.'*? In this
work, the exposure times for the individual frames are adapted such that the elonga-
tion of the spots is negligible.
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3. Single-Molecule Microscopy

The positioning accuracy is not to be confused with the resolution of a setup. The
latter designates the minimum distance of two particles that allows to determine the
position of each particle separately. This distance is roughly equal to the full width at
half maximum of the signal and is given by the Rayleigh criterion:

61N
ARayleigh = % with N.A.=n-sina (3.4.8)

N.A. is the numerical aperture of the objective, which is given by the index of refraction
of the medium in which the sample is incorporated and the maximum angle o from
which light can be collected by the objective. It follows that the higher the N.A. the
higher the light collection efficiency of the objective and also the shorter the minimum
distance of two objects that can be resolved. However, the measurements in this thesis
were performed at concentrations so low that the probability that two molecules come
close to each other is very low. If two molecules come closer than their mean step
length their trajectories cannot be unambiguously assigned afterwards.

3.4.3 Automated Single-Molecule Tracking

In order to investigate the diffusion behaviour of single molecules incorporated into
porous hosts, movies of up to 1000 images are collected with the setup described in
the previous section. From the collected movies the positions of the molecules in each
individual frame have to be determined. The fitting is done frame by frame for each
individual molecule with a dedicated program developed in-house. Initially the sig-
nal of an individual molecule is selected with the mouse in the first frame where the
molecule appears. The program fits one of the above stated gaussian functions to the
single-molecule signal within a given region of interest of the pixel image around the
cursor, taking the coordinates of the mouse-click as an initial guess for the fit. The size
of the region can be adjusted manually and must be adapted to the concentration of
molecules, their diffusion coefficients and the width of the signal; it is typically set to
values between 5px x 5px and 15px x 15px. As soon as the gaussian fit is done in
an individual frame the program writes all the parameters of the fit including their
respective errors into a new line of the output file and proceeds to the next frame. The
titted (z, y)-position of the previous frame is taken as an initial guess and the centre of
the fitting region for the new fit. Hence, for fast moving molecules the region of inter-
est has to be chosen larger than for slow moving ones. The number of iterations can
be given manually in the program. Ideally the tracking algorithm follows a molecule
during all frames of a movie or until the molecule photobleaches. A stop condition is
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3.4. Single-Molecule Tracking

implemented in the program, that interrupts the tracking as soon as a good fit cannot
be obtained.

If the molecules are blinking a lot or if the concentration is so high that the tracking rou-
tine might ‘jump over’ to a neighbouring molecule, the maximum number of frames
for automated tracking can be limited. This makes it possible to follow the process by
eye and correct for possibly occurring tracking errors immediately.

The output file contains 10 or 12 columns, which are frame and molecule number, (z,
y)-coordinates, Amplitude A, width w and the corresponding fitting errors, all in units
of pixels on the CCD chip. When a doughnut function is used to fit the image of the
molecules, two additional lines are added containing the doughnut radius r and its
error (cf. Equation 3.4.4). These output files are then read and analysed by a FOR-
TRAN90 program and visualized using gnuplot (by Thomas Williams, Colin Kelley),'??

as described in Chapter 4.

3.4.4 Experimental Positioning Accuracy

As discussed in the previous sections, the positioning accuracy depends on different
image acquisition parameters, e.g. the exposure time of one image, the excitation inten-
sity or the camera gain. These parameters have to be adapted for each measurement
to the specific experimental conditions.

The exposure time has to be adjusted to the diffusion coefficient of the dye within the
given system and also to the photostability of the dye. It can range from a few millisec-
onds to several seconds per image. The maximum temporal resolution of the setup is
limited by the detection speed of the CCD camera in frame transfer mode for a given
number of pixels and by the brightness of the molecules; the maximum observation
time is limited by drift of the microscope stage and bleaching of the molecules. If the
dye is diffusing slowly long exposure times can be used, and the power of the exci-
tation beam must be reduced to prevent photobleaching during the acquisition time
of the movie. At room temperature almost all molecules in aqueous solution pho-
tobleach after the emission of maximum 10° photons.!?*'** However, even without
photobleaching the signal count rate can not be increased infinitely by increasing the
laser intensity, due to saturation of the dye. If the product of the absorption cross-
section and the laser intensity divided by the photon energy hv becomes comparable
to the fluorescence rate, the molecule will be in the excited state a significant fraction
of the time. Thus, the rate of photons emitted cannot exceed the fluorescence rate (kg
in Figure 3.1). In addition, at the saturation limit the dye can be excited easier to higher
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3. Single-Molecule Microscopy

excited states, from where it can be easier photochemically degraded into non fluores-
cent forms (photobleaching). Therefore the laser intensity should be adapted to stay
well below the saturation limit.

{1 = x positions "e c,=4.8nm
e y positions c,=5.6 nm

Occurence

Position [nm]

Figure 3.7: Distribution of = and y positions as a measure for the accuracy fit. Data from an
immobilized AS-TDI molecule in a PMMA polymer matrix.

In order to determine the positioning accuracy experimentally, the positions of immo-
bilized molecules were determined. For this purpose thin films of AS-TDI in poly-
methyl methacrylat (PMMA) were spin-coated on clean cover-slips. PMMA forms a
solid polymer matrix in which the TDI molecules cannot move. The positioning accu-
racy was then determined from the variance of results of a time trace of one immobi-
lized molecule. Figure 3.7 shows the distribution of x and y values of a molecule that
was tracked in 200 frames. The movie was measured with 50 ms per frame and the
gain was set to 200 in the camera software of the Andor EMCCD. The distributions
were fitted with a gaussian function, resulting in o,= 4.8 nm and oy= 5.6nm. The av-
erage value of the standard deviation of the fitted = and y positions, calculated by the
tracking program, is 0,,= 5.8 nm, which is slightly higher than the standard deviation
of the gaussian distribution. The latter values for the standard deviations of the fit-
ted positions were used to draw the error bars in the trajectories. For higher exposure
times even better positioning accuracy could be achieved for bright molecules.
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4 Diffusion: Theory and Trajectory
Analysis

This chapter is devoted to the theory of diffusion. First, the microscopic model of a
random walk is described and deviations from random behaviour are discussed. In
the second part, it will be shown how this theory can be applied to data obtained from
wide-field microscopy and single-molecule tracking.

4.1 Microscopic Theory of Diffusion

The macroscopic phenomenon of diffusion processes is caused by the random motion
of microscopic particles (i.e. here dye molecules) relative to their surrounding matrix.
Here some useful relations describing the motion of single molecules are briefly re-
derived - first, in one and then in two and three dimensions. Most importantly, it is
shown how the diffusion coefficient D can be related to the mean-square displacement
(MSD) of single molecules.

The simple model developed by Einstein in 1905'%° and presented here works well in
many cases. Deviations can, e.g. arise from constrained geometries at not too long
times (normal diffusion only as long as r? is smaller than the characteristic scale of the

pore system), or convection.

4.1.1 Theory of a Random Walk

The motion of a molecule will consist of periods of undisturbed motion interrupted
by sudden changes of direction when it collides with another molecule. The collisions
will in general affect the speed of the molecule but its average speed remains constant
as long as the temperature is fixed.
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4. Diffusion: Theory and Trajectory Analysis

The model of the random walk idealizes this behaviour as follows: The time between
collisions is a constant 7. The direction of motion is completely randomized by a col-
lision, the molecule has no inkling of the past, and the molecule speed v remains con-
stant. Therefore the distance d between two collisions is also constant and given by
d = v,7; dis also called the step length. The complete time ¢ of a walk can be expressed
as the number of steps n since t is given by n = /7.

In one dimension the molecule has just one degree of freedom z, and can only move

forward or backward. After n steps the molecule has the position:'*

z(n)=xz(n—1)+d (4.1.1)

Steps forward (4d) have the same probability as steps backward (—d) and all individ-
ual steps are independent. Considering an ensemble of identical molecules starting
at =0 at ¢=0, their average = will be zero at all times: (z) = 0. With time, i.e. with
increasing number of steps, however, a spread of the ensemble occurs. This spread can
be described by the standard deviation ¢ of :

o =+/(2?) — (x)? (4.1.2)

Because (z) = 0 is known, only (%), the mean-square displacement (MSD), remains to
be determined. According to Equation 4.1.1, the square of the distance is:

r(n)* =x(n — 1> £ 2z(n — 1)d + d* (4.1.3)

The ensemble average after n steps thus gives for the MSD:

(@(n)?) = (2(n — 1)) + (£2x(n — 1)d) + (d*) =

e 1y L (4.1.4)

The term (+2x(n—1)d) is zero, as there is a equal probability for forward and backward
steps. From z(0) = 0 for all molecules, it follows that

(@(0)2) = 0, (x(1)?) = &2, ((2)?) = 242, .., (x(n)?) = nd® (4.1.5)
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4.1. Microscopic Theory of Diffusion

Thus the mean-square displacement (x(t)?) increases linearly with the number of steps
n, and therefore with time ¢.

) = Loz = Ty (4.1.6)

T T

The step length d and the time for one step 7 can be replaced by the diffusion coefficient
D, which is defined as:

d2
D=

Tor

(4.1.7)

The additional factor /2 is introduced to achieve consistency with the macroscopically
defined Fick’s second law, with ¢(z,t) the concentration at position x at time ¢ :

Oc(z,t) Dazc(x,t)

T = 5 (4.1.8)
Inserting Equation 4.1.7 into 4.1.6 gives:
(x(t)?) = 2Dt (4.1.9)
and
(x(t)?) = 2Dt (4.1.10)

The diffusion coefficient D characterises the motion of molecules of a given kind at a
given temperature within a given environment. It depends on the size of the molecules,
the composition of the surrounding matrix and the temperature.

In two and three dimensions Equation 4.1.9 takes the following forms:

2D:  r?=2%4+9®> = (r(t)®) = 4Dt (4.1.11)

3D: rr=a*+y?+2* = (r(t)*) =6Dt (4.1.12)

If only the two dimensional projection of a three dimensional diffusion is measured,
the two dimensional description is valid, because the motion along z is not taken into
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account.

4.1.2 Probability Distributions

The signed distance X that a molecule covers in a single step can be considered as a
random variable. From (z) = 0 it follows that the expectation value of X is p = 0.
Likewise, from (2?) = d* (Equation 4.1.5) the variance of X is given as 0? = d*. The
position S,, of a molecule starting at x = 0 after n steps is given by:

Sp= X1+ Xo+ ..+ X, (4.1.13)

Each step is described by a random variable X;, where all X; are independent and
have the same probability distribution. According to the central limit theorem, the
probability to find a molecule at a distance = from the origin after n steps, i.e. the

probability distribution of S,,, converges to a normal distribution N(x,,0,) for high

step numbers n with expectation value y,, = nu and variance o2 = no?:

M) (4.1.14)

n—oo o 1 X _
plan) = N 00) = Nl i) = —=exp (<508,

Since n = t/r, p = 0 and o = d, it follows:

1 z”
Pat) = —ommeeXp <_m> (4.1.15)

&/r=2p 1 ox ( x2)
Var Dt P 4Dt

From this it is clear that the probability to find the molecule is highest at the origin and
that the spread of the ensemble increases with increasing number of steps. This is also
true for the spread of positions of an ensemble of molecules provided ergodicity holds
good on the time scale of the measurement.”

Similar to the above treatment of a 1D random walk, we can consider a movement in
2D with r? = 2? + y* (x and y are independent variables) and again step length d. Since
x = dcos ¢ and y = dsin ¢ the MSD along x and y is:
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(4.1.16)

(4.1.17)

The standard deviation is thus o = 4/v2. It was shown above that for one step of

duration 7

<T(7‘)2> = 4TD2D = d2

Thus, the diffusion coefficient for 2D diffusion Dsp is here

Therefore the probability distribution is in two dimensions:

p(z,yt) = plzt) plyt) =

1 2 z? + y?
Vi ton !

reaint 1 ex ” (rt)
p— — f— r
17Dt P\ Tapy ) TPV

4.1.3 Cumulative Probability Distributions

(4.1.18)

(4.1.19)

(4.1.20)

Knowing the probability distribution of x and r, respectively, the cumulative proba-

bility distribution function for a given square step length R? can be calculated. This

cumulative distribution function gives the probability to obtain a value z* < R? or

r? < R?. Here, the one-dimensional case is considered first and then extended to two

dimensions.
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4. Diffusion: Theory and Trajectory Analysis

Diffusion in 1D

First, the probability distribution of 2% := u, i.e. z = +/u, with u € [0,00), after a time
t has to be derived.

q(u,t)du = [p(v/u,t) + p(—\/ﬂ,t)]j—idu (4.1.21)

With z = £V/u, §2 = 57~ and Equation 4.1.15, this gives:

q(u,t)du = (4.1.22)

1 U
———exp |—— ) du
VA4m Dtu P ( 4Dt )

The cumulative probability P(R?t) to obtain a value z? < R? at time ¢ is the integral of
the probability distribution of z* = u:

R2
1 u (4.1.23)
- exp (—— ) du = L
o/‘r”m“ p( 4Dt>

B R? '\ (z(t))=2Dt R?
—erf< 4Dt> = erf 0D

Diffusion in 2D

In the above Equation 4.1.20 it is understood that integration of the probability distri-
bution will be performed over the cartesian coordinates = and y. Therefore it can be

rewritten more precisely as:

2 2
p(zyt)dzdy = exp (—x +y ) dzdy (4.1.24)

1
A Dt 4Dt

Since the steps in a 2D random walk are evenly distributed in all directions it is conve-
nient to switch to spherical coordinates and to integrate then over all values of ¢. With
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4.1. Microscopic Theory of Diffusion

r? = z? + y* and dzdy — rdrd¢ the above equation reads:

p(r.¢.t)drdg = p(rt)rdrde

_ L - rdrdé
Dt \ Tipy
27

4.1.25
p(rt)dr = /d¢ Lexp (_i) dr — ( )
0

A7 Dt
1 r? d

= — X _——
oDt P\ "api )

Again, like for the 1D random walk, the probability of square displacements 72 after a

time ¢ is derived, with r = £\/uand §; = 57~ = 5

5 dr
alont)du = p(v/.1) 5w =

(4.1.26)
o <_L> du
4Dt P "D
Integration yields the cumulative probability distribution:
R2
P(R%t) = / q(u,t)du =
0
R2
~ ) P a1 (41.27)

[en (i) -

B R?\ (r(®)®)=4Dt R?
Sloee <‘ﬁ) - lree (‘ <r<t>2>>

P(R?t) is the probability that a molecule starting at the origin at ¢ = 0 will be found
within a circle of radius R at time ¢.

The presented diffusion theory can be extended to allow for different components of
diffusion in one single trajectory by using several diffusion coefficients:”® For example
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4. Diffusion: Theory and Trajectory Analysis

a slow and a fast component with diffusion coefficients D; and D, and thus MSD (r(¢)3)
and (r(t)3), in the fractions a and (1 — «). Then, Equation 4.1.27 becomes:

2

P(R2t) =1 — [a - exp (Wﬁ?ﬁ) +(1—a)- exp (—%)} (4.1.28)

and in a three-component model it would read:

2 2

4.1.4 Deviations from the Ideal Behaviour

Corralled Motion
<r(t)> = <r.>[1-A exp(-4A,Dt/<r.’>)]

o Diffusion with drift

= <r(t)> ~ 4Dt + (Vt)?

v r(t)> ~ 4Dt + (V1) formal

e diffusion
E <r(t)>=4D
+4]

&

,3 Anomalous
y-< diffusion

© <r(t)*> = 4Dt"
-

7

=

>

=

Time

Figure 4.1: Various modes of motion under different conditions. The mean-square displace-
ment (r?) as a function of time t for simultaneous diffusion and flow, pure diffusion, diffusion
in the presence of obstacles (anomalous diffusion), and confined motion” .

The above discussion was based on ideal behaviour of the molecules. In reality de-
viations from this are found, which can have various origins. Possible interactions
might be: hindered diffusion in restricted geometries or between barriers, adsorption
to receptors, active transport through flow or in biological systems. A major advan-
tage of single-molecule tracking is the ability to resolve modes of motion of individual
molecules, and one of its major achievements is the proof that molecular motion in a
lipid bilayer'®*® or within a porous host system®* is not limited to pure diffusion.
Several modes of motion have been observed: immobile, directed, confined, tethered,
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4.1. Microscopic Theory of Diffusion

normal diffusion, and anomalous diffusion.”® Each of these modes of motion is charac-
terised by a particular time evolution of the MSD (r(¢)?). Plotting experimental values
of (r(t)?) against time, as sketched in Figure 4.1, is a powerful tool of identifying which
of them dominates in a given sample. Equation 4.1.30 to 4.1.33 show the expected time

dependence of (r(t)?) for the most important modes of molecular motion:*

Normal diffusion :  (r(¢)?) = 4D (4.1.30)

Anomalous diffusion : (r(t)*) =4Dt*, 0 < a < 1 (4.1.31)

Diffusion and flow :  (r(t)?) = 4Dt + (Vt)2,V # 0 (4.1.32)

Corralled motion :  (r(t)?) ~ (rg) [1 — Ajexp ( 413022?15)] . (4.1.33)
Ay, Ay >0 c

Ideal behaviour yields a linear relation, the MSD is directly proportional to the time
(Equation 4.1.30). In the presence of obstacles the diffusion is hindered (Equation
4.1.31). The MSD is no longer proportional to ¢, but to ¢*. Since o < 1 this is, strictly
speaking, anomalous subdiffusion.!31%

When the molecule remains confined to a certain region, the MSD converges to a cer-
tain value for large ¢. This value is given by the mean-square confinement radius (r2).
In Equation 4.1.33 A; and A, are constants determined by the corral geometry.!4%141

In the case of directed transport (diffusion and flow, Equation 4.1.32) the drift motion
(rarifr) = V't is superimposed on the diffusive motion and the curve takes a concave
shape.

In small channels molecules may block each others” path such that their motion is no
longer uncorrelated. This phenomenon is called single-file diffusion. However, this is
not observed for the diffusion of single dye molecules in the present work, since the
dye concentration in the samples is kept so low that the dye molecules never come
close to each other for the reasons mentioned in Section 3.4.
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4. Diffusion: Theory and Trajectory Analysis
4.2 Track Analysis

The two main goals of single-molecule tracking are to identify and characterise sub-
populations of diffusing molecules and to extract spatial information about the host
from the trajectories of individual particles. The statistical method is presented here
that is used to investigate the differences in the diffusional behaviour of the individual
molecules taking into account the structure of the host material.

The raw data obtained from tracking a single molecule are a sequence of position snap
shots taken at regular time intervals. Together these form the single molecule’s 2D tra-
jectory. The visualization of this trajectory already allows a coarse by-eye classification
of the molecule’s diffusive behaviour — e.g. if the molecule is following a certain one-
dimensional structure or if the molecule diffuses in an unstructured manner within
the observation plane. However, investigation of the trajectories by eye might give
misleading results, as the human eye is trained to see patterns and it might discover
patterns from a purely random motion as well. In order to understand the details of the
diffusion process, quantitative statistical analyses of the trajectory are needed. Analy-
sis of the step lengths provides information about the diffusion coefficient and thus the
‘speed’ of the particle within the material. Investigation of the angles between succes-
sive steps can show deviations from random walk behaviour in one or two dimensions.
By comparing the data obtained from many individual trajectories, different classes of
diffusing molecules can be identified and the differences and similarities of the diffu-
sion in various porous environments can be visualized. A FORTRAN90 program was
written (with the help of R. Brown) to perform the quantitative track analysis, and the

t133

results are visualized in an automated fashion using a collection of gnuplot'* scripts.

4.2.1 Global Analysis

The most obvious visual analysis of a single-molecule trajectory is to plot all its points
in one overview graph and to connect the points within the individual trajectories by
straight lines. Such plots can be found in Figures 5.6 and 7.8,7.10, 7.20, 7.26. One has to
bear in mind that these straight lines do not represent the real pathway of the molecule
because motion between the position snap shots taken with the CCD camera will in
general not be linear. If the sampling rate of the positions is too low, the connecting
lines represent only secants of the real curve, which the molecule followed. This is
sketched in Figure 4.2a. While modern CCD cameras allow to collect videos with rates
up to 100 frames per second, the resolution of the trajectories is still limited. Since

the signal-to-noise ratio decreases with increasing framerates, the positioning error in-
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(a) (c)

Figure 4.2: Equilibrium of spatial and temporal resolution. (a) Too few datapoints. (b) Posi-
tioning error bigger than average step length. (c) Good equilibrium between positioning error
and step length.

creases. As soon as the positioning error exceeds the average step length in a trajectory,
increasing the framerate will not help to resolve the real pathway of the molecule better
(Figure 4.2b). Therefore for each system a good balance between the frame rate and the
obtained positioning accuracy has to be found experimentally for each sample system,
as shown in Figure 4.2c.

The overall plots of the trajectories can already provide useful information about the
nature of diffusion; for example if the molecules diffuse randomly or follow 1D struc-
tures in the porous system. Different populations of diffusing molecules can be differ-
entiated not only by the shape of the trajectories, but also by the area covered by the
molecules during one movie. Molecules with a higher diffusion coefficient D do longer
steps between frames. Note that, more precisely, the molecule undergoes numerous
collisions and changes of direction in one sampling interval between two frames. The
results of the random walk theory introduced above remain invariant, however, when
the molecule position is sampled at larger time intervals than the mean time between
collisions 7, which is less than 1 ps. Therefore, in the following a step denotes the dis-
placement of a molecule from one frame to another and the length of the connecting
line constitutes thus the step length. Investigation of the step length distribution gives
a detailed picture of the diffusion behaviour, as shown in the following paragraphs.

4.2.2 Step Length Analysis

In Section 4.1 it was shown, that a crucial parameter to describe the diffusion of in-
dividual particles on a microscopic scale is the mean-square displacement (r(¢)?) as a
function of time. This (r(¢)?) can be calculated in different ways from the step length
r and the square of the step length r*. Depending on the method, inhomogeneities of
the diffusion behaviour will be identified or averaged out. The different methods of
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calculating the mean-square displacement are discussed here.

Extracting step length data for different time lags

Single-molecule tracking yields a set of positions r(7') = [x(T),y(T")], i.e. the coordi-
nates of a particle at each time 7'. Particle positions are recorded as a time sequence,
therefore z,,(T') = z(n7) and y,,(T) = y(n7s),n =0, 1,2, .., N — 1 with N being the total
number of points in a trajectory and 7¢ the time interval between successive frames of
the movie. First of all the step lengths for a given time interval ¢ are calculated from
the fitted positions. For timelags ¢ that are multiples of the time between frames in
the movies, two different methods can be used.'*> On the one hand, overlapping time
intervals can be considered, i.e. every trajectory point is used as starting point for a
step. On the other hand, independent time intervals can be regarded, this means that
only every second, third, ... data point is taken into account. The latter method has the
disadvantage that the number of data points r; for a given timelag ¢ decreases rapidly.
The equation to calculate the i-th step length r from the data set for a given timelag ¢ is
thus:

ri(T) = |r(T; +t) — r(T3)]|
overlapping intervals: i = 0,1, .. ,(N — 1) —¢ (4.2.1)

independent intervals: i = n7,withn =0, 1, .., N/;

In Section 4.1 it was shown that the square of the step length r? increases linearly with
timelag ¢ and that it has more physical importance in the analysis of diffusion than
the step length r itself. Subsequently, there are different possibilities to analyse the

extracted step length data. The r? values for a given time interval ¢ can be either binned
122 2 143

into a histogram'~* or ranked according to their length, starting with the longest ;.

Histogram and ranking of step lengths

Binning its values in a histogram might be the most straightforward way to visualize
the distribution of 7?. Mathematically such a histogram can be fitted using the gaus-
sian distribution from Equation 4.1.15 or 4.1.20. The method has the disadvantage that
with the bin width a new, arbitrary parameter is introduced that affects the picture one
obtains from such a plot. Especially if a trajectory consists of few data points the infor-
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mation gained from this plot is limited. Another drawback of such histograms is that
multiple diffusion components cannot be readily identified. Nonetheless, comparing
the histograms of different individual molecules can help to separate fast molecules
from slow ones. The shape and width of the histograms can be used to classify the

molecules in one movie into several sub-populations.

Cumulative Probability 1 Inverse of the Cumulative Probability

—

1D Random Walk 1D Random Walk :
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Figure 4.3: Cumulative Probability distribution and inverse. (a) The cumulative probabil-
ity distribution P(R?,t) is described by an error function for a 1D random walk, and by the
inverse of an exponential distribution for random diffusion in 2D. (b) Plotting and fitting the
data is more straightforward for the inverse distribution, C(R?t) = 1 — P(R%t). For 2D the
inverse is a simple exponential decay.

Where 77 histograms attempt to obtain an experimental estimate of the probability dis-
tribution p(r,t) (Equation 4.1.20) the ranking method aims to extract the cumulative
probability distribution P(R?t) (Equations 4.1.23 and 4.1.27) from the data. Here, bin-
ning can be avoided by ordering the r7 values for a given time interval ¢ and assigning
then a rank R (i), starting at R=1 to the maximum r?. For a given i the rank R (i) is ex-
actly the number of observed values of r? that are greater than or equal to 77. Therefore
plotting R(9)/4 samples against r; for each i gives an experimental estimate of the inverse
cumulative distribution C'(R?t):

C(R*t) = Pispe(t) =1 — Pooge(t) = 1 — P(R%t) (4.2.2)

O(RQ’t) 4.1.23
1

2 R2 R?
—[a-erf W—f—ﬁ-erf W—f—(l—a—ﬁ)'el‘f 2(r3()2)

(4.2.3)

53



4. Diffusion: Theory and Trajectory Analysis

In 2D:

C(R2,t) 4.1:.27

—a-exp (—%) + - exp (—%) +(1—a—-p) exp (_%;2))
(4.2.4)

Figure 4.3a shows exemplary distributions P(R? t) for one component 1D and 2D ran-
dom diffusion. The inverse of the distributions, C'(R?,t), are depicted in Figure 4.3b. In
2D this is a simple exponential decay, which can be easily fitted. On a semi-logarithmic
scale it can be easily seen if one or multiple components are contributing to the diffu-
sion of an individual particle. This is illustrated in Figure 4.4, where the kink in the
distributions in (b) clearly indicates the presence of several components of diffusion.
In general, the experimental distributions C'(R?,t) might be fitted by a mono-, bi- or
triexponential function. As a criterion to decide if multicomponent diffusion describes
the data better than monomodal diffusion, x? has to be significantly improved by intro-
ducing each additional component. Here, a decrease of x? by a factor two'** was used
to justify the fit with an additional diffusion component. From these fits, mean-square
displacements (r(t)2,) are obtained for each component ; of the diffusion per individual
time lag ¢, e.g. one (r(¢)?) in Figure 4.4a and two (r(t)2,) in (b). The diffusion coefficients
of the individual molecules can then be calculated using a mean-square displacement
against time analysis as discussed in the following paragraph.

2D Random Walk: Semi-Logarithmic Scale

One component of diffusion Two components of diffusion
t=11 \ t=1t

\ Small D = 3
%01 - & 0.1
&) 5
0.01 0.01

squared step length r* squared step length 7

Figure 4.4: Semi-logarithmic plots of the cumulative distribution for different time inter-
vals. (a) Only one component of diffusion. (b) Two components of diffusion.
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Mean-square displacement analysis and calculation of diffusion coefficients

The diffusion coefficient(s) for an individual molecule can be calculated either from
the exponential decay fit parameters (r(¢)?) of C(R?t) or by averaging the individual
squared step lengths r?(t) for each given time interval ¢, with i,,,, = N:

(r?(t)) = == (4.2.5)

The first method is denoted as the ranking method and the latter as the averaging
method. The averaging method is the more straightforward and less time consum-
ing way, as the additional fitting step for C'(U.t) is replaced by a simple average, but
inhomogeneities of the diffusion within a single trajectory cannot be identified.

Independently of the way (r(¢)?) is obtained, its values are then plotted against the
time interval ¢. From these plots the diffusion coefficients D can be determined, as for
a random walk the slope of the (r(¢)?) = N'Dt, where N = 1, 2, 3 is the dimension of
diffusion. If different trajectories with various diffusion coefficients are shown in the
same plot, it is advisable to use a double logarithmic scale for the plot. In this case
different D values correspond to the distance of y-intercepts at x=1. As the 2D projec-
tion of 3D trajectories is observed, diffusion coefficients D are in most cases calculated
according to the Einstein-Smoluchowski equation in 2D (Equation 4.1.11) by straight
line through-zero fit. For the averaging method this yields one D value per trajectory,
for the ranking method one, two or three D values, depending on the multiplicity of
the exponential fit.

The ranking method allows to identify variations of the diffusion coefficient but these
cannot be assigned to certain parts of the trajectory. In order to interpret variations
of the diffusivity according to structural features, appropriate threshold values are
defined for short, intermediate and long steps. These step lengths are plotted in the
trajectory in different colours, to show if e.g. short or long steps accumulate at certain
regions within the trajectory.

Classification into different populations of molecules

In the same sample different populations of diffusing molecules can exist that differ in
the shape of the trajectories and/or the diffusion coefficients. The latter can be easily
distinguished in the log-log plots of (r(t)?)versus time, when distinct populations of
molecules show up as separated bundles of lines. An example of such a plot is given
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in Figure 4.5a.
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Figure 4.5: Classification into different populations through MSD against ¢ analysis or the
median of the step length. (a) Distinct bundles in the MSD plot reveal the presence of mul-
tiple populations of molecules with different diffusivities. (b) Ranking of the median step
length of the individual trajectories shows the bundling of molecules into different popu-
lations. From this plot, threshold values can be defined to sort the molecules automatically
into the different populations. These thresholds are also used to define what is a short, an

intermediate and a long step.

Here, three populations of diffusing species can be distinguished by the time evolu-

tion of their MSD. One way to sort the molecules into the different populations, would
thus be to calculate the diffusion coefficient for each individual trajectory and define
threshold values for the calculated coefficients. A more straightforward and in prac-
tice equally reliable method is to use the median value of the individual step lengths
in a trajectory. Unlike the mean value, the median is not affected by extraordinary
long steps due to tracking errors. To define the threshold values the median values for
all trajectories in one movie are sorted and plotted against the sorting rank, an exam-
ple obtained from the data in Figure 4.5a is shown in Figure 4.5b. Values belonging
to one population appear in such a plot on a nearly vertical line, the thresholds are
placed in the middle of the interval separating two such step segments values. These
thresholds define what is a short, an intermediate or a long jump and the trackanalysis
program produces a graph where the step length populations are plotted in different
colours (see above, Section 4.2.2). In this work, a maximum number of three different

populations of molecules proved sufficient for all samples studied.

Projection on the backbone of a structured trajectory

It is known that there are bundles of tubes in the meso-porous silicas, which are ar-
ranged in domains with different orientations of pores. Even within the same domain
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Figure 4.6: Projection of a curved trajectory onto its backbone. (a) Definition of the back-
bone. (b) Projection of each trajectory point to its closest point on the backbone. (c) Reduction
to 1D diffusion and successive step length analysis.

the pores in one bundle can be strongly curved. This means, that a molecule diffusing
in such a curved pore, would undergo one-dimensional diffusion, but along curved
structures. Therefore it makes sense to analyse elongated trajectories in terms of pro-
gression along a bundle, i.e to project the data points distributed in 2D along a curved
structure onto the backbone of the structure and analyse the diffusion along this 1D
backbone. A method was developed to project such curved trajectories onto their
backbone. The backbone is defined manually, by a set of points fairly regularly spaced
down the middle of the trajectory, see Figure 4.6. Backbone points are not necessarily
trajectory points, but represent what is considered to be closest to the tube axis. The
backbone projection is done by making a .gif image of the trajectory plot and using the
freeware g3data program (by J. Frantz), which converts pixel values in a .gif image to
(z,y) pairs. Then a FORTRAN90 routine searches for each trajectory point the closest
backbone point, i.e. each of the trajectory points is projected to the closest backbone
point. To reach a high accuracy the density of points on the backbone has to be higher
than the number of points in the trajectory. Diffusion is then analysed along this back-
bone using a 1D model. (r(¢)?) can again be calculated either by the averaging method
or by ranking the squared step lengths. Note that in the 1D case C'(R?,t) cannot be
titted with an exponential, but with the complementary error function. Naturally, this
method can only be applied to trajectories with a linear topology that are not branched.
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4.2.3 Angles between Successive Steps

An analysis of the angles between successive steps can provide additional information.
For this analysis, the angle a € (—180°, 180°] is calculated that every three successive
data points in a trajectory enclose (Figure 4.7). For example, two steps in the same di-
rection define an angle of 0° (forward), and two steps in opposite directions an angle of
+180° (backward). Note that the angles thus obtained do not contain any information
with respect to the overall orientation of the sample.

1 2

Figure 4.7: Definition of angle between successive steps. The angle «; that is included by
every three successive trajectory points is defined as the angle between successive steps.

The angles a; can be analysed in several ways. First of all they can be plotted into a
histogram. For a normal random walk in 2D this histogram should show a flat line
because all angles have equal probability (Figure 4.8). A particle diffusing randomly in
1D has equal probability to do successive steps in the same or in opposite directions,
therefore distinct peaks of equal height at £180° and 0° are expected. As all tracked
positions have a finite positioning error in 2D, no histogram of real data, even for a
perfect random walk within one linear pore, can have such a discrete distribution.
However, these histograms can give information if a molecule is undergoing mainly 1D
diffusion, i.e. excess of forward and backward steps, or moving randomly in 2D, i.e. flat
distribution of angles. The broken lines in the figure depict exemplary distributions.
In red a typical distribution for a molecule following a one-dimensional structure is
shown. The blue line sketches the data for a 2D random walk with slight excess of
torward diffusion, identifiable by the weak maximum around 0°.

Furthermore, more subtle deviations from random diffusion in one or two dimensions
can be discovered from the angular distributions. For example if the molecule has
a tendency to do several steps in the same direction rather than turning around, a
broad peak around 0° and minima of the distribution around +180° are observed. To
analyse such behaviour more accurately, the cumulative distribution of angles can be
plotted using the same ranking technique as described in Section 4.2.2. As the values
do not contain spatial information, only the modulus of the angles is considered in
these graphs. An example for such a graph is given in Figure 4.9a. An ideal 2D random
walk should result in the diagonal of the plot window (blue, solid line in the figure) and
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Figure 4.8: Histogram of angles between successive steps. Solid lines: Ideal 1D (red) and 2D
(blue) random walk. Broken lines: Example distributions of real tracking data. Red: Typical

distribution for a molecule following a one-dimensional structure. Blue: Random diffusion in
2D with a slight excess of steps forward.

for 1D diffusion values accumulate at 0° and 180° (red line). As said above, most of the
tracked trajectories in a structured material lie in between 1D and 2D behaviour, like
the dotted lines show in the figure. For any kind of random diffusion the number of
angles below and above 90° should be equal (solid lines, black dotted line). Deviations
from randomness are immediately visible from the graphs, when the curve at an angle
of 90° is below or above 0.5. It is not known what the exact distribution - somewhere
between 1D and 2D - should be. Nonetheless, independent of its precise shape, the
absence of memory implicit in the model of random diffusion requires that P(180° —
a) =1 — P(a). That can be checked by plotting both («, P(«)) and (180° — o, 1 — P(«))
The curves should be identical, but in practice deviations of the two curves are found.
It has to be tested, if the deviations are significant compared to just statistical noise.
This is done using a Kolmogorov-Smirnov test!® is applied to test if the deviation of
the two graphs is significant. This test searches the maximum distance between two
data sets, here the cumulative distribution of angles and its inverse, and calculates the
probability that this distance might originate from pure statistical spread of the data
points for a given level of significance.

An overview of the ratio of steps forward, backward and to the side for all molecules
in one movie can be plotted in a stacked column chart, like shown in Figure 4.9b.
Here, angles between 0° and 60° were considered as steps forward, between 60° and
120° as sideward and 120° to 180° as steps backward. The percentage of each of the
categories are plotted in one column per molecule in one movie. In order to obtain a
clearer picture and to better compare the data from different movies, the columns were
sorted by decreasing ratio of forward/backward steps. Note that molecules which

59



4. Diffusion: Theory and Trajectory Analysis
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Figure 4.9: Cumulative distribution of angles and stacked histogram of forward and back-
ward steps. (a) Examples for cumulative distributions of angles between successive steps

for one individual molecule. Solid lines: Ideal 1D (red) and 2D (dark blue) random walk.
Dotted lines: Example distributions of real tracking data. Black: Equal amount of forward
and backward steps. Pale blue: Excess of forward steps. Green: Inverse of the distribution.
For a random distribution of angles the original distribution and its inverse should overlap
perfectly. (b) Stacked column chart of forward, intermediate and backward steps for the indi-
vidual molecules tracked in one movie, sorted by decreasing forward /backward ratio (black
line).

are immobile within the positioning accuracy (green columns) exhibit a large excess
of ‘steps’ backward, due to a tracking artefact which is described above and in Ref.'®
The colour coding in this graph was done according to the classification of molecules
into different populations described above. Interestingly, the order of molecules in the
stacked histogram follows roughly the grouping into different populations.

Angular distribution for immobile molecules

The angular histogram for the tracked data of an immobile molecule shall be discussed
here in a bit more detail, as the outcome of such a plot is fairly puzzling at first sight.
Figure 4.10a depicts such a graph. The U-shaped distribution is striking, implying a
very large excess of ‘steps” backward (£180°) and hardly any "steps’ forward. Tracked
data from simulated immobile trajectories, i.e. molecules with D = 0 and a gaussion
noise added to the position according to the positioning accuracy of experimental data,
show similar distributions. Indeed, the U-shaped distribution of angles is an arte-
fact due to the gaussian-distributed positioning error. In the following calculation the
forward-backward asymmetry is derived for the 1D case. P(x) is the positioning-error
gaussian distribution centred at the true molecular position. If a value of x; is measured
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Figure 4.10: Histogram of angles for an immobile molecule. (a) Typical U-shaped histogram
for an immmobile molecule, with high excess of backward steps. (b) For the case of a gaussian
distribution of points around the true centre, the probability is much higher for the subse-
quent 'step’ to point in the direction of the centre (backward) than another step away from the
centre (forward).

at step 7, then

Pforward = P<xi—1 < xi)P(xi-q-l > -Ti) + P(xi—l > .Q?i)P(IEi_H < .171) (426)
Pbackward = P<xi—1 < xi)P(xi—&-l < xi) + P(l'i_l > IL‘i)P(l‘H_l > ZEi) (427)

Since the molecule is immobile the probability distribution is the same for all ¢:
Prorward = QP(.CL‘ < xl)P(x > xi) (428)
Pbackward = 2P(ZL‘ < xl)P(x > xi) (4:29)

Setting p := P(z < z;) leads to P(z > z;) =1 — p, and

Prorward = 2]9(1 - p) (4210)
Brackward = p2 + (1 - p)2, (4211)
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4. Diffusion: Theory and Trajectory Analysis

and the forward-backward asymmetry A is:

A= Prorward _ 2p(1 - p) (4.2.12)

B Pbackward p2 + (1 - p)2

A <1 & Badward > Piorwara holds regardless of the particular value of p, which can
be seen as follows:

Badward = Prorward (4.2.13)

< Boackward — Porwara = 0 (4.2.14)
Sp+1-2p+p"—2p+2p° > 0 (4.2.15)
Sdp*—4p—1 > 0 (4.2.16)

S 4p—1p)? > 0 (4.2.17)

An analogous consideration holds for the 2D case (Figure 4.10b).

Now that the materials, experimental method, theoretical method and data analysis
have been introduced, we are ready to discuss - in the following three chapters - the
experimental results obtained by tracking the diffusion of single dye molecules in sol-
gel glasses and mesoporous thin films.
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5 Diffusion of the Streptocyanine
Dye 9A1 in Porous Sol-Gel

Materials

In this chapter diffusion within different types of sol-gel glasses is characterised us-
ing single-molecule microscopy and pulsed-field gradient NMR. First, the macroscopic
analysis of the host matrices by adsorption measurements and ensemble fluorescence
spectra of the dye used for single-molecule tracking are presented. The main section
focusses on single-molecule data collected with wide-field microscopy from two differ-
ent sample series M3 and M22. Single-molecule techniques are especially well-suited
for such heterogeneous pore systems. Tracking of single molecules yields the complete
distribution of the diffusion coefficients, and, as will be shown here, single-molecule
tracking can even distinguish non-Brownian behaviour of individual dye molecules,
when the overall diffusion appears to be normal. In this way single molecules act as
probes for spatial heterogeneities. In order to obtain a significant statistic to derive the
ensemble behaviour, a high number of molecules has to be tracked. A complemen-
tary method, which provides information about the ensemble diffusion is pulsed-field
gradient NMR. Therefore, the last part of this chapter reports on PFG NMR of the self-
diffusion of ethylene glycol in different sol-gel systems, including those studied by
SMT.

This project was done in collaboration with different groups: The synthesis of the sol-
gel glasses was done by Virginie Latour, Christophe Cantau and Thierry Pigot at the
University of Pau (France), sorption measurements were conducted by Pierre Mocho,
University of Pau and Tina Reuther from the group of Prof. Bein at the LMU Munich.
The pulsed-field gradient NMR measurements were done in cooperation with Bérbel
Krause from the group of Prof. Kérger at the University of Leipzig.
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5. Diffusion of the Streptocyanine Dye 9A1 in Porous Sol-Gel Materials
5.1 Synthesis of the Sol-Gel Glasses

A major goal of this work was to elucidate the influence of pore size on molecular
diffusion in cast silica xerogels and on spatial heterogeneities in these systems. Two
types of xerogel were doped with a new streptocyanine dye: in one of the gels (M3)
the pores are about the same size as the dye molecule, in the other (M22) they are much
bigger. M3 and M22 were studied by SMT;, these, and a series of similar samples with
porosities in the same range were investigated by PFG NMR spectroscopy.

The porous sol-gel materials were synthesized as monoliths by the conventional method
of hydrolysis and condensation of tetramethyl orthosilicate (TMOS) in the presence
of methanol under neutral conditions (cf. Chapter 2.1'¢). Samples suitably clear
and crack-free for single-molecule detection were obtained. Porosity depends on the
TMOS/methanol/water molar ratio, which was 1/5/4 or 1/5/20 for the two gels in-
vestigated using single-molecule spectroscopy.” The resulting gels are called here M22
and M3, respectively, after their mean mesopore sizes in nanometres, determined by
the adsorption measurements described below. The initial ratio of water to TMOS (wa-
ter is also produced during condensation of the silicate) is stoichiometric for M22, but
corresponds to a large excess of water for M3. The solutions in methanol were added
to unbuffered water (reverse osmosis, 5 — 10S cm™!), and TMOS (Aldrich, 99%) was
added in one step. This solution was stirred magnetically for two minutes. Samples
of 1 mL of the sol were closed in polypropylene Eppendorf® microtubes. Gelation was
achieved in 10 days in an oven at 50 °C. The microtubes were then opened for drying
the gels at atmospheric pressure for 6 h at 60 °C and 60 h at 80 °C, after which the sam-
ples were kept in the closed tubes until use. Residual water and methanol are present
in the dried monoliths. The loss of weight on drying under primary vacuum for four
hours at 200 °C was about 15% of the dry weight, corresponding to the common mi-
cropore volume of the gels, see below in Section 5.2.

Table 5.1: Synthesis recipes for the different sol-gel glasses (molar ratios).

Gel M3 M4 M22 SG8 SG26 SG21

TMOS 1 1 1 1 1 1

APTES - - - - 0.03 0.06
Methanol 5 5 5 5 5 5

Water 20 8 4 4 4 4

In order to gain a broader overview of the ensemble diffusion phenomena in such
sol-gel glasses, a larger variety of samples was used for the NMR measurements. In
addition to M3 and M22 described above, another monolithic sol-gel glass, M4, with
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5.1. Synthesis of the Sol-Gel Glasses

a mean mesopore diameter of about 3 — 5nm was used. It was synthesized using
the same procedure as for M3 and M22 with a TMOS/methanol/water molar ratio
of 1/5/8. In order to obtain larger mesopore diameters and higher degrees of meso-
porsoity, samples were synthesized by co-condensation of TMOS and aminopropyl
triethoxy silane (APTES ) in two different ratios (3% APTES: SG26 and 6% APTES:
SG21). A summary of the different samples and their syntheses is provided in Ta-
ble 5.1. The synthesis of these sol-gel glasses has been published in reference.'*” The
purity of all materials was checked by fluorescence spectroscopy on an Edinburgh In-
struments FS920 spectrofluorimeter.

5.1.1 Sample Preparation for Single-Molecule Microscopy

A dilution series of the streptocyanine dye 9A1, synthesized by Corinne Payrastre and

Valérie Guieu (Univ. P. Sabatier, Toulouse, France),!4%14°

structure shown in Figure 5.1,
was prepared in methanol (SDS, spectrophotometric grade), at concentrations adjusted
to allow for shrinkage of the gels during drying (about 80 %). The final concentrations
in the monoliths were between 5 x 107"mol L™! to 5 x 10~"* mol L™!. A concentration

of about 1071 mol L~! appeared to be suited best for single-molecule tracking.

NEt, Cl *NEt, BF,

Figure 5.1: Chemical structure of the streptocyanine dye 9A1. 5-chloro-1,9-diethylamino-1,9-
di(4-methylphenyl)-4,6- [propane]-nona-1,3,5,7-tetraenylium tetrafluoroborate.

Millimetre-sized chips were cut from the doped monoliths using a clean scalpel (VWR).
Five to ten of these chips were deposited in a microcavity microscope slide with a few
drops of ethylene glycol for index matching, covered with a cover-slip and left to equi-
librate for at least half an hour before observation (Figure 5.2). From the loss of weight
under vacuum drying and from the uptake of ethylene glycol by the gels, it is known
that the mesopore system of both types of xerogels, M3 and M22, is completely filled
with ethylene glycol after 30 minutes. The sample was placed onto the microscope
stage of the wide-field setup. Movies of 500 or 1000 images were collected with a tem-
poral resolution between 50 ms and 200 ms.
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5. Diffusion of the Streptocyanine Dye 9A1 in Porous Sol-Gel Materials
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Figure 5.2: Sol-gel samples. (a) Sol-gel monolith in the shape of the Eppendorf® microtube in
which it was synthesized. (b) Microcavity microscope slide with chips of the sol-gel material.
(c) Cross-section sketch of the cavity filled with ethylene glycol and sealed with a cover-slip.

cover glags™ < Ethylene glycol

5.1.2 Sample Preparation for Pulsed-Field Gradient NMR

For the NMR measurements blank samples without dye were soaked with ethylene
glycol. The samples were prepared on a home-built vacuum line in the following way:
First the length of the monoliths was measured and if they were longer than 1 cm the
tip was cut off with a scalpel because the homogeneous field in the centre of the high
frequency (saddle HF) coil of the NMR spectrometer is no longer than 1 cm, thus longer
samples would give rise to an undefined additional curvature in the spin-echo decay.
The monolith was then placed into an NMR tube and gently evacuated to a final vac-
uum of about 107° mbar. The pressure was decreased slowly during 2h to prevent
the formation of cracks through water evaporating too quickly from small capillaries.
After that, the sample was flushed with dry Argon, and degassed ethylene glycol was
added via a syringe under Argon counter current. The sample was kept in the solvent
overnight, to favour a complete filling of all accessible pores with the solvent. Then the
monolith was taken out of the solution, carefully wiped with a lens cleaning tissue to
remove excess solvent and transferred into a dry and Argon flooded NMR tube. Min-
eral wool was used to fix the sample in the tube and the tube was sealed under low

- /\ vacuum sealed

NMR tube
6-7 cm
mineral wool
to fix the sample
1 sol-gel monolith
ch 1\ soaked with solvent

Figure 5.3: Sample for PFG NMR. The height of the sol-gel monolith must not exceed 1 cm, to
fit into the HF coil. Mineral wool is used to fix the sample inside the tube.
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5.2. Analysis of Host and Guest

vacuum using a gas burner. Figure 5.3 sketches the final NMR sample tube with the

sol-gel monolith inside.

5.2 Analysis of Host and Guest

5.2.1 Sorption Isotherms

Nitrogen adsorption and desorption isotherms of the gels, depicted in Figure 5.4, were
measured at 77K on an ASAP 2010 Micropore nitrogen adsorption apparatus by our
cooperation partners at the University of Pau. The isotherms of gel M3 are of Type I
(see Section 2.3).°° This shows that only a single monolayer of molecules is adsorbed
(Langmuir model). M22 gels have Type IV isotherms (BET model), and thus show
multi-layer adsorption (cf. Figure 2.7). The hysteresis between desorption and adsorp-

tion in M22 is characteristic of a mesoporous material.
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Figure 5.4: Sorption isotherms of the xerogels. Nitrogen adsorption (open symbols) and
desorption (filled symbols) isotherms at 77K, for the silica xerogels M3 (blue circles) and
M22 (red triangles). The gels have very similar microporosities, but M22 has a much larger

mesoporosity, see Table 5.2.

Both materials have micro- and mesopores. The isotherms of M3 and M22 are very
close in the range r/p, < 0.3, indicating a similarity of microporosities (7/p, < 0.01) ex-
tending well into the mesopore range. The micropore volume is in fact the same for
M3 and M22. Mesoporosity in gel M3 is limited (0.15cm?® g'), but is much larger
(0.9cm? g!') in M22. Table 5.2 summarizes the principal data deduced from the iso-
therms. Gel M22, with a wide spread of mesopore diameters (mean 22.4nm), was less
well described than M3 by the Barrett-Joyner-Halenda (BJH) model and the figures
given for its mesoporosity should be regarded as approximate.
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5. Diffusion of the Streptocyanine Dye 9A1 in Porous Sol-Gel Materials

The porosity data of the additional samples M4, SG8, SG26 and SG21 was measured
in the same way as for M3 and M22. The following table summarizes all porosity
information gathered from sorption isotherms of the different samples.

Table 5.2: Porosity Data for Silica Gels M3 and M22.

Gel M3 M22 M4 SG8 SG26 SG21
BET®® specific surface area (m?g ) 715 740 726 491 467
HK'™! slit micropore volume (cm3g™") 0.25 0.25 021 011 0.10
BJH”® mesopore volume (cm3g~!) 015 09 012 094 081
BJH mesopore surface area (m?g ') 200 160 62 142 151

HK median micropore diameter (nm) 0.8 0.8
BJH mean mesopore diameter (nm) 31 224 35 82 265 216

5.2.2 Spectra of the Fluorescent Dye 9A1

The fluorescence and excitation spectra of 9A1 in methanol, water and ethylene gly-
col and in the monoliths were recorded with an F5920 spectrofluorimeter (Edinburgh

instruments). The spectra in water and ethylene glycol are very close to those in
methanol shown in Figure 5.5.

Intensity [a.u.]

500 600 700 800
Wavelength [nm]

Figure 5.5: Spectra of the dye 9A1. Fluorescence (red) and excitation spectrum (blue) of 9A1
at concentration ca. 107" mol L™! in methanol and the emission spectrum in the M22 xerogel
at the same concentration (green dots, intensity scale 100 x magnified).

The fluorescence spectrum in the monoliths was substantially blue shifted compared
to those in methanol solution. It was also about two orders of magnitude weaker in

the monoliths than in solution. This effect was not found when similar monoliths
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5.3. Single-Molecule Measurements

were doped with other dyes and must therefore reflect a reduced average fluorescence.
However, single molecules could be observed with high counting rates in the single-
molecule setup, therefore it is likely that the fluorescence of a majority of molecules
is almost completely quenched in the xerogels whereas others are more or less undis-
turbed. One explanation for the weak fluorescence and the blue shift in the gel com-
pared to the solution is a reduction of conjugation due to deformation of the molecule
in the solid. It is possible that a majority of molecules are adsorbed in narrow pores,
tor which one would expect both stronger deformation and larger adsorption energies
than for a molecule inside a wide pore. Another possible explanation is that the pho-
tophysical properties of the positively charged dye are modified by some specific and
strong interaction with the pore surface, for example with surface hydroxyl groups.

5.3 Single-Molecule Measurements

For the single-molecule experiments the fluorescing dye molecules were excited with
a HeNe Laser at 633nm and movies of up to 1000 images were recorded to follow
their diffusion. All the single-molecule measurements in this chapter were performed
using the PentaMAX ICCD camera. Wide-field movies were collected from the samples
loaded with a concentration of about 107! mol L™! of 9A1 dye molecules. The results
obtained from the different samples will be discussed in detail in this section.

5.3.1 Single-Molecule Trajectories: Overview

In Figure 5.6 the single particle trajectories from movies in the two different sol-gel
glasses M22 and M3 are shown. All movies were collected with a temporal resolution
of 100ms. The focus was set to a position about 10 — 20 pm above the lower surface
of the millimetre sized chips, to insure that all observed molecules are inside the bulk
of the material. In order to check the homogeneity of the monoliths, about 10 movies
were made in different chips of each kind of sample and at different depths within a
chip. Bias of the operator is always a question when measuring and evaluating single-
molecule data. Therefore, no attempt was made to look for interesting regions of the
sample or to wait for an especially interesting molecule to appear. Any molecule com-
ing into the focus was tracked. The molecular positions in each frame were determined
from the fit of the two-dimensional gaussian function of Equation 3.4.1 to the fluores-
cence spots.

The left panel of Figure 5.6 depicts all 20 trajectories of molecules diffusing in the com-
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Figure 5.6: Overview over all Single-molecule trajectories in two different sol-gel glasses.
(a) 20 unstructured trajectories covering large areas are observed in M22, which has meso-
pores of 22 nm in average. (b) In the M3 material, with 3 nm average mesopore diameter,
most molecules remain immobile or confined, or diffuse slowly in small regions. The scale is
the same for both panels.

paratively wide-pored M22 material obtained from one individual movie composed
of 500 frames. Here no molecules could be observed over the complete duration of
the movie, because the material extends in three dimensions, i.e. molecules can diffuse
in and out of focus. Furthermore, the 9A1 dyes are less photostable than the TDI-
derivatives used for the measurements presented later. Interactions with the substrate
may alter the photophysical properties of the molecule when it is adsorbed on the pore
surface, which could be an additional reason for the shortness of the trajectories. The
trajectories are between four and 53 steps long, with an average track length of 18 steps.
All molecules are mobile and they cover areas of up to 5 pm while diffusing.

In contrast, on the right panel 37 trajectories of 9A1 in the comparatively narrow-pored
M3 material obtained from six different movies of 500 frames are shown. All trajecto-
ries from six different movies are plotted together, because only very few molecules
could be observed in a single movie due to the low mobility of the dye in the M3 ma-
terial. However, this low mobility permits the observation of molecules during the
complete duration of the movie. When comparing the two panels of the figure, which
are plotted in the same scale, it is apparent that the majority of molecules of 9A1 in
M22 move several micrometres during the movie, whereas a majority of those in M3
moves but within a very restricted area around their first sighting. Here, most of the
molecules are immobile or remain confined in regions smaller than 500 nm. Very few
molecules show slow diffusion or can even change between diffusion and confined
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5.3. Single-Molecule Measurements

state. These first observations already indicate that diffusion of 9A1 molecules is more
free in the larger pores of M22 than in the smaller pores of M3. The behaviour of the
individual molecules, denoted as molecules A-E, is discussed in more detail below.

5.3.2 Duration of the Tracks: Experiment and Simulation

The known geometry of the detection volume and the experimentally determined dif-
tusion coefficients found below are used to evaluate the distribution of track durations
in Monte Carlo simulations of Brownian motion. In these simulations, a molecule un-
dergoes Brownian motion in a slab centred on the focal volume, using the distribu-
tion of step lengths between frames calculated from the diffusion coefficient. Periodic
boundary conditions are applied to the motion at the slab boundaries. The distribution
of times spent in the detection volume can be built up from these simulations. In the
case of xerogel M22, diffusion alone, without photobleaching, suffices to explain the
observed distribution of track durations. Tracks last significantly longer in M3 (mean
12.3 s, standard deviation 13.6 s for trapped or immobile molecules). Single molecules
of 9A1 embedded in PMMA survive (4.4 + 0.7) x 10° optical cycles, to be compared
with (4 + 2) x 107 for oxazine-1, or (4 + 2) x 10° for Cy5 in the same matrix.

5.3.3 Mean-Square Displacement Analysis

To obtain a general picture of the overall diffusion behaviour the average mean-square
displacement (r(¢)?) is plotted against the time lag ¢ for the individual molecules in
each of the samples. The (r(t)?) values were calculated by averaging over the individ-
ual squared step lengths r(t)* for each time lag ¢, as described in Chapter 4. These plots
already reveal differences in the diffusivities in the two sol-gel glasses.

Mobile molecules in M22 and M3

The MSD for all 20 molecules that were tracked in the movie of the M22 material are
plotted against the time lag on a double logarithmic scale on the left of Figure 5.7. The
lines are all nearly parallel with a slope close to unity, which is typical for random dif-
fusion. Moreover, the spread of y axis intersects shows the inhomogeneity of diffusion
from one track to the other, i.e. the different molecules move all in a random manner,
but with different diffusion coefficients. The average diffusion coefficient that can be
calculated by fitting the lines to the Einstein-Smoluchowski equation for a 2D random
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Figure 5.7: Plot of averaged MSD against the time lag. (a) M22: The bundle of lines with a
slope close to unity is typical for random diffusion. (b) M3: A mixture of mobile molecules,
where (r(t)?) increases linearly with time, and confined molecules, where (r(t)?)remains at a
constant value. The scale is different for the two graphs, the diffusion coefficient of molecules
in M3 is about an order of magnitude lower than in M22.

walk (Equation 4.1.11) is Dype = (7.2 £ 0.1) x 107 pm? s 1.

On the right side of Figure 5.7 the MSD for all 42 molecules in the six M3 movies are
plotted against the time lag. Here, some of the molecules are mobile, i.e. their MSD
increases linearly with the time lag. However, the majority of molecules remain immo-
bile or confined, as becomes manifest in their flat (r(¢)?) curves. As will be discussed
in more detail below, most of the mobile molecules do not follow a pure random walk
in 2D but undergo mobile and immobile periods. Therefore, the diffusion coefficient
derived by averaging over different time lags is not very precise and probably still too
low to describe the true mobile fraction of the diffusion. The average value, that was
calculated from nine molecules that are mobile during all or most of their trajectory is
Dmsmobite) = (3.0 & 1.5) x 1072 pm? s™1. It is about one order of magnitude lower than
in M22. A detailed discussion of a molecule which is changing between mobile and
immobile states will be given below. For this molecule a more accurate analysis, which
allows to extract the different diffusion coefficients for one individual trajectory will be
presented.

In general, a number of factors may influence the diffusion coefficient of a molecule
in a material containing both micro- and mesopores. The first is whether the molecule
diffuses on average while solvated in the pore fluid ("free’ diffusion) or adsorbed on the
pore walls ("surface” diffusion). In the first case, factors likely to influence the apparent
diffusion coefficient as measured here include the rate of diffusion in the bulk of the
pore fluid and the ease with which the molecule aligns its long axis with the pore axis.
Both these factors depend on the viscosity, due to a preponderance of wall-fluid inter-
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5.3. Single-Molecule Measurements

actions, and diffusion is slower in narrower pores where viscosity increases. Surface
diffusion is also expected to be slower in the narrow pore gel because of the increase of
surface area to be explored in order to make a ’step’ of a given length. Another factor,
which might influence the diffusion of guests inside the porous host, is the tortuosity
of the channels. However, to measure the tortuosity, a detailed image of the local pore
structure would be needed. This can only be provided by TEM, but on very restricted
areas and with the need of invasive and time consuming sample preparation. It is
not possible at the moment to distinguish the contributions of the different processes
in the single-molecule tracking data, because the single-molecule tracks are too short
because of photobleaching or fast diffusion and the temporal and spatial resolutions
are too low. In the following, a method to test the statistical reliability of diffusion
coefficients which are derived from short tracks is presented.

Significance of distribution of diffusion coefficients

As mentioned above, single-molecule tracks are often too short to deduce reliable dif-
fusion coefficients by fitting a straight line to (r(¢)?) versus t. However, in this case the
distribution of jumps for just one step (timelag ¢t = 7¢) can be used to determine D.
Granted that the movement is pure diffusion, this choice is in fact optimal, being the
maximum likelihood estimator of D, see Montiel et al.'>?

The individual diffusion coefficients can be calculated by fitting the ranked distribution
of squared jumps for a timelag ¢ = 7¢ with the inverse of the cumulative probability
distribution C(R?,t) (cf. Equation 4.2.4). In order to test the reliability of this method,
values of the diffusion coefficient D for a sample of 42 molecules in M22 (two movies)
were calculated, by fitting C'(R?,t) to the experimental distributions of r(¢)? at lag ¢ =
7¢=0.1s. The mean of the 42 single-molecule diffusion coefficients is Dycan(m22) = (5.6 %
2.7) x 107  pm? s~

The bottom panel of Figure 5.8 shows the experimental distribution of D. The his-
togram is skewed, with a tail of apparently fast diffusing molecules and a larger num-
ber of values comparable to the mean value. But before concluding that the material is
heterogeneous, the significance of the variations in D has to be tested. The accuracy of
the measurement of D cannot be better than the spread of values caused by statistical
fluctuations when fitting the cumulative probability function to data sets for diffusion
with a known constant value of D. Monte Carlo simulations of Fickian diffusion were
done to prepare 500 synthetic data sets of 7 steps (the shortest of the 42 experimental
tracks is considered, being the worst case) with a constant value of the diffusion coeffi-
cient, the mean value found above, Dypeanmz2) = 5.6 x 107! pm? s™*. Then D was fitted
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Figure 5.8: Statistical tests for the significance of fluctuations in D: Monte-Carlo simu-
lations and Kolmogorov-Smirnov test. (a) Histograms of experimentally measured and
synthetically produced diffusion coefficients. Bottom: Distribution of the diffusion coef-
ficients D for 42 molecules of 9A1 in gel M22. Data from a fit of Equation 4.2.4 and appli-
cation of Equation 4.1.11 for a single step (t=0.1s). The mean for this set of molecules is

Diean = 5.6 x 107! um? s~!. Middle: Distribution calculated from mere statistical fluctuations
in synthetic data with a single value of D = Dpean, for 500 molecules with a track length of
seven steps (worst case in experimental data). Top: From synthetic data with the experimental
spread of track lengths. (b) Scatter diagram of all significantly different distributions of step
lengths (Kolmogorov-Smirnov test, 1% level) for pairs in a sample of 42 molecules in M22, re-
presented by their diffusion coefficients D; and D,. Small crosses: all pairs of D; spots: pairs
of D for molecules with significantly different step lengths.

via the cumulative probabilities for r (or r?, the result is the same) for lag 0.1s. The
middle panel of Figure 5.8a shows the histogram of the fitted values. This panel thus
illustrates the spread of fitted D values that could result just from statistical fluctua-
tions in short tracks. The same was done for a mixture of 500 track lengths in the same
proportions as the experimental data. Even in the latter case, the half-width at half-
maximum of the distribution is about ADgwiy = 1.5 x 107 um? s7%, or 30% error. The
error can be as high as 100% for short tracks. Nonetheless, when the experimental his-
togram is compared with the synthetic one with the same distribution of track lengths,
it was found that the distributions differ at the 5% level of the Kolmogorov-Smirnov

t,145

tes adding to the confidence that the tail of fast molecules is a real effect.

Finally, the cumulative distributions of step lengths of all pairs of molecules were cross-
checked. The Kolmogorov-Smirnov test showed numerous significant differences at
the 1% level, for pairs of molecules with diffusion coefficients on opposite sides of the
distribution of D (see Figure 5.8b). This confirms the initial impression of heterogene-
ity and a 5-fold range of the diffusion coefficient. Note that although molecules are
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represented by their D values in Figure 5.8a, the test bears on the raw step data. This is
perhaps more satisfactory than comparing D’s from a fit of (r(¢)?) versus ¢ for short tra-
jectories, where values and errors are to some extent dependent on the fitting criterion,
such as the maximum or mean absolute deviation or the total squared deviation. We
note in passing that the mean value of D in Figure 5.8a, Dyean(mz22) = 5.6 x 107 pm? s,
differs from the value of Dy, = (7.2 £0.1) x 107! um? s™! found above from all steps
of all diffusing molecules, both because those used above are a subset (from only one
movie) of the data used here and because they are not used the same way.

Using the same analysis, the diffusion coefficient of the free fraction of molecules in
M3 can be estimated by excluding the trapping episodes from the cumulative proba-
bility distributions of r? of individual molecules, as above. We find a mean value of

I or about 5 times smaller than in M22 albeit with a much

Dinean(mz) = 1.2x107 ' um? s~
smaller sample. Although the sample is small, we note that as in M22 there is a wide
spread of the values of D, the standard deviation being 7.1 x 10~?um?s~! and there are
significant differences (1% level of the Kolmogorov-Smirnov test) between the smallest

and largest values (Dyinovs) = 3.8 X 1072 pm?® s and Dyjaxms) = 2.3 X 107 pm? s71).

Confined and immobile molecules in M3

After the discussion of the mobile molecules in M22 and M3 the large majority of
molecules in the M3 monoliths which remain confined in small areas of the sample will
be regarded in more detail. The question is if these molecules are really immobilized,
for example by adsorption to the silica walls, or if they are trapped in small voids
of the pore system. Three exemplary trajectories, highlighted in circles in Figure 5.6
(Molecules C-E), are magnified in Figure 5.9. Because of the high density of trajectory
points they have been left unconnected in this picture.

The track points of molecule C depicted on the left side scatter much less than those of
molecule E on the right side (spread over @ 150 — 200nm). The diameter of the area
covered by the molecule C on the left is @ < 50 nm, which is in the same range as our
positioning accuracy in these movies. Therefore it can be concluded that this molecule
is immobile within the accuracy of the measurements. However, molecules D and E
on the right panel of the figure, move in areas which are bigger than the positioning
accuracy. Molecule D is moving, but remains confined in a small region of the sample
with a diameter of about 100 nm. An even larger area is covered by molecule E, which
spreads over an area of about 150 — 200nm. The confinement region appears to be a
bit elongated towards the lower right corner of the trajectory plot.
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Figure 5.9: Immobile and confined molecules in M3. (a) Molecule C: Immobile to within

the positioning accuracy (< 50 nm). (b) Molecule D: confined in a region a bit smaller than
100nm. (c) Molecule E: Confined in a region of about 150 — 200 nm in diameter. The position-
ing error for the individual track points is shown by the grey boxes.

A precise measure of the dimensions of the confinement is provided in the plot of the
mean-square displacement against the time in Figure 5.7b. The average diameter of
the confinement can be directly calculated, as it is the square root of the y-axis inter-
sects of the lines, according to Equation 4.1.33. Due to the limited temporal resolution,
the ascending component of the curve (cf. Figure 4.1) is not visible in the plots here.
In the Figure the horizontal thick light blue lines correspond to the three molecules
discussed here. For molecules C-E the size of the root mean square confinement is cal-
culated to be 26 nm, 68 nm and 126 nm in diameter, respectively, in accordance with the
values extracted from the raw trajectories (Figure 5.9). From the MSD plots no spatial
information about the shape of the confinement region can be obtained.

5.3.4 Mobile Molecules in M22 and M3: Individual Trajectories

As we have seen in the preceding sections the diffusion behaviour of the individual
dye molecules depends strongly on the porosity of the silica host. Figure 5.10a and
(d) show two examples of individual trajectories in the two phases. Whereas the track
in M22 looks very much like Brownian motion, the molecule in M3 appears to switch
between mobile and immobile states. These direct observations can be underlined by
the statistical analysis of the step lengths and diffusion coefficients calculated there-
from. As described in Chapter 4 the ranked squared step lengths are plotted and fitted
to mono- or bi-exponential decay functions for different time lags (Equation 4.2.2).
For the trajectory of molecule A in M22 a mono-exponential decay describes the data
well. This is directly visible from the straight line in the semi-logarithmic plot in (b).
The plot of the (r(¢)?) values obtained from these fits for different time lags (Figure
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5.10c) can be fitted with a straight line to the Equation 4.1.11. A diffusion coefficient of
D = 1.0pm? s™! is calculated. Nearly the same (r(¢)?) values are obtained by simple
averaging over the 7(¢)? values for each given time lag, shown as open symbols in the
tigure with a dotted line for the fit.

By contrast, molecule B exhibits a more heterogeneous diffusion. Investigation by eye
already gives the impression that the molecule changes between a mobile state in the
beginning and at the end and an immobile period in the middle of the trajectory. In-
deed, the semi-logarithmic ranked plots of r(¢)? for the molecule B in M3 exhibit a
distinct kink similar to the theoretical plots in Figure 4.4b. These data are fitted best
with a bi-exponential for C'(R?%t), with a decrease of x* by an order of magnitude in
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Figure 5.10: Analysis of individual trajectories in M22 and M3. (a) Random Diffusion in
M22 material. (b) Ranked squared step lengths for three exemplary time lags and mono-
exponential fit to the data. (c) The plot of (r()?) from the ranked data against time lag and
1.0um? s~L. The (r(t)?) values from the averag-
ing MSD method are plotted as open symbols for comparison. (d) Mobile-Immobile-Mobile
changes are observed within the same track in M3. (e) The ranked squared step lengths and
corresponding bi-exponential fits show clearly the presence of mobile and stationery parts
within this track. (f) The MSD plot and corresponding fit resultin D; = 3.7 x 107 ?2pum?s~!
for the mobile part of the track. The lower (r(¢)?) vary around 2400 nm?, which is below the

linear fit gives a diffusion coefficient of D

positioning accuracy of the tracking.
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comparison to the mono-exponential fit. Thus, two characteristic (r(¢)?) values for
each time lag are obtained. This shows that here at least two different classes of step
lengths are present. The (r(t)?) values are plotted against the time lag in Figure 5.10f
and again fitted according to the Einstein-Smoluchowski equation for two-dimensional
diffusion. The diffusion coefficient that is calculated by fitting the set of larger (r(¢)?)
values from the bi-exponential fit is D; = 3.7 x 1072 um? s™!, which is about two or-
ders of magnitude smaller than D of the molecule A in M22. The smaller (r(¢)?) values
are distributed around 2400 nm?, which is below the square of the positioning error of
about 50nm (2500 nm?) for this molecule. Therefore the molecule is considered to be
immobile to within our positioning accuracy during the ‘stop” period, similar to the
confined molecule C, which was discussed above. In contrast, the averaging method
results here only in one intermediate line, corresponding to neither of the two diffusiv-
ities determined from the ranked data and can thus not be used to determine a reliable
value for the diffusion coefficient of this molecule. In such a clear cut case it is actually
possible to distinguish by eye where the molecule is moving and where it is immobile,
so that the trajectory can be cut manually into the different intervals and the diffusion
can be analysed separately, and then the averaging method yields similar values as
those obtained by the ranking method. However, not all cases are as clear-cut, and
the ranking method can identify variations in the diffusion behaviour, even when the
different diffusivities are not directly distinguishable by eye. Such an example will be
discussed in Chapter 7 for diffusion in Brij-templated mesoporous thin films.

5.3.5 Distribution of Angles
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Figure 5.11: Histogram of angles between successive steps in M22 and M3. (a) In M22 the
angles are distributed randomly around the mean value, which is drawn as a grey line. (b)
The molecules in M3 show a high excess of steps backward and hardly any steps forward.
This is a typical tracking artefact for immobile molecules, as discussed in Chapter 4, Figure
4.10.
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Finally, the distribution of angles between successive steps is analysed for M22 and
M3 in Figure 5.11. These distributions, like all the analyses that were discussed before,
disclose differences of the diffusion in both materials. The distribution of angles in M22
is comparatively flat and random around the mean value, which agrees well with the
above findings of random motion in M22. For M3, however, a U-shaped distribution
is found, corresponding to a high excess of steps backward and a minimum of steps
forward. Such a histogram is typical for immobile molecules and it originates from
a tracking artefact, as explained in Chapter 4. This reflects the above observation of
mostly immobile and confined molecules in M3.

5.4 Pulsed-Field Gradient NMR in Sol-Gel Monoliths

In order to obtain a better understanding of the single-molecule diffusion data in the
two different sol-gel glasses, the self-diffusion of the pure solvent in the two materials
was investigated using PFG NMR (see Section 2.3.5). This method is well suited to
investigate the ensemble diffusion behaviour of small species containing several 'H
nuclei, such as the ethylene glycol molecules of the solvent or the dye molecules. Ad-
ditional data could be gathered from samples that were similar to M3 and M22, namely
M4, SG8, SG26 and SG21. The synthesis recipes and porosity information of all these
samples are provided in the first part of this section, Tables 5.1 and 5.2. However, the
M3, M4 and M22 samples were measured about six months after the synthesis and
thus after the single-molecule experiments. At that time no sorption isotherms were
made. It is known that such xerogels are prone to ageing by further, slow polymeri-
sation induced by residual water. Thus it might be possible that the pore diameter
and pore volume did already decrease in comparison to the values directly after the
synthesis. Here, it will be noted for each sample about how long after synthesis it was
measured using PFG NMR. Unfortunately no appraisal can be made, in which time the
shrinkage of the pore took place during ageing, which makes a reliable interpretation
impossible.

All the measurements presented here were performed at 125 MHz or 400 MHz. It has
been checked that the measurement frequency does not influence the determined pa-
rameters, like the diffusion coefficient. Unless otherwise stated, the samples were mea-
sured at room temperature (25°C £0.1°C), set by a temperature controller for the sam-
ple chamber. For the measurements the following relaxation times were found: The
longitudinal relaxation 7; was determined by inversion recovery to be in the range of
3 — 5s, implicating long repetition times for the measurements; the transversal relax-
ation time 75 in the range of 2 — 5 ms, measured by CPMG (Carr-Purcell-Meiboom-Gill
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sequence'® ). These conditions were well suited for the PFG NMR experiments,
even though the long 7} relaxation time required relatively long repetition times. The
latter have to be set to 5 x T} and meant thus quite protracted measurements. Either
a spin-echo or 13-interval pulse repetition was used. These two pulse sequences give
the same results, as long as there are no internal gradients present in the system. The
T, relaxation time remained constant for measurements of 75 using the CPMG impulse
sequence and variation of the distance ¢ between the m-pulses, meaning that no internal
gradients were present in the samples.

5.4.1 Measurements of Ethylene Glycol Self-Diffusion in M22,
M3 and M4

Samples of about 6 months aged M22, M3, and M4 were measured at observation
periods ranging from 5ms to 400ms or 800 ms. The resulting spin-echo decays and
coefficients of self-diffusion are plotted in Figure 5.12. The self-diffusion coefficients
D determined for each of the measurements and the according mean molecular dis-
placements r that were calculated from D according the the Einstein-Smoluchowski
equation for 3D diffusion (Equation 4.1.12), are summarized in Table 5.3.

All the spin-echo decay curves are nearly exponential and hardly any differences are
visible for different observation times. The character of the confinement remains con-
stant when varying the observation time between 5ms and 400 ms for M22 and M3 or
800 ms for M4, corresponding to mean molecular displacements of 0.4 pm and 3.5 pm
for M22, 0.6 uym and 4.9um for M3 and 0.7pum 7.9 um for M4. This means that for
example no additional obstacles in the range between 0.4 pm and 5.0 pm are observed

Table 5.3: Coefficients of self-diffusion of ethylene glycol in silica gels M22, M3 and M4.
These PFG NMR measurements were done about 6 months after synthesis of the xerogels.

M22 M3 M4

A D r D T D r
ms]  [P°/s] [pam]  [/s] [pm] /5] [pm]
5 6.0 0.42 11 0.57 15 0.67
20 5.0 0.77 10 1.10 14 1.30
100 5.0 1.73 10 2.45 13 2.79
200 5.0 2.45 10 3.46 13 3.95
400 5.0 3.46 10 490 13 5.59
800 13 79
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Figure 5.12: PFG NMR of sol-gel monoliths of M3, M4 and M22. (a) The spin-echo decay was
measured for observation times of 5ms to 400 ms or 800 ms. It is nearly exponential for M22
and M3 and the gradient is smaller for M3. (b) The coefficients of self-diffusion D for the three
sol-gel glasses as a function of the displacement r, which is proportional to the square of the
observation time (cf. Table 5.3). Interestingly, D is smaller for M22 than for M3 and M4, which
might be explained by a different pore tortuosity rather than by the mesopore diameter. These
PFG NMR measurements were done about 6 months after synthesis of the xerogels.
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in the case of M22. In addition, the system is quasi-homogenous, which means that
when averaged over a micrometre scale no differences in the diffusion coefficients are
observed. This is visible from the mono-exponential decay curves.

Interestingly, the diffusion coefficient in M22 is smaller than in M3 and M4. However,
as it will be shown below, after about three years of ageing the mean mesopore diame-
ter were about the same (ca. 3.5nm) for M3 and M22. Therefore, most probably, after 6
months of ageing the difference in mesoporosity of the two materials might have been
decreased already. This might be another reason for the unexpected order of the diffu-
sivities in the two materials. Unfortunately no porosity data were collected at the time
of these PFG NMR measurements. Another explanation of the smaller diffusion coef-
ficient in M22 than in M3 and M4 might be the following: Ethylene glycol is small in
comparison to the pore diameter of both kinds of materials and does not experience the
differences in the mean mesopore diameter. The mean micropore diameter was iden-
tical for the two sol-gel glasses. Therefore the deviations in the diffusion coefficients
might be explained by a different tortuosity of the channel systems.

For comparison the coefficient of self-diffusion of pure ethylene glycol was measured
as well. It amounts to Dsp ethylene glycol = 1.3 X 10° pm? s™! at room temperature (see
Table 5.6), thus about one to two orders of magnitude higher than in the porous system.
This shows that the porous systems hinders the free diffusion of the ethylene glycol
molecules.

5.4.2 Temperature Dependence of the Diffusion in M4

Table 5.4: Coefficients of self-diffusion of ethylene glycol in M4 at different temperatures
(measured about 6 months after synthesis).

M4 -40°C -30°C -20°C 0°C 25°C 60°C

A D T D r D r D r D T D T
(ms]  [p0?/s] [pm]  [p0?/s] [pm]  [pr/s] [um]  [p/s] [um] o [e?/s] [am]  [p?/s] fam]
4 046 0.11 09 015 14 0.18 43 032 16 0.62

5 036 010 0.7 014 12 019 42 035 14 0.65 62 1.36
10 02 011 055 0.18 1.2 027 41 050 14 092 60 1.90
20 016 014 053 025 11 036 38 0.68 14 1.30 59 2.66
40 016 020 048 034 10 049 37 094 135 180 58 3.73
80 014 026 043 045 10 069 36 131 13 250 57 5.23

160 098 097 35 1.83 56 7.33
320 54  10.18
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In addition to the measurements at room temperature, the diffusion of ethylene gly-
col in M4 monoliths was investigated at various temperatures. The results for the
measurements at -40°C, -30°C, -20°C, 0°C, 25°C and 60°C under variation of the obser-
vation time are presented in Figure 5.13. The determined values for the self-diffusion
coefficients D of the solvent and the respective mean displacements r for the different
temperatures and observation intervals are summarized in Table 5.4.

M4: Diffusion coefficients, Variation of the temperature

100
Ak & & & 4 &
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Figure 5.13: Temperature dependent PFG NMR of M4 sol-gel monoliths. The coefficient of
self-diffusion of ethylene glycol in M4 increases with increasing temperature. The observation
times were adapted to the respective D values for the different temperatures. In the region
between 1 um and 10 pm no changes of D are visible, the system is quasi-homogeneous. Note
that these measurements were done 6 months after the synthesis of the monoliths.

An immediate observation is that the diffusion coefficient increases with rising tem-
perature, reflecting the increasing molecular mobility. Moreover, differences in the dif-
fusion average out at displacements of more than 1 pm and the D values remain fairly
constant. In this region the system is quasi-homogeneous. At low temperatures also
very short displacements could be observed. Here, deviations of the diffusion coeffi-
cients are visible, indicating transport barriers that only take effect at displacements
of more than 500 nm. Simultaneously, one has to keep in mind that with decreasing
temperature also the thermal energy of the diffusing molecules is reduced so that their
ability to pass internal resistances is progressively decreasing. Exactly this behaviour
has been observed in PFG NMR diffusion studies of methane and n-butane in MFI-
type zeolites.!> 1% These observations agree well with the single-molecule trajectories
inside M3, which is quite similar to M4. The individual dye molecules explored traps
or confined regions of up to a few hundred nanometres in size, and at higher distances
the diffusion appeared to be random. It has to be noted that the diffusion coefficients of
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9A1 dissolved in ethylene glycol, obtained by SMT, are about two orders of magnitude
smaller than that of pure ethylene glycol. This can be explained by the size of the dye
molecules which is close to the mesopore diameter of these samples.

In addition, the activation energy for the change of the diffusion coefficient D with the
temperature 7' can be calculated according to the Arrhenius equation:

D= Dy-exp <— §T> (5.4.1)

When taking the natural logarithm, this becomes:

In(D) = In(Dy) — % (%) (5.42)

Here, D is the diffusion coefficient at the given temperature 7', D, is the maximum
diffusion coefficient (at infinite temperature), £, the activation energy for diffusion (in
dimensions of [energy - (amount of substance)']) and R is the gas constant in dimen-
sions of [energy - temperature ! -(amount of substance)!]. Equation 5.4.2 shows that
a plot of In(D) against the inverse of the temperature !/7 yields the activation energy

divided by the gas constant R.

S 5 4 ms+
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Figure 5.14: Arrhenius plot of temperature dependent PFG NMR of M4 sol-gel monoliths.
The natural logarithm of the diffusion coefficient, taken as the rate constant of the diffusion
process, is plotted against the inverse temperature for the different observation times between
A =4ms and A = 80 ms and fitted according to Equation 5.4.2.

In Figure 5.14 the natural logarithm of the diffusion coefficient is plotted against the
inverse temperature for the different observation times between A = 4ms and A =
80 ms, including the linear fits to the different data sets. The values for 160 ms and
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320 ms are not included, as only three or one data points have been measured, respec-
tively.

The different activation energies in units of Kelvin are summarized in Table 5.5. For
comparison, the enthalpy of vaporisation of ethylene glycol, AH,,, = 61.95//mol is
added (in units of Kelvin), which can be found in the literature.!™ ! For a bulk lig-
uid the activation energy of the diffusion should be order of magnitude the same as
the enthalpy of vaporisation, since it requires an energy about the binding energy per
molecule to make two molecules exchange their positions allowing diffusion to take
place. This is indeed the case.

Table 5.5: Acitivation energies derived from the linear fits in the Arrhenius plot (Figure
5.14). The literature value was calculated from the enthalpy of vaporisation of ethylene glycol
AHyap = 61.95//mol found in the NIST webbook. 157,158

A [ms] 4 5 10 20 40 80 Literature
E,[10°K] 3.8 39 45 4.7 47 438 7.4

5.4.3 Ethylene glycol self-diffusion in SG8, SG26 and SG21

An additional batch of samples, namely SG8, SG26 and SG21, was investigated to
obtain a broader overview of the self-diffusion of ethylene glycol within such porous
matrices. In this case the measurements were done within the first two months after
the synthesis of the xerogels. Like described in the synthesis section, the synthesis
recipe of SG8 is similar to M22. However, in this case the mean mesopore diameter is
about 8nm and is smaller than in M22. Furthermore, two different ormosils were syn-
thesized by co-condensation of TMOS and APTES. This yielded a much higher meso-
porosity of the materials, and the mean mesopore diameters are 21.5 nm for SG21 and
26.5nm for SG26. The complete porosity information that was obtained by sorption
measurements is summarized above in Table 5.2. Figure 5.15 and Table 5.6 summarize
the diffusion coefficients of theses three sol-gel glasses, together with the values ob-
tained from M3 and M22 measured at the same time again, which was after more than
three years of ageing after the synthesis. The latter results will be discussed in the next

section.

In this case, the increase in the mesopore diameter coincides with an increasing coef-
ficient of self-diffusion of SG8 compared with SG26 and SG21, contrary to the results
from 6 months aged M3 and M22. However, hardly any difference in D is visible
between SG21 and SG26, even though the mesopore diameter differs by 5nm. It is
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Table 5.6: Self-diffusion coefficients of ethylene glycol in various sol-gel glasses and so-
lution. The subscripts indicate how much time after the synthesis of the materials the PFG-
NMR measurements were done (mo=months, y=years).

M4  SG8me SG261me SG2Lrm,  M3s, M22;, EG

A D r D r D r D r D r D r

[ms]  [m%/s] [pm]  [m*/s] fam]  [pfs] [um]  [pe/s] [um]  [pm?/s) [um] o [pe?/s] [pm]
5 3.7 033 46 1.17 42 1.12 35 032 3 03 130 1.97
10 32 044 45 1.64 41 157 33 044 - - - -

20 29 059 44 23 40 219 32 062 25 055 130 3.95
100 2.7 127 43 5.08 40 49 3 1.34 22 1.15 130 8.83
200 2.7 1.8 42 71 39 684 29 187 21 1.59 130 12.49
400 - - - - - - 29 264 22 23 130 17.66

therefore concluded that at least two different factors can influence the diffusion of the
ethylene glycol molecules: the tortuosity of the channels and the pore diameter. The
fact that for the SG-samples, measured relatively soon after synthesis, the bigger pore
diameter yields also a higher diffusion coefficient, might be taken as indication that the
mesopore diameters of M3 and M22 were already subjected to the ageing process at
the time of the PFG NMR measurements.

5.4.4 Ageing of the Samples M3 and M22

First of all, in order to compare the PFG NMR measurements after more than three
years of ageing to those presented above (measured 6 months after the synthesis), new
sorption isotherms were acquired. These measurements were performed on Quan-
tachrome Instruments NOVA 4000e and Autosorb-1 at 77 K. Note that those isotherms
were measured on a different apparatus and to determine the pore diameter and vol-
ume a DFT fit was used instead of the BJH or HK model. The surface area was cal-
culated by a BET fit to the data as before. It was found that the mean pore diameter
decreased for M22 to a value of ca. 3.5 nm. The same value was obtained for M3 after
ageing. Similarly, the pore volume of M22 decreased and was about equal to the vol-
ume of M3, which did hardly change. Table 5.7 summarizes the porosity information
of the 3 years aged and the freshly synthesized samples:

The overview in Figure 5.15 depicts also the diffusion coefficients in the 3 years aged
sol-gel glasses M3 and M22 (blue and red, closed symbols) and, for comparison, those
in the 6 months aged samples (open symbols) again (Note that no porosity data is
available for the time of the latter measurements). An immediate observation is that
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Diffusion coefficients of ethylene glycol in sol-gel glasses
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Figure 5.15: Overview of PFG NMR of ethylene glycol in sol-gel monoliths SG8, SG26, SG21
(2 months aged) and M3, M22 after different periods of ageing (6 months and more than 3
years). Coefficients of self-diffusion for the three additional sol-gel glasses. Here, D is smaller
for SG8 than for SG26 and SG21. This might again be explained by a different tortuosity of the
pores or, as D increases here with the mesopore diameter, by the increasing pore diameter. In
addition, the diffusion coefficients in the aged M3 and M22 are about a factor 2-3 smaller than
in the fresh samples, but similar to SG8.

after 3 years of ageing D is about a factor of two to three lower than in the 6 months
aged samples. Hereby the order between M3 and M22 remains the same, but the val-
ues converge a bit, even though the pore diameter and also the pore volume are about
the same for both of the long-time aged samples. These findings are taken as another
indicator that for these samples the tortuosity of pores is the determinant for the differ-
ences in the diffusion coefficients. Presumably, the ageing process densifies the silica
network, restricting some pores and hence lowering the average diffusion constant.

The more recently synthesized sol-gel glass SG8 shows a value in the same range as
the aged M3 and M22, even though the mesopores are according to the sorption iso-
therms about two times bigger in diameter. Moreover, ethylene glycol in SG26 had a
slightly smaller D than in SG21, even though the pores are about 5nm bigger. From
these data it might be concluded that a change in pore diameter has to be bigger than
a few nanometres to show an effect on the diffusion behaviour. Nonetheless, it is quite
probable that there is an effect of the pore tortuosity on the diffusion coefficient, be-
cause even for similar pore diameter and volume the diffusion was slower in M22.
However, the effect might be much smaller as concluded from the first results in the
different samples, because already at this stage the porosity of M22 and M3 was prob-
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Table 5.7: Porosity Data for silica gels M3 and M22. The subscripts indicate how much time
after the synthesis of the materials the PFG NMR measurements were done (y = years, mo =
months).

method M33 y M223 y method M36 mo M226 mo

specific surface area (m?g~') BET 831 732 BET 715 740
pore volume (cm3g~1) DFT 0.49 0.49 HK/BJH 0.40 1.15
mesopore diameter (nm) DFT ~35 ~35 BJH 3.1 224

ably much less different than it was supposed to be. For the SG sample series, which
was as well measured about two months after the synthesis, the change of the porous
systems due to ageing might not have been so strong, as still a huge difference for the
diffusivity in SG8 and SG26/ SG21 was observed.

5.4.5 Diffusion of the Dye 9A1 in M22

In addition to the self-diffusion of the pure ethylene glycol within the different pore
systems, the diffusion of 9A1 in deuterated ethylene glycol should be investigated.
This should enable the direct comparison with the single-molecule diffusion measure-
ments. For this purpose 9A1 was dissolved in 99.0 % D6-ethylene glycol at a concentra-
tion of about 10~*mol L™! and vacuum sealed samples were prepared for PFG NMR
as described above.

The first PFG NMR measurements of the dye loaded samples yielded similar values to
the self-diffusion of pure ethylene glycol. An explanation for this is that the degree of
deuteration of the used solvent was not high enough and a huge excess of residual pro-
tons of the ethylene glycol compared with the amount of dye molecules dissolved in
the ethylene glycol was present in the samples. Unfortunately, due to the low solubil-
ity of 9A1 in this solvent and the difficulties to purchase ethylene glycol with a higher
degree of deuteration, no detailed measurements of 9A1 in ethylene glycol within the
porous system could be performed using PFG-NMR.

Nevertheless, one measurement could be accomplished yielding a tentative value for
the diffusion of 9A1 dissolved in deuterated ethylene glycol in the pores of the aged
M22. As mentioned in the introductory paragraph, PFG NMR can distinguish between
multiple diffusing species. At low observation times the faster component outweighs
the slower one, but at longer observation times the slow component becomes visible
as well. The first attempt to measure the diffusion of the dye, did not extend up to
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. long-term observation
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Figure 5.16: Spin-echo decay 9A1 dissolved in ethylene glycol and incorporated in M22 (after
ageing). The decay shows a distinct kink, indicating the presence of several species with a
different diffusion coefficient. The two parts can be fitted individually, yielding two diffusion

coefficients Dpygy = 2.2um? s7! and Dggy = 0.34um? s71. Dy is equal to D of the pure

ethylene glycol, thus Dy, can be attributed to the 9A1 dye.

long enough observation times and the slower component was thus not visible (orange
line in Figure 5.16). Therefore, a long-term experiment was performed to measure the
spin-echo decay up to sufficiently high observation times. The resulting spin-echo de-
cay is presented in Figure 5.16. The curve shows indeed a distinct kink. Fitting the two

Iand

lines separately yielded two values for the diffusion coefficient, Dg, = 2.2 pum? s~
Dgow = 3.4x 107 pm? s71, respectively. Dy, is equal to D of the pure ethylene glycol in
the aged M22, as shown in Figure 5.15 and Table 5.6. Therefore the Dq, is attributed
to the second species present in the sample, the 9A1 dye. The diffusion coefficient of
the dye is here about one order of magnitude smaller than D of the pure solvent. Fur-
thermore, it is in the same range as the diffusion coefficient found for the diffusion of
the single molecules measured by wide-field microscopy and SMT. Unfortunately the
measurement was interrupted due to an instrument error and could not be repeated
yet. Therefore these results have to be considered as preliminary. Nonetheless, they
indicate that the ensemble diffusion of the dye 9A1 measured with PFG NMR is in
the same range as the averaged value, which was obtained from 20 single-molecule

trajectories of different length.
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5.5 Summary

In this chapter it was shown, how single-molecule microscopy and pulsed field gradi-
ent NMR can be used to investigate the diffusion dynamics of different species within
porous sol-gel glasses. Even though such silica materials do not develop crystalline
structures or pore-topologies with defined pore diameters, their ‘sponge-like’ pore sys-
tem can differ in the hierarchy of pore-diameters in the micro- and mesorange. Track-
ing of single molecules was applied here to two cast monolithic silica materials, M3
and M22, both with micro- and mesopores, differing mainly in their mesoporosity. The
mean mesopore diameters were about 3nm and 22 nm, respectively, according to ni-
trogen adsorption/desoption isotherms. For these measurements a newly synthesized
streptocyanine dye was found to be sufficiently photostable. The synthesis method de-
veloped here leads to transparent, crack-free monoliths in which single molecules are
readily visible in the bulk of the sample.

In the sol-gel with narrower pores, the dye was found mostly confined in regions
of diameter from below the positioning accuracy of the microscope, 50 nm, to about
200nm. Since the confined molecules are much rarer in M22 than in M3, it is con-
cluded that they are probably confined due to physical traps rather than chemical
bonding to the surface. Detection of such non-diffusing molecules is one of the ad-
vantages of single-molecule detection compared to fluorescence correlation spectros-
copy. Other molecules diffused with a diffusion coefficient of about Dmzmobile)y =
(3.0 £ 1.5) x 1072pum? s7'. Interestingly, some molecules showed alternately diffu-
sion and trapping. In the silica with wider pores (M22), motion of most molecules was
following a random walk, over ranges of the order of 5um in a few seconds, with a
diffusion coefficient of the order of Dy, = 7.2 x 107! um? s, About a 5-fold spread
of the diffusion coefficients for different molecules was observed in both types of silica
gels. Monte Carlo simulations were employed to prove the significance of the results
and to find that for this gel most tracks were probably terminated by the molecule
moving out of the detection volume, not by photobleaching.

Furthermore, PFG NMR measurements were conducted in the same sol-gel monoliths
as the single-molecule tracking and also in an additional batch of similar samples. In
this way a more thorough understanding of the ensemble diffusion processes in such
systems could be gained. A surprising first result was, that the self-diffusion coefficient
of ethylene glycol in M22 is smaller than in M3. The measurements were done six
months after synthesis and repeated about three years later. After the long period of
ageing the mean pore diameters of M3 and M22 were similar, with a value of about
3.5nm. The difference in the diffusion coefficient was still present after this period of
ageing. Thus, difference in the pore tortuosity has most probably a stronger influence
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on the diffusion of ethylene glycol. However, detailed information about the pore
tortuosity is difficult to obtain. Nitrogen sorption isotherms do not provide such data
and the positioning accuracy in the single-molecule experiments is too low to resolve
curvature of the pores on a nanometre scale. Nevertheless, in a different batch of sol-
gel glasses, SG8, SG21 and SG26, the two materials with the larger pore diameter
(SG21 and SG26: @ > 20nm) did show self-diffusion coefficients of ethanol which
were about one order of magnitude higher than in the sample with the smaller pores
(SG8). In this case, probably both factors, i.e. pore diameter and tortuosity, influence
the diffusion behaviour.

Finally, even though most of the PFG NMR experiments focussed on the self-diffusion
of the pure solvent, one tentative measurement to determine the ensemble diffusion
coefficient of the dye 9A1 in M22 could be performed. It showed that the ensemble
diffusion coefficient determined by PFG NMR, Dga; = 3.4 x 107  um? s}, is in the
same range as the average value calculated from the single particle tracking data.

These results show that single-molecule tracking is a powerful tool to pinpoint nanoscale
heterogeneities in complex systems such as sol-gel materials. In contrast, pulsed-field
gradient NMR provides a detailed insight into the ensemble diffusion of different
species within the porous systems. The combination of these two methods is thus ide-
ally suited for a thorough investigation of diffusion dynamics within porous hosts.
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6 Superimposing Single-Molecule

Trajectories on TEM images

Molecular transport is at the heart of the applications of porous nanostructures as

159,160,161,162,163 Therefore
4

molecular sieves, catalysts and transporters of biomolecules.
studying this transport by observing single-molecule diffusion in these systems as de-
scribed in the previous chapter is of great interest in itself. However, to gain deep
insight into how molecular diffusion is determined by the structure of the mesoporous
host high-quality experimental diffusion data must be correlated with high-quality
structural data. Where single-molecule tracking (SMT) provides the ultimate micro-
scopic picture of molecular diffusion, the ne plus ultra of structural characterisation is
the imaging of the host structure at the single-pore level. Since the size of a single pore
is far below the diffraction limit for light microscopy only high-resolution electron mi-
croscopy (see Section 2.3) can provide this structural characterisation, with single pore

resolution.

In the course of this thesis, in a cooperation with Andreas Ziirner from the group of

Prof. Bein, we pioneered a new technique'®*

that combines electron microscopic imag-
ing and single-molecule tracking. The molecular trajectory obtained by tracking a sin-
gle dye molecule can be superimposed on the image of the pore structure obtained by
electron microscopic mapping, in spite of the disparities of the two techniques in terms

of sample requirements, measurement conditions and field of view.

The new method was used to investigate mesoporous thin films (cf. Section 2.2) with
hexagonal pore ordering. In such films, the pores are lying parallel to the substrate
and thus inside the observation plane of optical wide-field microscopy and transmis-
sion electron microscopy. It was a challenging task to find suitable substrates and
synthesize films that the final samples were thin enough to be transparent for elec-
tron microscopy, and to ensure at the same time that it had sufficiently low fluorescent
background to provide the high signal-to-noise ratio (SNR) needed for single particle
tracking. Furthermore, location markers needed to be found that — when incorporated
into the sample system — would be visible in both types of microscopies and thus allow
to locate exactly the single-molecule trajectory in the mesopore landscape imaged by
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6. Superimposing Single-Molecule Trajectories on TEM images

TEM. One has to bear in mind that the two microscopy techniques work on different
scales of length: A typical transmission electron micrograph that resolves mesoporous
structures covers a square region of side a few hundreds of nanometres. On the other
hand, in wide-field microscopy the illuminated area on the sample typically has a dia-
meter of tens of micrometres. As mentioned above in Section 3.4, the single-molecule
signals are diffraction limited with a FWHM of about the half of the wavelength. Thus,
even though the position of such a single emitter can be fitted with much higher accu-
racy, the spread of the signal in one wide-field image has about the size of a a single
high resolution transmission electron micrograph. In order to overcome these differ-
ences in scale, regions of about 3.5pym x 3.5pm in size were imaged with multiple
overlapping TEM images, which were mapped together.

In the following the synthesis of the very thin films (< 100 nm thick) on special elec-
tron microscopy substrates, that are transparent for visible light and provide a rela-
tively low fluorescence background needed for the observation of single fluorescent
dye molecules, will be described. Finally, the new method to directly correlate the
porous structures visible in transmission electron microscopy, but not in optical mi-
croscopy with the diffusion dynamics of single molecules, which are observable by
optical microscopy but not by TEM, will be introduced. The results of applying this

9,11,165

method to hexagonal mesoporous thin films will be presented.

6.1 Synthesis

In order to apply single-molecule microscopy and transmission electron microscopy
successively on the same sample, the latter must fulfill several conditions: the over-
all thickness of the mesoporous film and the substrate may not exceed 150nm, to be
transparent for the electron beam. In addition, the sample must contain fluorescent
dye molecules, markers for the superimposition of TEM and optical images and mark-
ers for merging multiple TEM images. Furthermore the substrate has to provide a very
low fluorescence background and must be free from impurities that are excited at the
same wavelength as the dye. The following paragraphs describe how these stringent
sample requirements can be fulfilled.

6.1.1 Ultrathin Mesoporous Films

Mesostructured silica materials, as introduced in Chapter 2.2 were prepared via co-
operative self-assembly of surfactant molecules with polymerizable silicate species.
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6.1. Synthesis

The coating solution consisted of tetraethyl orthosilicate (TEOS) as silica source and
the non-ionic surfactant polyoxyethylene 10 cetylether (Brij® 56, Sigma-Aldrich) as
structure directing agent (see Figure 6.1), dissolved in an appropriate water/ethanol
solvent mixture.

(a) Silica Precursor  (b) Template

o
/\O-S'i'o\, \/\/\/\./\/\/\/\/‘63f\,)-0~»H
9 Polyoxyethylene 10 cetylether (Brij 56)

Tetraethyl orthosilicate
(TEOS)

<

Figure 6.1: Synthesis reagents and fluorescent dye. (a) Silica precursor (TEOS). (b) Template
Brij® 56. (c) Fluorescent terrylene diimide derivative (asymmetric AS-TDI), used as SMT dye
and added during synthesis.

(c) Dye

Sete?

Asymmetric terrylene diimide derivative (AS-TDI)

Transparent precursor silica/surfactant assemblies were prepared by a two-step pro-
cess. First acid catalyzed hydrolysis-condensation of TEOS under reflux conditions
was performed followed by addition of an ethanol solution of non-ionic block copoly-
mer surfactant at room temperature. Additionally, strongly fluorescent terrylene di-
imide (AS-TDI, Figure 6.1c, synthesized in the group of K. Miillen, MPI Mainz)'®-1%°
molecules, acting as molecular reporters for SMT, polystyrene (PS) beads (& 280 nm) as
co-localization markers visible in both TEM and optical microscopy, and gold colloids
(@ 5nm) as landmarks for electron micrograph mapping were added to the synthe-
sis solutions as described in more detail below. Ultra-thin films, transparent for TEM,
were synthesized by deposition of a small volume of the coating solution onto a clean,
flat substrate (see details below) and rotating it on the spin-coater. During rotation
the evaporation-induced self-assembly (EISA)** took place and the final mesoporous
structure was formed. This process resulted in silica films with a thickness between
50 — 100nm. The EISA process is sketched in Figure 2.2 in Section 2.2.

6.1.2 Incorporation of the Dye Molecules

Strongly fluorescent terrylene diimide molecules (AS-TDI) were added at very low
concentrations (final concentration ca. 107'mol L~* in EtOH) to the final synthesis
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6. Superimposing Single-Molecule Trajectories on TEM images

solutions of the mesoporous films. They were thus incorporated into the pores during
the evaporation-induced self-assembly of the material in the spin-coating process. To
find the appropriate concentration for well-separated single-molecule patterns, a di-
lution series with various concentrations was made. The purity of the solvents and
materials used was tested in blank samples without dye.

6.1.3 Substrates Suitable for TEM and Optical Wide-field

Microscopy

In order to investigate the structure of the pore system with TEM and the diffusion
of single molecules inside the pores with wide-field microscopy, the ultrathin films
were synthesized on a 30 nm thick Si;N, membrane on 200 pm thick Si-wafer supports
(PLANO, Wetzlar) with a 500 pm x 500 pm window, as depicted in Figure 6.2a. A spe-
cial sample holder was built, to mount these Si3sN, membrane supports in the wide-
tield microscope (see Figure 6.2b, c). The metal sheet to hold the membrane on the mi-
croscope stage increased the distance of the sample to the objective by 100 pm. In order
to stay in the working distance of the high N.A. oil-immersion objective (max. 300 pm),

(a) Si;N,-Membrane (b) Sample Holder for wide-field microsopy

/ 500pm window with

Si,N,-Membrane
—

Si,N,-Membrane
on Si-support
{diameter.s_ mm)

Si-support
1 mm™ : T LU I
e — b | 2 3 4 5 8 T

(c) Mounting on the microscope stage
i Cramps fo fix the sample

. Mesoporous film
I—-—-— (100 nm)

100um sheet

200 pm Si-support A R
30 nm Si,N,-Membrane ~—%h_

. Immersion ol
2

High NA oil immersion objective

Figure 6.2: SizN, membrane supports. (a) SEM image of the thin mesoporous film, coated on
the Si3sN4, membrane on the Si-support. (b) Sample holder to mount the sample on the wide-
field microscope stage. (c) Cross-section sketch of the sample mounting on the microscope. The
sketch is not set to scale to show the details better.
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the mesoporous film was spin-coated onto the interior of the membrane window, as
sketched in Figure 6.2c. The membrane was irradiated for 1h with 1 W em™? laser
light at 633 nm prior to spin-coating, in order to photobleach all fluorescing molecules
on the membrane. The membranes were not otherwise cleaned prior to spin-coating,
e.g. by washing, as described below for cover-slips (Section 7.1), because they are too
delicate and would be destroyed by such a procedure.

6.1.4 Recipe

The recipe for the ultra-thin films was derived from the synthesis of hexagonal, Brij-
templated films B2, presented in Chapter 7, by additional dilution of the precursor
solution and by optimizing the spin-coating conditions, e.g. the humidity, in order to
obtain ultra-thin films. A coating solution with molar ratios of 1 TEOS : 0.144 Brij 56 :
0.06 HCl : 61.7 EtOH : 210 H,O, resulted in ultra-thin films transmitting the electron
beam of the TEM (see also recipe B6 in Table 7.1 in the next chapter). The exact synthe-
sis procedure for the ultrathin films was as follows: First, 2.08 g (0.01 mol) tetraethyl or-
thosilicate (TEOS 98%, Sigma-Aldrich) were mixed with 3g 0.2mol L~ HCl, 1.8 g H,O
and 7.9¢g ethanol (spectroscopic grade, EtOH Uvasol®, Merck) and heated at 60 °C
for 1h to accomplish acid-catalyzed hydrolysis-condensation of the silica precursor.
This solution was mixed with a second solution containing 600 mg Brij56 and 12.5¢g
ethanol. Finally, 75 L of this mixture were combined with 4L of a highly diluted
terrylene diimide (AS-TDI) solution (ca. 10~® mol L™! in EtOH), 20 uL of a gold col-
loid solution (& 5nm, concentration corresponding to 0.01% HAuCl,, Sigma-Aldrich),
15uL of a polystyrene (PS) bead solution (Polybead microspheres, @ 0.281 £ 0.014 pm,
2.6 % solids - latex, Polysciences, Inc., Warrington) and 40 pL of de-ionized water.
The samples were prepared in dry air by spin-coating (spin-coater: Laurell, Model
WS-400B-6nPP/LITE/AS) 50 puL of the final precursor solutions at 3000 rpm onto sil-
icon nitride membrane window grids (PLANO, Wetzlar) or 200 pL on silicon wafers
(28mm x 15mm, Siltronic AG), respectively. Samples were analysed as synthesized.
Here the term "pore’ that classically defines the empty space in porous materials after
removal of the organic template is used to describe the template-filled effective vol-
ume in which the dye molecules can diffuse. Note that no further sample preparation,
such as ion milling, was needed for electron microscopy at low and high resolution
or for optical wide-field measurements. The PS beads serve as markers that are visi-
ble in both TEM and optical microscopy, and the gold colloids serve as landmarks for
electron micrograph mapping are enclosed into the film.
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6.1.5 Characterisation of the Host: XRD and Ellipsometry

For a better understanding of the structural parameters, 2D grazing incidence X-ray
diffraction (GISAXS)' of samples spin-coated on Si-wafers was performed at HASY-
LAB Hamburg, beamline BW4. The resulting 2D GISAXS diffraction pattern in Figure
6.3a shows a 2D-hexagonal order for the mesoporous silica. It is known that these
materials show a shrinkage of the pores normal to the substrate. Thus the interplane
distances parallel and tilted to the substrate differ. Here, the peaks in the 2D GISAXS
correspond to d(10) = 5.5nm and d(01) = 5.9nm. The pore-to-pore distance parallel to
the substrate plane is thus a(01) = 7.0nm and out-of-plane a(10) = 6.5nm. The shrink-
age of the pores normal to the substrate is @(01)-a(10)/q01)= 7%. The arrangement of

the different lattice planes including the shrinkage of the system is sketched in Figure
6.3b. The thickness determined by ellipsometry is about 100nm (Woollam ESM-300
Ellipsometer).

(a) GISAXS (b) Hexagonal pore structure

(01)=5.9 nm

/\/

A

i W 7. 11d(10)=5.5 nm
. }x A - k—d——-l( Pore-to-pore distance
RS // . a(10) = 6.5 nm
Pore-to-pore distance

a(01)=7.0 nm

Figure 6.3: Characterisation of the thin films. (a) 2D grazing incidence X-ray diffractogramm.
Courtesy of A. Ziirner, Bein group, LMU Munich. (b) Sketch of the hexagonal pore structure
including shrinkage of the pores normal to the substrate, showing the arrangement of the d(10)
and d(01) lattice planes and the pore-to-pore-distances a(01) and a(10) parallel to the substrate
plane and out-of-plane.

6.2 Pattern Recognition - ldentification of the same
Sample Region in SMT and TEM

As mentioned above, polystyrene (PS) beads were used as markers for the co-localization
of the single-molecule trajectories and TEM images. The beads must be small, to pre-
vent a strong influence on the porous system within the thin films, but big enough to be
well observable in the white light transmission images of the wide-field microscope. A
size of about 280 nm was found to be optimal. Figure 6.4a shows a side-view scanning
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Figure 6.4: Scanning electron micrographs (SEM) of the coated SizN; membrane. (a) Side
view of the film. At this position, near the edge of the membrane, the mesoporous film is about
200nm thick and the concentration of PS beads is too high for single-molecule tracking. (b)
Plan-view of an intermediate region, close to the centre of the membrane. The concentration of
PS beads is well suited for single-molecule measurements and the retrieval of identical regions
in TEM and optical microscopy. (c) Plan-view at higher magnification of the region marked
with a rectangle in (b). Courtesy of A. Ziirner, Bein group, LMU Munich.

electron micrograph (Phillips XL40 ESEM scanning electron microscope) of the film.
The polystyrene beads are embedded into the film and covered with a thin layer of
mesoporous silica, i.e. that they are enclosed by the mesoporous film. At this position
the mesoporous silica film on the 30 nm Siz;N, membrane is about 200 nm thick. This
image was taken in a region close to the edge of the Si3sN, membrane window, there-
fore the concentration of beads is too high here for single-molecule tracking and the
mesoporous film is too thick for TEM imaging. As the coating solution was deposited
into the interior of the window, the solution was accumulated at the edges during
spin-coating and therefore the film was thicker in this region. In the centre region of
the membrane the concentration of PS was in the perfect regime for the overlay of
single-molecule trajectories from optical microscopy and detailed electron microscopy
pictures of the structure. Panels (b) and (c) of Figure 6.4 show images taken in this re-
gion, with around three to five particles per 10 um?. In this region the film was found
to be thin enough for both TEM and optical microscopy (see below).

All measurements with the optical microscope were done prior to the electron mi-
croscopy, as the ultra-high vacuum in the TEM will probably evaporate partly the sol-
vent out of the pores and therefore change the environment in which the molecules
diffuse. In order to obtain an overview of the bead concentration, and thus the cor-
rect film thickness, three edges of the membrane window and the centre region with
lowest PS bead concentration were mapped in white light transmission images of
62.5um x 62.5 pum prior to single-molecule fluorescence imaging. These images were
overlaid using automatic image cross correlation in Adobe Photoshop® (Version CS2)
by the 'Photomerge’ tool resulting in the map shown in Figure 6.5. The black square
indicates the size of one of these images. In panel (b) an extract of the map of white-
light transmission images is shown. At higher magnification a distinct pattern of
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(a) White Light Tranmission (d) Low Resolution TEM (LM 50)

One image
62.5 x 62.5 pm

(e)Meduum Resolutlon TEM LM 200

Figure 6.5: White light transmission and TEM images of the mesoporous film, showing
the embedded polystyrene beads. (a) Map of white light transmission images of the whole
membrane window (500 pm x 500 um). The size of one white light transmission image is
62.5pm x 62.5 pm (dashed square). (b) Zoom of the white light transmission map, showing
the well separated PS beads in the region marked by the orange box in (a). (c) Magnification of
a region with a distinct structure. (d) Map of TEM images at low resolution (LM 50); the size
of one image is indicated by the white, dashed square. The image is rotated that the central
region, with the right PS concentration and film thickness is at the same orientation as in (a).
(e) Medium resolution TEM (LM 200) of the region highlighted with the yellow box in (d). (f)
Magnification of the same characteristic formation of beads as in (c).
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polystyrene beads can be resolved (c). Subsequent to optical microscopy, the sample
was analysed with TEM. Again, the first step was mapping of the whole membrane
with low resolution (50x), depicted in Figure 6.5d. This image was used to obtain an
estimate of the orientation of the sample in the electron microscope with respect to the
wide-field images. In this figure the image is already rotated such that the two pictures
have the same relative orientation. The thin central region was then mapped at a mag-
nification high enough to distinguish single PS beads (200x), shown in panel (e). On
closer inspection of the white-light transmission image (b) and the intermediate reso-
lution TEM (e), the identical arrangement of PS beads could be found in both. A zoom
on this pattern is depicted in panels (c) and (f). Starting from this pattern, identical re-
gions anywhere on the membrane window with suitable PS bead concentration could
be recognized in wide-field and TEM images.

The whole centre region was thus investigated first by wide-field fluorescence mi-
croscopy and single-molecule tracking. The regions in which highly structured single-
molecule trajectories could be found were subsequently mapped with high resolution
TEM images. This procedure is described in the following paragraphs.

6.3 Single-Molecule Tracking

For the single-molecule experiments the fluorescent dye molecules were excited with a
HeNe Laser at 633 nm, and movies of up to 1000 images were recorded to follow their
diffusion. Since the films were much thinner than the focal depth of the microscope
objective used (> 1 pm), images contain data from molecules at all heights inside and
on the surface of the sample, and the molecules remained in focus during the complete
duration of the movie. Image series were acquired with temporal resolutions of 100 ms,
200 ms or 400 ms per frame, but finally an exposure time of 200 ms was found to be most
appropriate for single-molecule tracking. As the SizN, membranes give a relatively
high and inhomogeneous background signal, the background was subtracted frame-
to-frame from the movies prior to tracking of the molecules.

One exemplary fluorescence image from a movie is shown in Figure 6.6a. The white
square boxes indicate the regions that were subsequently mapped with TEM images.
As described for the sol-gel samples in the previous chapter, fitting the positions of the
molecules from frame to frame resulted in the single-molecule trajectories. In order
to overlay these trajectories on the TEM images, the positions of the polystyrene beads
had to be determined from the same movie. Therefore the laser shutter was closed after
148 s (746 frames) for the last 240 frames of the movie and the polystyrene beads were
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Figure 6.6: Wide-field microscopy images. (a) One exemplary fluorescence image of the wide-
tield movie, which is an extract from a complete 30 um x 30 um image. The molecules whose
trajectories are depicted in Figures 6.10 and 6.12 are highlighted by an arrow. (b) Sum of the
last 240 white light transmission images of the film, where the laser was shut. The PS beads are
visible as black circles. The white square boxes in both images indicate the regions that were
subsequently mapped with TEM. The upper square box indicates the region that was mapped
with TEM images for Figure 6.10 and the lower one the region of the trajectory in Figure 6.12.

imaged in transmission under white light illumination. Their positions were fitted in
inverted images with the same gaussian fit routine as the single molecules. Mean and
standard deviation of the fitted PS bead positions were calculated and tabulated. Fig-
ure 6.6b shows the sum of all the white light transmission images that were recorded at
the end of the movie. As there are no diffusing particles in those images, summing up
all the images increases the image contrast and the PS beads can be better visualized.

6.4 Transmission Electron Microscopy at High

Resolution

After the single-molecule tracking was done and the specific PS bead arrangement
close to the trajectories was found in the TEM (Figure 6.5), 400 (20 x 20) TEM images
of this region were taken at 40.000x magnification. The individual images of 290 nm x
290 nm were merged, again by image cross correlation with Adobe Photoshop®. The
5nm gold particle markers were used as landmarks to support the merging procedure.
This yielded a map of an area of about 3.5um x 3.5 um. Such a map is shown below
in Figure 6.8b. In order to better visualize the structure of the pores in the TEM images
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6.4. Transmission Electron Microscopy at High Resolution

Figure 6.7: Fast Fourier Transformation. (a) The merged TEM map is redivided into equisized
squares that are processed by Fast Fourier Transformation as shown in the insets. Moreover,
on the right side of the image a PS bead embedded into the thin mesoporous film is visible. (b)
Close-up of the central 133 nm x 133 nm square region. Here, in addition, two Au-nanoparticles
that were used for merging the TEM images are visible. (c) FFT fit in this region, the maxima
reflect the periodicity of the pores. (d) The direction of the channels is perpendicular to a
straight line through the maxima. The thickness of the black lines, termed here "directors’,
pointing along the pore direction, correlates with the structural quality.

the Fast Fourier Transform (FFT) was calculated for square regions of 133 nm x 133 nm
each. In Figure 6.7 this process is shown in detail. The Figure shows an extract of one
3.5um x 3.5um TEM map, where the alignment of pores in different directions, i.e.
different domains, is visible. The insets depict the FFT procedure. Panel (b) shows
a 133nm x 133nm region with parallel alignment of pores. In addition, this image
depicts two of the 5nm Au-nanoparticles which were used for merging the images,
visible as black dots. The FFT of the periodic arrangement of pores in (b) is shown in
panel (c), it was calculated using the FFT tool in Digital Micrograph (Gatan, Inc.). The
results of the FFT are plotted as black lines, which are perpendicular to the straight line
through the maxima of the FFT and thus parallel to the periodically arranged pores,
as shown in panel (d) and (a). The orientation of these 'directors’ depicts the average
orientation of the pores in the square region around it. The line thickness is a measure
for the intensity of the maxima in the FFT fit, i.e. the line thickness scales linearly with
the signal to background in the FFT image, and thus the degree of structural order in
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6. Superimposing Single-Molecule Trajectories on TEM images

this region. In addition to the orientation of the channels, these directors give a good
overview of the domain size and domain borders.

Furthermore, on the right side of the image a polystyrene bead is visible. Also here
FFT directors are visible, which is an artefact owing to a relatively low threshold value
for the signal-to-background ratio (SBR=1.2) for drawing a line from the FFT signal.
For the overlay of TEM images and single particle tracks, the centre positions of the PS
spheres were determined by fitting a circle on the outside margin of their patterns in
the TEM images by a fitting algorithm by A. Ziirner, which will be described in more
detail in the thesis of A. Ziirner (Bein group, LMU Munich).

6.5 Overlaying SMT and TEM

Figure 6.8 demonstrates the spatial correlation between the single-molecule trajecto-
ries (movie of 1000 images, 200 ms per frame, Figure 6.8a) and transmission electron
microscopy (Figure 6.8b). As mentioned above, the positions of the PS beads were de-
termined by fitting a gaussian to the inverted patterns in the white light transmission
images at the end of the wide-field movie and by fitting a circle to the outside margin
of the image of each bead in the electron micrographs. The distances between all PS
beads were calculated from the fitted positions in the wide-field movie and the trans-
mission electron micrographs (Figure 6.8a, b). These positions are tabulated in Table
6.1.

Table 6.1: PS bead positions in TEM images and wide-field images before and after merg-
ing and deviations of the positions after the overlay fit.

Bead TEM SMT e fore SMT . fter Dev.
x[nm] y[nm] x[px]  ylpx] x[nm] y[nm] [nm]
1 1680 1781 18.73 28.62 Factor 1698 1814 37
2 2668 2983 15.13 16.62 121.3 2675 2977 9
3 1660 1130 16.98 33.95 Angle 1637 1136 23
4 801.6 1830 2548 31.69 156.7° 799.2 1796 34

Average Deviation 26

In addition, the angle that the connecting straight line of each pair of beads includes
with the baseline of the image was calculated as reference frame. From the geometric
relationship of the PS bead positions the scaling factor and rotating angle for overlay-
ing the trajectories to the TEM image were fitted using a least-square algorithm. In
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6.5. Overlaying SMT and TEM

(a)Single Particle Tracks (b) Map of 20x20 TEM images

@
Bead 3
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Bead 1

These two beads
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Figure 6.8: Merging of the single-molecule trajectories and the TEM micrographs. (a) Dif-
fusion pathways of single molecules through the pore system (blue trajectories) and positions
of the PS beads (red crosses). The bead numbers correspond to the numbers in Table 6.1. (b)
Map of 20 x 20 TEM images in the same region as (a), with lines indicating the direction of
the channels (FFT directors) and yellow crosses marking the centre of the PS beads. (c) Final
overlay of trajectories with TEM images; this was obtained by fitting to the best overlay of the
PS bead positions. On the left two neighbouring beads are visible that were too close to be
fitted individually in the wide-field images. (d) Enlargement of a region in (c) showing the
trajectories running along the channels.
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6. Superimposing Single-Molecule Trajectories on TEM images

this case, a scaling Factor of 121.3 and a counterclockwise rotation by 156.7 °gave the
best fit. In addition, translation between the two images was adapted in an iterative
process, which minimizes the sum of the squared distances between the beads. Col-
umn 6 and 7 in Table 6.1, SMT, ..., give the x and y positions of the beads in the scaled
and rotated wide-field image. The deviations of the bead positions in the TEM and
wide-field images after the fitting procedure are tabulated in the last column.

The single particle trajectories were superimposed on the TEM image as shown in Fig-
ure 6.8c. The enlargement in Figure 6.8d shows directly the channels and the corre-
sponding FFT directors, as well as the trajectories of the dye molecules along the chan-
nels. The accuracy with which the two images can be overlaid depends on the number
of beads that can be used for the overlay and also on the positioning accuracy of each of
the beads in the images. In this case four beads were used for the overlay, as tabulated
above, and the average deviation for the position of the polystyrene beads in both TEM
and wide-field imaging after merging was 26 nm. This value is taken as measure for
the accuracy of the overlay. From the correlation of five different 3.5 um x 3.5 pm TEM
maps with the respective tracking data, a deviation of the bead positions in TEM and
wide-field images was calculated to be 29+ 13 nm. Occasionally two beads are so close
to each other, that they can be resolved in TEM but not in the wide-field images, where
only the centre between the two beads can be fitted. An example of such a pair is visible
in Figure 6.8c on the left side. They are therefore not used for the merging. However,
in some cases such pairs of closely neighbouring beads had to be used for the merging
to have a minimum of three anchor points for the overlay. In such cases, the individual
positions of the closely neighbouring beads were determined in the TEM images. The
centre position between the two beads was then correlated with the centre position of
the single spot resulting from the two beads in the respective white-light transmission
images, fitted by the gaussian function. For example, in Figure 6.12 two such doubled
beads had to be used for correlating tracking data and TEM images, which resulted in
an average deviation of 48 nm.

6.6 Individual Trajectories Correlated with the Pore

Structure

With this approach, the influence of specific structural features of the host on the diffu-
sion behaviour of the guest molecules can be investigated. In the following the analysis
of the experimental data will show, in unprecedented detail, how a single luminescent
dye molecule travels through linear or strongly curved sections of the hexagonal chan-
nel system in a thin film of mesoporous silica (as sketched in Figure 6.9a, b), how
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6.6. Individual Trajectories Correlated with the Pore Structure

Figure 6.9: Possible Structural elements which can be found in real 2D hexagonal meso-
porous silica film. Straight (a) and curved (b) segments. (c) Domain boundaries forcing
molecules to turn back. (d) Molecular travel is stopped at less ordered regions. (e) Lateral
motion between neighbouring channels.

it varies speed in the channel structure, and how it bounces off a domain boundary,
where it hits walls of pores with different orientation (Figure 6.9c). Furthermore, it
will be demonstrated how molecular travel is stopped at a less ordered region (Fig-
ure 6.9d), or how lateral motions between "leaky” channels allow a molecule to explore
different parallel channels within an otherwise well-ordered periodic structure (Figure
6.9e).

6.6.1 U-Trajectory: Diffusion in curved segments and at a

domain boundary

Figure 6.10a depicts a trajectory of a molecule that is clearly following the porous sys-
tem along different structural domains. The molecule diffuses along linear pores in the
middle part of the trajectory (Figure 6.10b) and follows the curvature on the right and
on the left side. In addition, it turns at a domain boundary, as shown in more detail in
Figure 6.10c. The insets in the upper right corners of the Figures 6.10a, b and c show
the different structural elements of this trajectory that were sketched in Figure 6.9. The
positioning error for the single particle trajectories is shown by the light blue boxes. It
is in the range of only 10 — 20 nm, therefore the molecular positions can be assigned to
an ensemble of less than five to ten parallel channels. Thus, the width of the trajectory
in the linear part in the middle, which is more than 100 nm, is real. It originates from
diffusion in parallel channels and not only from a the positioning error of the fitted
trajectory points (cf. Figure 6.10b).
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6. Superimposing Single-Molecule Trajectories on TEM images

Figure 6.10: Trajectory following linear and curved segments of the mesoporous film. (a)
The molecule diffuses along the U-shaped structure of the porous host and explores different
parallel channels in the middle part of the trajectory. (b) The molecule is diffusing in differ-
ent parallel channels, as the positioning error in the linear region is much smaller than the
distance between the lines. (c) The curved region in (a) at higher magnification shows where
the molecule turns back. The insets sketch the structural elements that were explored by this
molecule. The positioning error for the single-molecule trajectory is shown by the light blue
boxes.
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6.6. Individual Trajectories Correlated with the Pore Structure
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Figure 6.11: Projection of the U-shaped trajectory onto its backbone and mean-square dis-
placement as a function of time. (a) The curved trajectory is shown by the blue line, and the
manually defined backbone points by the red crosses. (b) MSD against time: The red line shows
the result of the backbone projection, whereas the blue line corresponds to the standard aver-
aging method of values taken from the original coordinates. The different slopes of the curves,
especially for the first few data points, reflect the influence of the data analysis method on the
calculated diffusion coefficients.

In order to analyse the diffusion along this trajectory the data points were projected
onto a manually defined backbone of the trajectory. This procedure is described in
Chapter 4. Figure 6.11a shows the trajectory in blue and the manually defined back-
bone points in red. The averaged mean-square displacement (r(¢)*) along the backbone
was plotted as a function of time, as shown by the red line in Figure 6.11b. The linear
relation of (r(¢)?) with time was fitted according to the Einstein-Smoluchowski equa-
tion for 1D diffusion (Equation 4.1.9) for the first few time lags between 0.2s and 55,
resulting in a one-dimensional diffusion coefficient D;p = (3.2+0.1)x10~? pm? s~!. For
comparison the (r(¢)?) values that were calculated by the standard averaging method
without backbone projection are shown by the blue line in Figure 6.11b. It is important
to analyse the 1D diffusion along the backbone, as the (r(t)?) values are otherwise too
small, especially for longer time lags, due to the curvature of the track. Note that in
Figure 6.11b the MSD against time is not shown in logarithmic scale, in order not to
obscure the difference in slope of the curves. An advantage of plotting this graph in
linear scale is that the linear behaviour through zero for small (r(¢)?) and deviations
from linearity for higher (r(¢)?) (due to insulfficient statistics) are easily observed.
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6. Superimposing Single-Molecule Trajectories on TEM images

6.6.2 S-Trajectory: Diffusion along curves, at domain boundaries

and stop at a less ordered region

Figure 6.12a depicts another example of a molecule faithfully following the pores and
mapping out different structural units of the host structure. Here the average deviation
of the overlay is 48nm. In this case only one single bead and two pairs of closely
neighbouring beads could be used for the overlay, which explains this relatively high
value (see above). The molecule was blinking several times for intervals of up to 6.6,
and the trajectory is thus divided into 11 parts, with a duration ranging from 0.6 s to
11.8s, printed in different colours in the figure. Trajectory segments with less than 20
points are drawn in black. The perfect overlay of this S-shaped trajectory with the pore
system is nicely visualized by the FFT directors.

In Figure 6.12b-d the specific regions marked with rectangular boxes in Figure 6.12a
are shown, and again the insets sketch the different behavior at specific regions of
the trajectory as in Figure 6.9. Although the resolution of the optical microscope is
not high enough to assign the position of a molecule to one channel, it is possible to
conclude that the molecule was moving in different straight parallel channels of the
same domain from the width of the middle part of this trajectory (magnified in Figure
6.12b). Especially interesting is the short element at the end of the yellow trajectory
part where the molecule makes an U-turn by crossing into a parallel channel, which is
separated from the original channel by a distance > 20psitioning, @s sketched in Figure
6.12b on the left. On the basis of the spatial resolution of the optical pathways, it
can be concluded that the molecule is diffusing in different parallel pores. At the left
end of the trajectory the molecule diffuses in a well-ordered straight structure and
bounces back repeatedly from an amorphous region with no apparent pore ordering,
as shown in in Figure 6.12c. On the right side in Figure 6.12a a domain boundary region
is visible. This structure is shown in more detail in Figure 6.12d. Here, the molecule
bounces back from the domain boundary because it hits the walls of channels with a
different orientation, as sketched in Figure 6.9c and in the inset. The orange lines in
Figure 6.9c are situated slightly above the region of linear channels. However, if the
average deviation of the overlay of 48 nm is taken into account it is highly probable
that the molecule was actually diffusing along the linear structure in the bottom region
of the figure. Furthermore, one should keep in mind that we are sampling diffusion at
discrete points in time and space. The connecting lines are just a method of visualizing
the trajectories; they do not represent the molecules’ exact path.

To analyse the diffusion along this trajectory the data points were again projected onto
a manually defined backbone and the averaged (r(¢)?) values were fitted according
to 1D diffusion for the first few timelags, with a linear relation of the mean-square
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6.6. Individual Trajectories Correlated with the Pore Structure

Figure 6.12: Molecule exploring a large domain and the domain boundaries. (a) Trajectory
of a molecule, showing an S-shape corresponding to the underlying channel structure. The
trajectory is divided into several sections due to blinking of the fluorescent molecule; the sec-
tions are plotted in different colours, short parts with less than 20 points are drawn in black.
(b) Lateral motions between ‘leaky” channels (yellow trajectory segment). (c) Area where the
molecular movement is stopped at a less ordered region. (d) At a domain boundary the fluores-
cent molecule is forced to turn back (green pathway). The insets sketch the structural elements
that were explored by this molecule. The positioning error for the single particle trajectories is
shown by the light blue boxes.
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6. Superimposing Single-Molecule Trajectories on TEM images
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Figure 6.13: Mean-square displacement of the different parts of the S-shaped trajectory as
a function of time. The different lines correspond to the different parts of the trajectory, the
colour coding is identical to the colours of the different parts in Figure 6.12. The spread of
the diffusion coefficients is directly visible from the different y-axis intersects in the double-
logarithmic plot.

displacement with time. This results in an average diffusion coefficient Dip(.,) =
(3.0£0.1) x 1072 pm? s~*, which is in the same range as the diffusion coefficient for the
U-shaped trajectory shown in Figure 6.10. Also here, it is important to project the tra-
jectory on its backbone, as the (r(¢)?) in the curvature would otherwise bend towards
smaller values for longer timelags. Figure 6.13 shows the (r(¢)?) against time plots for
the individual trajectory parts in the same colours as in Figure 6.12. For the parts of
the trajectory without blinking for at least 20 frames, the following average diffusion
coefficients were calculated: red (frame 1-33) Dipeq) = (3.6£0.2) x 1072 pm?* s~ green
(frame 37-82) Dip(green) = (1.1 £ 0.1) x 1072 pm?* 7', blue (frame 100-119) Dippiwe) =
(1.0£0.1) x 1072 um? s, yellow (frame 135-157) Dip(yeliow) = (2.0£0.1) x 1072 pm? s,
orange (frame 176-244) Dip(orange) = (5.510.1)x 1072 pm? s! and violet (frame 308-328)
Dipiolety = (1.3 £ 0.2) x 1072 um? s~'. The noticeable changes of the "local’ diffusion
coefficient show that the diffusion behaviour of the molecules is strongly dependent
on the surrounding pore structure. When the molecule is ‘bouncing back” at an un-
structured region, as in the dark blue part of the trajectory, the D;p is smaller than in
regions where the molecule is diffusing along the trajectory (orange, red). Besides this
general observation, no further detailed assignment of diffusion coefficients to special
structural units of the host was found in this study.
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6.6. Individual Trajectories Correlated with the Pore Structure

6.6.3 Y-Trajectory: Diffusion along strongly curved segments
close to the PS beads

The trajectory in Figure 6.14 depicts a molecule diffusing through linear and curved
regions of the porous structure. Again, the trajectory pathway fits perfectly well with
the orientation of the FFT directors and reflects directly the underlying pore structure.
This molecule was diffusing in a region with relatively high concentration of PS beads.
It starts and ends close to or even on top of a PS bead and is strongly bend in the mid-
dle part in the proximity of another bead. As mentioned above, the beads are enclosed
into the layer of the mesoporous film, and thus there might be a pore structure present
on top. However, no structural information can be gained from the TEM images on top
of the beads, the directors in this region are only artefacts. In addition, the molecule
explores regions on top of the beads, which is another indicator that there is an organ-
ised pore structure. In the middle part the molecule makes a U-turn in close proximity
of a bead. Possibly the influence of the bead made the structure turn around during
synthesis. The FFT fits in this region are not not very precise, due to the strong change
of contrast close to the bead in the TEM image.

This molecule explores at least three different domains, which can be distinguished by
the orientation of the FFT directors and as well by the kinks in the diffusion pathway.
The latter were used to decide where to cut the trajectory manually. In the resulting
three parts of the trajectory the diffusion coefficients were calculated separately.

Figure 6.15a shows the three trajectory parts in three different colours. In a trajectory
having such a high curvature it is especially important to analyse the 1D diffusion
along the backbone. Thus, again the points were projected onto a manually defined
backbone, indicated by the red crosses in Figure 6.15a. Figure 6.15b shows the plots
of the MSD against time for the individual parts of the trajectories and also for the
complete trajectory.

For comparison the (r(¢)?) values that were calculated using the standard averaging
method in 2D for the complete trajectory are plotted as well. The inset shows a close-up
for the first few timelags. Here, the differences in the slope for the different trajectory
parts are visible. Part 1, 3 and the overall trajectory have a similar slope. However, in
the central region close to the bead the diffusion coefficient is smaller, despite the back-
bone projection of the data and thus despite accounting for the high curvature in this
region. The averaged (r(t)?) values for each of the trajectory parts and also for the com-
plete trajectory were fitted according to the Einstein-Smoluchowski equation for one-
dimensional diffusion for the first few timelags. For the complete trajectory this results
in a Dip(completey = (6.0 £0.1) x 107> pm? s~*. In addition D;p for the three intervals
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6. Superimposing Single-Molecule Trajectories on TEM images

Figure 6.14: Molecule undergoing a U-turn in the neighbourhood of a PS bead. (a) This
trajectory can be separated into at least three different parts according to the orientation of
the underlying pore structure, plotted in different colours in Figure 6.15. The insets depict
the linear and strongly curved structural elements of this trajectory. At the strongly curved
segment the molecule is in close proximity of a polystyrene bead, which probably influence the
pore structure in this region and thus the diffusion pathway of the molecule.
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Figure 6.15: Projection of the Y-shaped trajectory onto its backbone and mean-square dis-
placement as a function of time. (a) The trajectory is divided into three parts with different
pore orientation, plotted in different colours in Figure 6.15. The manually defined backbone
points are indicated by the red crosses. (b) MSD against time: The different slopes correspond
to the different diffusion coefficients. In the zoom in the inset it is visible that the molecule has
about the same diffusion coefficient in part 1 and 3, whereas D in the middle segment (part 2) is
smaller. The red line shows the result of the backbone projection of the complete track, whereas
the orange line corresponds to values taken from the original coordinates. The different slopes
of the curves - especially for the first few data points as shown in the inset - reflect the influence
of the data analysis method on the calculated diffusion coefficients.

of the trajectory in the three domains with different pore orientation was calculated,
which gave Dip(part1) = (6.2£0.2) x 1072 pm? s7%, Dip(parta) = (3.6£0.1) x 1072 um? s!
and Dip(parts) = (5.6 £0.1) x 1072 pm? s*. The diffusion coefficient in the long side-
arms of the trajectory (part 1 and 3) are 1.5 to 2 times higher than in the curvature (part
2). Nonetheless, the number of trajectory points is too low to decide if this change in
the diffusion coefficient is really significant or not.

When looking at the complete curves in Figure 6.15b, the increased slope of the blue
lines (parts 1 and 3) and the red line (complete track) are striking. Such a curve is typ-
ical for a diffusion with drift, i.e. when the molecule is accelerated in one direction by
some additional force. As discussed above in Chapter 4, the angles between successive
steps can provide additional information about the diffusion of the molecule. A driftin
one direction should become visible as a bias towards steps forwards. In Figure 6.16a
the cumulative probability distribution of steps is plotted for this trajectory, showing a
strong excess of steps forward. The blue line corresponds to the maximum distance of
the cumulative distribution and its complement to which we apply the Kolmogorov-
Smirnov test to check if the apparent forward bias is significant. The probability that
this difference originates only from statistical noise of the data is 0.22 %. Therefore
this excess of forward steps can be taken as real. However, no simple explanation for
this bias can be found. The template, which remains inside the pores, or the sym-
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Figure 6.16: Distribution of forward and backward steps: Cumulative distribution of angles
and stacked histogram. (a) Examples for cumulative distributions of angles between succes-
sive steps for the Y-shaped trajectory. (b) Stacked column chart of forward, intermediate and
backward steps for the individual molecules tracked in the complete movie, sorted by decreas-
ing forward /backward ratio.

metry of the molecules might have an influence. More detailed investigations of the
forward /backward ratio in the angular distributions will be provided in the following
chapter. For comparison, the amount of forward, intermediate and backward steps
and the forward /backward ratio for all molecules that were tracked in this movie is
depicted in Figure 6.16b. The distributions for the S-shaped and U-shaped trajectories
that were discussed above are also marked. This graph shows that on average no ex-
cess of forward or backward steps can be found for the molecules in this movie and the
Y-shaped track is one special case with high excess of forward steps. The short white
bars in the centre represent the amount of intermediate steps, which is low, as expected
for highly structured diffusion along one-dimensional channel systems.

6.7 Summary

In this chapter a novel method to overlay the single-molecule trajectories collected with
optical wide-field microscopy with the electron microscopic images of a porous host
system obtained from TEM measurements was presented. The combination of the two
techniques provides the first direct proof that the molecular diffusion pathway through
the pore system correlates with the pore orientation of the 2D hexagonal structure. It
allows for the first time to directly correlate the dynamical information from the diffu-
sion of guest molecules with the detailed structure of the porous host in regions up to
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6.7. Summary

3.5um x 3.5 um in size. This approach reveals the nature of the real space porous de-
fect structure as detected by the movement of fluorescent single molecules, containing
linear or strongly curved sections of the hexagonal channel system, domain bound-
aries, boundaries between ordered and disordered sections, and leaky channels that
permit lateral travel. The direct correlation of individual molecular trajectories with
the underlying structure of the porous host opens new ways for understanding and
control of the interactions of host and guest. This new methodology is expected to pro-
vide detailed insights into the dynamics of other important host-guest systems, such
as bio-active molecules in porous materials for drug delivery or reactants in porous

catalysts.
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7 Diffusion of TDI in Spin-coated

Mesoporous Thin Films

The experiments and results described in this chapter cover a thorough investigation
of the dynamics of single TDI molecules inside the channels of different mesoporous
hosts. From the experiments in Chapter 6 it is known that the single molecules fol-
low precisely the pores of the mesostructured host and their trajectories do indeed
map out domains in the heart of the material. With this knowledge, the measurements
presented in the following were done on cover-slips as ideal substrates for optical mi-
croscopy, which permit to study a large number of samples with a broad range of
frame rates. That way larger areas could be sampled, up to 30 um x 30 um in size,
and, by measuring with high spatial and temporal resolution a detailed view of the
dynamics of the guest molecules inside the porous host could be obtained. Different
diffusional and orientational dynamics of molecules were observed depending on the
pore topologies in different host materials that were synthesized with various amounts
of the same organic template. Samples with pure phases (2D hexagonal, lamellar, cu-
bic) were studied as well as samples exhibiting phase mixtures, where different phases
coexisted in the same sample.

First, Brij 56 templated thin films with different topologies, i.e. hexagonal, lamellar or
a mixture of both, are discussed here. In the second part of this chapter the diffusion
in hosts with larger pores with hexagonal or cubic arrangement, which are templated
by Pluronic P123, is presented.

The work was conducted in cooperation with Barbara Platschek and Nikolay Petkov
from the research group of Prof. Bein at the LMU Munich. They synthesized the
samples and characterised them by X-ray diffraction and transmission electron mi-
croscopy. More details about their share of the work may be found in their theses. 16
Christophe Jung from our group helped with the orientation measurements at the con-
focal microscope, a more detailed description of this setup and the method will be
given in his thesis. The different terrylene diimide dyes were synthesized in the group

of Prof. Miillen at the Max Planck Institute (MPI) for Polymer Research in Mainz.
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7. Diffusion of TDI in Spin-coated Mesoporous Thin Films

7.1 Synthesis of Thin Films with Different Topologies

7.1.1 Overview of the Different Synthesis Recipes

A variety of mesoporous thin films with different pore diameters and pore topologies
were synthesized using the non-ionic surfactants polyoxyethylene 10 cetyl ether (Brij®
56, Sigma-Aldrich) and polyethyleneoxide-polypropyleneoxide-polyethyleneoxide
(PEO4y-PPO(-PEOy, Pluronic® P123, BASF) as templates (see Figure 7.1). As men-
tioned in Chapter 2.2, the diameter of the pore is determined by the template and
the pore topology by the surfactant/silica ratio. The two different templates yielded
pore-to-pore distances of 6nm for Brij56 and 10nm for Pluronic P123, respectively,
measured by XRD (see below). Depending on the surfactant/silica ratio, hexagonal,
lamellar and cubic pore systems and even mixtures of the different pore topologies
were obtained.
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Figure 7.1: Templates used for the synthesis of mesoporous thin films with various
topologies. Top: Polyoxyethylene 10 cetyl ether Brij® 56. Bottom: polyethyleneoxide-
polypropyleneoxide-polyethyleneoxide (PEOgq-PPO7(-PEO2j) Pluronic® P123.

The synthesis procedure was similar to the routine described in the previous chapter,
but without an additional dilution step. Therefore the films presented here are thicker
than those for the correlated TEM and wide-field measurements. They have a thick-
ness of about 200 nm, again measured by ellipsometry on films synthesized on silicon
wafers. The molar ratio of the final precursor solutions for the mesostructured samples
that were used in this work are summarized in Table 7.1. Again, the first step was acid
catalyzed hydrolysis-condensation of TEOS under reflux conditions, the composition
is given in the respective columns of the table (molar ratio). Then an ethanol solution
of non-ionic block copolymer surfactant was added at room temperature. The result-
ing solution was spin-coated on different substrates as described in the following. In
the first two columns of the table it is visible that for Brij 56 the phase changes from he-
xagonal to lamellar with increasing surfactant/silica ratio and for Plurionic P123 from
hexagonal to cubic.
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Table 7.1: Synthesis recipes (molar fractions) for mesostructured thin films. The assignment
to the different phases was done using XRD and TEM data, and will be presented later in
Section 7.2.1.

Topology TEOS surfactant HCl H,O EtOH

Brij 56

B1 Wormlike 1 0.066 0.06 27 31
B2 Hexagonal 1 0.083 0.06 27 34
B3 Mixture: Hex. / Lam. 1 0.13 0.06 27 44
B4 mostly Lamellar 1 0.20 0.06 27 50
B5 Lamellar 1 0.40 0.06 27 60
B6 Ultrathin Hex. 1 0.090 0.056 208 44
Pluronic P123

P1 Hexagonal 1 0.013 006 27 60
P2 Cubic 1 0.017 0.06 27 60

7.1.2 Substrates

For the experiments presented in this chapter, the mesoporous films containing dye
molecules were deposited on pre-cleaned glass cover-slips that are optimal for mea-
surements with high N.A. oil immersion objectives (20 mm x 20 mm, thickness grade
1.5 (= 170 pm), Marienfeld). For the cleaning procedure, the glasses were placed for
about 30 minutes into a 0.5 % Hellmanex® II (Hellma, Miillheim) solution at 50 °C, son-
icated for two minutes, and rinsed thoroughly with deionized and UV-irradiated water
for five minutes. The substrates were vacuum-locked during the spin-coating process,
80 pL of the precursor solution were deposited onto them, and they were rotated with a
spinning rate of 3000 rpm for 30 s (Different spin-coaters were used: CONVAC, Speed-
line Technologies SCS P6700 Spin coater or Laurell, Model WS-400B-6nPP/ LITE/AS).
Additional samples were coated onto silicon wafers (28 mm x 15 mm, Siltronic AG), to
obtain a better SNR in the 1D X-ray diffractograms and for the ellipsometry measure-
ments.

7.1.3 Different Fluorescent Dyes

In addition to the asymmetric dye, AS-TDI, that was also used for the measurements
presented in the previous chapter, two symmetric terrylene diimide derivatives were
used for the investigations in the Brij-templated films. Figure 7.2 depicts the struc-
tures of the three molecules. The symmetric DIP-TDI has the same diisopropylphenyl-
group that form one head-group of AS-TDI on both sides. In contrast, SW-TDI has
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7. Diffusion of TDI in Spin-coated Mesoporous Thin Films

two double, swallow like alkyl-tails at both diimide ends, comparable to the octyl-tail
of AS-TDI. The symmetric dye having only one octyl group on each side, which would
offer an even better comparison to AS-TDI, could unfortunately not be synthesized
due to its insufficient solubility.

(a) Asymmetric

——N Ik = - — B — o N—
j[ (o] i 4 . B & 0
AS-TDI
(b) Symmetric - .
o] = = — o] — (s} PR — = o -
_—N_=_—_—_N—_ —N = — — N—
1 o d o — : - B o F — o = — — & o —
DIP-TDI T SW-TDI o

Figure 7.2: Terrylene diimide derivatives. Three different TDI derivatives that were used as
fluorescent dyes for single-molecule tracking: (a) one asymmetric (AS-TDI) and (b) two sym-
metric dyes (DIP-TDI, SW-TDI).

It is important to know the dimensions of the dye, which is diffusing inside the meso-
porous systems, to have an estimate of the size relations between the pores of the host
and the extension of the guest. An molecular modelling calculation was done for AS-
TDI using the Extensible Computational Chemistry Environment (ECCE, by Gary D.
Black, Richland). The molecule is about 3.2nm long (including head and tail), about
0.9nm wide across the terrylene plane and about 0.8 — 0.9nm thick, due to the alkyl
chain sticking out above the terrylene plane. The molecule is thus approximately an
ellipsoid of 0.9 nm in diameter and 3.2 nm in length.

As for the samples presented in the previous chapters, a dilution series with various
concentrations of each of the different dye molecules was made for each of the recipes
to find the optimum concentration at which the single molecules are spatially sepa-
rated. In most cases it was found that around 5 pL of highly diluted terrylene diimide
solutions (ca. 10~¥* mol L~" in EtOH) in 1 mL of precursor solution resulted in a concen-
tration of dyes in the final mesoporous films, that was well suited for single-molecule
microscopy and single-molecule tracking.
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7.2 Diffusion of Single Molecules in Brij 56 Templated

Films

7.2.1 Analysis of the Host Structure

In order to obtain a clear image of the different pore systems that can be formed us-
ing Brij 56 as template, a series of different samples was synthesized on cleaned glass
cover-slips.'®® As mentioned above in Section 2.2, it is a well known fact that variation
of the surfactant/silica ratio in the precursor solution results in different pore topolo-
gies in the mesoporous film. A broad range of different recipes with surfactant/silica
ratios from low (0.03) to high (0.715) were used for the synthesis and the resulting
structure was analysed using XRD and TEM (in Table 7.1 only those recipes of samples
that are discussed here further are summarized).

To determine the film thickness by ellipsometry, additional samples were synthesized

on silicon wafers. The measurements showed that all the films were about 170 — 180 nm
thick.

X-ray diffraction

Figure 7.3a shows the different 1D X-ray diffractogrammes that were measured in
Bragg-Brentano-geometry (0 — ) on fresh samples a few hours after synthesis, i.e. im-
mediately after the wide-field measurements, using the recipes B2, B3, and B5 from
Table 7.1. Whereas sample B1 shows only a very weak and fairly broad reflexion at
20 = 1.6° (data not shown), sample B2 exhibits a distinct peak at about the same po-
sition. Increasing the surfactant/silica ratio further (sample B3) results in a diffraction
pattern with two peaks at 20 = 1.45° and 20 = 1.60°, respectively. Samples with a sur-
factant/silica ratio > 0.27 show only one peak at about 20 = 1.45°. The two d-values
calculated for the different structures according to the Bragg equation (Equation 2.3.1)
are d=5.5nm (26 = 1.60°) and d=6.2nm (26 = 1.45°), respectively. The d-spacing of
the phase formed at comparatively low surfactant concentrations, B2, is by a factor
sin 120° smaller than that of the other structure, B5. This is indicative of the formation
of a hexagonal and a lamellar phase. The pore-to-pore distance, which is identical to
the unit cell parameter a for the hexagonal phase, can be calculated from the lattice
plane distance d = (2/v3)a to a=6.1 nm. For a lamellar phase the layer-to-layer distance
corresponds to the spacing of the lattice planes d=6.2 nm.

Furthermore, ageing effects of the samples were studied using XRD. The measure-
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Figure 7.3: 1D XRD of the different samples, before and after ageing. (a) XRD of the freshly
prepared samples. The left peak corresponds to the (100) reflex of the lamellar phase (B5,
green), the right peak to the (100) hexagonal reflex (B2, blue). Sample B3 (black line) shows
two peaks at the same positions as B5 and B2. Here a mixture of the two phases is present.

(b) Shrinkage of the pore-to-pore distances for purely hexagonal (blue) and lamellar (green)
phase, measured on a different sample as in (a). Solid lines: Freshly prepared samples. Dotted
lines: after three weeks of aging.

ments presented above were obtained from samples a few hours up to one day after the
synthesis. During this time no changes of the peak positions were observed. However,
three weeks after the synthesis the peaks were shifted to higher 20 values, which corre-
sponds to a shrinkage of the pore-to-pore distances (see Figure 7.3b). The initial peaks
at (20 = 1.43°) and (20 = 1.63°) were shifted towards (20 = 1.58°) and (20 = 1.70°),
respectively. The latter values for 20 correspond to a distance of lattice planes in the
lamellar phase of djam aged=5.6 nm, thus a decrease of 0.6nm (10%). In the hexagonal
phase, after ageing the lattice distance is dhex agea=5.2 M and the pore-to-pore distance
(hex aged=6.0nm, which corresponds to a shrinkage of about 5%. The lamellar phase
contracts thus about twice as much as the hexagonal phase.

This shrinkage is not necessarily caused by a shrinking of the pore diameter, and might
instead result from condensation and thus contraction of the pore walls only. Diffusion
measurements were done with the aged samples, and the trajectories and diffusion
coefficients were similar to those of the fresh samples.

Transmission electron microscopy

In addition, cross-sections and scratches from the different samples were analysed us-
ing TEM. Figure 7.4 shows the cross-sections that were obtained from the samples B2,
B3 and B5. On the left, the open hexagons are indicative for a hexagonal phase in
sample B2, whereas the layered structure on the right can be assigned to a lamellar
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(a)

Pure hexagonal B

(b)  Pure lamellar B5 (c) Mixture B3

Figure 7.4: Cross-section TEM of the different samples. (a) The cross-section TEM clearly
show the openings of the hexagonally arranged pores (B2) and (b) the stacking of the lamellae
(B5). (c) For the phase mixture it displays the different mesophases stacked on top of each
other. Different stacking order can be observed in other areas of this sample. In all images the
glass substrate is visible at the bottom and the silica-air interface at the top, the z-arrows point
along the optical axis of the widefield microscope (z-direction), x and y mark the observation
plane. The insets in (a) and (b) sketch the topology of the pores as in Figure 2.2. Courtesy of B.
Platschek, Bein group, LMU Munich.

phase in sample B5. The middle panel shows a cross-section TEM of sample B3 which
exhibits two peaks in the XRD, where the two different phases are visible in the same
image, with the lamellar phase on top of the hexagonal channel system.

In addition to the cross-sections, small pieces of the samples with low surfactant/silica
ratio were scratched of the substrate using a razor blade, deposited on on a copper grid
for elelctron microscopy and analysed with TEM. In Figure 7.5a a scratch of a sample
with recipe B2 is shown. Here, the hexagonally arranged pores are seen from top. The

(@) Pure hexagonal B2 (b)  Worm-like B2 (c)Worm-like / Amorphous B1

Figure 7.5: Scratches of the different samples analysed with TEM. (a) Hexagonal structure
obtained with recipe B2. (b) Worm-like structure obtained with recipe B2. (c) Worm-like struc-
ture obtained with recipe B1, having a lower surfactant/silica ratio than B2. Courtesy of B.
Platschek, Bein group, LMU Munich.
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image in Figure 7.5b shows a scratch from a sample that was made using the same
recipe (B2), but in this special case the structure is much less developed (worm-like).
This phase can be understood as having regular d-spacing but rods too short to arrange
in a hexagonal way with respect to the substrate surface. Thus, the structure results
in spherical intensity maxima in reciprocal space and cannot be distinguished from a
hexagonal phase by 1D XRD. No diffusion was visible in this sample, showing that the
pores have no connections that would let the dye molecules move in this worm-like
structure. Even though the recipe was the same as for the pure hexagonal samples, in
this special case a less ordered sample was developed. In fact, the recipe for the pure
hexagonal samples is at the limit towards recipes that result at all times in amorphous
or worm-like structures. On the right, Figure 7.5c, a TEM image of a scratch from
such a sample made with an even lower surfactant silica ratio (B1) is depicted. This
sample exhibited only a very weak and broad peak at 20 = 1.6° in the XRD. The TEM
also shows that the structure is not very well developed here. Note that scratching off
pieces of samples with a lamellar phase will only result in images of amorphous silica,
i.e. the lamellae seen from top. Therefore no such images were taken from samples
with higher surfactant/silica ratio.

Atomic force microscopy

The surface of three different samples was investigated using atomic force microscopy
(AFM). The Surface Images were taken with a commercial AFM (Asylum Research

Pure hexagonal B2 (c) Pure lamellar B5
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Figure 7.6: AFM Surface scans of the different samples. In all three images surface steps of
about 6 nm are visible in the cross-section along the black line (bottom graphs). (a) B2, (b) B3,
(c) B5. The scale bar in each of the images corresponds to 10 pm.
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MFP3D) in tapping mode. The Olympus AC160 SiN Cantilever was driven 5 % be-
low its resonance frequency with a target amplitude of 1.2V. In the measurements a
set point of 0.85V was used to scan each surface with a resolution of 512 px x 512 px
and a scanning rate of 2Hz per line. The AFM images (Figure 7.6) show the surface
structure of samples from B2, B3 and B5. In the pure hexagonal phase (B2) steps of
about 6 nm height are visible. This corresponds to the pore-to-pore distance that was
calculated from the XRD patterns (Figure 7.3). In this image four different levels can
be distinguished. The lamellar phase on the right shows a more plate-like structure on
the surface. Here, the height differences fit well to multiples of the d-spacing between
the silica planes. The middle image, taken from the sample with the phase mixture,
however, does not show very clear surface steps, but the surface roughness is in about
the same range as on the surface of the two pure phases.

7.2.2 Diffusion Measurements and Single-Molecule Tracking

In the following it will be demonstrated that the different topologies in fact strongly in-
fluence the diffusion of the molecules inside the pores, and the diffusion in the samples
B2, B3 and B5 will be discussed in detail. Here the measurements in the pure phases
(B2, B5) are presented first and then a detailed discussion of the observations in the
third sample (B3) that consists of a mixture of these two phases is given.

Pure phases - Samples B2 and B5

The fluorescence of the single molecules in as-synthesized films was collected using
the wide-field setup described in Chapter 3.3. Like for the samples discussed in the
previous section no further sample preparation was needed. Also here, the films are
much thinner than the focal depth of the microscope objective used and the fluores-
cence images contain data from molecules at all heights inside and on the surface of
the sample. Series of 1000 images were acquired with a temporal resolution of down
to 50 ms per frame. Exemplary images from movies taken from the samples of B2 and
B5 are depicted in Figure 7.7.

In the wide-field images of the hexagonal phase only gaussian-shaped diffraction pat-
terns are observed (Figure 7.7a), whereas the single molecules in the lamellar phase ap-
pear as doughnuts (Figure 7.7b). Such doughnut diffraction patterns have previously
been assigned to single molecules with their transition dipoles (here the long molecu-
lar axis of TDI) aligned along the optical axis of the microscope.'?*12>126:127,128,129 Ty the

present case this means that molecules in the lamellar phase are oriented perpendicular
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(a) Pure hexagonal (b) Pure lamellar

500 mis / frame

Figure 7.7: Single-molecule images of the pure hexagonal and lamellar phases of the meso-
porous hosts obtained by wide-field imaging. The temporal resolution for the movie of the
hexagonal phase was 500 ms per frame and for the lamellar phase 8 s per frame. The single-
molecule images in the hexagonal phase show only gaussian-shaped diffraction patterns (a)
whereas in the lamellar phase only doughnut-shaped patterns (b) are observed. The dough-
nuts are attributed to molecules oriented perpendicular to the substrate. Magnified images

of the molecules indicated by an arrow are displayed in the top right corner of each panel.
Trajectories in the regions marked with the square boxes are depicted in Figure 7.8

to the glass substrate and thus normal to the silica planes of the lamellar phase.

The exposure times for the movies in the two different phases differ by a factor of 16,
as the molecules in the hexagonal phase diffuse much faster than in the lamellar phase.
The strong differences in the diffusion behaviour in the two phases are illustrated in
more detail in Figure 7.8a-d and below in Figure 7.13. The positions of the molecules
were obtained by fitting theoretical diffraction patterns according to Equation 3.4.1 or
3.4.4 to the spots with a positioning accuracy of down to +5nm.*>1% Single-molecule
trajectories were then built up by tracking spots from frame to frame.

In Figure 7.8 the measurements in the pure hexagonal phase on the left are set in con-
trast to those in the lamellar phase on the right. Molecules in the hexagonal phase
travel in a highly non-random manner over distances of several microns (blue trajec-
tories in Figure 7.8a) during the acquisition time of the movie (500s). In contrast, the
doughnut patterns in the lamellar phase show regular diffusion on a much slower
timescale, and cover areas smaller than 1 um during the same time interval (63 frames
with 8 s exposure, green trajectories in Figure 7.8b). A detailed picture of an individual
trajectory in the hexagonal phase is shown in Figure 7.8c. The molecule travels first
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Figure 7.8: Single particle trajectories in the pure hexagonal and pure lamellar phase. The
temporal resolution for the movie of the hexagonal phase was 500 ms per frame and for the
lamellar phase 8 s per frame. The scale increases from top to bottom as we zoom into the
pictures, so that we resolve more and more details of the structure. The rectangular boxes
indicate the enlarged regions. (a),(b) Trajectories of the diffusion obtained by single-molecule
tracking in the regions indicated by the white square in Figure 7.7a, b. Molecules showing
structured diffusion in the hexagonal phase are plotted in blue (a), molecules with doughnut-
shaped patterns in the lamellar phase are presented in green (b). Scale bar 5 um. (c),(d) Sam-
ple trajectories in the hexagonal and the lamellar phase (highlighted in the rectangular boxes
in (a),(b)). The trajectory of the fast diffusing molecule in the hexagonal phase shows a pro-
nounced structure which reflects the structure of the hexagonal channels, whereas the trajec-
tory of a doughnut-shaped pattern in the pure lamellar phase shows random walk behaviour.
The grey boxes correspond to one standard deviation of the fit to the diffraction spot. (e),(f)
Schematic view of the arrangement of the guest molecules inside the hexagonal and lamellar
topologies of mesoporous silica.
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along the C-shaped structure on the right (A) and after 65s enters side-arm B. Then,
100 s later, it passes into the linear structure at the bottom (C). After another 144s it
enters region D and moves around there for 69 s before coming back to region C. At
the end it passes into region E, where it moves back and forth for 109 s until the end
of the movie. Note that the molecule apparently probes the domain boundaries in this
process, by repeatedly ‘bouncing” back from dead ends of the channel regions. This
is one of the many striking examples which show how a single molecule explores the
structure of the host in specific way, showing the accessibility and connectivity of the
channels.

The successive measurements of single-molecule trajectories and TEM images of the
same region in the sample in the last chapter provided evidence that the single-molecule
trajectories directly map the alignment of the channels and the domain structure. The
single particle trajectories presented here underline this, since (i) TEM and XRD data
show that the pores are horizontal in the focal plane; (ii) the widths of regions A-E ex-
ceed both the tracking error (small grey boxes around trajectory points) and the pore
spacing, implying that part of the time the molecule is in different but aligned pores;
(iii) surface features seen in AFM (Figure 7.6) images do not resemble in any way the
structures seen by particle tracking (this excludes the movement of the molecules on
distinct surface structures). Therefore the trajectories do indeed map out domains in
the heart of the material. Furthermore, only the fast and randomly moving molecules
were removed by washing the surface with water, demonstrates that the structured tra-
jectories show molecules diffusing inside the hexagonal pores of the materials. In ad-
dition, the observation of the molecular motion shows the accessibility of the channels
and connectivity of the domains in an unprecedented way. There is no other method
that can provide this kind of structural and dynamical information in such detail.

In contrast to the highly structured motion of the molecules in the tubular surfactant
micelles of the hexagonal phase, Figure 7.8d depicts an example of a molecule in the
lamellar phase. It diffuses randomly in two dimensions, as would be expected for
molecules trapped in the surfactant layer between the silica planes.

In addition to the translational diffusion, polarization modulation dependent confo-
cal microscopy can provide information about the orientational dynamics of the TDI
molecules inside the surfactant-filled pore systems, method described in Ref.** Details
about the setup and the method will also be given in the thesis of Christophe Jung
(Brdauchle group, LMU Munich). The wide-field measurements indicate already that
the TDI molecules in the lamellar phase are oriented perpendicular to the substrate,
showing up as doughnut patterns. Hence, a mesoporous film of pure lamellar phase
was observed from the side to obtain a better excitation of the fluorophores. Details of
the setup can be seen in Figure 7.9a.
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Figure 7.9: Measurements of the orientation of the molecules in the two phases. (a) Sketch
of the alignment of the lamellar film perpendicular to the focal plane. (b) Confocal image of
the ensemble fluorescence in the lamellar phase aligned like in a. The image was scanned
line by line with rotation of the »/2 plate. (c) Fluorescence intensity trace in the lamellar
phase (black), transmission reference curve in red. (d) Fluorescence intensity trace of a single
molecule in the hexagonal phase and transmission reference. The fluorescence signal is not
modulated according to the transmission reference, thus the molecule is rotating constantly.

The TDI molecules were embedded in the mesoporous film at ensemble concentra-
tion to provide a sufficient fluorescence signal in this geometry, and the excitation po-
larization was rotated continuously. Figure 7.9b shows a fluorescence image of the
mesoporous film which appears as a thin striped vertical line. This reveals that the
dye molecules are not randomly oriented within the lamellar phase, but all aligned in
the same direction. To determine the average direction of the alignment, the confocal
volume was placed some micrometres inside the mesoporous film and a fluorescence
intensity trace was recorded (Figure 7.9c). The red line shows the modulation of the
transmission intensity of the excitation light which is detected behind a fixed polarizer
and acts as a reference for the determination of the angles (the angle of a horizontal
line in Figure 7.9b is set to 0). A cosine-square modulation of the fluorescence intensity
(black line) is observed. The extracted angle is 2°+ 3°, which is the mean angle of the
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distribution of the orientations of the transition dipole moments of the dye molecules.
This corresponds exactly to the direction perpendicular to the mesoporous film and
thus perpendicular to the silica planes of the lamellar phase.

The orientation behaviour of TDI molecules in the hexagonal phase (recipe B2) was in-
vestigated with the mesoporous film placed in the focal plane of the microscope. In the
wide-field movies the molecules appear as gaussian spots, and therefore do not keep a
constant orientation along the z-axis of the microscope. The measurements with con-
focal setup were also done at ultra low concentration to gain information about the
orientation dynamics of the individual emitters which are otherwise lost in ensem-
ble averaging. First, a fluorescence image is recorded to visualize the single-molecule
emission patterns. Second, the confocal volume was placed directly on the position of
the molecule and the excitation polarization was rotated continuously similarly to the
measurements above. Figure 7.9d shows a typical polarization fluorescence intensity
trace for a single TDI molecule in the hexagonal phase. The blinking event between
0.5s and 0.8s, and the photobleaching step at 3.1s are typical signatures for a single
molecule. In contrast to the graph in Figure 7.9¢, no periodic modulation of the fluores-
cence intensity (black line) is observed according to the rotation of the polarization in
the excitation beam (ca. 500 ms). Moreover, strong fluctuations of the fluorescence in-
tensity can be observed. These are most probably due to the diffusion of the molecule
in and out of the focus of the confocal spot. All 26 investigated molecules exhibit a
similar orientational behaviour. Thus the molecules do not keep a preferential orien-
tation, but constantly reorient during their diffusion in the template filled pores of the
hexagonal phase.

These measurements show that molecules in the lamellar phase maintain a constant
orientation during diffusion, in agreement with the observed doughnut patterns, where-
as molecules in the hexagonal phase constantly reorient on a timescale below 500 ms.
In the lamellar phase, the inter-plane distance is estimated to be 4 — 5nm. The pore
diameter in the hexagonal phase is in the same range. For both topologies the dye
(ca. 3.2nm length) should have enough room to rotate freely. Thus, geometric hin-
drance from the pore walls cannot explain the dramatic differences of the diffusional
behaviour of the TDI molecules between the two phases, i.e. slow diffusion with a
preferential orientation of the molecules in the lamellar phase and fast diffusion with
constant reorientations in the hexagonal phase. We interpret these strong differences
in terms of interactions between the hydrophobic dye molecules and the amphiphilic
template molecules. The very ordered state of the molecules in the lamellar phase may
be explained by strong interactions of the dye molecule with the template molecules
(cf. Figure 7.8f). Hence, the diffusion is hindered and therefore slow. On the contrary
the continuous reorientations in the hexagonal phase indicate much weaker interac-
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tions with the template than in the lamellar phase, as sketched in Figure 7.8e. These
differences in the interaction strength may also explain the much faster diffusion in the
hexagonal phase compared to the lamellar phase.

Phase Mixture

Similar observations as described above for the two pure phases are made in the third
sample (B3), consisting of a mixture of the two phases. Figure 7.10a shows the first
image of a movie, collected with a time resolution of 500 ms per frame in a 28.4 pm x
25.4 pm area of this sample.

(b)

.

500 ms / frame

10 pm 5, \ 10 pym

Figure 7.10: Single-molecule microscopy and tracking in the phase mixture. Temporal res-
olution: 500 ms per frame. (a) A single-molecule image of the phase mixture contains both,
gaussian- and doughnut-shaped diffraction patterns. Magnified images of the molecules indi-
cated by the arrows are shown in the upper right corner. The doughnut pattern was averaged
over 16 images, so that it is presented with the same temporal resolution as in Figure 7.7b.

(b) Map of all the trajectories in the wide-field movie obtained by single-molecule tracking.
Structured trajectories are shown in blue, fast unstructured diffusion in red and immobile
molecules in green highlighted in squared boxes.

Here, gaussian-shaped and doughnut patterns coexist within the same region. The
inset depicts magnified images of the two molecules indicated by the arrows. As the
doughnuts are barely visible on this short timescale, an average over 8s, i.e. 16 frames
of 500 ms each, is presented here in order to make it comparable to the exposure time of
Figure 7.8b, which shows the pure lamellar phase. Single-molecule tracking from this
movie results in the 117 trajectories in Figure 7.10b. Overall, we can distinguish four
populations of molecules based on their different diffraction patterns and diffusive be-
haviour in this movie. The first type comprises molecules with gaussian-shaped spots,
which are diffusing along distinct structures over a large range of one to five microns
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(109 blue trajectories in Figure 7.10b). The second type has characteristic doughnut-
shaped diffraction patterns, see Figure 7.10a and inset. Since their patterns are barely
visible at 500 ms exposure, no tracking of such doughnuts was done in this movie.
On a timescale of minutes to hours, however, these molecules show unstructured dif-
fusion in two dimensions. Another, much smaller population consists of molecules
that diffuse much faster, without showing any particular structure in their trajectories.
Five examples are shown in red. An additional important observation is that mul-
tiple changes between these three types of mobility were observed for many of the
molecules. Finally, we observed very few immobile molecules (to within the position-
ing accuracy), of which two examples are marked in square boxes in Figure 7.10b.

In accordance with the observations in the pure phases from Figure 7.8 the structured
trajectories of population 1 are assigned to molecules in regions with hexagonal ar-
rangement of pores, and the molecules with doughnut-shaped patterns of population
2 that are diffusing very slowly and randomly, to other regions with lamellar structure,
present simultaneously within this sample.

The movement of the two remaining populations is not correlated with the pore topolo-
gies in the sample. In fact, the fast molecules of population 3 (red), with unstructured
trajectories, could be removed by washing the surface of the sample with water, clearly
indicating that the molecules were on the surface of the film. Further details about the
external surface structure are provided by the AFM data shown in Figure 7.6. The
immobile molecules of the small population 4 may be either captured in very small
cavities inside the material or strongly adsorbed on the surface of the pore walls.

The different types of diffusing molecules are observed within the same area of the
sample, implying overlaid hexagonal and lamellar phases as seen in the cross-section
TEM in Figure 7.4b. The diffusion behaviour in this phase mixture fits remarkably
well with that in the pure phases described above. Interestingly, some molecules can
be seen migrating between the phases. This observation demonstrates clearly that the
two phases are actually interconnected. A specific example is shown in Figure 7.11a.
The molecule first appears with a gaussian diffraction pattern and diffuses for 5s (10
frames) until it produces a doughnut pattern for a short period of 3.5s. For the fol-
lowing 105 it diffuses in a highly structured manner (gaussian spot). Then the spot
suddenly returns to doughnut shape again for 197s. During this time it hardly moves,
due to the much lower diffusion coefficient in the lamellar phase (Figure 7.13). Struc-
tured diffusion with a gaussian spot resumes in frame 622 and lasts for 66s. After
spending another 5.5s as a doughnut pattern, i.e. in the lamellar phase, the molecule
finally diffuses back and forth inside a system of parallel channels until the end of the
movie. Again, as in the pure hexagonal phase, the shape of the trajectory explored
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Figure 7.11: Individual Trajectories in the phase mixture. (a) An individual molecule un-
dergoing several changes between the hexagonal (blue parts) and the lamellar phase (green
parts, indicated by the arrows). (b) A molecule showing structured motion in the beginning
for 42.5 s (blue), reaches the surface (red) and comes back into the hexagonal phase after 2.5s.
(c) The molecule diffuses on the surface in a two dimensional random walk for 48.6 s (red)
and then it enters the hexagonal phase (blue) where it stays for the last 256.4 s of the movie.
(d) The trajectory of a doughnut-shaped pattern that is diffusing very slowly and following a
random walk in two dimensions. Temporal resolution for a,b: 500 ms per frame. c: 100 ms per
frame, d: 16's per frame.
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by the gaussian pattern clearly reflects the underlying pore structure of the hexago-
nal phase. This molecule changed three times from a gaussian spot to a doughnut
and back with different residence times in each phase. Such switching phenomena
clearly show that the two phases are actually connected, probably via structural de-
fects at the phase boundaries. Interestingly, we also observed other cases where the
molecule switches several times from a gaussian to a doughnut pattern at exactly the
same position, showing that molecules sometimes pass repeatedly through the same
defect region between phases.

Fast, unstructured

M’ ‘\.n—)/ diffusion (surface)
| ON=
e L

Doughnut patterns
(lamellar)

Figure 7.12: Sketch of the diverse diffusion modes observed in the wide-field movies of the
phase mixture. Molecules diffusing randomly in the lamellar phase are oriented perpendic-
ular to the surface (doughnuts in the wide-field movies). Structured diffusion over long dis-
tances takes place in the hexagonal phase. Molecules on the surface show fast, unstructured
diffusion. Transitions between the different diffusion modes are explained by connections
between the pore topologies.

Besides migrating between phases, some molecules actually exit the film, thus showing
up at the top surface. Figure 7.11b shows an example from which this is deduced. Here
the molecule diffuses first in the hexagonal phase for 42 s, than exits on to the surface,
where it moves very fast and randomly, and comes back into the hexagonal phase after
2.5s, about 1 pm away from where it appeared at the surface. A similar example that
was measured with a higher temporal resolution, showing a longer period of random
diffusion on the surface is presented in Figure 7.11c. A detailed trace of a doughnut in
the phase mixture is provided in Figure 7.11f.

Based upon the above discussion, we can correlate the different diffusion behaviour
with the structural information in Section 7.2.1 and the observations in the pure phases
in Figure 7.8. A schematic general picture of the different phases present in the film and
the migration within as well as between the phases is shown in Figure 7.12.
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7.2.3 Mean-Square Displacement Analysis

The different diffusive behaviour can also be visualized by plotting the mean-square
displacements (r(t)?) of the individual molecules as a function of time ¢ (Figure 7.13).%
Assuming regular Brownian motion according to the Einstein-Smoluchowski relation,
(r(t)?)= 2N Dt,®> with N =1, 2, or 3 according to one-, two or three-dimensional diffu-
sion, respectively, the diffusion coefficient can be extracted from the vertical intercepts

of double logarithmic plots of (r(t)?) against .
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Figure 7.13: Mean-square displacement as a function of time. The individual molecules

in the different mesoporous samples and also within the same sample can be separated ac-
cording to their different diffusion coefficients. For the sake of clarity, individual trajectories
are plotted only for the phase mixture, the thick lines represent the average values for the
pure hexagonal (pale blue) and pure lamellar (dark green) phases. Molecules with structured
trajectories in the phase mixture, population 1, are plotted dark blue, the diffusion of the
doughnuts, population 2 in the phase mixture, in light green and fast and unstructured diffu-
sion of population 3 in the phase mixture in red. The horizontal orange curves correspond to
immobile molecules (population 4 in the phase mixture).

Figure 7.13 shows that (i) the molecules in the different populations in fact have dis-
tinct mobilities (bundles of roughly straight lines with a slope close to unity) and (ii) a
certain spread exists for the diffusion coefficients (vertical intercepts within a bundle).
This spread might be explained by the width of the peaks in the XRD patterns, indicat-
ing a certain distribution of pore sizes present in the individual phases. Such a spread
of values is typical and unique for single-molecule experiments, which show the dis-
tribution of a given parameter rather than only the mean value. Such experiments
have the power to resolve the heterogeneities within a sample. The diffusion coeffi-
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cients differ by approximately two orders of magnitude both between populations 1
(hexagonal channels) and 2 (lamellar) and between populations 1 and 3 (surface). Fur-
thermore, the dark blue lines for the molecules of population 1 can be overlaid with
the thick light blue line, which corresponds to the average value for the molecules in
the pure hexagonal phase (Dyex = 5.0 x 1072 pm? s7*, fitted with A/ = 1). An interesting
observation for the hexagonal phase is that the linear plots for short lags bend towards
a horizontal asymptote for large time intervals. This is characteristic for diffusion in
confined regions, which in our case are the domains explored by the molecules. The
statistical information given here agrees well with the direct observation of dead ends
in the individual trajectories of molecules in the pure hexagonal phase (Figure 7.8c).
The domain size, extracted from the horizontal asymptote, ranges from several hun-
dred nanometres up to one micrometre. For the dark blue lines the asymptotes are
reached at higher values of r? , indicating larger domains. This is in agreement with
the direct observation of the trajectories in the mixture compared to the pure hexagonal
phase in Figures 7.8a and 7.10b, respectively. The plots for the doughnut-shaped pat-
terns in the phase mixture are in about the same range as the molecules in the lamellar
phase, indicated by the thick dark green line (Dy,, = 5.3 X 1072 um? s™!, with ' =
2). For the sake of clarity only the mean values are plotted for the pure phases. The
diffusivities given above thus confirm our previous assignment of the populations to
the different phases. Possible explanations for the small differences of the diffusion
coefficients of the doughnuts in the phase mixture and the pure lamellar phase include
a slightly different amount of template in a given volume element, or a different de-
gree of compression normal to the film surface. Especially for samples with a phase
mixture, the distribution of template into the two phases can slightly differ from that
in the pure phases.

The diffusion coefficients vary not only between different phases or trajectories of in-
dividual molecules within one phase, but can also change within the same trajectory
of an individual molecule. Figures 7.14 and 7.15 show such cases for two individual
molecules of population 1 in the phase mixture. The molecule in Figure 7.14a moves
in a distinct structure and explores at least three different domains, indicated as A, B
and C. The channels in A are oriented perpendicular to the channels in B, and a kink
separates domains B and C. To give an impression, the channel systems 1, 2 and 3 in
domain B are separated by 50 — 100 nm and each of them probably consists of several
parallel channels. Similar to the molecule in the pure hexagonal phase in Figure 7.8c,
this trajectory gives a lucid picture not only of the channel structure but also of the
connectivity and accessibility of channels between different domains.

For the molecule moving in this structure, a detailed analysis of the diffusion beha-
viour was done by plotting the cumulative probability of the squared displacements
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Figure 7.14: Diffusivity changes for one individual molecule in the hexagonal part of the
phase mixture B3. (a) Trajectory of a molecule diffusing in a structured manner in parallel
channel systems (1, 2, 3) and in different domains (A, B, C). (b) Plot of cumulative probability
of r(t)? for two sample time intervals (t=2.5 s,7.5 s). Mono-exponential fits (red dashed line)
and tri-exponential fits (blue line) are given. (c) Plot of the mean-square displacement (r(t)?)
against the time intervals. Fits according to (r(t)?) = 2Dt for the three different characteristic
(r(t)?) distributions.

for different time lags.” 1%

Regular diffusion should result in a mono-exponential de-
cay, giving a characteristic value for the mean-square displacement (r(t)?) for each lag
t (Equation 4.1.27). Figure 7.14b displays these distributions for two sample time inter-
vals (t = 2.5sand ¢t = 7.5s). Here the data cannot be fitted with a mono-exponential
decay function (red dashed lines in Figure 7.14b). Tri-exponential decay functions ac-
cording to Equation 4.2.4 were found to describe the data best (blue solid lines), giving
three characteristic r(¢)* values for each lag ¢. These values are plotted against time
in Figure 7.14c. The three different sets of r(¢)* values were fitted with the Einstein-
Smoluchowski equation for random diffusion in one dimension, giving values of D =
1.3 x102um?s71, 3.2 x 1072 um? s7!, and 2.8 x 10~* pm? s~!. These large differences
imply that the molecule is diffusing in at least three kinds of environment. However,
it can be shown that the three diffusion regimes are not spatially separated. The step
sizes corresponding to these three diffusion modes are distributed over all parts of
the trajectory, not segregated in one or other of the domains A, B or C: the mobility
of the molecule does not differ significantly from one domain to the other. Instead,
due to structural heterogeneities, the environment within one channel system changes
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strongly along the pathway of the molecule. These heterogeneities are revealed by the
molecule continuously changing its mode of motion between at least three diffusion
coefficients. Therefore its diffusion cannot be described as a simple Brownian motion.
An interpretation of these results could actually be a range of diffusion coefficients due
to variations of local environment.
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Figure 7.15: Trajectory of a molecule in the hexagonal phase of the phase mixture B3 show-
ing an instantaneous change of the diffusion coefficient. (a) First, the molecule diffuses fast
(pale blue), until it becomes instantaneously much brighter and also five times slower (dark
blue), after 85 s (see arrow). (b) Plot of the absolute value of the step length against time for
the molecule clearly showing the change in the diffusion behaviour.

Figure 7.15a shows another molecule, for which different diffusion regimes are spa-
tially separated. It first diffuses with a diffusion coefficient within the same order of
magnitude as all other molecules in the hexagonal phase (pale blue part of the trajec-
tory), but after 85s it becomes much brighter and diffuses more slowly, with a five
times smaller effective diffusion coefficient (dark blue) for the rest of the time. This
instantaneous change can be visualized by plotting the step length as absolute value
against time as depicted in Figure 7.15b. This example clearly demonstrates that there
are also cases where changes in the diffusivity can be correlated with spatial areas in
the trajectory. Here the molecule obviously explores two different types of channels
which provide different environments.
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7.2.4 Distribution of Angles between Successive Steps

In order to gain additional information about the diffusion within the different mate-
rials, the angles between successive steps were investigated. Figure 7.16 depicts the
histograms of angles between successive steps and the stacked column chart showing
the ratio of forward, intermediate and backward steps for the molecules in the pure
hexagonal phase.
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Figure 7.16: Pure hexagonal phase B2: Angles between successive steps. (a) Histogram:

The maxima at £180° and 0° reflect the highly structured diffusion along the channels. (b)
Percentage of forward, intermediate and backward steps: The black line indicates the ratio of
forward /backward steps. Some molecules show an excess of forward steps, some molecules
an excess of backward steps, but on average no excess of steps forward or backward is visible.
The yellow line is a guide for the eye at a value of 50%.

The histogram of the left, showing the distribution of all angles between successive
steps for 115 molecules tracked from the film shown above in Figure 7.7a, reflects
the highly structured diffusion of the molecules along the one-dimensional channels.
The molecules diffuse back and forth inside the porous system. On the right side
the distribution of forward, backward and intermediate steps is shown for all 115
molecules individually, ranked by the ratio of forward/backward steps (black line).
Some molecules show an excess of steps forward, others an excess of steps backward.
On average no bias towards forward or backward steps is visible. A similar picture
is obtained from the analogical plots of the molecules in the hexagonal phase of the
phase mixture.

In contrast, the distribution of angles between successive steps in the pure lamellar
phase gives a completely different picture. The histogram on the left in Figure 7.17
shows a relatively flat distribution compared with the same histogram of the hexago-
nal phase. However, the distribution is not completely flat as it would be expected for
a purely random walk in between the planes of the lamellar phase. It shows a broad
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peak around 0° and slight minima around +180°. In order to get a clearer picture, the
stacked histogram of the percentage of forward, intermediate and backward steps has
to be examined. In this graph the excess of forward steps is even more striking. For
many molecules the amount of steps in the different directions can be sorted as fol-
lows: { forward > § intermediate > § backward. The structural analysis of the lamellar
host by XRD or TEM provides no indications for such an irregular distribution. The
arrangement of template between the planes is not known and cannot be measured,
but most probably, this excess of steps forward has to be attributed to interactions of
the dye molecules with the template molecules between the silica planes.
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Figure 7.17: Pure lamellar phase B5: Angles between successive steps. (a) Histogram: The
histogram shows a relatively flat distribution with a broad maximum around 0°and slight
minima around +180°. (b) Percentage of forward, intermediate and backward steps: The
black line indicates the ratio of forward /backward steps. Most of the molecules do more for-

ward than intermediate steps and more intermediate than backward steps. The yellow line is
a guide for the eye at a value of 50%.

7.2.5 Comparison with Symmetric Dyes: SW-TDI and DIP-TDI

In order to obtain a better understanding of the interactions between the dye and
the surrounding host matrix, two symmetric dye molecules, DIP-TDI and SW-TDI
(see Figure 7.2), were incorporated in the same way into the mesopores of thin Brij-
templated films. These dyes were selected, as their terrylene diimide body is identical
to the asymmetric AS-TDI. Both dyes are symmetrical, DIP-TDI has the identical head
group as AS-TDI on both ends, and SW-TDI a swallow like double alkyl-tail compa-
rable to the octyl tail of AS-TDI. The investigations of these dyes should elucidate if
there is a correlation between the excess of forward jumps observed with AS-TDI and
the asymmetry of the dye. Furthermore, when incorporated into the different phases
of the host, single-molecule experiments on these dyes provide additional information
about the interactions of the dye with its environment, e.g. which specifications a dye
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needs to align perpendicular with respect to the substrate. However, these investiga-
tions are in a very initial stage, thus here only some tentative examples and preliminary
results will be discussed. They will be continued in a future project.

In the hexagonal phase, the diffusion behaviour of the three TDI dyes was similar. All
dyes diffuse in a highly structured manner, with similar diffusion coefficients. A ten-
tative ranking of the diffusion coefficients is Dsw.tp1 > Das-tp1 > Dpip-tp1- Moreover,
polarization dependent measurements with the confocal setup showed that none of
the dyes keeps a constant orientation while diffusing through the channels.

The diffusion behaviour in the lamellar phase differs strongly for the three different
dyes. Whereas AS-TDI shows nearly exclusively doughnut patterns and some un-
structured tracks on the surface, SW-TDI exhibits only some doughnut patterns and a
high number of unstructured trajectories, of relatively fast molecules is observed. First
experiments showed that these fast molecules can not be washed away from the sur-
face. Therefore they must be in the bulk of the material. Contrary to AS-TDI and SW-
TDI, the dye with two di-isopropyl-phenyl headgroups, DIP-TDI, did not show any
doughnut patterns, but fast and unstructured diffusion. Like for the fast, unstructured
molecules of SW-TDI, these molecules could not be washed away from the surface.
In addition, some highly structured trajectories of DIP-TDI were observed in freshly
prepared lamellar samples. The XRD of this sample was measured after the wide-field
measurements, i.e. a few hours after the synthesis, and did show only one peak at
the typical position of the pure lamellar phase. After about one day of ageing of the
sample, only very few of these structured trajectories remained. One possible explana-
tion is, that immediately after spin-coating a mixture of phases with a small amount of
hexagonally arranged pores is present, which transforms within the first few minutes
or hours into a purely lamellar structure. It is known from GISAXS measurements at a
synchrotron source that the lamellar phase is build viz an hexagonal phase °.

Interestingly, these structured trajectories show a large excess of forward steps and
a higher diffusion coefficient than the molecules in the hexagonal phase of the pure
samples or the phase mixture. This prooves that there is no relation between the asym-
metry of the molecule and the bias towards forward steps. Similar trajectories could
be observed in one tentative example of AS-TDI in a sample synthesized with the in-
termediate recipe B4. In this sample doughnuts and highly structured trajectories with
large diffusion coefficients coexisted. The XRD of this sample showed a large peak
around 26 = 1.45° and a small peak at 20 = 1.60°, indicating the coexistence of the two
phases. The structured trajectories show a significant excess of forward steps, as the
samples of B5 with DIP-TDI. Repeated experiments using recipe B4, however, showed

Opersonal communication by A. Ziirner, Bein group, LMU Munich
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mostly doughnuts and only sporadically some structured trajectories. Up to now, no
satisfactory explanation could be found for the excess of forward steps in these struc-
tured trajectories, as for the unstructured diffusion in the lamellar phase. As a trend
it was observed, that mostly samples synthesized with a high surfactant/silica ratio,
showed this phenomenon, either in highly structured trajectories of gaussian shaped
patterns or in the slow diffusion of the doughnuts.

These first preliminary results show already that even small structural changes at
the end groups of the dye molecules can result in major changes of the behaviour
of the dyes within the porous environment. Inducing favourable interactions of the
hydrophobic tails of the template with the dye, which align the dye perpendicular to
the silica planes, needs apparently the presence of hydrophobic alkyl tails in the dye
molecule. Nonetheless, the asymmetric dye with only one alkyl chain showed much
more orientation, than the analogous dye with four alkyl chains. This shows, that the
host-guest or, more precisely, host-template-guest interactions cannot be explained by
simple hydrophobic/hydrophilic interactions.

Though tentative, these results indicate that further investigations of the different dye
molecules will provide a deeper understanding of the host-guest interactions within
such mesoporous structures.

144



7.3. Pluronic Templated Films

7.3 Pluronic Templated Films

Using Pluronic P123 as template, two different pore topologies of silica films were
synthesized and investigated. The first recipe, P1 (see Table 7.1), results in a hexa-
gonal pore system, whereas the second recipe, P2, with higher surfactant/silica ratio
yields a cubic pore structure. These structures were, similar to the Brij 56-templated
samples, synthesized on cleaned cover-slips and analysed using XRD and TEM. For
the single-molecule studies on these materials, AS-TDI was used as fluorescent dye
and incorporated into the pores during synthesis. Unless otherwise stated the single-
molecule measurements in this section were done using the PentaMAX ICCD camera
(see Section 3.3).

7.3.1 Characterisation of the Host
Recipe P1: Hexagonal Phase

Figure 7.18a shows the X-ray diffractogramm of P1 with the d(100) peak at 20 = 1.025°,
which corresponds to a d-spacing of 8.6 nm of a hexagonal phase, and thus a pore-
to-pore distance of a=10.0nm. The TEM plan-view image (Figure 7.18b) shows the
hexagonal channels from top. Here, it is clearly visible that the channels are organised
in domains with the long range order. As for the Brij-templated films, the hexagonally
packed channels can be curved on a length scale of tens of nanometres, resulting in
this fingerprint like structure of different domains.”” The samples also exhibit a mosaic
structure of domains having different in-plane orientations. Scanning the surface with
an atomic force microscope shows distinct surface steps of about 10 — 11nm. These
steps have about the hight of the pore-to-pore distance in the hexagonal system, like it
was observed for the Brij-templated hexagonal sample B2.

Recipe P2: Cubic Phase

Figure 7.19a depicts the XRD of a sample synthesized with the P2 recipe, showing a
peak at 20 = 0.96°, i.e. a d-spacing of 9.2nm. The plan-view TEM of this sample shows
the cubic arrangement of spherical cavities (Figure 7.19b). The mosaic structure of
domains, formed by a body centred cubic lattice (see Figure 2.2c), with coexistence of
zones with [211] and [200] zone axes perpendicular to the substrate is visible. From
grazing incidence X-ray diffraction (GISAXS) of non-calcined samples it is known that
a one-dimensional contraction of ~ 15% normal to the substrate surface occurs during
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Figure 7.18: XRD, TEM plan-view and AFM images of P1 (Hexagonal Phase). (a) X-ray
diffractogrammes of samples prepared using the recipe P1. (b) Plan-view TEM of a sample

of P1, showing the parallel aligned channels of the hexagonal phase. (c) Another plan-view
TEM of the hexagonal phase, representing the curvature and domain structure of the sample.
(d) AFM image of the surface of a thin film synthesized in mica. Surface steps of 10 — 11nm
are visible in the cross-section along the black line. XRD and TEM courtesy of N. Petkov, Bein
group, LMU Munich. Note that the TEM images were not measured from exactly the same
samples than the single-molecule tracking, but from the same batch of samples.
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Figure 7.19: XRD and TEM plan-view image of P2. (a) X-ray diffractogrammes of samples
prepared using the recipes P2. (b) TEM plan-view image of P2. The spherical cavities of a cu-
bic (Im3m) phase are organised in different domains. Courtesy of N. Petkov, Bein group, LMU
Munich.

the drying process of these samples. In as-synthesized samples the shrinkage normal
to the substrate is typically smaller than for calcined samples. However, no GISAXS
data have been measured for samples before calcination, thus the contraction after
calcination can be taken as maximum value for the shrinkage of the as-synthesized
films.

In addition, from Ns-sorption data of powder SBA-15 material (similar to the hexago-
nal thin films) the pore diameter is estimated to be @z = 6.3nm.” As mentioned
above, no Ny-sorption data could be gathered from the thin films.

7.3.2 Single-Molecule Trajectories in the Hexagonal Phase (P1)

In Figure 7.20 the overviews of all trajectories in two different movies from different
samples synthesized using recipe P1 are shown.

Animmediate observation is that the diffusional behaviour is not homogeneous. Again,
as previously seen in the Brij-templated films, different populations of molecules can
be distinguished. There are faster moving molecules undergoing longer steps, that
discover an area of several microns during their trajectories (population 3). These tra-
jectories are unstructured and look like random motion, similar to population 3 in the
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Figure 7.20: Overview of all trajectories in two different wide-field movies of P1. Differ-
ent colours of the trajectories correspond to different mobilities of the molecules (see below).
Population 1 molecules (immobile) shown in green, population 2 in blue (slow moving, struc-
tured trajectories) and population 3 (fast moving) in red. (a) 50 trajectories in 1000 images
recorded with 70 ms per frame. (b) 1000 images recorded with 41 ms per frame. The trajecto-
ries marked by black rectangles are discussed in detail below (Figure 7.23 and 7.25).

Brij-templated films (see Section 7.2.2). These molecules could as well be removed by
washing the surface of the samples with chloroform, therefore it is concluded that they
were diffusing on the surface of the films. Other molecules do mainly shorter steps,
remaining in areas restricted to about 2 — 3 um (population 2). In many cases the popu-
lation 2 trajectories are highly structured, comparable to the molecules in the hexagonal
phase of the Brij-templated films. Besides these two types of moving molecules also a
few immobile ones (to within the positioning accuracy) can be observed (population
1).

Separation of the different populations

As a criterion to distinguish between the different classes of molecules the median
jump length in the individual trajectories was chosen, as described in Chapter 4. The
threshold values were taken from the regions of the lowest slope in plots of the ranked
median jump length (cf. Figure 7.21a, b), resulting in three different populations of
molecules in the hexagonal thin films. They were selected for each movie separately,
as the jump length is correlated with the temporal resolution of the movie. For movie
A, depicted in Figure 7.20a, trajectories with a median < 70 nm are classified as popu-
lation 1, and > 210nm as population 3. Accordingly, jumps with a length < 70nm are
considered as short and jumps > 210 nm are long jumps. Owing to the higher temporal
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resolution, the median step length in movie B (Figure 7.21b) is shorter than in movie

A. Here the thresholds are set at < 50 nm and > 180 nm.
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Figure 7.21: Classification to different populations according to median step length and
mean-square displacement. (a) Movie A: Ranked median step length for all 50 trajectories.
The thresholds to distinguish different populations are in the regions with the lowest slope,
i.e. at 70nm and 210 nm (vertical lines). (b) Ranked median step length in movie B. Owing to
the higher frame rate, the steps are shorter than in (a). Thresholds are at 50 nm and 180 nm. (c)
Mean-square displacements (MSD) of all individual trajectories in movie A as a function of
time (double logarithmic plot). Population 1 molecules (immobile) are shown in green, pop-
ulation 2 in blue (slow moving, structured) and population 3 (fast moving, random diffusion
on the surface) in red. Thick lines show the average values for the individual populations. (d)
MSD plot for movie B, colour coding as in (c).

The existence of the different classes can also be visualised by plotting the mean-square
displacement as a function of time for the individual trajectories. This is shown in Fig-
ure 7.21c and (d) in double logarithmic scale, thus different y axis intersects correspond
to different diffusion coefficients. In Figure 7.21c clearly separated bundles of the in-
dividual MSD curves indicate the existence of three different classes of molecules. The
thick lines correspond to the average value for each of the classes. Here the data of the
two movies of Figure 7.20 are depicted, but the analyses of all movies in the hexago-
nal phase show curves, which are bundled in the same regions. For the fast moving
molecules of population 3 the slope equals unity, as expected for random diffusion.
Their diffusion coefficient is calculated according to the Equation for a 2D random walk
(Equation 4.1.11). The average value for the bundle of red lines in (a) is Da.:populations =
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(5.5 +0.1) x 107! um? s7!, and in (b): Dp.poputations = (7.2 £ 0.1) x 107 um? s7'. The
(r(t)?) versus time for the slower moving molecules has a slope smaller than one. This
might be assigned to spatial restrictions by the surrounding porous material. The re-
spective diffusion coefficients, fitted by Equation 4.1.11 are D populationz = (7.8 £0.1) X
1072 um? s, and in (b): Dp.populationz = (4.1 £0.1) x 1072 um? s~'. Averaged over the
tits of the mean values in all analysed movies, the following diffusion coefficients are
calculated: Dopulation2 = 4% 1072 pm? s~ and D opulations = 3% 107! um? s~ for the mo-
bile molecules. The diffusion coefficients between the molecules within the hexagonal
pores and those on the surface differ thus by about an order of magnitude. Here, all
lines, independent of the structure of the respective trajectories, were fitted according
to 2D diffusion for comparison. However, it will be shown below, that for the struc-
tured molecules an analysis of the one-dimensional diffusion along the backbone of

the trajectory is more precise.

Immobile molecules show horizontal lines between 600 nm? and 2200 nm?, i.e. they are
confined to regions of about 23 nm to 45 nm. One example is shown by the green line in
Figure 7.21c. These values are close to the positioning accuracy of the measurements.

Angles between successive steps

The direction of successive steps, i.e. the distribution of angles in between steps, was
analysed (see Section 4.2). The angular histogram for Movie B is shown in Figure 7.22a.
By definition an angle of 0° is a step forward, the molecule keeps going in the same
direction, backward steps correspond to angles of & 180°, respectively (see Chapter
4.2).

For the immobile molecules a strong excess of backward steps is recorded due to the
tracking artefact, which was explained in Chapter 4. The slower moving molecules,
population 2, undergo more steps forward and backward and fewer steps perpendic-
ular to the previous step. The molecules seem to follow a ‘backbone’ of the trajectories,
as it would be expected for molecules enclosed into linear channels of a hexagonal pore
system. Even though the movement of the fast molecules (population 3) appears to be
fairly random, in about half of the trajectories a significant excess of forward steps is
observed, causing the broad peak in the histogram around 0°. To investigate this phe-
nomenon more closely, the percentage of forward (defined as |angle| = 0° - 60°), inter-
mediate (60°- 120°) and backward (120°- 180°) steps was calculated for each individual
trajectory. A plot showing the percentage of forward, perpendicular and backward
jumps (Figure 7.22b) — ranked with respect to the ratio of forward/backward jumps
— indicates that this excess is visible for the population 3 molecules, whereas for the
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Figure 7.22: Distribution of angles between successive steps. Different colours correspond-
ing to population 1, 2, 3, like in Figures 7.20, 7.21. (a) Histogram: Excess of forward steps for
population 3; maximum of forward and backward steps and minimum for perpendicular
steps for population 2. Strong excess of backward steps for immobile molecules (popula-
tion 1), due to fitting artefact. (b) Percentage of forward, intermediate and backward steps.
Ranked according to the ratio of forward /backward steps. For population 3 molecules a
stronger excess of forward jumps is shown. Also for population 2 molecules a minimum of
intermediate angles can be seen. Interestingly the classification into different populations can
be found in this plot again.

population 2 molecules a small excess of backward steps is observed. It is striking that
the separation of the individual classes in this plot is again very clear cut. Up to now,
no plausible explanation for the excess of forward steps for surface diffusion has been
found, as for the diffusion of the doughnuts in between the sheets of the Brij-templated
lamellar phase (see Section 7.2.4). The small excess of backward steps for population
2 molecules originates probably from the high temporal resolution, which makes the
step length in the range of the positioning accuracy and therefore the same tracking
artefact as for the immobile molecules occurs.

Individual, structured trajectories of population 2

In Figure 7.23a, b three exemplary population 2 trajectories showing a clear "backbone’
structure are depicted. The two molecules in Figure 7.23a appear one after the other
in the same movie. The molecule showing the ‘S-shaped’ trajectory is present during
6.9 s between frame 64 and 162 of the movie and 14 s after it disappeared, the C-shaped
trajectory starts in frame 323 and lasts 7.2s until frame 426. As the samples are very
diluted it is probable that the two trajectories close to each other shown in Figure 7.23a
are from the same molecule, which blinks for 14s. Panel (b) shows another trajectory
from Movie B, showing a U-shaped structure. These molecules clearly follow the un-
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derlying pore structure of the hexagonally arranged channels.

(a)  (b)

1 1 1 1 1 L 1 1 1 1 1

Figure 7.23: Individual trajectories in the hexagonal phase. (a) Two successive Trajecto-
ries, separated in time by 200 frames (14 s), at nearly the same position. Duration 99 and 104
frames, i.e 6.9s and 7.2 s, respectively. Time between frames: 70 ms. From Movie A, marked
in the rectangular box in Figure 7.20a. (b) One individual Trajectory, following a U-shaped
structure, in Movie B, marked in the rectangular box in Figure 7.20b. Temporal Resolution:

41 ms per frame, Duration 190 frames, i.e. 8 s. The grey boxes correspond to the tracking error
of the individual points.

The angular distribution of these three trajectories has clear peaks at -180°, 0°, 180°,
corresponding to the movement along this backbone. This behaviour appears to be
1D, rather than 2D, therefore the diffusion has to be analysed along the backbone of
the trajectory. The procedure is explained in Section 4.2. Figure 7.24a shows again
the structure of the U-shaped trajectory in blue with the manually defined backbone
points in red. The (r(¢)?) evolution with time is plotted in Figure 7.23b. Here, the red
line corresponds to the values obtained by the averaging method of the backbone pro-
jected data and the blue line to the (r(t)?) values obtained from the standard averaging
method for different time lags of the two-dimensional trajectory. The kink at 1.2s for
the 2D MSD vs. time plot (blue) is not visible in the 1D MSD (red), as the analysis
according to the backbone projection of the points is independent from the curvature
of the trajectory. Whereas the blue line bends towards smaller values, the red line even
appears to have a slope bigger than unity, the curve looks like a (r(¢)?) graph for dif-
fusion with drift. This phenomenon is completely obscured in the blue curve from the
standard (r(¢)?) calculation. Diffusion coefficients from fitting to the respective equa-
tion for 1D diffusion (Equation 4.1.9) are: Dip.packbone = (2.7 £ 0.1) x 107! um? s~! and

D1p.standard averaging — (18 + 01) x 1071 ].Hn2 s~ L.
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Figure 7.24: Projection on the backbone of a structured trajectory. (a) Trajectory and man-
ually defined backbone (b) MSD plots for the 2D analysis and 1D backbone projection. The
kink in the 2D plot at about 1.1s is originates from the strong curvature of the trajectory and
therefore not visible in the 1D backbone projected analysis.

The same analysis was done for the two trajectories shown in Figure 7.23a. For the S-
shaped trajectory a diffusion coefficient along the backbone of Dip.packbone = (5.4
0.1) x 107'um? s7! was calculated. In contrast, the diffusion coefficient for the C-
shaped trajectory, which is probably from the same molecule, is Dip.packbone = (1.2 &
0.1) x 107! pm? s~!, which is about a factor five smaller that that of the S-shaped tra-
jectory. By the projection onto the backbone allowing to analyse the real 1D diffusion
within the curved track, a bias towards smaller values due to the curvature of the pore
can be excluded. Therefore this molecule must have explored two different environ-
ments, which have different influence on the diffusivity of the molecule. This shows
again that not only different single molecules can be used to resolve inhomogeneities
in the porous system, but also on single fluorescent molecule can be used as a reporter
for various environments within a porous host.

Immobile Molecules (population 1) and Surface Diffusion (population 3)

In Figure 7.25 one exemplary immobile molecule and one trajectory of a molecule dif-
fusing on the surface is depicted, together with their cumulative distributions of angles
between successive steps.

The immobile molecule in Figure 7.25a remains restricted to an area, which is in the
range of the positioning accuracy. It is visible during 190 frames of the movie, corre-
sponding to 13.3s. Its cumulative distribution of angles shows a large excess of steps
backward, due to the typical tracking artefact for immobile molecules described in
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Figure 7.25: Individual trajectories not related to the hexagonal pore system. (a) Immo-
bile Molecule (population 1). Temporal Resolution: 70 ms per frame. (b) Surface diffusion
(population 3) in the hexagonal phase. Temporal Resolution: 41 ms per frame.

Chapter 4. The molecule on the surface, shown in Figure 7.25c lasts for 259 frames
of the movie, i.e. for 10.6s. The trajectory of this molecule has no specific structure,
similar the the molecule moving on the surface of the Brij-templated thin film, shown
in Figure 7.11c. However, in its angular distribution it shows a significant excess of
forward jumps, visible in the cumulative distribution of angles in Panel (d). The prob-
ability that the difference between the cumulative distribution and its point mirrored
inverse originates only from statistical noise, is 0.26 %, calculated by a Kolmogorov-
Smirnov test. This observation agrees with the excess of forward jumps for population
3 molecules, that was shown above in Figure 7.22.

154



7.3. Pluronic Templated Films

7.3.3 Single-Molecule Trajectories in the Cubic Phase (P2)

(a)
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Figure 7.26: Overview of all trajectories in two different wide-field movies of P2’ (a) Pale
blue: Trajectories from 300 images recorded with 14 ms per frame (Andor iXon CCD). (b)
Dark blue: Trajectories from 1000 images recorded with 42 ms per frame. (PentaMAX CCD)

In Figure 7.26 the overview of all trajectories in two samples of the cubic phase synthe-
sized with recipe P2 are shown. Panel (a) depicts in pale blue the trajectories from a
movie acquired at 14 ms per frame using the Andor iXon EMCCD camera. On the right
side on panel (b) all trajectories are shown from a movie that was taken from a cubic
sample with the PentaMAX ICC camera (see Section 3.3 for details about the setup) at
a lower temporal resolution, i.e. 42ms per frame (dark blue traces). Note that the TDI

concentration on the left panel was higher than on the right.
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Figure 7.27: Classification of the molecules according to median jumps and MSD. (a)
Ranked jump length median for the molecules in the two movies. The nearly vertical dis-
tribution indicates that only one class of molecules is present in the two samples. The steps in
the movie with the slower framerate are longer. (b) (r(t)?) against time for the two movies.
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In both movies, most of the molecules are diffusing over areas of several micrometres.
The diffusion appears to be much more homogeneous than in the hexagonal phase
and the molecules do not seem to follow specific structures. The molecules cannot be
removed by washing the surface of the samples with water or chloroform, therefore
it can be concluded that the molecules diffuse in the interior of the thin film between
the spherical micelles of the cubic phase, which are actually interconnected. This infor-
mation about the connectivity of the micelles is not accessible by XRD or TEM. When
plotting the ranked median jump length, only one main class of molecules, i.e. mostly
moving and no or very few immobile, can be distinguished (see Figure 7.27a). This is
also visible in the (r(¢)?) against time plot comparing the individual trajectories in one
movie, depicted in Figure 7.27b. The average diffusion coefficients calculated accord-

1

ing to random diffusion in 2D, Equation 4.1.9, are Dyjoyiea = 1.9 X 107! pm? s™! and

Dhiovien = 1.6 X 101 ],1.1'1'12 s~

Individual Trajectories in cubic phase

The individual trajectories in the cubic phase do not show any specific structural fea-
tures along which the molecules diffuse. At this temporal and spatial resolution the
pathway from one spherical micelle to the neighbouring one cannot be resolved and
the movement appears to be completely random in the 2D projection of the 3D diffu-
sion. In addition, an analysis of the ranked (r(¢)?) for different time intervals (Figure
7.28c) demonstrates that only one type of diffusivity is present, because the ranked
r? are fitted nicely by mono-exponential decay functions. The diffusion coefficients
derived from plotting the (r(¢)?) obtained by the mono-exponential fits against the
time lag are for the two molecules Dypecutes = 2.8 X 107 um? 7! and Dyjolecutens =
2.1 x 10~ um? s~ (Figure 7.28d).

Finally, the randomness of diffusion is underlined by plotting the histogram over the
angles between successive steps for the two trajectories in Figure 7.29. The histogram
shows a nearly flat distribution of angles between successive steps, as it would be ex-
pected for a random walk.
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Figure 7.28: Individual Trajectories in the cubic phase and mean-square displacement anal-
ysis. The molecules in the cubic phase diffuse randomly, without following specific structural
features. The grey boxes correspond to the positioning accuracy (one standard deviation of
the fit). (a) Molecule A: Trajectory recorded at 14 ms per frame with the Andor iXon camera,
marked in the rectangular box in Figure 7.26a. (b) Molecule B: Temporal Resolution (Penta-
MAX camera): 42 ms per frame, cf. Figure 7.26b. During this period the molecule blinked for
0.8 s, between frame 815 (End1) and 834 (Begin2). (c) Ranked squared step lengths of the two
molecules in Figure 7.28 for three exemplary time lags and monoexponential fit to the data.
Open, light blue symbols: Molecule A, Filled, dark blue symbols: Molecule B. (d) The plot

of (r(t)?) from the ranked data against time lag and linear fit gives diffusion coefficients of
Daioleculer = 2.8 x 1071 pm? s7! and Dyolecule = 2.1 x 1071 pm? s~ 1,
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Figure 7.29: Histogram of angles between successive steps. The values for the angles are

distributed evenly around the mean value (dotted line). Grey line: Distribution for Molecule
A, Black line: Molecule B.

7.3.4 Comparison of Diffusion in the Hexagonal and the Cubic
Phase

Figure 7.30 shows the (r(¢)?) against time for all molecules in movie B of the hexa-
gonal phase and movie of the cubic phase. It is visible, that the diffusion coefficients
in the cubic phase lie in between those of the two mobile populations in the hexa-
gonal phase. The average values in the two phases are Deypic = 1.6 x 107 pm? s7*
and Dhexagonal:population2 = (4.1 £ 0.1) x 1072 um? s™! Dyexagonal:populations = (7.2 £ 0.1) x
107t um? s71.

Furthermore, the shape of the trajectories in the hexagonal phase reflects the structure
of the porous system in which the molecules diffuse. In contrast, the diffusion in the
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Figure 7.30: Comparison of MSD in the two different Pluronic P123 templated phases.
Blue: Cubic phase (Movie B, Figure 7.20). Red: Hexagonal phase (populations 2 and 3; Movie
B, Figure 7.26). The diffusion coefficient in the cubic phase lays in between the two mobile
population of the hexagonal sample.
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cubic phase appears to be random. No specific structural features of the host could be
resolved in these trajectories. The shape of the trajectories resembles the shape of those
on the surface of the hexagonal samples. However, their diffusion coefficient is about
half as big.

7.4 Summary

In this chapter it was shown how tracking of single molecules with high spatial and
temporal resolution, can be used to trace out the pore system of a mesoporous thin
tilm. Whereas transmission electron microscopy (TEM) is restricted to small areas and
very thin layers, using wide-field microscopy diffusion over an area of 30 pum x 30 pm
or more can be investigated. Structured trajectories are seen, following the pores in the
material for as much as five to ten microns. All trajectories in such a 30 pm x 30 pm
region plotted together give a map of the arrangement of pores in this area. Moreover,
based upon the structure of the trajectories, the diffusivities and the orientation of the
molecules, dyes travelling on the external surface could be distinguished from those
travelling inside the pore system, dyes that diffuse along horizontal channels of the
hexagonal phase, and those that move much more slowly in lamellar galleries of the
mesoporous material. It is even possible to observe the same single molecule migrating
between one type of surrounding, e.g., hexagonal channel system, and another such as
the lamellar phase. In addition, the structural heterogeneity of the channels is reflected
by the complex modes of motion observed for single molecules within the hexagonal
phase.

Furthermore, by using different templates, namely Brij 56 and Pluronic P123, for the
synthesis of the mesoporous thin films, pore diameters of about 6nm or 10nm, re-
spectively, could be obtained. It was found that the average diffusion coefficient in a

! whereas the

hexagonal topology with smaller pores is Dgijhex = 5.0 X 1073 um? s~
molecules in the larger pores have an average diffusion coefficient of Dpiyonichex =
4.1 x 1072pm? s~!. Thus, D in the larger pores is about one order of magnitude higher
than in the smaller pores. This difference results on the one hand from the difference
in the pore diameter, on the other hand it is highly probable that the interactions of
the dyes with the different templates, which remain in the pores of the as-synthesized

tilms, have a strong influence on the diffusion dynamics.

First evidence that even small changes of the dye structure can result in completely
different host-guest interactions, could be gained by incorporating three different ter-
rylene diimide (TDI) derivatives into the different topologies of Brij-templated films.
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It was striking that the asymmetric dye developed favorable interactions with the tem-
plate and was aligned perpendicular to the planes of the lamellar phase, whereas a
symmetric dye with two diisopropyl phenyl head groups did not show any preferen-
tial orientation in between the planes. These measurements provide a basis for future
research on the interactions of different dyes within the different porous host systems.

In summary, these data provide direct information about the topology, the intricate
nanoscale connectivity and accessibility of the channels and the structural domains
making up the porous sample.
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8 Overview: Diffusion

Measurements by SMT and other
Methods

The aim of this chapter is to put the data obtained in this work into the context of dif-
fusion measurements described in the literature. First, literature about the techniques
used throughout this work, i.e. single-molecule microscopy and single particle track-
ing will be reviewed. Despite the promising applications in biological systems and
thin polymer films, the number of studies using single-molecule tracking in porous
host systems still remains fairly limited. In the second part of this chapter, the applica-
tions of single-molecule tracking to porous host systems, comparable to the materials
investigated in this work, will be summarized . In addition an overview of different
techniques to measure diffusion and other properties of guest molecules in porous sys-
tems will be given. An overview of the experimentally obtained diffusion coefficients
in porous materials, including those determined in this work, is provided in Table 8.1
at the end.

8.1 Diffusion Measurements by Tracking of Single

Fluorescent Molecules

The first experiments to measure the diffusion of single fluorophores at ambient condi-
tions by videomicroscopy and subsequent tracking of the single-molecule signals were
reported by Schmidt et al. in 1996."%7 Using a wide-field microscope, the authors fol-
lowed the diffusion of phospholipid molecules labelled with one Rhodamine dye in
a phospholipid membrane, with a temporal resolution down to 5ms per frame and a
positioning accuracy of 30 nm. Due to photobleaching of the dyes, trajectories of max-
imum 12 points could be collected. Averaging over 531 trajectories yielded a diffusion

1

coefficient of Dgnir:phospholipids = (1.4 £ 0.13)um? s~!, which they compared to the value

obtained from ensemble measurements by fluorescence recovery after photobleaching
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(FRAP) Drrap:phospholipids = (0.77+0.13)um? s7*. The factor two between the values was
assigned to the different length scales of the measurements: whereas single-molecule
tracking is used to investigate diffusion on a scale of a few hundred nanometres, FRAP
experiments cover areas of a few microns in diameter. The diffusion coefficients in the
lipid membranes are at least one order of magnitude higher than the diffusion coef-
ficients determined by single-molecule tracking within the porous host systems that
were investigated in this work. They are, however, in the same range as the diffusion
coefficients of molecules diffusing on the surface of the thin mesoporous films. This
is a plausible result, as most probably the molecules on the surface are diffusing in a
thin layer of liquid-crystal template, which is comparable in nature to a phospholipid
membrane.

In a later study by the same group,”

anomalous diffusion was revealed by single-
molecule tracking experiments and successive data analysis using bi-exponential fits
to the cumulative probability distributions of squared step lengths (cf. Chapter 4). In a
fluid-supported phospholipid membrane a high mobility and a low mobility diffusion
component were identified, with Dyigh mobitity = 4.4 tm? s™' and Doy mobitity = 0.07 pm?
s~!. This reflects the results obtained previously in FRAP experiments, in which a
second component has always been observed. This was commonly interpreted as an
immobile fraction. However, from the experiments in Ref.,”® it had to be inferred that
this fraction appears to be mobile on a small length scale of at least 300 nm. Another
work by this group'®® compared the diffusion in free standing films and in supported
membranes, showing that the diffusion coefficient in the free standing films is about an
order of magnitude higher than in the supported membranes. Furthermore, diffusion
restricted to corrals of 140 nm in diameter was observed in polymer stabilized films.”
In the present work, such corralled diffusion has been found in porous sol-gel matrices

of M3 (cf. Chapter 5).

Since these first tracking experiments on single fluorophores at room temperature by
Schmidt et al. , single-molecule tracking has been applied to a huge number of bio-
logical systems. Here just a few exemplary studies shall be summarized. Soon after
the first experiments in thin lipid membranes, Dickson et al. published a work on the
behaviour of individual fluorescent molecules and individual singly labelled proteins
in the water-filled pores of poly(acrylamide) (PAA) gels.'” Using a total internal re-
flection (TIRF) microscope they could follow the single dye molecules as they moved
within the gel structure in 3D. However, Cy5-labelled goat antibodies remained com-
pletely stationary in the PAA gels, presumably due to the too small pores of the gel
matrices used. In the year 2000, Kubitscheck et al. presented for the first time single-
molecule tracking of green-fluorescent protein molecules in the bulk of a glycerol ma-
trix.!?! These measurements can be considered as preliminary tests for single molecule
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experiments in the bulk of a biological environment. One year later, Seisenberger et al.
in the Brauchle group, managed to follow the infection pathway of a virus, labelled
with a single fluorophore, into a living cell.¥® Using single particle tracking with a po-
sitioning accuracy of 40 nm they could show the repeated touching of the virus on the
cell membrane prior to fast endocytosis. This inhomogeneous movement of the virus
particles would not have been observable by any other means than single-molecule
tracking. More recent single particle tracking studies in the Brauchle group focus on
the uptake of so-called artificial viruses into living cells.'¢ 16

In 2003, Yildiz et al. achieved to follow the hand-over-hand walks of Myosin V molec-
ular motors. Using TIRF microscopy and a highly sensitive CCD camera, they could
accomplish Fluorescence Imaging with One-Nanometre Accuracy (FIONA). Recently,
besides fluorescent dye molecules also other small species like gold- or semiconductor-
nanoparticles are used for single particle tracking experiments, especially in biological
systems. The group of Lounis presented in 2006 a method for tracking individual 5 nm
gold nanoparticles on live cells.!”’ It relied on the photothermal effect and the detec-
tion of the Laser Induced Scattering around a NanoAbsorber (LISNA) and the use of
a triangulation procedure. As gold nanoparticles are not subjected to photobleaching,
Single Nano-Particle Tracking (SNaPT) has the unique potential to record arbitrary
long trajectories of membrane proteins using non-fluorescent nanometre sized labels.
However, even though fairly small, the 5nm particles would be still too big to fit in
most of the porous systems that were investigated in this work. Furthermore, dye
molecules can provide additional information about host-guest interactions, through
their orientation or their spectra.

Another field in which single-molecule tracking has been extensively used, is the in-
vestigation of single-molecule diffusion close to interfaces. Schuster and von Bor-
czyskowski published a number of papers focussed on the diffusion behaviour of
single molecules, mostly Rhodamine 6G, in ultra-thin liquid films of e.g. tetrakis(2-
ethylhexoxy)silane (TEHOS).!32 171172 In Ref.’*? they presented an alternative method
to determine the diffusion coefficient from single-molecule images. Here, the spot
size of the single molecules is used to derive one individual diffusion coefficient per
molecule and image of the movie. If a molecule is moving during the acquisition time
of one movie frame its signal is a convolution of the point-spread-function (PSF), i.e.
the microscope’s transfer function yielding the typical diffraction limited spot, with
an occupation frequency of certain positions during the exposure of the movie frame.
The latter can be calculated from diffusion theory. Therefore, by fitting the elongated
single-molecule signals with a 2D gaussian function, an individual diffusion coefficient
for each molecule in every movie frame can be determined. This method is especially
valuable, when the number of trajectory points per molecule is too low for a calcula-
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tion of diffusion coefficients from averaging or ranking the squared step lengths. In the
work presented in this thesis, a high number of very long trajectories with up to 1000
trajectory points were measured, therefore the averaging or ranking of the squared
step lengths provides highly accurate diffusion data, which have a much higher signif-
icance than the date obtained with the method in Ref.'*

The work on Rhodamine dyes in thin TEHOS films was continued by Schob and Ci-
chos,'”® who built a surface forces apparatus combined with a fluorescence microscope
to investigate the diffusion in confined liquids in detail using single-molecule tracking,
here of Rhodamine B. They found the mean diffusion coefficient to be independent of
the liquid film thickness, which was for all experiments below 300nm, of D=3 pm?
s~! and thus ten times smaller than the diffusion coefficient of Rhodamine B in bulk
TEHOS.

Another interesting application of single-molecule tracking and single-molecule meth-

ods in general was developed by Roeffaers and Hofkens.!”

Using wide-field mi-
croscopy, they could observe the catalytic conversion of individual fluorescein ester
molecules at specific locations of [Li* Al**] layered double hydroxide (LDH) catalysts,
like the crystal faces or the basal plane. Furthermore, they could follow the transla-
tional diffusion of single product molecules diffusing randomly on specific LDH crys-

tal surfaces by single particle tracking.

Last year, Werley and Moerner found by single-molecule microscopy three different
populations of terrylene dye molecules incorporated into a thin spin-coated film of
para-terphenyl.”® Two spatially fixed populations that differed in the orientation of the
transition dipole moments could be differentiated: One with the transition dipole mo-
ments, and thus the molecular long axis, perpendicular to the substrate with doughnut
emission patterns (as reported previously by Pfab et al.'?®) and others having gaussian
shaped patterns. Apart from the stationary molecules a, previously unreported, mo-
bile fraction was detected, diffusing fairly linearly in areas of approximately 3.5 pm X
0.45pm in size. These molecules explore the confinements of defect regions, that are
generally long and thin, suggestive of cracks. The single-molecule trajectories provide
information about the shape and the character of the crystal defects, information that
is hard to obtain by other means.
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8.2 Single-Molecule Experiments in Porous Hosts

The first single-molecule tracking experiments on mesoporous host systems were re-
ported in 2002 by Seebacher et al.!'®! in the Briuchle group. Using a confocal laser
scanning microscope the diffusion of single terrylene diimide molecules (AS-TDI, as
used throughout this work) incorporated into mesoporous monoliths was followed.
The mesoporous M41S silica monoliths with hexagonal arrangement of pores were
synthesized using monododecyloctaethylenegylcol ether (OMO) as template, yielding
pores of ca. 3nm in diameter.'”> Due to the scanning technique the frame rate was
as slow as 4s per frame. The positioning accuracy was about 40 nm. Trajectories of
up to 20 points were investigated and diffusion coefficients were calculated using the
ranking method of squared displacements. At this temporal resolution only isotropic
diffusion was found, with a diffusion coefficient of D,, = 3.72 x 1072 um? s~!. Apart
from the mobile fraction a stationary fraction of 10% of all molecules was found to be
immobile to within the positioning accuracy. In comparison, diffusion of AS-TDI in
the pure liquid-crystal phase was found to be anisotropic, with a diffusion coefficient
about two orders of magnitude higher than inside the bulk of the mesoporous host
(Diiquid—crysta1=2.07 pm? s71). This value is similar to the diffusion coefficients within
the phospholipid membranes investigated by Schmidt et al. or on the surface of the
mesoporous thin films in this work.

McCain et al. presented in 2003 single particle tracking of Rhodamine 6G in 450 nm
thin dip-coated sol-gel films, that were synthesized without the use of a template, sim-
ilar to the monolithic materials investigated in Chapter 5 of this thesis. Using wide-
field microscopy, films of 300 frames in length with a temporal resolution of 0.779s
between frames (0.2s exposure time plus 0.579s readout time), yielding a total obser-
vation time of 234s were collected. Five trajectories corresponding to four different
regions of the film, with a maximum of 44 points in the longest trajectory and 115 track
points all together, were investigated. By averaging the square displacements for dif-
ferent time lags for all trajectories a diffusion coefficient of D,, = (3+£2) x 10?2 pm? s *
was determined, which is in the same order of magnitude as that determined here for
M3. By fitting the histograms of the frequency of step size according to the probabil-
ity density of step sizes, individual diffusion coefficients for the five trajectories were
calculated between D, = (74£3)x 103 um? s7! and Doy = (742) x 1072 pm? s71. Us-
ing a statistical test (Fisher’s F-test) they showed that the diffusion coefficients of two
neighbouring molecules were significantly different and deduced that there are spatial
heterogeneities within this sample; maybe the two neighbouring molecules were at
different heights within the thin film and thus within different porous environments.
In addition, similar to the observations in M3 they report on a number of immobile
molecules to within the positioning accuracy. However, as no porosity information
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of the sol-gel samples was provided and the statistics from single-molecule tracking
was poor, it remains difficult to directly compare their results with those presented in
Chapter 5 of this work.

In the same year, Mahurin et al. published diffusion studies using fluorescence corre-
lation spectroscopy (FCS) on the movement of Rhodamine 6G dissolved in methanol
and loaded at very low concentrations into the pores of a commercially available meso-
porous silica system. These materials had a disordered pore structure with an aver-
age mesopore diameter of 13nm (calculated using the Barrett-Joyner-Halenda (BJH)
method),'”® i.e. in between the mean mesopore diameter of M3 and M22. The diffu-
sion inside the material deviated from simple Brownian motion, and the correlation
data could only be fitted either by a two-component diffusion model or diffusion plus
adsorption. In the two-component model a population of 38% of the molecules with

I was found.

D;=68.1 pm? s=! and another population of 62% with Dy=4.84 pm? s~
However, the multicomponent diffusion model comprised of 80% free diffusion (with a
diffusion coefficient of Dieeqir = 48.9 pm? s~!) and 20% transient adsorption/desorption
(desorption time of 67 ms) provides the best fit and the most plausible explanation of
the correlation data, because even in a region where the dye diffused in the pure sol-
vent close to the cover-slip interface a two-component model was needed to fit the
data and the Rh6G dye has the opposite charge as the glass surface. However, through
FCS measurements only it is not possible to resolve adsorption events of individual
dye molecules. Compared with the data presented throughout this work it is strik-
ing that the diffusion coefficient determined by Mahurin et al. is at least one order
of magnitude higher than the diffusion coefficients in either the sol-gel glasses or the
mesoporous template-filled thin films. This might be explained by the fact, that ethy-
lene glycol and also the template/ethanol/water inside the mesoporous thin films are
much more viscous than methanol and also by the higher mean mesopore diameter of
the materials used by Mahurin et al. .

In recent years, a number of publications on the behaviour of different single dye
molecules within various porous hosts and polymer films was published by the group

of Higgins at Kansas State University.!77/178179,180, 181,182,183

The most relevant investiga-
tions and findings will be summarized here. In one of the earlier studies,'”® Higgins
et al. used the spectral shifts of individual dye molecules to compare the nanoscale
properties of organically modified sol-gel-derived silicate thin films prepared from dif-
ferent silicate precursors without the use of a template. Similarly, microenvironmental
acidity in thin sol-gel films was investigated through the spectral shifts of single pH
sensitive dye molecules (dye: Carboxy SNARF-1). While these works provide insights
into spectral jumps of single molecules, only Ref.!”” presents a brief analysis of track-

ing a small number of single molecules. Effects of ambient humidity on the emission
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characteristics of nile red in hydrophilic and hydrophobic films are reported by Hou
et al.'"”7 Investigations of translational diffusion in silica hosts was reported in organ-
ically modified silicate (ORMOLSIL) films.'®® Using FCS, the diffusion coefficients of

1

free and silicate-bound nile red were determined to be Dy = 3.9 x 107 2um? s~! and

Dgilica—bound = 1.6 x 1072 pm? s7, respectively. The unexpectedly rapid diffusion of
silicate bound nile red is attributed to the presence of liquid-like silicate oligomers in
the films. Comparison of the results derived from experimental and simulated time
transients indicates film heterogeneity on sub-100-nm length scales that probably stem
from the presence of inorganic- and organic-rich domains. In 2006, Fu et al.'® pre-
sented diffusion measurements in templated mesoporous structures like those investi-
gated in Chapters 6 and 7 in this thesis. The ionic surfactant cetyltrimethylammonium
bromide (CTAB) was used as template, yielding a hexagonal pore system with a d-
spacing of 3.5 nm. The spin-coated films were about 1 pm thick. After calcination films
were only 400 nm thick, and the mesopores in the films have collapsed and become
somewhat disordered, exhibiting 2.4 nm periodicity. The dye nile red is loaded into
the films either prior to spin-coating or after calcination. FCS experiments showed
that the dye is relatively mobile in as-synthesized films, whereas in dry, calcined films
the dye molecules appear trapped at fixed locations and in rehydrated, calcined films
they are mobile again. The determined diffusion coefficients are listed in Table 8.1
below. The time transients of the mobile molecules in the as-synthesized and the rehy-
drated calcined films provide evidence for frequent reversible adsorption of the dye to
the silica surfaces. More thorough investigations of dye diffusion and surface interac-

183 ywhere three different

tions within mesoporous films are presented in a later study,
dyes (nile red, Dil and sulfonated perrylene diimide), selected for their hydropho-
bicity and charge characteristics, are incorporated into similar, CTAB templated thin
films. Again, FCS measurements were used to detect differences in the diffusion be-
haviour of the different dyes at various relative humidities in as-synthesized and cal-
cined mesoporous films; the measured diffusion coefficients are summarized in Table
8.1. However, as mentioned above in Chapter 3, FCS data needs a suitable model
for the interpretation of the time transients and it can only provide information about
the general differences of the diffusivities of the single dye molecules. In order to get a
detailed image of the diffusion pathways of single dye molecules through highly struc-
tured materials, like mesoporous thin films, single-molecule tracking is the method of
choice.

Very recently, single-molecule measurements in the Brauchle group by Jung et al. showed
highly linear diffusion of single AS-TDI molecules within structured domains of CTAB
templated thin films.''> Furthermore, orientational and spectral information of the
dyes inside the pores could be correlated.!® We have recently submitted a manuscript
on the detailed investigation of diffusion characteristics, including the diffusion coef-
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ficients, with extremely high spatial resolution down to two nanometres allowing us
to resolve the diffusion clearly in the individual channels. Like the measurements pre-
sented in this thesis, these investigations show the great advantage of single-molecule
tracking over other means of measuring diffusion, like FCS. The trajectories yield the
diffusion coefficients of the dyes within the porous host, but they also map out the
structure of the host.

Thus, the present work gives for the first time a detailed picture of single-molecule
diffusion within porous host systems. The high statistical significance of trajectories
as long as 1000 data points provides an unprecedented insight into the structures, the
pore accessibility and connectivity of the host systems. Furthermore, the molecules
can be used as reporters for the local environment of the dyes within the host matrix.
One must always be cautious comparing data on sol-gel materials between different
authors, since small details in the synthesis may have important consequences for the
final material, as may ageing. This thesis is to our knowledge the first time that single
molecule tracking has been applied systematically to varied samples from the same
sources, providing homogeneous sets of data on which to base comparisons.

Finally, the following table summarizes the different diffusion coefficients and particu-
larities that were found in the various porous materials presented here. The first lines
of the table show the results obtained throughout this work, presented in Chapters 5 to
7, and the second part of the table summarizes the findings of the various publications
discussed in this chapter.
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Table 8.1: Diffusion coefficients of different dye molecules in various porous systems. For
abbreviations see appendix.

Source System Name D [nm?/q] Method

This work

Chapter 5 9A1 in sol-gel glass M3 0.03 SMT

M22 0.72 SMT

M22 0.34 PFG NMR
EG in sol-gel M3 10 PFG NMR

M4 13 PFG NMR

M22 5 PFG NMR

Chapter 6 AS-TDI in ultrathin meso-  B6 0.04 SMT
porous films (template: (and TEM)
Brij 56, d-spacing 6 nm)

Chapter 7 AS-TDI in mesoporous thin  hex B2 5.0 x107% SMT
films; template:Brij 56 lam B5 53x107°  SMT
(d-spacing 6 nm) surface 0.2 SMT
template: Pluronic P123 hex P1 0.04 SMT
(d-spacing 9nm) cub P2 0.18 SMT

surface 0.3 SMT

Literature

Seebacher AS-TDI in mesoporous mob 0.0372 SMT

200210 monoliths (template OMO, immob 1.0 x10™*  (confocal)
pore & ca. 3nm)
pure liquid-crystal hex 2.07 FCS

McCain Rhodamine in sol-gel films 0.03 SMT

2003

Mahurin Rh6G in mesoporous 38 % 68.1 FCS

2003'76 glass (pore @ 13nm) 62 % 4.84 FCS

Fu 2006'®  Nile red in meso as-synth 0.024 FCS
porous films (template calc(rehyd)  0.026 FCS
CTAB, d-spacing 3.5 nm)

Ye 2007183 different dyes in meso- Dil (as-syn)  0.03 FCS
porous films* Dil (calc) 0.031 FCS
template: CTAB SPDI(calc) 0.040 FCS
(d-spacing 3.5nm) Nile red 0.027 FCS

(as-syn)
Nile red 0.029 FCS
(calc)

“Measurements were done at various relative humidities. Here only those at 50% r.h. are listed, as
they can be compared best to our data.
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List of Abbreviations

1D
2D
3D
BET
BJH
Brij 56

CCD
CMC
CTAB
EISA

FCS

fps
GISAXS
HK
IUPAC
MCM
MSD

N.A.
NMR

OD

PFG NMR
PMMA
Pluronic P123

PS
rpm
SAXS
SBA
SMT
SNR

one-dimensional

two-dimensional

three-dimensional

Brunauer-Emmett-Teller
Barrett-Joyner-Halenda

Decaethylene glycol hexadecyl ether or
Polyoxyethylene 10 cetyl ether

Charge coupled device

Critical micelle concentration
Cetyltrimethylammonium bromide
Evaporation-induced self-assembly
Fluorescence correlation spectroscopy

Frames per second

Grazing-incidence small-angle X-ray scattering
Horvath-Kawazoe

International Union of Pure and Applied Chemistry
Mobil catalytic material

Mean-square displacement

Numerical aperture

Nuclear magnetic resonance

Optical density

Pulsed-field gradient nuclear magnetic resonance
Polymethyl methacrylat

Poly(ethylene oxide)sy-poly(propylene oxide)7-
poly(ethylene oxide),

Polystyrene

Rounds per minute

Small-angle X-Ray scattering

Santa Barbara Acidic

Single-molecule tracking

Signal-to-noise ratio
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TDI
TEM
TEOS
TIRF
TMOS
XRD

Terrylene diimide

Transmission electron microscopy
Tetraethyl orthosilicate

Total internal reflection
Tetramethyl orthosilicate

X-ray diffraction
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