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Abstract

Porous host–guest systems play an important role in a variety of applications. The
nature and structure of the host, the dynamics of guests inside the host, and the
interaction of the guests with the host are of great importance and define the scope
of application of the porous system. Often, these properties are interdependent. For
example, the porous structure of the host can have a strong influence on the dynamics
of guest species diffusing inside the porous framework. At the same time, interactions
of the guest species with the pore walls can play an important role for determining
diffusion dynamics. Lastly, the nature and structure of the porous host often define
the kinds of interactions that can be implemented for a certain guest species.

Introducing fluorescent guests into host systems enables us to extract detailed in-
formation about the structure and the dynamics of guest molecules inside the porous
material. In order to be able to fully understand and utilize these complex materials,
often a hierarchical patterning of the structures can be beneficial. On the other hand,
tailoring the interactions of guest molecules with the host structure can help us to un-
derstand and develop new detection and sensor concepts or to endow porous materials
with new, interesting properties, such as chemiluminescence.

In this work, two different kinds of porous host materials were used, namely porous
silica and metal–organic frameworks (MOFs). While the studies with porous silica
were mainly focused on hierarchical patterning and on gathering information about
the structure and the diffusion dynamics, studies involving MOFs were more focused
on employing specific host–guest interactions to create materials with new, interesting
properties.

In collaboration with the group of Prof. Bräuchle (LMU), mesoporous silica thin
films acting as model systems were investigated. A way to achieve in-plane alignment
of cylindrical mesopores in mesoporous silica thin films was shown on a macroscopic
scale. The alignment was achieved by introducing a preferential direction on the sub-
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strate during thin film formation. The influence of various experimental parameters
was investigated and found to have a strong influence on the alignment. Using fluo-
rescent guests as probe molecules inside these systems provided deep insights into the
structure of the host on a nanoscale level. Moreover, the dynamics of guests inside
the host could be studied.

In a second project, which was also carried out together with the group of Prof.
Bräuchle, the approach was extended and charged fluorescent dyes were incorporated
into the host material. This enabled us to directly influence the movement of the
guest species and to achieve a separation of differently charged guests. Moreover, the
experiments provided information about the dynamics of charged guest species inside
the porous host structure under the influence of electric fields on a single molecule
level.

The third project described in this thesis is focused on the synthesis and char-
acterization of a chemiluminescent MOF. The well-known concept of peroxyoxalate
chemiluminescence was used to achieve this goal, with the luminescent compound, a
diphenyl anthracene moiety, being an integral part of the framework structure. We
also investigated the stability of the metal–organic framework under the conditions of
the chemiluminescence reaction.

A fourth project, carried out in collaboration with Prof. Karaghiosoff (LMU), dealt
with the investigation of a new detection concept based on the tailored interaction
of guests with porous host structures. Here, MOFs were used as the porous hosts.
We found that upon incorporation of a fluorescent guest into a MOF structure, the
fluorescence was almost completely quenched. When exposed to another guest (the
analyte molecule) that acts as a strongly coordinating ligand for the metal centers in
the MOF, the framework could be decomposed and fluorescence was switched back on.
The feasibility of this new detection concept in the field of MOFs was demonstrated by
developing a novel fluoride detector whose sensitivity exceeded the ones of commonly
used commercially available fluoride detection methods in aqueous solutions.

Hierarchical patterning of thin silica films played the main role in the fifth project.
Here, different ways to obtain patterned films with periodic features on different length
scales were investigated. The patterning was achieved by a combination of various
top-down and bottom-up strategies, including soft templating, hard templating, soft
lithography and photolithography. The properties of the resulting structures were
compared and their advantages and disadvantages were discussed. Such films could
provide a platform for investigation of different movement modes of macromolecules
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inside constrained geometries and could also prove beneficial for miniaturization of
macromolecule separation.

The sixth and last part is also focused on patterning, but here different methods for
pattern creation of lipid-bilayer coated mesoporous silica nanoparticles were studied.
Such patterns could be interesting for studying cell–receptor interactions or for the
specific spatial control of cell behavior. The patterning was achieved by endowing
the nanoparticles with functional groups through anchoring of functionalized lipids
to the supported lipid bilayer membrane and binding them to patterned substrates
of complementary functionality. In this context, biocompatible reactions that can
be carried out under mild conditions were investigated for the attachment of the
nanoparticles to the surface, namely an EDC/NHS mediated amide bond formation,
a Michael addition of thiols to maleimide groups, and the binding of thiols to gold.
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Zusammenfassung

Poröse Wirt–Gast Systeme spielen eine wichtige Rolle für eine Vielzahl von Anwen-
dungen. Die Art und Struktur des Wirtsystems, die Dynamik von Gastmolekülen im
Wirtsystem, und die Wechselwirkungen der Gäste mit den Wirten sind von großer
Bedeutung und bestimmen maßgeblich die Anwendungsgebiete der porösen Systeme.
In der Regel können diese Eigenschaften allerdings nicht unabhängig voneinander be-
trachtet werden. Beispielsweise kann die interne Porenstruktur und -geometrie einen
starken Einfluss auf die Dynamik der Diffusion von Gastspezies im Inneren des porö-
sen Systems haben. Ebenso kann die Wechselwirkung der Gäste mit den Porenwänden
die Diffusionsdynamik maßgeblich bestimmen. Letztendlich wird auch die Art und
Struktur des porösen Wirts oftmals die Art der Wechselwirkungen mitbestimmen, die
mit unterschiedlichen Gästen auftreten können.

Das Einbringen von fluoreszierenden Gästen in die Wirtsysteme ermöglicht es, de-
taillierte Informationen über die Struktur und Dynamik der Gastmoleküle im Inneren
des porösen Systems zu erhalten. Um ein besseres Verständnis zu erlangen und um
diese komplexen Systeme bestmöglich einsetzen zu können ist in vielen Fällen ei-
ne hierarchische Strukturierung von Vorteil. Andererseits kann die Abstimmung der
Wechselwirkungen zwischen Gastmolekülen und Wirtstruktur ein besseres Verständnis
für die Entwicklung neuer Detektions- und Sensorkonzepte fördern oder es ermögli-
chen, poröse Materialien mit neuen, interessanten Eigenschaften wie beispielsweise
Chemolumineszenz auszustatten.

Im Rahmen dieser Arbeit wurden zwei verschieden Arten von porösen Materia-
lien verwendet – poröse Silikatsysteme und metall–organische Gerüstverbindungen
(MOFs). Während sich die Untersuchungen mit porösen Silikaten vor allem um hier-
archische Strukturierung drehten und Informationen über die Struktur und Diffusi-
onsdynamik lieferten, beschäftigten sich die Studien mit MOFs eher damit, spezifische
Wirt–Gast Wechselwirkungen zur Schaffung von Materialien mit interessanten Eigen-
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XIV Zusammenfassung

schaften zu untersuchen.

In Zusammenarbeit mit der Gruppe von Prof. Bräuchle (LMU) wurden mesoporöse
Silikatfilme als Modellsysteme untersucht. Es wurde eine Möglichkeit aufgezeigt, wie
eine makroskopische Ordnung zylindrischer Mesoporen in einer Ebene parallel zum
Substrate erreicht werden kann. Die Ausrichtung der Mesoporen erfolgte durch das
Schaffen einer Vorzugsrichtung auf dem Substrat während der Bildung der dünnen
Schichten. Der Einfluss verschiedener experimenteller Faktoren wurde untersucht, und
es wurde festgestellt, dass diese einen starken Einfluss auf die Ausrichtung haben kön-
nen. Das Einbringen fluoreszenter Gastmoleküle in diese Systeme ermöglichte tiefe
Einblicke in die Struktur der Wirtsmaterialien auf einer nanoskopischen Ebene. Zu-
sätzlich konnte auch die Dynamik der Gäste in den Wirtsystemen untersucht werden.

In einem zweiten Projekt, welches ebenfalls in Zusammenarbeit mit der Gruppe
von Prof. Bräuchle durchgeführt wurde, wurde dieser Ansatz weiter verfolgt und aus-
gedehnt, indem geladene fluoreszierende Farbstoffmoleküle in die Wirtsysteme einge-
bracht wurden. Dies ermöglichte es, die Bewegung der Gastspezies direkt zu beeinflus-
sen und eine Auftrennung unterschiedlich geladener Spezies zu erreichen. Des Weiteren
lieferten diese Experimente Aufschluss über die Dynamik geladener Gastspezies in der
porösen Wirtstruktur unter dem Einfluss elektrischer Felder auf Einzelmolekülebene.

Das dritte Projekt das in dieser Dissertation beschrieben wird drehte sich um die
Synthese und Charakterisierung eines chemolumineszenten MOFs. Hierzu wurde das
bekannte Konzept der Peroxyoxalat-Chemolumineszenz verwendet, wobei die lumi-
neszierende Komponente, ein Diphenylanthracen-Derivat, einen integraler Bestandteil
der Gerüststruktur darstellte. Im Rahmen dieses Projekts wurde auch die Stabilität
der metall–organischen Gerüstverbindung unter den Bedingungen der Chemolumines-
zenzreaktion untersucht.

Ein viertes Projekt, das in Zusammenarbeit mit Prof. Karaghiosoff (LMU) durchge-
führt wurde, beschäftigte sich mit der Untersuchung eines neuen Detektionskonzepts,
das auf der maßgeschneiderten Wechselwirkung zwischen Gästen und porösen Wirtsys-
tem beruht. In diesem Projekt wurden MOFs als poröse Systeme verwendet. Es konnte
gezeigt werden, dass als Folge der Aufnahme eines fluoreszierenden Gastmoleküls in
die MOF-Struktur die Fluoreszenz der Gäste praktisch vollständig ausgelöscht wurde.
Nachdem das System den Analytmolekülen, welche stark koordinierende Liganden für
die Metallzentren des MOFs darstellen, ausgesetzt wurde, wurde die poröse Gerüstver-
bindung zersetzt und die Fluoreszenz der Gäste konnte dadurch erneut eingeschaltet
werden. Als Beispiel einer möglichen Umsetzung dieses für MOFs neuartigen Detekti-



XV

onskonzepts wurde ein Fluorid-Nachweis entwickelt dessen Sensitivität besser war als
die bisher standardmäßig verwendeter kommerzieller Fluoridnachweise in wässrigen
Lösungen.

Die hierarchische Strukturierung dünner Silikatfilme war Gegenstand eines fünf-
ten Projekts. Es wurden verschiedene Möglichkeiten untersucht, wie eine periodi-
sche Strukturierung auf unterschiedlichen Längenskalen erreicht werden kann. Für die
Strukturierung wurden verschiedene “top-down” und “bottom-up” Strategien wie “soft
templating”, “hard templating”, “soft lithography” und Photolithographie verwendet.
Die Eigenschaften der resultierenden Strukturen wurden verglichen und ihre Vor- und
Nachteile wurden diskutiert. Solche Filme könnten eine Plattform zur Untersuchung
verschiedener Bewegungsmodi von Makromolekülen in eingeschränkten Geometrien
bereitstellen und könnten für die Miniaturisierung von Makromolekültrennverfahren
eine wichtige Rolle spielen.

Der sechste und letzte Teil beschäftigte sich ebenfalls mit Strukturierung, allerdings
wurden hier unterschiedliche Methoden zur Erzeugung von Strukturen aus lipidschicht-
bedeckten Silikatnanopartikeln untersucht. Solche Strukturen könnten eine interessan-
te Rolle für die Untersuchung von Zell–Rezeptor Wechselwirkungen oder für die spezifi-
sche, räumliche Steuerung und Kontrolle von Zellverhalten spielen. Die Strukturierung
wurde dadurch erreicht, dass die Nanopartikel mit funktionellen Gruppen ausgestattet
wurden welche an strukturierte Substrate komplementärer Funktionalität angebun-
den werden konnten. Hierfür wurden bioverträgliche Reaktionen die unter milden Be-
dingungen durchgeführt werden können untersucht, so wie eine EDC/NHS-vermittelte
Amidbindungsbildung, eine Michael-Addition von Thiolen an Maleimidgruppen, und
das Anbinden von Thiolen an Gold.
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Chapter 1
. . . . . . . . . . . . . . . . . . . . . . . . .

Introduction

Parts of this chapter are based on a review article by B. Rühle, M. Davies, T. Bein,
and C. Bräuchle, which has been accepted for publication in Zeitschrift für Natur-
forschung B.

1.1 Porous Silica Compounds

Porous silica compounds are used in a wide variety of applications, including molec-
ular sieves and filters1,2, catalysts3, ion exchangers4, nanosensors5 or drug-delivery-
systems6,7. They are appreciated for their large pore volume, large surface area, and
high chemical and structural flexibility and tunability. These properties allow us to
tailor the morphology and interaction chemistry of the porous host systems according
to the demands of the desired applications. However, in order to be able to efficiently
design and synthesize new materials with the envisioned properties, a thorough un-
derstanding of the microscopic nature and structure of the host systems and their
interactions with guest molecules is of great importance. There are many techniques
that can help to gain an overview of the average, bulk properties of these porous sys-
tems, such as NMR8, electron microscopy9, X-ray diffraction, and neutron scattering
measurements10. However, there are often heterogeneities at a nanoscopic or micro-
scopic level that cannot be assessed with bulk methods, but still play an important
role for host–guest interactions and can help us to improve our understanding of the
porous host systems. While these heterogeneities can be random, there are also cases
in which they reflect intrinsic characteristics of the materials, such as phase separation
or domain boundaries. In order to be able to extract such information, single molecule

1
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spectroscopy or microscopy measurements are highly desirable.
In this chapter, the synthesis, formation mechanism and functionalization of sol-gel-

derived porous silica compounds, will be briefly described, especially focusing on the
evaporation-induced self-assembly (EISA) process for the formation of thin silica films.
A brief introduction into single molecule microscopy is given, discussing some techni-
cal requirements and important aspects of this technique. We then give an overview
of selected cooperative studies performed in the groups of Prof. Bräuchle and Prof.
Bein at the Ludwig-Maximilians-University Munich, characterizing the details of dif-
fusional dynamics of molecules in different mesoporous materials. These experiments
will be introduced by a fundamental study that opened up new ways of understanding
the interactions of hosts and guests by combining information from transmission elec-
tron microscopy with the diffusion dynamics obtained from single molecule microscopy
studies. We will also present a selection of fluorescence microscopy studies from other
groups that helped elucidating important aspects of porous silica compounds and het-
erogeneous catalysis such as diffusion properties, reactivity, morphology, intergrowth,
accessibility and catalyst deactivation. In the end, we will give a short outlook on the
potential of porous silica hosts in drug delivery applications.

1.1.1 Synthesis of Porous Silica Materials

Micro- and mesoporous silica materials are usually synthesized by a bottom-up ap-
proach, in which small organic molecules or surfactants act as a template for the
porous structure of the silica framework. Early and prominent examples of this pro-
cess include the use of alkylammonium ions to control the pore size and periodicity of
zeolites, as demonstrated by researchers at the Mobil Oil Corporation in the 1960s.11

The templating process results in porous, crystalline solids with a well-defined 1-, 2-,
or 3-dimensional network of periodically arranged micropores. Later, this approach
was further extended to longer-chain alkylammonium ions,12 which yielded a periodic
array of mesopores that were approximately 4 nm in diameter or larger, and gave rise to
the development of the MCM (Mobil Crystalline Material) family of mesoporous silica
compounds. The amphiphilic nature (i.e., the presence of hydrophilic and hydropho-
bic parts within one molecule) of the surfactant that acts as the structure-directing
agent (SDA) allows for a spontaneous assembly of the latter into micelles, resembling a
liquid crystalline phase that gives rise to the periodic porous structure. Meanwhile, a
variety of other surfactants have been employed to extend the pore-size and structural
diversity even further,13,14 for example non-ionic triblock-copolymers for the synthesis
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of the Santa Barbara Amorphous (SBA) type materials.15

The synthesis strategies mentioned above were originally designed for the synthesis
of porous particles that are used in a wide variety of different fields. However, in
certain applications such as membranes, low dielectric constant interlayers and sen-
sors, thin films rather than particles are desired. In some of the first approaches that
yielded stable, supported mesoporous silica films a substrate was introduced into a sil-
ica/surfactant/solvent systems in which the initial surfactant concentration was high
enough that a micellar phase could be formed (i.e., higher than the critical micelle
concentration, cmc).16–18 These approaches allowed for the nucleation of hexagonal
silica-surfactant mesophases on the substrate with pores oriented parallel to the sub-
strate surface, and further growth and coalescence over a longer period of time resulted
in continuous films. However, these films are often macroscopically inhomogeneous and
feature granular textures on micrometer length scales. Another approach that yields
very homogeneous films even on macroscopic length scales is the evaporation-induced
self-assembly (EISA) approach, introduced by Brinker et al. in 1999.19 This synthesis
strategy employs a homogeneous solution of soluble, inorganic building blocks such as
alkoxysilanes (typically tetraethylorthosilicate (TEOS)) and surfactant molecules at
concentrations lower than the cmc in a volatile solvent mixture, often comprised of
ethanol and water. When coating this solution onto a substrate, preferential evapora-
tion of the volatile solvent leads to an increase in concentration of the surfactant and
the non-volatile silica precursor in water. This increase in surfactant concentration in
turn leads to a spontaneous self-assembly of silica-surfactant micelles, which further
organize into liquid-crystalline mesophases. By altering the molar ratios and chemical
nature of the solvent mixture, the silica source, and the surfactant, differently ar-
ranged porous mesophases such as 2D-hexagonal, 3D-hexagonal, cubic, and lamellar
structures can be obtained.20,21 In order for the self-assembly process to occur, the
silica condensation has to be suppressed or slowed down during the film deposition
step by adjusting the pH to a value close to the isoelectric point of colloidal silica
(pH ≈ 2).19 This allows for the cooperative silica-surfactant self-assembly and results
in as-deposited films exhibiting liquid-crystalline (i.e., semi-solid) behavior. Only after
subsequent aging, thermal treatment, or exposure to acid or base catalysis the silica
network solidifies in its final pore geometry.

The liquid-crystalline nature of freshly formed films was confirmed by the fact that
tensile stress developed during the mesophase thin film deposition is much lower than
that of a similar silica sol prepared without surfactants.19,22 Moreover, under certain
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conditions freshly deposited films could be transformed to a different mesophase (e.g.,
from lamellar to cubic).20 Further proof of a structurally flexible material after depo-
sition and deeper insight into the mechanism of mesophase formation and film organi-
zation during the EISA process was gained by different groups through in situ grazing
incidence small-angle X-ray scattering (GISAXS) experiments.22–24 Grosso et al.23 in-
vestigated the influence of various experimental parameters on the film formation and
organization of films prepared by dip-coating from a silica sol with cetyltrimethylam-
monium bromide (CTAB) as the SDA. They found that – under otherwise identical
conditions – the CTAB-to-TEOS ratio plays the main role in determining the struc-
ture of the resulting films. By adjusting this ratio to 0.08, 0.10, or 0.12, 2D-hexagonal,
3D-hexagonal, or cubic phases could be obtained. They also found that the degree of
condensation of the silica species present in the solution (and hence the water con-
tent and the aging time of the sol prior to deposition) can have a strong effect on
mesophase organization, where the highest degree of organization seems to correlate
with a rather high condensation rate. Combining in situ XRD measurements with
interferometry suggested a formation mechanism that includes the formation of mi-
celles at the film/air interface, a morphological change from elongated to spherical
micelles in the case of 3D-hexagonal and 3D-cubic structures, and the existence of a
3D-hexagonal intermediate phase prior to the formation of a 3D-cubic structure. In
the case of the other structures (i.e., 2D-hexagonal and 3D-hexagonal), the authors
also observed a transient peak in their XRD patterns. However, unlike in the case of
the 3D-cubic structure, they did not attribute this transient peak to a real intermediate
structure.

A similar system (namely a silica sol with CTAB as the SDA yielding a 2D-hexagonal
mesophase) was also investigated by Doshi et al.22, who carried out time-resolved in
situ GISAXS studies combined with gravimetric analysis to study the self-assembly
of a slowly evaporating film maintained in a horizontal geometry under controlled
environmental conditions. This experiment allowed the authors to derive structural
and compositional information simultaneously under steady-state conditions. They
proposed a mechanism for the formation of the 2D-hexagonal mesophase that included
four distinct successive stages during the EISA process, namely an isotropic, a lamellar,
a correlated micellar, and finally a 2D-hexagonal geometry, each identified by their
respective 2D GISAXS pattern (see Figure 1.1).

At the beginning, there are no reflections visible, indicating the lack of any periodic
arrangement. Hence, this pattern was assigned to the isotropic phase. In the subse-
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Figure 1.1: GISAXS patterns obtained at different points in time during the formation
of a CTAB-templated, 2D-hexagonal thin silica film. The patterns correspond to the
following phases: (a) the isotropic phase, (b) the lamellar mesophase, (c,d) the correlated
micellar, and (e,f) the hexagonal mesophase. Figure adapted from Reference 22.

quent phase, a single Bragg reflex can be seen which indicates – in combination with
the absence of out-of-plane reflections and combined with the spot orientation and
d-spacing – a smectic ordering parallel to the substrate surface. The appearance of
such a lamellar phase is unexpected from the bulk phase diagram and the authors at-
tributed it to an interfacial effect. Interestingly, this intermittent lamellar phase could
only be observed in the presence of a silica precursor and did not appear under similar
conditions when no TEOS was added to the precursor solution. At later stages, the
lamellar diffraction spot disappears and a broad, diffuse arc appears concomitantly at
larger q-values. This pattern can be explained by the presence of spherical or cylin-
drical micelles showing a low degree of spatial correlation and hence it was assigned
to the correlated micellar phase. Over time, the scattering intensified and the width
of the arc and its radius decreased. This was attributed to an enhancement of spatial
correlation of micelles resulting from their increasing number density and conceiv-
ably from their positioning by regular undulations of the lamellar mesophase. Finally,
three well-defined Bragg spots defining adjacent 60° central angles with respect to
the origin are observed, which can be assigned to a 2D-hexagonal mesophase (p6mm)
with tube axes oriented parallel to the substrate. Moreover, the authors also observed
a disorder-to-order transformation during the EISA process using X-ray reflectivity
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Figure 1.2: Two synthetic strategies of mesoporous materials: (A) cooperative self-
assembly. (B) “true” liquid-crystal templating process. Figure adapted from Refer-
ence 28.

data and electron microscopy. This transition seems to start at the solid-liquid and
at the liquid-air interfaces, and then propagates to the middle of the film. Similar
observations were also made by other groups and for other surfactants, e.g., non-ionic
triblock-copolymers.20,23,25

Besides the cooperative mechanism discussed above, in which surfactant molecules
and inorganic species combine first to form hybrid intermediate species which then fur-
ther self-assemble into the final structures, a liquid crystal templating (LCT) mech-
anism is discussed for some systems, which suggests that first a stable surfactant
mesophase develops, around which the inorganic building blocks are assembled.14,26,27

Both mechanisms are summarized in Figure 1.2. The exact nature of the mechanism
that occurs during thin film synthesis most probably depends on the chemical param-
eters and processing conditions, and often a combination of both mechanisms might
operate.

Studies on the mechanism during film growth were also recently published by C.
Jung et al. who reported on the in situ visualization of domain growth in the self-
assembly of silica nanochannels using fluorescence microscopy and atomic force mi-
croscopy (AFM).29 They could observe well-ordered silica nanochannels with domain
sizes of up to ≈ 0.3mm and showed that transient lamellar structures precede the for-
mation of hexagonal layers. Furthermore they discussed that the layer growth follows
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two distinct pathways (for details see Reference 29).

1.1.2 Thin Film Deposition and Functionalization Techniques

There are several techniques available for the preparation of thin films, of which a
selection is depicted schematically in Figure 1.3.30 Out of these, the EISA process
described above is compatible with the chemical solution deposition methods, i.e., spin-
coating, dip-coating, spray-coating, and meniscus-coating. These are widely employed,
because they are cheap and do not require expensive and sophisticated equipment,
but rather rely on techniques that are already commonly used in industrial processes.
Moreover, they offer a good degree of control over the experimental conditions before
and during the self-assembly process.

However, these methods usually do not result in a macroscopic in-plane alignment of
the mesopores, most probably due to the lack of a preferential direction during the self-
assembly process. Since there are many applications that could greatly benefit from
mesopore alignment on a macroscopic scale, such as nanofluidics and nanoreactors31,
oriented growth of nanowires32, and optoelectronic devices33, a lot of effort was put
into developing methods that can help achieving this goal. These methods include
the use of microtrenches34,35, external electric36,37 and magnetic38 fields, substrate
surface modification18,39,40, and shear flow control41,42. However, these approaches
often require specialized equipment or impose constraints on the applicable substrates
or surfactants. That is why we recently investigated another technique, namely guided
growth in PDMS microchannels43, which is described in more detail in Chapter 3 of
this thesis.

Wu et al.34 and Daiguji et al.35 demonstrated that microtrenches that introduce a
spatial confinement during the EISA process can influence the mesopore alignment.
The trenches were produced by top-down lithographic methods either by directly us-
ing the pattern generated from the resist34, or by transferring the pattern into the
substrate via reactive ion etching35. In both cases, the spatial confinement led to a
preferential alignment of mesopores inside the trenches. Wu et al. showed in their
studies that the alignment depends critically on the aspect ratio of the microtrenches,
while Daiguji et al. also found an influence of the composition of the precursor solu-
tion, the relative humidity during coating and aging, and the chemical properties of
the trench sidewalls on mesopore alignment. However, both methods require a clean
room and a photolithography or even an electron beam lithography setup, rendering
these approaches costly and time-consuming. Trau et al investigated the use of electric
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Figure 1.3: Various processing methods used to prepare mesostructured thin films.
Figure adapted from Reference 30.

fields to induce mesopore alignment.37 The authors used strong electric fields in com-
bination with a microfluidic system to achieve mesopore alignment. They attributed
the alignment effect to both the confined geometry and the presence of the electric
field. However, the necessity of strong electric fields at the order of 1500Vcm−1

might limit the applicability of the technique. Furthermore, it also narrows down the
choice of the substrate to non-conducting materials and the choice of the template to
charged or ionic surfactants, typically resulting in mesoporous silica thin films with
small pore sizes. Tolbert et al. demonstrated that magnetic fields instead of electric
fields could also be used to trigger mesopore alignment.38 They oriented a silicate-
surfactant liquid crystal phase in an 11.7T magnetic field by heating the samples
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above their anisotropic-to-isotropic phase transition temperatures, followed by slow
cooling (5 ◦C per hour in 3 ◦C to 5 ◦C steps) in the magnetic field and subsequent poly-
merization of the silica by acidic or acidic-thermal treatment. While this approach
also allows for a perpendicular alignment of the mesochannels with respect to the
substrate plane, it requires very specialized equipment. Another approach was pur-
sued by Yang et al. and Miyata et al., who deposited thin silica films on mica18 or
single-crystal silicon wafers39 and found that the crystallographic orientation of the
substrate surface can influence the mesopore alignment to a certain degree. Miyata et
al. also suggested another way to introduce mesopore alignment by substrate surface
modification, namely by creating a thin polyimide layer on the substrate and sub-
jecting it to a rubbing treatment that can help to align the polymeric chains.40 This
alignment is passed on to the micellar structure of the surfactant molecules and can
lead to a macroscopic alignment of the mesopores. The exact formation mechanism
that leads to the alignment seems to depend on the matching of the chain length of
the hydrophobic part of the surfactant to the chemical structure of the polyimide un-
derlayer.44,45 Zhao et al.41 and Naik et al.42 demonstrated that the shear flow exerted
on films during dip coating can also influence mesopore alignment to some degree, but
the correlation length of the obtained mesostructure might be low in these cases.

Besides macroscopic ordering and mesopore alignment, chemical functionalization
of the pore walls of the porous materials is of great importance for many applications,
since these determine the host–guest interactions of the system.46–48 There is a large
variety of synthesis strategies that lead to functionalized porous materials,30 of which
the co-condensation approach and the chemical grafting approach will be briefly dis-
cussed here. In the co-condensation approach, organically modified building blocks
(such as functionalized aryl or alkyltriethoxysilanes) are mixed with the inorganic
building blocks and the templates in a one-pot reaction.49,50 During the self-assembly
process, the functionalized silica species will hydrolyze and condense together with
the other inorganic silica precursors, resulting in a random incorporation into the sil-
ica framework. Another commonly used approach is the post-synthetic grafting of
organically modified silica species onto the porous materials. In this approach, the
unfunctionalized porous material is first obtained with a standard synthesis protocol,
and subsequently subjected to silica species that bear functional groups and that ex-
hibit reactivity towards the free hydroxyl groups present at the surface of the silica
pore walls. While the co-condensation approach is simpler and has the advantage of
a more homogeneous distribution of the functional groups within the material and its
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channels, the presence of functionalized silica species during the synthesis can interfere
with the delicate formation mechanism of the porous structure and may result in a
less well-defined (or, at high loadings, a completely amorphous) material with reduced
hydrothermal stability.51

1.1.3 Characterization of Host–Guest Interactions with Single

Molecule Microscopy Techniques

Knowing the interactions between the mesoporous host and the guest molecules is
essential for many applications. To investigate these interactions, single molecule mi-
croscopy (SMM) is a powerful technique. While measurements of ensemble diffusion
of molecules in porous hosts provide information about the overall behavior of the
guest in the host, tracking of individual molecules provides insights into the hetero-
geneity and the mechanistic details of molecular diffusion as well as the structure of
the host. With SMM experiments, Zürner et al. and Kirstein et al. show how single
dye molecules can be used as nanoscale probes to map out the structure of meso-
porous silica channel systems prepared as thin films via the cooperative self-assembly
of surfactant molecules with polymerizable silicate species.52,53 The dye molecules act
as beacons while they diffuse through the different structural phases of the host: the
structure of the trajectories, the diffusivities and the orientation of single molecules
are distinctive for molecules traveling in the lamellar and the hexagonal mesophases.54

These experiments reveal unprecedented details of the host structure, its domains and
the accessibility as well as the connectivity of the channel system. In these studies,
mostly strongly fluorescent and photostable molecules are used, e.g. terrylenediimide
(TDI) derivatives, which can be easily incorporated into mesopores and then individ-
ually observed travelling in the host.

The idea that a single molecule can act as a direct reporter of its environment was
pioneered in 1989 by Moerner55 and Orrit56, who were the first reporting on the optical
detection of single fluorophores in a solid matrix at liquid-helium temperatures. Since
then, Single Molecule Microscopy (SMM) was continuously improved (e.g. adapting it
to room temperature) and now plays a growing role in chemistry, biology, physics and
materials science.57–61 In the following, the basic principles of SMM will be explained.
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1.1.4 Principle of Single Molecule Fluorescence Microscopy

Nowadays, there are different types of microscopes available for single molecule ex-
periments, such as confocal, total internal reflection fluorescence (TIRF) or wide-field
epi-fluorescence microscopes. All these techniques are based on the detection of fluores-
cence light, which can provide an excellent signal-to-noise (or signal-to-background)
ratio. In this chapter we will focus mainly on studies that employ wide-field epi-
fluorescence microscopy (schematic setup see Figure 1.4.a). The samples are excited
with a laser beam that is focused on the back focal plane of the microscope objective:
this results in a cylindrical excitation volume, depicted in Figure 1.4.a. Since the con-
centration of the fluorescent dye molecules is kept extremely low (≤ 10−10 M) single
molecules can be detected by their individual fluorescence spots imaged onto the CCD
camera. The imaging is done with an objective with a high numerical aperture (NA
= 1.4). The numerical aperture NA is defined as:

NA = n sinα (1.1)

with n being the refractive index of the medium (e.g. oil) in which the objective
lens is working, and α the half collection angle of the objective. The higher the
NA, the higher is the light collection efficiency of the objective and thus the number
of the collected photons. The emitted fluorescence passes a dichroic mirror and a
fluorescence filter to get separated from the exciting laser wavelength. The signal
is detected by a back-illuminated, cooled electron multiplying charge-coupled device
(EMCCD) camera. The position of a single molecule which acts as a point light source
can be determined by fitting a two-dimensional Gaussian distribution (Figure 1.4.b)
to the signal on the detector chip, according to

I = A0e
−(x−x0)

2

2σ2 e
−(y−y0)

2

2σ2 (1.2)

where I is the recorded fluorescence intensity, A0 the amplitude of the signal and σ

the width of the Gaussian curve. x0 and y0 are the coordinates of the peak position.
The position accuracy corresponds to the standard error of the fitting parameters
x0 and y0 and depends on the photon noise, the error due to the finite pixel size of
the detector and the background. Moreover, the position accuracy depends on the
fluorescence intensity of a single molecule since ∆x is inversely proportional to the
square root of the number of collected photons. Thus, in SM experiments one tries
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to get as many photons as possible from a single fluorescent molecule. This can be
achieved by the use of the proper optical system as described above, as well as by
using molecules with high fluorescent quantum yield and high photostability so that
they can be excited with high excitation intensities. In this way the position of a single
fluorescent molecule like TDI can be determined with an accuracy of typically 5 nm
or less.

This striking resolution needs to be clearly distinguished from the resolution of the
microscope that describes the smallest distance ∆x of two objects that can still be
distinguished from one another (see Figure 1.4.c). This distance is roughly equal to the
full width at half maximum of the signal and is given by Abbe’s law and the Rayleigh
criterion (Figure 1.4.c). It follows that the higher the NA, the smaller the minimum
distance ∆x of two objects that can be resolved. By using visible light (e.g., 633 nm),
the lateral resolution is about 300 nm. SMM, however, overcomes this resolution limit,
since the samples in these studies are prepared on a single molecule level, meaning a
very low fluorescent dye concentration (of about 10−10 – 10−11 M) as mentioned above.
Hence, the probability of two molecules coming closer to each other than 300 nm is
very low.

In order to investigate the diffusion behavior of single molecules incorporated into
porous hosts, movies of many images in time series (i.e. frames) were collected. Then,
the position of the molecules was determined in each individual frame and connected
frame-by-frame to give a SM trajectory. This trajectory gives detailed information
about the pathway of the molecule within the pores and thus the structure of the host.
Such movies can be found in the Supplementary Material of articles by J. Kirstein et
al.53 or A. Zürner et al.52. The main features of the technique are also summarized in
Section 2.1.

1.1.5 Structural analysis by combining TEM and SMM studies

To learn more about host–guest interactions, e.g., how a single fluorescent dye molecule
travels through linear or strongly curved regions of a mesoporous channel system, a
combination of electron microscopic mapping and optical single-molecule tracking ex-
periments were performed by Zürner et al.52 In this study, an extremely thin meso-
porous silica film with a 2D-hexagonal pore arrangement and a pore to pore distance
of about 7 nm was synthesized on a silicon nitride membrane (Si3N4 membrane). In
order to correlate fluorescence and structural features, a fluorescent terrylenediimide
(TDI) derivative and 280 nm polystyrene beads were added to the synthesis solution
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Figure 1.4: (a) Schematic setup of wide-field epi-fluorescence microscopy (the cylinder
depicts the excitation volume of the microscope). (b) The fluorescence intensity distri-
bution of a single molecule can be fitted by a two-dimensional Gaussian curve according
to the equation. The peak position x0 and y0 can be determined with an accuracy down
to typically 5 nm or less. (c) Demonstration of the Rayleigh criterion which describes
the smallest distance ∆x of two objects that can still be resolved by the optical system.

of the mesoporous silica. The polystyrene beads were used as markers and allowed
the authors to overlay the transmission electron microscopy (TEM) images with the
SMM images. Fast Fourier transform (FFT) directors obtained from a FFT analysis
of regions in the TEM images (black bars in Figure 1.5.a) indicate parallel aligned
channels with strongly curved areas and domain boundaries. By overlaying the SM
trajectory over the TEM images it can be clearly seen that the molecule diffuses along
the pores. This was the first direct proof that the molecular diffusion pathway through
the pore system correlates with the pore orientation of the two-dimensional hexago-
nal structure (Figure 1.5). Changes of the molecular diffusional movement (and even
stopping at less ordered regions) in the channel structure, repulsion by domain bound-
aries with different channel orientations, or lateral motions between “leaky” channels
allow a molecule to explore different parallel channels within an otherwise well-ordered
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Figure 1.5: (a) Overlay of a single-molecule trajectory (yellow) and multiple TEM im-
ages of the silica film (grey) stitched together to provide a macroscopic overview of the
sample. The pathway of the molecule is influenced by the domain architecture of hexag-
onally ordered mesoporous silica pores. Domain boundaries and the local orientation of
the pores (black bars) are indicated by the fast Fourier transform of the TEM images.
(b-e) Schematic representations of structural elements and molecular movements found
in hexagonal mesoporous silica films. Figures adapted from Reference 52.

periodic structure. This striking heterogeneity of diffusion behavior only becomes ap-
parent through single molecule experiments, whereas TEM provides static information
only. Moreover, TEM images correspond to an average over the thickness of the film,
and while giving a good indication about the general local architecture, they cannot
show single defects such as closed channels or open neighboring channels, which can
be detected by SMM. In a subsequent study, we applied the knowledge that SMM can
characterize the structural properties of the mesoporous structure in a non-invasive
and direct way and optimized the synthesis conditions that lead to porous silica thin
films with highly oriented mesopores (see Chapter 3).

1.1.6 Silica filaments for applications in bioanalytics

A further approach to control the mesoporous structure is the confined synthesis of
mesoporous silica inside porous anodic alumina membranes48,62,63 via the EISA pro-
cess. Feil et al.48 synthesized template-free, chemically functionalized mesoporous
silica filaments with 4 nm pore diameter and used SMM to investigate the transla-
tional and orientational dynamics of TDI dye molecules (see chemical structure in
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Figure 1.6) and dye-functionalized (Cy3 and Cy5) double-stranded DNA (ds-DNA).
In order to introduce a homogeneous chemical functionalization of the porous host
with nitrile groups (10mol% with respect to the silica source), a co-condensation of
the silica matrix with (2-cyanoethyl)triethoxysilane was performed. The template was
then removed by Soxhlet extraction. Afterwards, amino groups were grafted to the
channel walls to favor the uptake of the negatively charged DNA constructs. The
samples were loaded with the desired guest molecules at a concentration appropriate
for single molecule studies.

First, TDI dye molecules were incorporated into nitrile functionalized mesoporous
channels and studied by SMM. While the TDI molecules remained immobile in the
mesopores under air atmosphere, diffusion inside the pores could be detected in the
presence of a saturated chloroform/water atmosphere acting as a lubricant phase.
To ensure that the observed diffusion of single TDI molecules occurs in the meso-
porous channels of the host material and not on the surface, a 0.4 nm thin layer of
gold was deposited on the surface of the sample by thermal evaporation. This way,
the fluorescence of all molecules on the surface of the glass substrate was quenched
and only molecules inside the mesoporous host remained fluorescent (Figure 1.6.a).
Their positions could be correlated to the transmission optical images of the filaments
(Figure 1.6.b). Furthermore, the trajectories of the molecules were highly structured
due to the confinement in the columnar mesopores (Figure 1.6.c and Figure 1.6.d)
and provided detailed information about the host structure, such as domain size (up
to about 10 µm) and the presence of defects. The next step was to load DNA into
mesopores. The functionalization of the pores and thus the interaction between host
and guest turned out to play an important role for achieving this goal. The authors
observed no loading in unfunctionalized or mono-functionalized mesopores, but only
in bi-functionalized samples. The loading process took about 2 weeks, and movement
of the DNA molecules was only detectable under a high humidity atmosphere. The
DNA was labeled with Cy3 (donor) and Cy5 (acceptor) dyes to check its integrity by
measuring the Förster resonance energy transfer (FRET) signal. FRET is strongly
distance-dependent, and in the case of DNA denaturation, the two single strands will
be separated and no FRET signal in the red channel is expected. Feil et al.48 ob-
served Cy3 fluorescence in the green channel (right) and emission of fluorescing Cy5
molecules upon FRET in the red channel (left) (Figure 1.6.e). This demonstrates that
the ds-DNA strands were still intact after loading into the mesoporous channels. Fur-
thermore the trajectories were highly structured and quite linear over up to 7 µm. In
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Figure 1.6: (a) Fluorescence image of single TDI molecules within filament channels.
Molecules located on the cover glass are quenched with a coated gold layer. (b) The
positions of the bright spots are perfectly correlated to the structure of the filaments
displayed in the optical transmission image. (c) Overview of several linear shaped single
molecule trajectories. (d) Example of a single TDI molecule trajectory. (e) FRET ex-
periment of Cy3-Cy5 labeled ds-DNA strands inside the mesoporous filaments structure.
Left: red channel showing the red emission of fluorescing Cy5 molecules after FRET.
This means that the ds-DNA strands are still intact. Right: green channel showing Cy3
fluorescence. (f) Overview of several single molecule trajectories of ds-DNA strands. (g)
Example of a ds-DNA molecule trajectory. Figures adapted from Reference 48.

addition, the diffusion constant for ds-DNA and also for TDI was obtained by fitting
the linear part of the plots of the mean square displacement (MSD) vs. time with the
one-dimensional form of the Einstein-Smoluchowski equation, MSD = 2Dt.

Figure 1.7 shows the single molecule diffusion analysis of ds-DNA and TDI molecules
in mesoporous filaments. The results indicate that while the larger DNA molecules
took much longer to be loaded into the mesoporous channels compared to the smaller
TDI molecules, they moved nearly as fast once they were inside the mesopores. The
single molecule diffusion coefficients of the DNA molecules have a mean value of 〈D〉 =

5.9× 104 nm2 s−1 for saturated H2O vapor pressure at room temperature, while TDI
molecules have a diffusion constant of 〈D〉 = 1.1× 105 nm2 s−1.
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Figure 1.7: Single molecule diffusion analysis of TDI and ds-DNA molecules in meso-
porous filaments. Comparison of the average MSD plots of TDI (green) and ds-DNA
(red) molecules. The MSDs of the DNA molecules are about two times lower than the
MSDs of TDI. Furthermore, the difference in size of the observed guest molecule is re-
flected by the shape of their MSDs. While the mean MSD plot of the small TDI molecules
is nearly linear (which suggests normal diffusion) over the observed time range, the mean
MSD plot of the ds-DNA molecules bends for longer time intervals (due to the confined
diffusion in the mesopores). This indicates that the larger DNA molecules respond more
strongly to the confinement in the filaments than the TDI molecules. Figures adapted
from Reference 48.

This work shows once more how important it is to investigate host–guest interactions
with SMM to provide a solid basis for a thorough understanding of the interactions
within a porous material. Furthermore, the right functionalization of the highly struc-
tured collinear pore walls plays an important role for applications in bioanalytics and
drug-delivery (see Section 1.1.12).

1.1.7 Diffusion in Thin Silica Films

Very interesting work on single molecule diffusion studies of different guest species in
silica thin films was also done by Higgins et al. In early studies, they investigated the
nanoscale properties, the heterogeneity, and the diffusion behavior of dye molecules
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in dense (organically modified) sol-gel silica films at the single molecule level.64–67

Later, Fu et al.68 and Ye et al.69 extended the approach to porous silica thin films.
By incorporating fluorescent dyes into the surfactant phase of the mesoporous silica
thin films and comparing their diffusional movement to that of dye molecules loaded
into template-free films after calcination, striking differences in the dynamics could be
observed. The measurements revealed that the dye molecules were relatively mobile in
the as-synthesized (i.e., surfactant-containing) films, but appeared to be entrapped at
fixed locations after being loaded into the calcined (i.e., template-free) films. Upon re-
hydrating the calcined films under high humidity conditions, the dye molecules became
mobile again. These results indicate that the surfactant phases of the as-synthesized
material and the hydrated pores of the calcined material after exposure to high humid-
ity behave like fluid-filled domains, providing a “lubricant” phase that enables mass
transport of the dye inside the porous host. The authors used fluorescence imaging and
single-point fluorescence time transients in their studies (see Figure 1.8). These fluo-
rescence correlation spectroscopy (FCS) methods are interesting for diffusion studies
as they feature a high time resolution and hence allow for the investigation of rapid
processes. Moreover, FCS measurements are independent of photobleaching which
can limit the amount of available data in other techniques. However, no structural
information of the porous host can be obtained, and a model for the possible mode of
motion needs to be provided.

In contrast to those studies, Bräuchle et al. investigated the diffusional processes
of various fluorescent dye molecules in the nanoporous network of sol-gel-glasses70

and in mesoporous materials71 with the direct method of single molecule tracking.
Furthermore, they showed diffusional and orientational dynamics of various single dye
molecules in nanostructured host–guest-materials72 and the switchable mobility of sin-
gle TDI molecules in networks of long unidimensional nanochannels73. In these studies,
a more direct observation of the mobility of the dye molecules could be achieved by
the optical tracking and polarization techniques than in the FCS studies of Higgins et
al.64–69.

1.1.8 Diffusion Phenomena, Morphology, Intergrowth and

Accessibility in Porous Catalyst Particles

Investigations of diffusion processes and identifying diffusion barriers for molecules
inside porous compounds play a major role in many heterogeneous catalysis processes.
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Figure 1.8: (A) Representative fluorescence time transient recorded for Nile Red in an
as-synthesized mesoporous silica film. (B) Simulated time transient obtained by using a
molecular areal density of 0.6 molecules/µm2 and D = 3× 10−10 cm2 s−1. (C) Autocor-
relations (points) and fits (lines) for the data shown in parts A and B. (D) Expanded
section of a representative time transient showing long-term adsorption events in an
as-synthesized film. Each of the three designated events is labeled with the measured
desorption time. Figures adapted from Reference 68.

If the intraparticle diffusion is too slow or if there are substantial diffusion barriers,
a depletion of substrate molecules can occur, and only a fraction of the catalytically
active particle is actually used. Hence, visualizing, measuring and quantifying diffusion
processes is crucial to provide a better understanding and to make a rational design
and improvement of the porous catalysts possible. De Cremer et al. showed how
single molecule fluorescence spectroscopy could be used to visualize and quantify the
effects of mass transfer limitations on the overall catalytic efficiency in a spatially
resolved fashion.74 As a model system, the authors chose mesoporous Ti-MCM-41
particles which catalyze the epoxidation of a fluorescent dye (PBD-bodipy), resulting
in a spectral shift of the excitation and emission maximum of the products. Hence,
the emission of the reaction products could be spectrally separated from the educts,
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Figure 1.9: (a) Transmission image of an individual Ti-MCM-41 particle. (b-d) Three
representative examples of fluorescent bursts due to the formation of a single product
molecule in the Ti-MCM-41 catalyzed epoxidation of the PBD-bodipy probe. The white
scale bars in panels (a-d) represent a distance of 3 µm. (e) Transmission image of three
Ti-MCM-41 particles on which the positions where reactions were observed over a time
span of 140 s are highlighted by a yellow mark. The black scale bar represents a distance
of 5 µm. Figures adapted from Reference 74.

and single turnover events could be subjected to a spatial and temporal analysis (see
Figure 1.9), giving quantitative information about the catalytic process.

Karawacki et al. showed that the decomposition of template molecules in zeolite-type
crystals yields light-absorbing and fluorescent intermediates, which the authors used to
elucidate the three-dimensional intergrowth structure by means of in situ optical and
fluorescence microscopy during heating.75 In another study, also by Karawacki et al.,
the authors related the intergrowth structure of zeolites to internal and outer-surface
molecular diffusion barriers.76 In their study, they used a combination of confocal
fluorescence microscopy, electron backscatter diffraction from samples prepared by
focused ion beam sectioning, transmission electron microscopy imaging and diffraction,
atomic force microscopy and X-ray photoelectron spectroscopy to study a wide range of
coffin-shaped MFI-type zeolite crystals, and presented an overview of the morphology-
dependent MFI-type intergrowth structures. Sommer et al. used a Brønsted acid
catalyzed oligomerization of styrene derivatives to study the intergrowth structure
and the active site accessibility in etched SSZ-13 zeolites by confocal fluorescence
microscopy.77 The authors found a high degree of heterogeneity in the density of
defects and the catalytic activity among different crystals within one SSZ-13 batch.
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1.1.9 Catalytic Reactivity Mapping in Porous Silica Compounds

Another interesting application of single molecule spectroscopy is the mapping of cat-
alytically active sites within porous materials. Roeffaers et al. used the liquid phase
acid-catalyzed self-condensation of furfuryl alcohol in dioxane as a reporter reaction
for imaging the catalytic activity of active sites in individual zeolite crystals.78,79 Af-
ter the condensation of the furfuryl alcohol, the reaction products entrapped in the
pores are sufficiently fluorescent to be detected with a confocal microscope. When
polarized excitation light is used, the efficiency of excitation and emission is strongly
orientation-dependent, since the linear oligomeric products have transition dipole mo-
ments of absorption and emission parallel to the long molecular axis. This anisotropy
allows conclusions about the orientation of the emissive product molecules and hence
the channel orientations within the zeolite crystals.78 In another study, Roeffaers et
al. demonstrated the use of the same self-condensation reaction to study the reactive
sites within ZSM-22 and ZSM-5 crystals with a new technique they called NASCA
(nanometer accuracy by stochastic catalytic reactions) microscopy.79 In this tech-
nique, 2D-Gaussian functions are fitted to the (diffraction-limited) emission spots
of the fluorescent product molecules, and from these data, a high-resolution image is
reconstructed that gives valuable information about the catalytic activity at different
locations within the crystal (see Figure 1.10).

Kox et al. investigated the catalytic conversion of various thiophenes over individual
ZSM-5 crystals, using a combination of X-ray absorption, UV/Vis and fluorescence
microspectroscopy.80 The authors discuss spatial heterogeneities in product formation
and the alignment of distinct reaction products within the pores, and visualize the
three-dimensional distribution of reaction products within the crystals, showing the
influence of crystal intergrowth and concurrent diffusion barriers. Chung et al. studied
the coke formation during the aromatization of paraffin and olefin hydrocarbons over
ZSM-5 in a space and time-resolved manner.81 In this study, polarization dependent
in situ UV/Vis micro-spectroscopy and confocal fluorescence microscopy were used
to show how large poly-aromatics mainly grow in alignment with the zeolite straight
channels and how these techniques can be used to reveal spatial heterogeneities of the
photo-excited coke compounds. Buurmans et al. used Nile Blue A and a Brønsted acid-
catalyzed thiophene oligomerization that yields a fluorescent product to selectively
stain different components and investigate Brønsted acidity and catalytic activity in
fluid catalytic cracking (FCC) particles,82 while Karreman et al. used a fluorostyrene
oligomerization (also yielding a fluorescent product) in an integrated laser and elec-
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Figure 1.10: (a) Individual fluorescent product molecules on a ZSM-5 crystal. The
contours of the crystal are visible because of a small amount of unfiltered scattered light.
(b) Accumulated and diffraction-limited image of all reactions observed during the time
course of the recorded movie (80 s, 800 frames). (c) Reconstructed image obtained after
mathematical fitting of all reaction events observed in the 800-frame movie. (d) Resolved
reaction map (1x1 µm2) reconstructed using the data in (c). (e) Similar resolved reaction
map (top) calculated for 20x20 nm2 pixels with a zoom (bottom) at the upper part of
the active rim. Figure adapted from Reference 79.

tron microscopy study to investigate and characterize these industrially important
catalysts.83 Stavitsky et al. also used fluorescence generated through oligomerization
of various styrene derivatives for time- and space-resolved optical and fluorescence in-
vestigations of the shape selectivity and catalytic activity within the pores of ZSM-5
crystals,84 and Kox et al. used a styrene oligomerization reaction in a combined in situ
optical and fluorescence microscopy study of ZSM-5 featuring micro and mesoporos-
ity (introduced through desilication) for investigating the intergrowth structure and
catalytic activity trends.85 Domke et al. introduced a technique for tracing catalytic
conversion on single zeolite crystals in 3D with nonlinear Raman- and two-photon
spectromicroscopy.86 The authors used these techniques to gain mechanistic insights
into the alkene activation and glycol etherification catalyzed by large crystal H-beta
zeolites.
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1.1.10 Catalyst Deactivation

Catalyst deactivation is a very important issue in industrial processes. One of the most
important deactivation mechanisms in acid heterogeneous catalysis and for zeolites in
particular is a deactivation due to coke formation. In this process, heavy byproducts
that are formed during the catalytic reaction cover the active sites or block the pore
network of the zeolite, resulting in a partial or total loss of catalytic activity. Fluo-
rescence microscopy in combination with other techniques can help to obtain a more
detailed picture of the individual processes that happen inside the pores of porous
materials employed in industrial applications. Ruiz-Martinez et al. studied the de-
activation process of FCC catalyst particles containing zeolite Y or ZSM-5 by sulfur
compounds87, and Mores et al. investigated the deactivation of H-ZSM-5/silicalite-
1 zeolite composites88. Parvulescu et al. focused on another important industrial
process, namely the etherification of biomass-based alcohols with olefins over beta ze-
olites.89 Confocal fluorescence microscopy studies allowed the authors to observe the
interaction between the reactants and the catalyst particles in a space-resolved man-
ner (see also Figure 1.11). The results indicate that the etherification of alcohols with
long linear alkenes takes place at the external surface of the catalyst particles, and
that alkenes were found mainly responsible for the coke formation and blockage of the
external surface, which results in a loss of catalytic activity.

1.1.11 Electrophoretic Translocation of Macromolecules

through Nanopores

Besides catalysis, porous systems have great potential in analytics and diagnosis. In
recent years, a large interest arose in studying the electrically driven translocation
of single macromolecules through nanopores. Some of the first examples that demon-
strated the feasibility of this endeavor were published by Bezrukov et al. in 199490 and
Kasianowicz et al. in 199691. Both groups demonstrated that macromolecules such as
polyethylene glycol or polynucleotides could be translocated through natural channel-
forming peptides incorporated into a lipid bilayer membrane by applying an electric
field across the latter, and that the translocation events could be detected on a single
molecule basis. The detection scheme is based on the fact that the macromolecules
block the pore during the translocation event, which causes a drop of the ionic current
through the pore. The duration and magnitude of the ionic current blockade is char-
acteristic for the length distribution of the individual macromolecules. These findings
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Figure 1.11: Fluorescence intensity maps of an individual H-Beta zeolite crystal
recorded with a laser excitation of 488 nm (detection at 510 – 550 nm). Samples were
taken after 3 h of reaction at 140 ◦C with (a) glycerol, (b) ethylene glycol, (c) 1,3-
propylene glycol, and (d) 1,2-propylene glycol. (e) Schematic representation of the slice
at which the confocal fluorescence measurements have been performed, with the arrows
indicating the direction of the pores. Figures adapted from Reference 89.

sparked a large interest in such systems, arising from their potential application in
cheap and fast third-generation genome sequencing through single-nucleotide identi-
fication.92,93 However, employing protein pores embedded in lipid membranes can be
problematic due to the limited robustness and stability of this biological system, since
it is known that high voltages can lead to rupture of lipid membranes.94 Several groups
have tackled these challenges by using different kinds of artificially fabricated solid-
state nanopores.95,96 Besides excellent stability over a wide temperature and voltage
range, these artificial pores also have other advantages over biological pores, such as
fixed pore position, rapid response to environmental changes, and controllable pore
size down to the nanometer level97. Typically, such pores are fabricated by drilling
a hole into a thin substrate such as silicon nitride with an electron microscope or via
focused ion beam (FIB) lithography.

Chen et al. extended this approach by coating a silicon nitride substrate that has a
single pore drilled through it with a very thin mesoporous silica film (see Figure 1.12).98

This thin film features “kinked” mesopores that cause up to fivefold reduction in
translocation velocity, which has been identified as one of the critical issues in DNA
sequencing. The thin film was prepared through the EISA process using Brij56 as
the structure-directing agent, resulting in a cubic structure with an average pore di-
ameter of around 4 nm and pore window sizes of about 2.6 nm. The authors used
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Figure 1.12: (a) TEM plan-view image of a free-standing Fmmm film suspended over
a sub-100-nm-diameter aperture formed by FIB. The orientation is along [001]. (b)
Schematic of the experimental platform showing the free-standing film suspended over
an aperture formed in a silicon nitride window by FIB. Nanopores are tortuous in the
direction normal to the film surface. (c) Schematic of the electrochemical cell for carrying
out voltage-driven DNA-translocation experiments. Figure adapted from Reference 98.

thermal atomic layer deposition (ALD) of TiO2 to further reduce the pore aperture
size down to 2.3 nm (one layer) or 2.0 nm (two layers) or to form an aminopropyl silane
monolayer using the molecular precursor aminopropyl trimethoxysilane (APTMS). Re-
duction of the pore window size down to 2.3 nm resulted in a threefold reduced dsDNA
translocation time, while after a pore window size reduction down to 1.9 – 2.0 nm (i.e.,
below the diameter of dsDNA) no DNA translocation events could be observed. When
APTMS was used in the ALD process, the pore aperture size was reduced to approxi-
mately 1.4 nm, and while again no translocation events could be observed for dsDNA,
ssDNA (poly(dA)100) caused current-blockage events indicative of successful ssDNA
translocation.

Other work done in this field focuses on single molecule fluorescence detection in
zero-mode waveguides99–101 or in submicrometer-sized fluidic channels102, on very thin
silica capillaries for sensing applications and investigating molecular transport103, or on
DNA electrophoresis in a monodisperse porous medium obtained from closely packed
silica beads104.

1.1.12 Outlook: Mesoporous Silica in Drug Delivery

Applications

An intriguing perspective for mesoporous silica materials is their use as carriers in drug
delivery applications, where they are employed to encapsulate various drugs or even
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RNA or DNA fragments and release them specifically at a target site. Especially the
controlled release of cytotoxic antineoplastic drugs for cancer treatment in malignant
cells could greatly enhance the efficacy of these drugs and simultaneously reduce the
detrimental side effects of a chemotherapeutic treatment. In order to devise such
systems, a great amount of control over the chemical properties of the porous silica
materials as well as detailed knowledge about their behavior upon cell internalization
and during the triggered release are of great importance. In the following, three
examples are given that demonstrate how chemically modified mesoporous silica thin
films or particles can be used in combination with single molecule microscopy studies
to achieve this goal.

In a recent study, Lebold et al. demonstrated the feasibility of mesoporous silica thin
films for the encapsulation and release of the anticancer drug doxorubicin, which is al-
ready widely used in clinical chemotherapy.105 The authors investigated the influence
of different templates (Pluronic P123, CTAB, and Brij56) and pore functionalizations
on the drug dynamics inside the mesopores on a single molecule level. In thin films
templated by the non-ionic triblock-copolymer Pluronic P123, a mobile sub-population
of doxorubicin molecules could be observed at high drug loading rates, presumably due
to the formation of doxorubicin dimers. However, the diffusional pathways of the drug
inside the channel system were not very well structured. With the ionic template
CTAB, the population of mobile molecules was about 10%, and the trajectories in-
dicating the diffusional movement of the drug showed a high degree of orientation.
Interestingly, when the non-ionic block copolymer Brij56 was used, all molecules were
immobile inside the film, presumably due to interactions of the guests with free hy-
droxyl groups at the channel surface, which were not shielded by an ionic counterpart
(as in the case of the ionic template CTAB), and which were in close proximity to the
guest molecules due to the smaller pore width (compared to silica thin films templated
by Pluronic P123). This assumption is backed up by the fact that a mobile popula-
tion could be recovered in the Brij56-templated samples by chemically modifying the
silica pore walls with propyl groups. This leads to a hydrophobization of the inner
pore surface through a shielding of the hydroxyl groups, resulting in weaker interac-
tions between the drug and the host matrix and hence a structured movement of the
drug inside the porous host. Based on these findings, it was shown that the release
kinetics of doxorubicin into cell medium could be controlled by varying the template
and the pore functionalization within the porous host, and that doxorubicin released
from the film could be used to induce cell death in human cervical cancer (HeLa)
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cells. These findings suggest that for future applications, mesoporous silica structures
could be used either in the form of film coatings for implants, e.g., for the delivery
of immunosuppressive drugs to diminish rejection, or in the form of nanoparticles for
drug-delivery applications.

Inspired by the previously described experiments, Lebold et al. further investi-
gated ways to control the mobility of oligonucleotides (siRNA and dsDNA) within the
nanochannels of mesoporous silica particles.47 In order to do so, the authors focused on
SBA-15 particles that were functionalized with aminopropyl, cyanoethyl and phenyl
groups and compared them to unfunctionalized particles. They found that unfunc-
tionalized and cyanoethyl-functionalized particles could not be loaded with siRNA,
presumably due to the repulsive interaction of the negatively charged oligonucleotides
with these functional groups. However, when adjusting the surface polarity of the sil-
ica pore walls by functionalization with aminopropyl groups, the unfavorable repulsive
interactions are reduced, favorable interactions of the positively charged amino groups
and the siRNA are created, and the particles could be loaded with siRNA. Moreover,
the functionalized particles could also be loaded with dsDNA, ranging from 20 up to
90 base pairs in length. A detailed analysis of the movement of single oligonucleotides
guest molecules revealed that the diffusion dynamics critically depend on the length
of the oligonucleotides, and that long DNA sequences have a higher tendency to get
immobilized at adsorption sites inside the porous framework. The stability of the
oligonucleotides inside the porous silica host was proven for all nucleotides by Förster
resonance energy transfer (FRET) experiments. The obtained information is of great
importance for the design of mesoporous silica nanoparticles that can be used in gene
therapy or gene silencing and for drug carriers featuring controlled retarded release of
a drug over a prolonged period of time, generating a “depot effect”.

In order to tackle the challenge of controlled release at a target site, the groups of
Prof. Bein and Prof. Bräuchle investigated a variety of different ways to enclose a drug
inside porous silica particles and to release it as a result of specific external stimuli, in-
cluding pH changes,107,108 temperature changes,109 the presence of certain enzymes,110

and changes in the redox potential.111 In a recent paper, Schlossbauer et al. demon-
strated the cascaded photoinduced release of various model drugs from multifunc-
tional core-shell mesoporous silica particles sealed with a supported lipid bilayer.106

In this study, the model drugs propidium iodide, phalloidine, and small dye-labeled
antibody fragments (chromobodies) were incorporated into multifunctional core-shell
mesoporous silica particles112,113, carrying amino groups in the inner shell and thiol
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Figure 1.13: Cascaded photoinduced release of various model drugs from multifunc-
tional core-shell mesoporous silica particles sealed with a supported lipid bilayer. Left:
Schematic representation of the process. Right: Confocal microscopy of living HuH7
cells exposed to the colloidal mesoporous silica nanoparticles carrying a photosensitizer
and loaded with model drugs, sealed by a SLB. (a) Superposition of the transmitted light
image of HuH7 cells with the PI fluorescence (left panel) and the PI fluorescence alone
(center panel) and the transmitted light image (right panel). Propidium iodide stains
the nucleus of the cell. (b) Alexa Fluor 647-labeled phalloidin fluorescence (shown in
magenta) and stably actin-GFP (GFP: green fluorescent protein) expressing HuH7 cell
(shown in green on the left panel), the phalloidin fluorescence channel alone (shown in
magenta in the center panel) and the actin-GFP fluorescence channel (shown in green in
the right panel). (c) Chromeo642-labeled chromobodies (magenta) released from the par-
ticles stain the microtubules of stably microtubule-GFP expressing HuH7 cells (green)
(left panel). The chromobody channel is displayed in the center panel, the separated
actin-GFP channel is shown in the right panel. (d-f). In case of the non-photoactivated
samples, no labeled cell structure was observed. Scale bar: 10 µm. Figures adapted from
Reference 106.

groups on the outer surface. This orthogonal, site-selective functionalization allowed
for the specific covalent binding of a photosensitizer (Protoporphyrin IX) to the outer
particle shell. Such photosensitizers are already used in photodynamic therapy to treat
cancer. However, initial approaches of combining these photosensitizers with meso-
porous silica as a drug carrier did not provide a covalent attachment, and could hence
lead to uncontrolled leaching of the compounds from the particles, resulting in highly
toxic effects on the cell. After covalent attachment of the photosensitizer and loading
with drugs, the particles were sealed with a 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) supported lipid bilayer (SLB) membrane, constructed via a one-step solvent
exchange route114. The formation of the SLB results in a tight encapsulation of the
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cargo molecules, preventing premature release of the model drugs from the particle.
When the SLB-coated particles come into contact with cells, they are taken up via
endocytosis and end up in an endosome inside the cell (see also Figure 1.13). Upon
illumination with light, the covalently bound photosensitizers produce highly reactive
singlet oxygen that leads to the disintegration of the SLB around the particles.106

Without the sealing, the model drugs can escape from the particles, but they are still
trapped within the endosome. In a second step, the endosomal membrane is destroyed,
which allows the model drugs to be released into the cytosol and reach their final des-
tination. Strikingly, phototoxic effects (e.g., on microtubule motor proteins) were
restricted to endosomes carrying nanoparticles, allowing for a “surgical” endosomal
release without the global cell toxicity of common liquid-phase photosensitizers.

1.2 Metal–Organic Frameworks

1.2.1 Structure and Synthesis

Another class of porous materials that has attracted increasing attention over the
past two decades are metal–organic frameworks (MOFs). The term MOF was first
introduced by Yaghi et al.115 in 1995 to describe a new class of hybrid materials that
result from the interaction of organic and inorganic species to form three-dimensional
porous frameworks (see Figure 1.14).116,117 The combination of these two components
– metal ions or clusters and organic linkers – provides a nearly infinite number of
possible structures and properties.

MOFs owe much of their development to the interest in coordination chemistry and
the resulting investigation of coordination polymers. Those are polymers that consist
of metals and ligands, held together by coordinative bonds. A very early example
of a coordination polymer is [Fe(III)4[Fe(II)(CN)6]3], or Prussian Blue, which can be
dated back to the early 1700s and consists of a mixed-valent Fe(II)/Fe(III) network
with cyanide ligands bridging the metal centers to form a 3D-cubic structure.117 In
1989, Hoskins et al. extended the approach and synthesized a structure in which Cu(I)
centers were linked by 4,4’,4’’,4’’’-tetracyanotetraphenylmethane (tctpm) ligands in a
three-dimensional network with diamond-like topology.118 This provided the founda-
tion for the use of tunable organic linkers in coordination polymers, and soon also
other linkers such as bipyridyl-based donors were investigated. Bipyridyls are well-
suited for the formation of coordination polymers, since they are good ligands for a
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Figure 1.14: Schematic representation of the formation of a three-dimensional network
consisting of metal ions or clusters (blue) and organic linker molecules (yellow), carrying
functional groups (red).

variety of metals, have a linear and rigid topology, and have two coordination sites,
which enables them to form 1, 2 or 3-dimensional networks.119,120 In the mid-1990s,
carboxylate-based ligands were added to the ever-growing toolbox of organic linkers
that can be used to build three-dimensional coordinative structures,121 and mean-
while a large variety of different ligands and metals are used to synthesize new MOF
structures.

The vast number of theoretically possible framework structures resulting from the
many possible combinations of organic linkers and metal ions can be made more com-
prehensible by the fact that functionalized linkers can often be substituted by larger
ones as long as the connectivity to the inorganic building blocks is maintained. Using
this approach, a series of “isoreticular” MOFs (IRMOFs) can be obtained (see Fig-
ure 1.15).122–124 While the structures all share the same cubic topology, the pore and
aperture size can be systematically increased by increasing the linker length. How-
ever, when the linkers become too large, interpenetrated (or catenated) structures can
form, which results in smaller pores compared to the non-interpenetrated structures.
While this imposes restrictions on the type and size of guest molecules that can be
incorporated into the host structure, it can also have beneficial effects, for example in
hydrogen storage applications.125

The reticular chemistry of MOFs is closely linked to the structural description using
secondary building units (SBUs). The term SBUs is adapted from zeolite chemistry,
where it is used to describe tetrahedral species like SiO4, PO4, AsO4, and SO4, as-
sociated with metallic cations in four-, five- or six-coordination. In MOF chemistry,
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Figure 1.15: A large series of isoreticular metal–organic frameworks (IRMOFs), each
sharing the same cubic topology. The linkers differ in length and functionality. With
increasing linker length, the pore sizes become larger (yellow spheres), but also interpen-
etrated networks can form. Figure adapted from Reference 124.

the term refers to metal nodes and metal clusters arranged in an array to form more
complex substructures. Some common SBUs in reticular MOF synthesis are shown in
Figure 1.16.

Typically, MOFs are synthesized at relatively low temperature (below 250 ◦C). If the
temperature during the synthesis is even below 100 ◦C, often classic synthesis strate-
gies known from coordination chemistry are used, while above 100 ◦C, solvothermal
synthesis routes are applied.116 The most frequently used solvents for MOF synthesis
include water, alcohols, dialkyl formamides and pyridine. The solubility of the metal
precursors and the linkers are important for the choice of the right solvent. Other
important synthesis parameters are the pH value (which is typically acidic) and the
concentration of the precursors. For some syntheses, the addition of a modulator such
as amines or benzoic acid can be beneficial. Moreover, the counter ions of the metal
salts can play an important role due to their redox properties or their influence on the
pH. Besides the “classical” synthesis approach, other routes are investigated, such as
using microwave heating,126,127 carrying out the synthesis in a biphasic solvent mixture
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Figure 1.16: Some common SBUs used in reticular MOF synthesis: (a) A mononuclear
tetrahedral center with four monodentate acetate ligands. (b) A dinuclear paddlewheel
center with four bridging acetates and two axial ligands. (c) A trinuclear basic chromium
acetate structure with six bridging acetates and three terminal ligands. (d) A tetranu-
clear basic zinc acetate structure with six bridging acetate ligands. Figure adapted from
Reference 117.

with the product forming at the interface,128 or even electrochemical approaches.129 A
striking feature of MOF synthesis is the fact that a periodic porous structure is formed
without the need for adding any additional templates, as opposed to the synthesis of
porous silica materials discussed in Section 1.1. The structure is rather determined
by the coordinative geometry and connectivity of the inorganic and organic moieties,
with the solvent acting as the template. Often, the solvent can be removed from the
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final structure at low temperatures, keeping the framework intact and providing ac-
cess to a highly porous material. In fact, the porosity (up to 90% free volume) and
surface area (up to over 6000m2 g−1) of MOFs are often much higher than those of
other porous materials.130,131

As already described for porous silica systems (see Section 1.1.2), there are two
main concepts to endow a porous material with additional functionality. In the first
approach, one of the building blocks is modified so that it carries a functional group
(as for example in the co-condensation approach for functionalizing porous silica struc-
tures), in the second approach, the structure is synthesized first and then subjected to
further transformations or post-synthetic modifications (PSMs).132–134 These two con-
cepts can in principle be applied analogously to MOFs. However, when following the
first approach, finding the right synthesis conditions after replacing a linker molecule
with a functionalized derivative can be tedious, especially if the functional group that
shall be introduced can also coordinate the metal ions in the solution. Hence, the
second approach, PSM, plays an important role for creating functionalized MOFs.

One of the conceptually simplest PSMs is an ion exchange. However, since the ions
are embedded throughout the entire porous material, a complete exchange can take
several days. A reversible anion exchange was shown by Fei et al. for copper and
silver-based MOFs of the type M2(4,4’-bipy)2(EDS)·4H2O (EDS = ethanedisulfonate)
by stirring the MOF material in the corresponding salt solutions for several days.135

A cation exchange could be demonstrated by Dinca et al., who exchanged the charge-
balancing Mn2+ guest ions in Mn3[(Mn4Cl)3(BTT)8(CH3OH)10]2 (BTT = 1,3,5-ben-
zenetristetrazolate) with Fe, Co, Ni, Cu, Zn, Li, and Cu by immersing the parent Mn
MOF in concentrated methanolic solutions of the corresponding metal chloride salts
for one month.136

Except for ion exchange, MOFs can in some cases also be post-synthetically modified
by adding Lewis acids or Lewis bases. For Lewis acids, this was investigated for
example byWu et al., who showed that titanium could be bound to free hydroxy groups
of a hydroxy-functionalized binaphthyl bipyridine linker in a cadmium-based MOF
after treatment with Ti(OiPr)4,137 while Kaye et al. demonstrated that chromium can
bind via η6 coordination to benzene rings in MOF-5.138 For Lewis bases, the concept
was demonstrated for example by Bae et al., who showed that after removal of DMF
from its axial positions of the Zn paddlewheel SBUs in a Zn-based MOF through
heating under vacuum, pyridyl ligands could be grafted onto the unsaturated metal
sites.139
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Covalent PSMs on MOFs usually involve well-known organic reactions such as the
formation of amide bonds between amine-functionalized linkers and organic anhydrides
or isocyanates140–142 or the azide–alkyne Huisgen cycloaddition (“click-reaction”).143–145

1.2.2 Metal–Organic Frameworks in Sensor Applications

As discussed in the last section, MOFs feature an extremely high porosity, a huge
structural variety and flexibility, and a high degree of tailorability. These properties
make them interesting materials in a variety of applications, including gas storage and
separation,146–149 heterogeneous catalysis,150–152 or even magnetic resonance imaging
diagnostics.153 Besides these applications, the potential of MOFs for detection and
sensing of different analyte molecules has recently been investigated.154,155 Important
factors to consider for detection and sensing applications are sensitivity, selectivity,
response time, material stability and reusability.

Due to their high porosity and surface area, MOFs are especially interesting for gas
and vapor detection, since they concentrate analyte molecules in their interior which
can lead to a high sensitivity.155 Other factors that influence the sensitivity are the
strength of the interaction of the analytes with the MOF scaffold, the dynamics of the
analyte transport within the MOF, and the method of signal transduction. A large
variety of different signal transduction schemes have been implemented for MOFs,
including photo and radioluminescence, solvatochromism or vaporchromism, interfer-
ometry, localized surface plasmon resonance, and electromechanical sensors, such as
quartz crystal microbalances, surface acoustic wave devices, or microcantilevers.

Photoluminescence describes the emission of light after bringing a molecule from
its ground state to an excited state by absorption of a photon (see also Section 2.2),
while in radioluminescence or scintillation the emission of short bursts of light are
caused by absorption of ionizing radiation (energies typically > 10 eV). There are
many examples in which luminescence is used as the signal transduction scheme, due
to the fact that often aromatic molecules with conjugated π systems are used as the
linker molecules in MOFs, and many of these systems show photoluminescence156–163

(typically upon excitation with UV or blue light) or radioluminescence164. An example
of how photoluminescence, host–guest interactions, the unique feature of coordinative
bonds that connect the linker molecules to the metal ions, and a turn-on fluorescence
signal transduction scheme are used for highly sensitive and selective fluoride detection
in water is given in Chapter 6 of this thesis. Another luminescence type that has
great potential as a read-out concept, namely chemiluminescence in a metal–organic
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framework, is discussed in Chapter 5.

Solvatochromism165 and vaporchromism166 refer to a color change of a material
when it is subjected to different solvents or vapors, often correlating with the polarity
of the solvent or vapor. Typically, the effect is caused when the electronic transition
that is responsible for the color of the material is accompanied by a charge transfer,
which also causes a change of the dipole moment of the molecule when transitioning
from the ground state to the excited state. This change in dipole moment means
that the stabilizing effects of a polar solvent differ for the ground state and the excited
state, resulting in a relative shift of the respective energy levels and hence a shift of the
absorption spectrum of the material. Interferometry – in contrast to solvatochromism
or luminescence – is not based on the absorption or emission of light, but rather on a
change in the refractive index of a material. When a highly porous MOF is subjected
to an analyte, the initially empty pores are filled with the analyte molecules, which
causes a change of the refractive index of the material that can be monitored with
interferometry or ellipsometry.167 We demonstrated this concept for a one-dimensional
metal–organic framework/titania photonic crystal (see also Sections 10.1 and 10.2).168

Localized surface plasmon resonance can also be used to detect shifts of the refractive
index by monitoring plasmon resonance frequency shifts of small copper, silver or
gold nanoparticles upon changing their surrounding medium. When coating such
nanoparticles with MOFs, the absorption of analyte molecules leads to a shift of the
refractive index, which can then be detected as shifts in the visible extinction spectrum
by localized surface plasmon resonance spectroscopy.169

Electromechanical sensors are based on a mass change upon adsorption of analytes
inside the porous framework of a MOF host material. In the case of a quartz crystal
microbalance170,171, small changes in the resonance frequency of a vibration propagat-
ing perpendicular to the quartz surface is monitored, while in surface acoustic wave
devices, changes in the frequency of acoustic waves traveling parallel to the sensor
surface are used to detect mass changes after absorption of an analyte by a MOF
coated on top of a sensor chip. Microcantilevers detect mass changes upon analyte
absorption either via a change in the resonance frequency of a cantilevered beam or
via a strain-induced deflection of the latter.172

Besides sensitivity, chemical selectivity plays an important role for analyte detection
and sensing. Considering the porous nature of MOFs and their flexible pore and
aperture sizes (see also Figure 1.15), “sieving” or size exclusion are probably the most
straightforward tools that can be used to implement selectivity for certain analyte
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species. Another approach is based on tailoring host–guest interactions by carefully
choosing suitably modified linker molecules or by a post-synthetic modification of
the framework structure. Lastly, a preferable interaction of analyte molecules with
unsaturated metal sites can be used to implement chemical selectivity. In Chapter 6,
a new approach based on competitive coordination chemistry to achieve very high
selectivities is introduced. This example also demonstrates that another crucial point,
namely the (in)stability of the porous material, can also be used to implement new
ways of analyte detection, and that an apparent disadvantage of the material can
be turned into an advantage and can be used to achieve high selectivities. Another
factor that has to be considered besides the chemical stability is the thermal stability,
which is typically lower for MOF materials (often below 350 – 400 ◦C)116 than for other
porous frameworks such as micro or mesoporous silica systems. When it comes to fast
response times, diffusion processes within the porous systems often play an important
role. Diffusion rates depend not only on particle size or film thickness of the sensor
device, but also on host–guest interactions.

Even beyond sensor applications, diffusion is an important property of porous mate-
rials (see also Section 1.1), and Chapters 3 and 4 are dedicated to an in-depth diffusion
study of single molecules within porous silica host structures.



Chapter 2
. . . . . . . . . . . . . . . . . . . . . . . . .

Characterization and Patterning Tech-

niques

2.1 Fluorescence Microscopy

Fluorescence microscopy is a special kind of conventional light microscopy (see Fig-
ure 2.1.a) which uses the principle of fluorescence to image the observed specimen.173–175

For fluorescence to occur, a fluorophore is required that can be brought into an excited
state through the absorption of light. This excitation results in electrons being pro-
moted to short lived (≈ 10−8 s) high energy states. Among other possible pathways,
the energy set free by a relaxation back to the ground state can be dissipated by emis-
sion of a photon of the corresponding wavelength (see also Section 2.2). In standard
down-conversion fluorescence, the wavelength of this photon is larger than that of the
light that caused the excitation (“Stokes-Shift”), so filters can be used to separate the
excitation light from the emission light (see Figure 2.1.b). Most typically, these filters
are assembled in so-called filter cubes, consisting of an excitation filter, a dichroic mir-
ror, and an emission or barrier filter. The excitation filter is usually a band-pass filter
used to filter light with a wavelength suitable for excitation of the fluorophore from
a white light source. If a monochromatic light source such as a laser is used instead,
the filter can in principle be omitted. The excitation light that passed the excitation
filter is then cast on a dichroic mirror at a 45° angle. A dichroic mirror changes its
transmission and reflection properties depending on the wavelength of the incident
light and can therefore be used to separate the excitation from the emission light. Ide-
ally, the dichroic mirror in the filter cube is nearly 100% reflective at the wavelength

37
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Figure 2.1: Basics of fluorescence microscopy. (a) Setup of an inverted fluorescence
microscope176. (b) Filter cube177.

range that can pass through the excitation band-pass filter and its transmission is
close to 100% for the light emitted from the fluorophore. After the excitation light
is reflected off the dichroic mirror onto the sample, it causes emission of photons that
have a different wavelength as the excitation light. The emitted photons can pass
through the dichroic mirror (while scattered excitation light is reflected back to the
light source) and through another band-pass filter (the emission or barrier filter) and
reach the detector. Careful separation of the emitted light from the excitation light
is crucial since the intensity of the excitation light is typically much higher than that
of the emitted light. However, with a matching filter set, the technique can be very
sensitive and even be suitable to detect single molecules (see below), since the light
emitted from the sample is visualized against a virtually dark background.

For the research described in Chapters 3 and 4, single molecule fluorescence mi-
croscopy was extensively used for sample characterization. Highly sensitive detectors,
very bright and stable fluorescent dyes, and highly clean samples make the observation
of light emitted from one single dye molecule possible. Observation of single molecules
can potentially give very detailed information on a specific measurement parameter,
since it avoids the averaging usually done in conventional ensemble measurements.
Although the light that is observed in these experiments is originating from one single
dye molecule, the spot on the detector is much larger than the molecule itself. This is
due to diffraction, resulting in an airy disk pattern observed on the detector with its
broadening depending on the point spread function of the optical system. This intrin-
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sic resolution limit is also known as the Abbe limit and can be written mathematically
in the following form (for two objects in the focal plane):

d =
0.61λ

NA
. (2.1)

where λ is the wavelength of the emitted light, NA is the numerical aperture of the
objective, and d is the minimum distance of two objects that are to be resolved ac-
cording to the Rayleigh criterion. The Rayleigh criterion states that two objects can
be distinguished if the maximum of the airy disk of one object coincides with the
minimum of the airy disk of the other object, which also gives rise to the constant
factor of 0.61 in Equation (2.1). However, the positioning accuracy of the fluorophore
in single molecule fluorescence microscopy can be much higher than that, in favorable
cases only a few nanometers. Since the Abbe limit still holds, it is crucial to ensure
that the distance between the single fluorophores that are detected satisfies Equation
(2.1). In that case, one can be sure that the observed light is really originating from
one single molecule, and hence the intensities observed on the detector are determined
by the point spread function of the optical system. If there is little background and
many photons are collected, the maximum of this function and hence the most likely
position of the fluorophore can be determined very accurately by fitting an appropriate
function to the data (see Figure 2.2). Theoretically, the angular intensity distribution
of an airy disk resulting from a circular aperture can be described as

I(θ) = I0
2J1(ka sin θ)

ka sin θ
, (2.2)

where I0 is the maximum intensity of the airy disk, J1 is the Bessel function of first
kind of order one, k is the angular wave number, a is the radius of the aperture, and
θ is the angle of observation, measured from the optical axis through the center of
the aperture to the observation point. However, for the sake of simplicity, the data is
usually modeled by a two-dimensional Gaussian function of the form

f(x, y, A, σ, x0, y0) = Ae−(x−x0σ )
2

e−( y−y0σ )
2

, (2.3)

where x and y specify the position on the detector in pixels, and the fitting parameters
A, σ, x0 and y0 represent the amplitude, a measure for the width of the point spread
function, the center of the Gaussian in x direction, and the center of the Gaussian in
y-direction, respectively. While the minimum width of the Gaussian is still determined
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Figure 2.2: (a) Simulation of an airy disk pattern (the contrast was adjusted with a
gamma value of 0.4 to emphasize the higher order maxima). (b) Representation of the
raw pixel values of a fluorescence signal originating from a single molecule (left) and the
plot of a two-dimensional Gaussian fit to the data (right).

by the limits imposed by the Abbe law, the standard error of the fitting parameters
x0 and y0 and hence the positioning error can be very low, especially in the case
of little background and a high number of collected photons, resulting in the above
mentioned high positioning accuracy of a few nanometers. The standard error of the
fitting parameters σi can be calculated from the χ2 value of the fit and the covariance
matrix C respectively the Jacobian J as follows:

σi =
√
χ2 · Cii where C =

(
J TJ

)−1
. (2.4)

Once the positions of the dye molecules are determined, dynamic information such as
trajectories or diffusion coefficients can be extracted from an image sequence by single
molecule tracking. In order to do so, the positions of individual dye molecules are de-
termined in every image of the sequence and then linked together forming trajectories.
The linking can be difficult, especially if molecules blink, bleach, or the paths of two
or more molecules intersect in one frame. However, once the tracking is done, detailed
information about the structural and dynamical properties of the host–guest system
can be obtained, as demonstrated in Chapters 3 and 4.
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Figure 2.3: Schematic overview of different transitions between potential energy sur-
faces in a luminescent system.

2.2 Luminescence Spectroscopy

In luminescence spectroscopy, the light emitted from a luminescent system is recorded
in a temporally and spectrally resolved way.178,179 One of the most well-known lumi-
nescence processes is photoluminescence (PL), in which the absorption of a photon
excites a luminescent system into higher energy states. If the excitation is caused
by a chemical reaction rather than by the absorption of light, the process is called
chemiluminescence (CL). In both cases, the energy for returning to the ground state
is dissipated at some point through the emission of a photon.

Photoluminescence can be divided into fluorescence (see also Section 2.1) and phos-
phorescence, depending on the internal mechanism and the lifetime of the excited
states before the emission of the photon. A schematic overview of different internal
processes can be found in Figure 2.3.

Fluorescence is a fast process, with a lifetime of the excited state of typically
≤ 10−8 s. On the other hand, phosphorescence is a phenomenon that usually ap-
pears at time scales � 10−8 s, sometimes up to minutes or even hours. The difference
in kinetics of the two processes is due to different internal transitions between potential
energy surfaces (PESs) preceding the light emission. Both processes are initiated by



42 Chapter 2 Characterization and Patterning Techniques

the absorption of a photon that causes the excitation of the system from the ground
state to an electronically excited state. From there on, the energy can be dissipated
by different mechanisms. Nonradiative transitions usually involve energy dissipation
from the excited system to its surroundings or “internal conversion” (IC) in which a
vibrational state of the electronically excited PES couples to a vibrational state of a
lower-energy PES (typically the ground state). A third possible mechanism is “inter-
system crossing” (ISC), in which the system passes from an excited PES to another
one with a different spin multiplicity. In order to make such a process possible without
violating selection rules, spin-orbit coupling is usually required, so that these processes
often play a more important role in systems involving heavy atoms. After the system
reaches the vibrational ground state of the excited PES by the radiationless processes
described above, further relaxation back to the ground state PES is accompanied by
a radiative transition, i.e., the emission of a photon. In the case of fluorescence, this
transition occurs between two PESs with the same spin multiplicity, while in the case
of phosphorescence, the spin multiplicity has to change once again, resulting in the
different kinetics of the two processes. Chemiluminescence often also involves ISC
processes. Under certain conditions (e.g., the presence of particular substances or sur-
roundings) a non radiative de-excitation of the luminescent system from an excited
PES to the ground state PES can be favored. This process is known as quenching.

Within the scope of this work, fluorescence not only played an important role in
fluorescence microscopy experiments (see Section 2.1 and Chapters 3 and 4), but
also for the investigations described in Chapter 6. Chemiluminescent properties were
investigated in the project described in Chapter 5.

2.3 Scanning Electron Microscopy

As already described in Section 2.1, the Abbe limit imposes a restriction to the max-
imum resolution that can be obtained with an optical microscope. In order to image
very small features (smaller than about half the wavelength of visible light), an elec-
tron microscope can be used.179,180 Since the resolution in microscopy is proportional
to the wavelength of the electromagnetic wave used to image a specimen (see Equation
(2.1)), waves of short wavelengths are needed. Using the de Broglie relation describing
the quantum mechanical effect of particle-wave duality, the wavelength of an electron
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beam can be estimated by:

λ =
h

p
, (2.5)

where λ is the wavelength, h is Planck’s constant and p is the momentum. Assuming
an acceleration voltage of U = 5000V, which leads to a kinetic energy of 5000 eV =

8.01× 10−16 J, the momentum can be estimated to be p ≈ 3.82× 10−23 kgm s−1, which
gives a wavelength of

λ ≈ 17.3 pm .

Compared to optical microscopy which uses visible light with a wavelength of roughly
400 nm to 800 nm, the resolution that can theoretically be achieved with an electron
microscope is at least four orders of magnitude higher.

In a scanning electron microscope primary electrons are accelerated by an anode
and then focused by several coils on the specimen, scanning the latter line by line.180

In general, the electrons are generated from a tungsten filament inside the electron
gun by thermionic emission or field emission. Then they are accelerated by an anode
to a kinetic energy which is typically between several hundred and a few ten thousand
electron volts and focused by condenser lenses to a diameter typically between 0.5 nm
and 5 nm. The collimated beam then passes through deflector plates or scanning coils,
which scan it in a raster pattern over the specimen surface. Depending on the nature
of the substrate and the energy of the primary electrons, different processes can occur
when the electron beam hits the surface of the specimen. Primary electrons hitting
the surface can be reflected by elastic scattering or they can cause ionization of atoms
in the surface resulting in low energetic secondary electrons (inelastic scattering, when
interaction with outer shell electrons occurred) or the emission of electromagnetic
radiation (in particular X-rays when interaction with inner shell electrons occurred).
An overview of the different processes that can occur when the primary electron beam
hits the sample is given in Figure 2.4.

Unlike in optical microscopy, the magnification of an SEM does not depend on the
power of a magnification lens. Here, the objective and condenser lenses inside the
electron column are rather used to focus the beam to a small diameter. In an SEM,
the primary electron beam rastering the surface is synchronized with a display and
the resulting image is obtained by mapping the intensity of the detected signal while
scanning to the screen. The magnification can therefore be controlled by altering the
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Figure 2.4: Overview of the different processes that can occur when the primary elec-
tron beam hits a sample.

size of the region scanned by the primary electron beam. Decreasing the x- and y-
dimensions of this area results in a higher magnification. A schematic picture of the
setup of an SEM is given in Figure 2.5.

In this work, SEM was used for structural characterization of the samples presented
in Chapters 3 – 8.

Figure 2.5: Schematic setup of a scanning electron microscope.
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Figure 2.6: Schematic setup of an Atomic Force Microscope.

2.4 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is another imaging method that allows for high reso-
lution imaging at the nanoscale level.181,182 Unlike SEM, it does not require conductive
samples, there are no beam damages and no ultra-high vacuum (UHV) conditions, and
the topographic information that is obtained resembles the three-dimensional surface
topology rather than just giving a two-dimensional projection. However, the scan size
is considerably smaller than in SEM, image acquisition typically takes much longer,
and imaging artifacts can make data interpretation more difficult.

For AFM imaging, a sharp tip at the end of a cantilever is scanned over the surface
of the sample. Forces (mainly Coulomb and Van-der-Waals forces) between the tip
and the sample cause a deflection of the cantilever, which is measured by monitoring
a laser that is reflected off the backside of the cantilever onto a photodiode detector
(see Figure 2.6 for a schematic representation).

There are different measurement modes available for an AFM. The first one is the
contact mode. Here, the tip of the cantilever is in close contact with the sample at all
times while scanning the surface. In constant height mode, the height of the cantilever
is left unchanged and the topographic information is gained from the deflection of the
cantilever. In modern AFMs, usually a constant force mode is used in which the
position of the laser on the photodiode is fed into a feedback loop that controls piezo
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crystals to adjust the distance between the sample and the tip such that the deflection
of the cantilever stays constant. In non-contact mode, the cantilever is kept a few 10 to
100 nm above the sample surface while it is excited to oscillate at a frequency close to
its resonance frequency. Topography changes are reflected in a change of the oscillation
amplitude, which is again fed into a feedback loop controlling the sample-tip distance.
A third operation mode is the tapping mode, which can be considered an intermediate
between contact mode and non-contact mode. In tapping mode, the cantilever is also
oscillating while scanning the surface, however, in this mode the tip-sample distance
is much smaller so that the tip touches the surface during oscillations.

Apart from gaining three-dimensional topographical information of the sample sur-
face, an AFM can also be used to gather information about material contrast on the
sample surface. In contact mode, lateral force microscopy (LFM) can be used for this
purpose, while phase imaging is available in non-contact mode. In LFM, the tilting of
the cantilever along its long axis is monitored additionally to its deflection. This tilting
gives information about changes in friction on the sample surface and can hence help
to distinguish different materials. In phase imaging, the phase shift of the cantilever
response relative to its driving oscillation is observed, which also gives feedback about
different materials on the sample surface.

Within the scope of this thesis, AFM imaging was used for characterization of the
structures shown in Chapters 3, 4 and for the characterization of (patterned) self-
assembled monolayers (SAMs) in Chapter 8.

2.5 X-Ray Diffraction

X-ray diffraction (XRD) can be used to obtain information about the structural pa-
rameters and the symmetry in periodically arranged matter.179 It relies on the inter-
action of X-rays with periodic variations of electron densities defining lattice planes.
Since the lattice constants are in the same order of magnitude as the wavelength of
the X-rays that are used for the XRD experiment (typically Cu-Kα radiation with a
wavelength of λ = 1.540 562Å), diffraction can occur. The Bragg equation defines the
condition that has to be satisfied in order to obtain constructive interference (see also
Figure 2.7):

2d sin θ = nλ . (2.6)
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Figure 2.7: Schematic illustration of the Bragg condition.

Here, d denotes the distance of the lattice planes, θ is the angle of incidence of the
X-rays, n is an integer number, λ corresponds to the wavelength of the X-rays that
are used, and 2d sin θ = 2δ is the path difference of two beams. The Bragg equation
reflects the fact that constructive interference can only occur if the path difference is
an integral multiple of the wavelength.

The width of the reflexes depends on the size of the crystalline domains, as described
by the Scherrer equation:183

d =
Kλ

β cos θ
. (2.7)

Here, d denotes the size of the crystalline domains, K is a dimensionless shape factor
(its exact value depends on the shape of the crystalline domains, but typical values
are approximately 0.9), λ corresponds to the wavelength of the employed X-rays, β
represents the line broadening (full width at half maximum in terms of degrees 2θ),
and θ is the Bragg angle. The reflex intensity depends on the scattering volume, which
is usually small for small domains. In thin film measurements, the domain sizes and
the scattering volume are limited by the thickness of the film, which also limits the
sharpness and intensity of the observed reflections.

The XRD patterns in this work were measured in Bragg-Brentano- or θ−θ-geometry.
In this setup, the (flat) sample is kept stationary, and the detector and the X-ray tube
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are moved around the sample on two arms of a goniometer at the same angle. When
this geometry is used, only reflections caused by lattice planes parallel to the substrate
plane can be observed. Since the thin films examined in this work usually show a
specific alignment of the pores with respect to the substrate plane (e.g., the [0,1]-
direction in 2D-hexagonal mesoporous silica), often only one reflex (and its higher
orders) can be observed. In powder samples, the orientation of the lattice planes
with respect to the substrate plane is random, and so typically all reflections can be
observed.

If the distance between the lattice planes is rather large, the diffraction pattern
will feature reflexes at small angles (because of the reciprocal relationship between d
and sin θ, see Equation (2.6)). This can often be observed in mesoporous materials in
which the material itself does not feature a crystalline order (for example silica), but
the pores are arranged in a periodic manner. On the other hand, the lattice constants
of a crystalline material in which the crystallinity results from a periodic arrangement
of atoms or molecules are typically smaller and hence give rise to reflections at higher
angles. Typically, measurements in the range of 0.5 to 10° 2θ are referred to as small
angle X-ray scattering (SAXS), while measurements at angles > 10° 2θ up to 100° 2θ

or more are called wide angle X-ray scattering (WAXS).
SAXS was used within the scope of this work for characterization of the thin silica

films presented in Chapters 3 and 4, while WAXS was used to confirm the crystallinity
and the correct phase of the materials discussed in Chapters 5 and 6.

2.6 Infrared and Raman Spectroscopy

Infrared (IR) and Raman spectroscopy can both be used to obtain information about
functional groups that are present in a sample by exciting vibrational transitions of
chemical bonds.178,179,184 The energetic difference between two vibrational states is
often characteristic for a specific bond or functional group. Typically, vibrational
transitions with an energy ranging from 400 to 4000 cm−1 are recorded. In the near
infrared (NIR) region (0.8 µm to 2.5 µm, 12 800 cm−1 to 4000 cm−1), usually higher
harmonics of vibrations can be found, while in the mid infrared (MIR) region (2.5 µm
to 50 µm, 4000 cm−1 to 200 cm−1) fundamental vibrations occur, and the far infrared
(FIR) region (50 µm to 1000 µm, 200 cm−1 to 10 cm−1) usually features phonon modes
or rotations.

In older, dispersive IR instruments, light from a polychromatic IR light source was
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passed through a monochromator and then through the sample, and the absorbance
was measured by comparing the light intensity to a reference beam. However, today
usually Fourier transform infrared spectroscopy (FTIR spectroscopy) is used, in which
polychromatic IR light is passed through a Michelson interferometer and then through
the sample, followed by a background subtraction and a Fourier transform to calculate
the spectrum from the recorded interferogram. This procedure has the advantage of
a better signal-to-noise ratio (SNR), higher accuracy, and faster measurements.

In order for a vibration to be IR active (i.e., the IR vibrational transition is allowed
through absorption of light), the dipole moment of the molecule has to change during
the vibration. This can be explained in analogy to a Hertzian dipole in which the
dipole interacts with electromagnetic radiation. In terms of quantum mechanics this
condition is satisfied if the expectation value of the dipole moment operator µ̂ is
different from zero,

〈µ̂〉 =

∫
ψ1µ̂ψ2dr 6= 0 , (2.8)

where ψ1 and ψ2 represent the wave functions of the vibrational states between which
the transition occurs. In terms of group theory, this condition states that the direct
product of a representation of the symmetry of the ground state, the dipole moment
operator, and the excited state has to contain the totally symmetric representation
of the corresponding point group. In the case of a harmonic oscillator, there is also
the quantum mechanical selection rule that the vibrational quantum number v has to
change by ∆v = ±1. This can be seen from Equation (2.8), the orthonormality of the
eigenfunctions of the harmonic oscillator, and the following recursion formula for the
Hermite polynomials:

xHv(x) = vHv−1(x) +
1

2
Hv+1(x) . (2.9)

The fact that (weak) overtones can be observed in IR spectroscopy is due to anhar-
monicities in the oscillator’s potential.

In Raman spectroscopy, there are different selection rules, so that data from Raman
spectra often complement data from IR spectra (and vice versa). Namely, the polar-
izability rather than the dipole moment of the molecule has to change during Raman
scattering in order for a vibration to be Raman active. The difference in the selection
rules is based on the fact that the Raman process is a scattering process rather than
a direct transition between two vibrational states. It occurs when a molecule absorbs
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Figure 2.8: Schematic illustration of the different transitions and the resulting types of
scattering.

light and is thereby excited to a virtual state, which relaxes immediately back to a
(real) lower energy state. If the relaxation takes the system back to its initial state, the
emitted photon has the same energy as the absorbed photon. This elastic scattering
process is called Rayleigh scattering. If however the relaxation takes the system to
a state that is higher or lower in energy than the initial state, an inelastic scattering
process called Stokes respectively Anti-Stokes Raman scattering takes place, and a
photon of lower respectively higher energy than the absorbed photon is emitted. Due
to the relatively low population of vibrationally excited states, the intensity of the
Stokes Raman scattering is typically much higher than that of the Anti-Stokes Raman
scattering, and that is why these photons are usually used in Raman spectroscopy. The
different transitions and the resulting types of scattering are summarized in Figure 2.8.

IR and Raman spectroscopy were used to investigate the samples discussed in Chap-
ters 5 and 6 of this work.
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2.7 Thermogravimetric Analysis and Differential

Scanning Calorimetry

Thermogravimetric analysis (TGA) measures the weight loss of a sample subjected
to a defined heating ramp over time.185 During the heating, different processes can
occur that are reflected in a weight loss of the sample. Most important for porous
materials are desorption, decomposition, and combustion processes. Due to their high
porosity and high specific surface area, porous materials can often accommodate a
considerable amount of adsorbed volatile compounds that can be desorbed at elevated
temperatures. This process is accompanied by a weight loss of the sample. At even
higher temperatures, the framework of the material can decompose, or organic groups
can be combusted (if the TGA measurement is carried out in synthetic air). To avoid
a combustion of organic moieties, the measurements can also be carried out in an inert
atmosphere (e.g., under nitrogen gas).

In order to distinguish combustion processes from desorption processes, differential
scanning calorimetry (DSC) can be carried out simultaneously with the TGA measure-
ment.185 In DSC, the amount of heat that is required to increase the temperature of
the sample is compared to that of an inert reference material as a function of temper-
ature, giving information about whether a weight loss step observed in TGA is related
to an endothermic or an exothermic process. While weight losses caused by desorption
processes are endothermic, weight losses connected to combustions are exothermic.

In this work, TGA and DSC were used to determine the thermal stability of the
compounds discussed in Chapters 5 and 6.

2.8 Nitrogen Sorption Analysis

As already briefly mentioned above, sorption processes play an important role for
porous materials due to the high porosity and high surface area of the latter. Nitro-
gen sorption analysis can be used to obtain information about the pore volume, the
specific surface area, and the pore size distribution (PSD) of a sample.186,187 During a
nitrogen sorption experiment, the volume of adsorbed nitrogen is recorded at different
relative pressures p/p0 (with p being the absolute pressure and p0 being the saturation
vapor pressure) at constant temperature (usually at the boiling point of liquid nitro-
gen), giving adsorption and desorption isotherms. These isotherms can be classified
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Figure 2.9: The six major types of sorption isotherms according to IUPAC. Reproduced
after Reference 186.

according to IUPAC as six major types, each typical for a certain class of materials
(see Figure 2.9 and Table 2.1).

Isotherm Type Corresponding Material

Type I Microporous material/chemisorption
Type II Non- or macroporous material, high adsorption enthalpy
Type III Non- or macroporous material, low adsorption enthalpy
Type IV Mesoporous material, high adsorption enthalpy
Type V Mesoporous material, low adsorption enthalpy
Type VI Nonporous, uniform material, layer-by-layer adsorption

Table 2.1: The six major types of sorption isotherms according to IUPAC and typical
examples of materials that give rise to these isotherms.

The classification into micropores, mesopores and macropores depends on the pore
diameter. According to IUPAC,186 pores with a diameter ≤ 2 nm are called microp-
ores. If the pore width is between 2 and 50 nm, the corresponding pores are called
mesopores, and pores with a width ≥ 50 nm are called macropores.

The pore size can be obtained from the recorded isotherms by different methods.
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One standard method was developed by Barrett, Joyner, and Halenda (BJH method).
This method is based on a modified form of the Kelvin equation187

RT ln

(
p

p0

)
= 2σVmrk , (2.10)

and hence also suffers from its applicability issues and limitations. The Kelvin equation
describes the relative vapor pressure p/p0 over a curved surface, with R being the
universal gas constant, T the absolute temperature, σ the surface tension, Vm the
molar volume, and rk the radius of the hemispherical meniscus. Assuming a certain
pore geometry, the BJH method can be used to describe the capillary condensation
in the pores. However, it usually fails to describe the pore widths of small pores such
as micropores or small mesopores accurately, since the thermodynamic model of a
smooth liquid-solid interface and a bulk-like pore fluid no longer holds for these kinds
of pores.

More recent methods to calculate pore size distributions from the recorded isotherms
are based on microscopic methods such as non-local density functional theory (NLDFT)
or grand canonical monte carlo simulations (GCMC simulations). These methods use
a microscopic model to accurately describe the local fluid structure in the proximity
of curved interfaces. The resulting pore widths are accurate for micropores up to
large mesopores, and hence this method was used to calculate PSDs from the sorption
isotherms presented in this thesis.

In addition to calculations of the PSD, the isotherms also allow for the determination
of the substrate’s specific surface area. The most commonly used method is based on a
model described by Brunnauer, Emmett, and Teller (BET). This model is an extension
of the Langmuir equation that describes monolayer adsorption:188

na

nam
=

Bp

1 +Bp
. (2.11)

Here, na is the adsorbed amount, nam corresponds to the monolayer capacity, p de-
scribes the pressure, and B is a constant depending on the equilibrium constant K of
the sorption process. In this model, the following assumptions are made:

• There is only monolayer adsorption.

• All sorptive sites are equal and the surface is uniform.

• There are no interactions between neighboring adsorption sites or particles.
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The BET model extends this model to include multilayer adsorption:187

p

na (p0 − p)
=

1

namC
+

(C − 1)

namC
· p
p0
. (2.12)

The newly introduced constant C is related exponentially to the enthalpy (heat) of
adsorption in the first adsorbed layer,186 the meaning of the other parameters is the
same as above. The BET model makes the following additional assumptions:

• The adsorption enthalpy of all multilayer adsorption processes is the same, i.e.,
only the first layer has a distinct adsorption enthalpy due to its interaction
with the substrate, while the adsorption enthalpy of all the following layers only
depends on the interaction with the monolayer directly underneath it.

• There is no limit to the number of layers that can be adsorbed.

Although these assumptions do not always hold in real systems, the BET method is
the standard method for calculating surface areas, and it was also used for surface
area calculations in this work.

2.9 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy gives information about the elec-
tronic environment of individual atoms and the interactions with their neighboring
atoms.179,184 It relies on the interaction of the magnetic moment of a nucleus with
an electromagnetic field in the presence of strong magnetic fields. Since the magnetic
moment of a nucleus results from its spin I, only isotopes possessing a non-zero nuclear
spin can be examined.

In the presence of external magnetic fields, a preferential axis is introduced, and
according to quantum mechanics, the magnetic moment resulting from the spin of the
nucleus can only assume certain orientations relative to this axis, as described by the
magnetic quantum number mI . If the preferential axis is the z axis, the values mI~
describe the eigenvalues of the z component of the angular momentum. mI can only
take values ranging from −I to +I, resulting in a total of 2I + 1 angular momentum
states. In the absence of an external magnetic field, all these states are degenerate.
However, if an external magnetic field is present, the energies corresponding to these
states split up in a process called Zeeman splitting, and the energetic difference ∆E
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between two states becomes

∆E = ~γB0 = ~ω0 , (2.13)

where γ denotes the gyromagnetic ratio (i.e., the proportionality factor of the angular
momentum or spin of a nucleus and the resulting magnetic moment) and B0 corre-
sponds to the (local) magnetic field at the nucleus. The product of both, ω0, is called
the Lamor frequency, which is in the range of radiofrequencies of the electromagnetic
spectrum. NMR spectroscopy uses the fact that the Lamor frequency and hence also
the resonance frequency to trigger transitions between two angular momentum states
depends on the local magnetic field B0 at a given nucleus, which can differ from the
external magnetic field depending on the electronic surrounding or magnetic interac-
tions with neighboring nuclei and is therefore characteristic for the environment of
that nucleus.

In old NMR devices, resonance was achieved by either keeping the externally applied
magnetic field constant while varying the frequency of an alternating high-frequency
electromagnetic field (continuous field method), or by keeping the frequency of the
alternating electromagnetic field constant while varying the strength of the externally
applied magnetic field (continuous wave method). In modern NMR devices, (short)
radiofrequency pulses are used to excite the NMR transitions of all the nuclei at once.
The bandwidth that can be excited with the short radiofrequency pulse is inversely
proportional to the pulse duration. By tuning the power and the duration of the
pulse, the net magnetization vector is tilted away from its equilibrium position to the
plane perpendicular to the externally applied magnetic field. When the pulse ends,
each nucleus precesses about the externally applied magnetic field vector at its own
Lamor frequency. The vector sum of these oscillations, known as FID (free induction
decay) is picked up via electromagnetic induction by the same coil that sent out the
radiofrequency pulse. Fourier transform of the FID converts the spectrum from the
time domain to the frequency domain, extracting the individual Lamor frequencies
from the sum recorded in the FID and yielding the NMR spectrum.

There are two main relaxation mechanisms in NMR spectroscopy, namely the spin-
lattice or longitudinal relaxation T1 and the spin-spin or transversal relaxation T2.
The T1 relaxation describes the relaxation of the spin from its excited state back
to the ground state by dissipation of energy as heat. The T2 relaxation describes
the dephasing of the transversal magnetization due to entropic effects, triggered by
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random fluctuations of the local magnetic field (if there are further inhomogeneities
in the magnetic field because of differences in susceptibility within the sample or
inhomogeneities in the externally applied magnetic field, the process is sometimes
called T ∗2 relaxation). This form of relaxation does not dissipate any energy, but
causes the decay of the transversal magnetization observed in the FID.

NMR spectroscopy was used in this thesis to characterize the aluminum and fluoride
complexes that were investigated in Chapter 6.

2.10 Dynamic Light Scattering

Dynamic light scattering (DLS) can be used to gain information about the hydrody-
namic radius of particles in a colloidal suspension.189,190 This is done by measuring
the Brownian motion of the particles and correlating it to the particle size.

When the particle size is small compared to the wavelength of the incident light,
Rayleigh scattering can occur (see also Section 2.6), and when a coherent light source
such as a laser is used, interference of the scattered light leads to intensity variations
that are recorded by a detector. Since the particles in solution are constantly moving
due to Brownian motion, the interparticle distance changes constantly, and with it the
conditions for constructive and destructive interference, resulting in time dependent
intensity fluctuations of the scattered light. Since the diffusion of small particles is
faster than that of larger ones, the intensity of the scattered light will change more
rapidly for small particles than for large particles.

In a DLS experiment, these intensity changes are recorded over time, and a second-
order auto-correlation function is generated from the resulting intensity traces:

gII(q, τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉2

. (2.14)

Here, q corresponds to the wave vector, I denotes the intensity, and τ is the time delay.
This auto-correlation function can be used to obtain single-exponential decays related
to the translational diffusion coefficients of differently sized particles in a polydisperse
sample (in a perfectly monodisperse sample, only one single-exponential decay would
be obtained). The diffusion coefficients D themselves depend on the hydrodynamic
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particle size d, as described by the Stokes-Einstein equation for spherical particles:

D =
kBT

3πηd
. (2.15)

Here, kB is the Boltzmann constant, T corresponds to the temperature, and η is the
viscosity of the solvent.

2.11 Photolithography

In general, photolithography is used to write patterns on a substrate using selective
exposure of a photosensitive component (photoresist) to light, typically by shining
UV light through a shadow mask or by using a laser in a direct writing process.191

Photolithography is commonly used in semiconductor manufacturing and for the pro-
duction of micro-electro-mechanical-systems (MEMS). In this project, the technique
was used for the production of masters needed for PDMS replica molding (see Sec-
tion 2.12) and for the direct patterning of substrates themselves (see Chapter 7). An
overview of the exact processing conditions of the different photoresists used in the
framework of this thesis is given in Table 10.7 in the appendix.

2.11.1 “Standard” Photolithography

In “standard” photolithography, a mask aligner is used to gently press the substrate
against the shadow mask (typically chromium on quartz glass) and then expose the
resist through this mask with uniform, high-intensity UV light. Further processing
and development steps finally yield the pattern of the mask transferred into the resist.
There are three main types of photoresists: positive resists, negative resists and image
reversal (IR) resists, which will be discussed in more detail in the following sections.
The patterning in all these resists results from changing the solubility of the resist in
a developer due to light exposure and heating steps.

Positive Resist

In a positive resist, regions that were exposed to light are rendered soluble in the
developer, resulting in a positive image of the mask pattern (i.e., features visible on
the mask will result in photoresist features on the substrate, while transparent parts
of the mask will not produce any photoresist features).191,192
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Figure 2.10: Reaction of diazonaphthoquinone upon exposure to UV light, yielding
indene carboxylic acid.

In a typical procedure, the resist is spin-coated onto the substrate at a certain
speed, determining the thickness of the resist layer. It is then heated on a hot plate
(“pre-bake”) which causes the evaporation of the solvent and the formation of a loosely
cross-linked phenol formaldehyde resin. After that, the resist is exposed to UV light,
which causes the decay of the photoactive component (PAC) and renders the exposed
regions soluble in the subsequent development step.

Typically, a positive photoresist consists of three components: the phenol formalde-
hyde resin, which forms upon heating in the pre-bake step, a hydrophobic photoactive
component, typically diazonaphthoquinone, and a solvent. While the phenol formalde-
hyde resin itself is hydrophilic and readily dissolvable in aqueous alkaline solutions,
addition of the hydrophobic diazonaphthoquinone disturbs wetting and penetration
of the developer, rendering the photoresist insoluble. Upon illumination with UV
light, the diazonaphthoquinone undergoes a Wolff rearrangement, yielding indene car-
boxylic acid (see Figure 2.10) which is readily dissolvable and very hydrophilic, al-
lowing the developer to wet and penetrate exposed regions and thereby dissolve the
phenol formaldehyde resin.

Negative Resist

In a negative resist, the regions that were exposed to light become insoluble in the
developer, resulting in a negative image of the mask pattern after development (i.e.,
transparent features on the mask will give rise to photoresist features).191–193 In a
typical procedure, the resist is spin-coated onto the substrate. If a very viscous resist
(i.e., a resist for thick layers) is used, it can be beneficial to first spin-coat at a low speed
to spread the photoresist evenly (”spread cycle”) and subsequently at a higher speed to
control the thickness of the layer (“spin cycle”). After spinning, the substrate is heated
on a hot plate in order to evaporate the solvent and thereby densify the polymer film
(“pre-bake”). However, unlike in the case of positive photoresists, this does not cause
curing of the resist. The polymerization of the resin is rather initiated upon exposure
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to UV light, which causes the decay of a polymerization initiator. Subsequently, the
substrate is heated on a hot plate in order to perform the actual cross-linking reaction
and cure the resist (“post-exposure bake”). For thick resist layers, the heating can be
divided into two steps, due to the different expansion coefficients of the wafer and the
resist. Then, the substrate is put into a developer solution. After development, only
the regions which were exposed to UV light and hence cross-linked in the post-exposure
bake remain on the substrate.

Typically, negative resists consist of an epoxy resin, a solvent and up to 10% of
a triarylsulfonium salt as the photoactive component. Exposure to UV light causes
the decay of the latter yielding superacidic HSbF6 which catalyses the cationic ring
opening polymerization of the epoxy resin upon heating (see Figure 2.11).

Polymerization renders the resin insoluble in the developer whereas the unpoly-
merized monomers are washed away in the subsequent development process. After
development, the substrates are rinsed with ultra pure water and blown dry with ni-
trogen. For further hardening of the resist, a “hard bake” can be performed in which
the developed resist is further cured at elevated temperature for a longer time.

Image Reversal Resist

An image reversal resist can act as a positive tone resist or a negative tone resist,
depending on the processing conditions. Like a positive resist, an IR resist usually
consists of a phenol formaldehyde resin and diazonaphthoquinone as the PAC. How-
ever, there is another PAC that becomes active and causes cross-linking of the resin
after exposure to UV light and heating at elevated temperatures. This makes the
image reversal possible and causes the resist to behave like a negative tone resist if
there is an additional heating step after exposure or like a normal positive tone resist
if this heating step is omitted.

If the resist is used in positive mode, it is spin-coated onto the substrate at the
desired thickness, pre-baked to loosely cross-link the resin, exposed to UV light, and
then put directly into the developer bath. Although UV light exposure activated both
PACs in the exposed regions at once, only the (decomposed) diazonaphthoquinone will
have an effect during development, since the other PAC also requires a heat treatment
to be effective. Hence, if image reversal is intended, the substrate is heated again after
the exposure (“IR bake”), causing further cross-linking of the exposed regions and
rendering them insoluble in the developer and insensitive to further light exposure.
The unexposed regions however still behave like a normal, unexposed positive resist.
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Figure 2.11: Mechanisms leading to the hardening of a negative photoresist in regions
exposed to UV light.

After a flood exposure (without a mask) at high UV doses, these regions will be
dissolved in the following development step. Overall, the exposed regions remain on
the substrate, hence the resist behaves like a negative tone resist after image reversal.
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2.11.2 Microscope Projection Lithography

Microscope projection lithography is a technique which employs a standard commercial
microscope with a photomask in the light path to project a pattern onto a photosen-
sitive substrate on the specimen stage of the microscope.194 The mask is inserted into
the field stop position of the microscope so that it is in an optical plane conjugate
to the focal plane of the substrate. Then a built-in UV fluorescence lamp is used
to project the pattern of the mask onto the substrate causing activation of the PAC.
This is an elegant way to produce microstructures without the need for elaborate clean
room equipment.

The masks used for this technique can either be “standard” chromium/quartz glass
masks or, even simpler, high resolution prints of the patterns on transparent foils. In
this work, high-resolution (25 400 dpi) prints were used.1 When designing the masks,
the reduction of the pattern size due to the optics of the microscope has to be taken
into account. If there is no further change in magnification due to additional lenses in
the internal light path, the reduction corresponds to the magnification power of the
objective (i.e., a 100 µm sized feature on the mask will produce a 10 µm sized feature
on the substrate when a 10x objective is used and a 1 µm sized feature when a 100x
objective is used).

Another point that has to be considered (especially when high-resolution patterns
are desired) is the chromatic aberration of the objective.195 Especially low magnifica-
tion objectives are often not corrected for chromatic aberration, resulting in a shift of
the focal planes when using yellow light for focusing prior to writing (typically yellow
light is used for adjusting the focus since the PAC is not sensitive in this spectral
region) as opposed to using UV light in the actual writing step. This shift can be
determined experimentally (see Section 10.4). Table 10.6 in the appendix gives an
overview of the corrections of the focal shift due to chromatic aberration for the setup
used in this work.

1The masks were obtained from KOENEN GmbH HighTech Screens, Otto-Hahn-Str. 40, 85521
Ottobrunn, Germany. Due to the simplicity and the periodicity of the mask patterns used in this
project, a Java program was written that created the patterns in the “gerber” file format (for the
source code, see Supplementary CD).
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2.12 Soft Lithography using PDMS Molds

Poly(dimethylsiloxane) is a silicone polymer widely used in soft lithography that fea-
tures a number of beneficial properties for such processes.196 It is appreciated for
its non-toxicity, transparency with respect to visible light (down to approximately
300 nm), non-biofouling properties and commercial availability. Moreover, PDMS is
deformable enough that it can establish a conformal contact even on nonplanar sub-
strates. Its elastic properties also help releasing the stamp from complex and fragile
structures. Additionally, the surface of PDMS itself has a relatively low interfacial free
energy and is chemically rather inert, but it can be functionalized by exposure to an
oxygen plasma followed by the formation of self-assembled monolayers (SAMs), hence
providing means to tailor the surface properties. These characteristics make it an im-
portant material for microcontact printing, microfluidics, and lab-on-a-chip devices.
In the framework of this project it was used to produce stamps for micromolding (see
Chapters 3, 4, and 7) and microcontact printing (see Chapter 8).

In order to obtain a PDMS mold, the prepolymer solution is prepared by mixing the
monomer and a polymerization catalyst in a 1:10 (w/w) ratio. The mixture is degassed
in vacuo in a desiccator for 30min and then cast on a photolithographically patterned
master (see Section 2.11.1), silanized with 1H,1H,2H,2H-perfluorooctyltrichlorsilane.
Then it is cured in a convection oven at 60 ◦C overnight. The heat triggers the poly-
merization of the monomers yielding solid PDMS, which can be peeled off carefully
from the master.

The prepolymer mixture contains siloxane oligomers terminated with vinyl groups
and with silicon hydride bonds and a platinum based catalyst. During the curing
process the platinum complex catalyses the addition of SiH bonds to the vinyl groups
resulting in Si–CH2–CH2–Si linkages197. The catalytic cycle is depicted in Figure 2.12.

Depending on the chemical nature of the prepolymer and the processing conditions,
the degree of cross-linking and hence the elasticity and deformability of the resulting
PDMS elastomer can be controlled to a certain degree. While the elastic properties of
PDMS are important for soft lithography techniques (see discussion above), they can
also introduce artifacts and patterning defects, as shown in Figure 2.13. When the
aspect ratio of the relief features on the stamp is too large (typically >2), the PDMS
microstructures might fall under their own weight or collapse due to forces exerted
during the inking or printing process. When the aspect ratio is too low (typically
<0.2), or the features are too far apart (typically when the distance between two
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Figure 2.12: Polymerization reaction yielding cured PDMS.

features is >20 times the height of the features), the relief structures might not be able
to withstand pressure during the stamping process, resulting in “sagging”. Moreover,
the pattern might get distorted due to shrinking (during PDMS curing) or swelling
(due to solvent exposure) of the elastomeric stamps.

2.12.1 Microcontact Printing

In microcontact printing, the relief structure of a PDMS stamp is used to transfer
a pattern to a substrate by coating the stamp with a suitable compound and bring-
ing it into conformal contact with an appropriate substrate (see Figure 2.14).198,199

Typically, molecules that can form SAMs are used as the “ink” and printed on a sub-
strate that exhibits reactivity towards a functional group of the ink. One of the best
characterized systems of SAMs are those formed by alkanethiolates (CH3(CH2)nS

-) on
gold.196 Alkanethiols chemisorb spontaneously onto gold substrates, and the sulfur–
gold bond brings the alkyl chains into close proximity. Van-der-Waals interactions
between the alkyl chains freeze out configurational entropy and lead to an ordered
structure. Usually, alkanethiolates with n>6 are necessary to form such highly or-
dered monolayers.200 Typically, the formation of alkanethiolate SAMs on gold is a
fast process, occurring within minutes (when deposited from solution) or even a few
seconds (when deposited via microcontact printing). Since microcontact printing is a
parallel technique (i.e., the pattern is transferred to the whole contact area at once),
and since there is in principle no size limit to the stamp, even large areas can be
patterned rapidly.
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Figure 2.13: Schematic illustration of possible deformations and distortions of mi-
crostructures in the surfaces of elastomers such as PDMS. (a) Pairing, (b) sagging, and
(c) shrinking. Taken from Reference 196.

2.12.2 Micromolding

Micromolding is another soft lithography technique that allows for pattern transfer
using PDMS stamps.196. Micromolding is a generic term that includes various related
methods, such as “standard” replica molding (REM), microtransfer molding (µTM),
micromolding in capillaries (MIMIC) and solvent-assisted micromolding (SAMIM) (see
also Figure 2.15)

In REM, a precursor that can be cross-linked or polymerized (such as polyurethane,
epoxy-resins, etc.) is cast onto a PDMS stamp. After solidification, the stamp can
be separated from the polymerized film, yielding a negative copy of the stamp’s relief
pattern. A similar process is used for creating PDMS stamps from photolithography
masters. In µTM, the precursor that is cast onto the stamp is transferred to a solid
substrate prior to polymerization, yielding the negative replica of the stamp on a solid
support. MIMIC is in a way similar to µTM, and the resulting pattern looks identical.
However, in MIMIC the stamp is brought into contact with the substrate first, then a
droplet of the precursor solution is added to one side of the stamp, and the channels are
filled by capillary action. In MIMIC, all features have to have a hydraulic connection,
hence it cannot be used to form isolated features (unlike µTM). Also, the filling due to
capillary action might be slow or incomplete at larger scales or problematic if a very
viscous liquid is used for infiltration. In SAMIM, a thin polymer film is deposited on
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Figure 2.14: Schematic illustration of procedures for microcontact printing of hexade-
canethiol (HDT) on a gold surface: (A) Printing on a planar surface with a planar stamp
(I: printing of the SAM, II: etching, III: deposition). (B) Large-area printing on a planar
surface with a rolling stamp. (C) Printing on a nonplanar surface with a planar stamp.
Taken from Reference 196.

a substrate, and then a PDMS stamp is “inked” with a solvent that swells or dissolves
the polymer (e.g., acetone, ethanol, etc.) and brought into contact with the polymer
film. The swelling or dissolution of the polymer film causes an “embossing” of the
PDMS relief structure into the polymer, and after solvent evaporation, the polymer
film stays in its newly imposed structure. This approach is limited to rather volatile
solvents, and the solvents need to be compatible with PDMS (i.e., they should not
swell PDMS extensively since this leads to pattern distortions).

Figure 2.15: Schematic illustration of procedures for (A) replica molding, (B) micro-
transfer molding, (C) micromolding in capillaries, and (D) solvent-assisted micromolding.
Taken from Reference 196.
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Chapter 3
. . . . . . . . . . . . . . . . . . . . . . . . .

Highly Oriented Mesoporous Silica

Channels Synthesized in Microgrooves

and Visualized with Single Molecule

Diffusion

This chapter is based on the article “Highly Oriented Mesoporous Silica Channels
Synthesized in Microgrooves and Visualized with Single-Molecule Diffusion” by B.
Rühle, M. Davies, T. Lebold, C. Bräuchle, and T. Bein, published in ACS Nano,
2012, 6 (3), 1948-1960.

3.1 Abstract

A novel synthesis method for large-pore, well-aligned 2D-hexagonal mesoporous silica
thin films is reported. The alignment was achieved by confinement in poly(dimethyl-

67
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siloxane) (PDMS) microgrooves without the necessity of additional forces (such as
electric fields). We describe the influence of various experimental conditions including
the way the grooves are filled, surface modification at the solid/liquid interfaces, and
the height-to-width ratio of the microgrooves on mesopore alignment. With this tech-
nique, highly oriented mesoporous silica channels can be obtained at a length scale
of several millimeters. For a nondestructive, detailed, and wide-ranging structural
and dynamic characterization of the as-synthesized mesochannel silica network, dye
molecules were incorporated into the channels at concentrations suitable for single-
molecule microscopy. A “maximum projection” of individual frames recorded with
a fluorescence microscope immediately gives a global overview (“map”) of the pore
structure, thus providing direct feedback for tuning synthesis conditions. In addition,
deeper insights into the real nanoscale structure of the mesoporous silica framework
were obtained through high-accuracy single-molecule tracking experiments. The high
spatial accuracy of the experiments allowed for the direct observation of jumps of
single dye molecules between individual channels in the mesoporous silica host. Nev-
ertheless, due to the low concentration of defects, the diffusion could be described as
a one-dimensional random walk where the molecules diffuse along the highly oriented,
parallel channels and sometimes switch from channel to channel through small defects
in the pore walls. Furthermore, it could be shown with single-molecule microscopy
that template removal and calcination of the aligned films results in an increased defect
concentration; however, the overall order of the structures remained intact.

3.2 Introduction

Two-dimensional hexagonal (p6mm) mesoporous silica materials have attracted much
attention as a host for versatile applications including nanofluidics and nanoreactors,31

oriented growth of nanowires,32 and optoelectronic devices.33 For these applications,
control over pore alignment can be crucial. However, the evaporation-induced self-
assembly (EISA) approach,12 which is one of the most common ways to prepare these
structures, usually results in small domains with randomly oriented mesoporous chan-
nels. This can be attributed to the lack of a preferential direction on the substrate,
and a variety of ways that have been reported aimed at introducing a preferential
direction of the mesopores on a macroscopic scale, including microtrenches,34 exter-
nal electric36,37 and magnetic fields,38 substrate surface modification,39 and shear flow
control.41 However, these approaches often require specialized equipment or impose
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constraints on the applicable substrates or surfactants. In the case of employing mi-
crotrenches, a clean room and a photolithography or even an electron-beam lithogra-
phy setup is needed, rendering these approaches costly and time-consuming. The use
of external fields requires charged templates such as CTAB, hence limiting this ap-
proach to mesoporous silica with small pores. The other approaches require crystalline
substrates with a certain crystallographic orientation or result in channel lengths typ-
ically < 1 µm. In this contribution, we describe a general approach for the design of
oriented mesoporous silica films with large pores and large channel length (typically
around 10 µm) that serve as model systems for the investigation of single-molecule
diffusion. This approach is not limited by the need for specific substrates (e.g., non-
conductive substrates or substrates with crystalline order), specific templates (e.g.,
ionic surfactants), or the application of strong electric or magnetic fields that may be
difficult to implement. Moreover, to the best of our knowledge, this is the first report
of an in-depth investigation of the structural features (such as correlation length and
domain sizes) and dynamical properties (such as guest diffusion) of large-pore silica
materials with macroscopically aligned mesochannels.

Our approach was inspired by a technique initially introduced by Whitesides et al.
as micromolding in capillaries (MIMIC),36,37 where an EISA precursor solution is filled
into microgrooves defined by a poly(dimethylsiloxane) (PDMS) stamp. This technique
is, in principle, compatible with any flat substrate and any surfactant, and no spe-
cialized equipment is needed once the masters for the PDMS stamps are obtained.
Moreover, the PDMS stamps can be reused, rendering this approach very simple,
fast, and cost-effective. We extended the MIMIC approach and investigated mesopore
alignment inside PDMS microgrooves using the well-known, uncharged Pluronic F127
triblock copolymer as a template. We found that the reaction conditions and the sur-
face modification at the solid-liquid interfaces inside the microgrooves can drastically
influence the direction of the mesopore alignment. We also introduce single-molecule
fluorescence microscopy as a very efficient and powerful tool to gain direct insights into
the mesochannel structure, correlation length, and pore directionality in the meso-
porous silica films. This method provides unique nanoscale structural information
about the pore system and about the interactions of guest molecules with the porous
host that cannot be obtained with any other analytical technique (see also Section 3.3
for a more detailed description of this concept).52–54,73
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3.3 Results and Discussion

Before the detailed description of the synthetic strategies and how different parame-
ters can affect mesopore alignment, we present some general remarks about the 2D-
hexagonal (p6mm) silica structure itself and the way single-molecule fluorescence mi-
croscopy is used as a fast and efficient tool to investigate mesopore alignment and
correlation length. It is known from the literature that an EISA precursor solution
of the composition described below (see Section 3.5) can give a 2D-hexagonal phase
of mesoporous silica with cylindrical (or elliptical) mesopores lying preferentially in a
plane parallel to the substrate.42 These structures are commonly characterized using
X-ray diffraction (XRD) or (cross-sectional) electron microscopy techniques. However,
a simple 1D XRD pattern can only give information about the phase (hexagonal or
cubic) of a mesoporous silica thin film but says little about its in-plane ordering or
the domain sizes. More elaborate X-ray diffraction techniques can also give infor-
mation about the pore directionality of the mesopores, but these techniques also do
not provide much information about the domain size and correlation length of the
cylindrical mesopores, and they give only averaged data for a certain area without
spatial resolution. On the other hand, electron microscopy top view images of the
structure can give information about the phase, the alignment and – to some extent –
the correlation lengths of the individual mesopores. However, this only works for the
topmost layer in scanning electron microscopy (SEM) (or thin layers in transmission
electron microscopy (TEM)), but as will be shown in this work, the alignment of the
mesopores can differ drastically between top and bottom layers. In contrast, cross
sections can provide information about the orientation at different heights, but they
do not directly provide information about domain sizes of the mesopore channels and
they usually require destruction of the sample.

Single-molecule fluorescence microscopy can complement XRD and electron mi-
croscopy data52 and directly provide spatially resolved information about alignment
and correlation lengths of mesoporous channels in a fast, direct, and nondestructive
way. Moreover, several additional parameters such as the diffusion coefficient of the
fluorescent dyes inside the mesopores or even information about defects in the meso-
porous structure can be obtained, as will be shown later. In order to gain information
about pore directionality and correlation length, we mixed a fluorescent dye (N-(2,6-
diisopropylphenyl)-N’-octylterrylene-3,4,11,12-tetracarboxdiimide (As-TDI)) at a very
low concentration (typically 10−10 – 10−11 M) into the EISA precursor solution. During
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Figure 3.1: Representation of schematic structure and different domain patterns in the
mesoporous thin films. (a, top) Schematic representation of fluorescent dye molecules dif-
fusing inside 2D-hexagonally arranged mesopores of a porous silica host (the template is
omitted for clarity) and (a, bottom) the chemical structure of N-(2,6-diisopropylphenyl)-
N’-octylterrylene-3,4,11,12-tetracarboxdiimide (As-TDI). (b,c) Maximum projection of
the individual frames of a movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps taken from sample 1, revealing the ordering of the mesoporous structure (false-
colored in blue; scale bars are 5 µm; see also movies M1 and M2 on the Supplementary
CD). (b) The cylindrical mesopores lie in a plane parallel to the substrate, but they do
not show macroscopic in-plane alignment. (c) The mesopores lie in a plane parallel to
the substrate and show a preferential alignment (left-right) on a macroscopic length scale
(c).

self-assembly of the mesoporous silica structure, the hydrophobic dye is incorporated
into the hydrophobic core of the micelles inside the cylindrical mesopores. After solidi-
fication of the silica network, the dye remains mobile inside the mesopores, presumably
due to the presence of the template acting as a lubricant phase. However, the diffu-
sional movement of the dye molecules is now confined by the silica side walls, so each
of the “trapped” dye molecules moves inside a mesoporous channel network, exploring
and mapping out the possible pathways. The positions of the dye molecules at differ-
ent points in time hence create a “map” of the mesoporous structure inside the silica
host (Figure 3.1).

This map can be obtained by recording a movie at the desired position of the
sample with a fluorescence microscope (in this work, typically 200-1000 images at
a frame rate of 2.5 frames per second (fps) were used) and subsequently overlaying
the individual frames of the movie in an appropriate way (see next paragraph). This
overlay shows directly that the dye molecules do not perform a random walk movement
as it would be expected for dye molecules that are merely adsorbed on a surface
or, to some extent, dye molecules inside a cubic (Im3m) structure, but they rather
show a confined movement along certain pathways. Moreover, pore directionality and
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Figure 3.2: Two different ways of obtaining the overlay: (a) by averaging over the in-
dividual frames and (b) by using a maximum projection. Both images are reconstructed
from the same movie taken from sample 2, false-colored in blue, and contrast and bright-
ness were optimized. Both scale bars are 5 µm. The corresponding movie M3 can be
found on the Supplementary CD.

correlation length can also be directly obtained by analyzing the overlays. The fact
that the dye molecules do not diffuse in and out of focus during the recording period
of the movies shows that they are inside the 2D-hexagonal mesoporous network with
the pores aligned preferentially in a plane parallel to the substrate.

The most direct way of creating these overlays would be a summation of (or averag-
ing over) the individual frames of the movie. While this technique works in principle,
it has some drawbacks. Most importantly, it overemphasizes stationary fluorescent
objects (e.g., constant background, contaminations, immobile dye molecules, defects,
etc.) compared to (fast) moving objects because a moving object only contributes
intensity to a certain pixel of the overlay when it passes exactly this point in one of
the frames of the movie (which might only be the case for a small fraction of the
total frames), while a stationary object contributes the same intensity in each frame.
For this reason, we used a “maximum projection” in this work, where each pixel in
the overlay assumes the maximum value of the corresponding pixels in the individual
frames that was reached during the recording time. Hence, the final overlay consists
only of the brightest pixels of the movie. This technique treats moving and stationary
fluorescent objects more equal and usually provides information-rich images. It is,
however, more prone to overemphasizing noise than the averaging method described
above since a bright spot in the background that occurs in only one of the frames of
the movie is likely to end up in the final overlay. However, with bright fluorophores
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Figure 3.3: Schematic representation of the two approaches used to trigger mesopore
alignment by confinement in PDMS microgrooves.

and a high signal-to-noise ratio, this is usually not a problem (Figure 3.2).

In order to trigger mesopore alignment during the EISA process, the condensa-
tion of the precursor solution was performed in confined spaces defined by a PDMS
stamp with a stripe pattern. Two different approaches were pursued that are depicted
schematically in Figure 3.3. In the first approach (“stamping approach”), a droplet of
the precursor solution was deposited on the substrate, the stamp was placed on the
latter, and pressure was applied on the stamp in order to achieve dewetting of the
surface and to transfer the pattern of the stamp. In the other case (“capillary flow
approach”), the stamp was placed on the substrate first, and then a droplet of the
precursor solution was applied to both ends of the stamp. The solution gets sucked
into the microgrooves defined by the stamp and the substrate by capillary flow. After
solidification of the solution, the stamps can be carefully peeled off to obtain the final
structure.

In the course of this work, we varied different parameters to investigate their influ-
ence on mesopore alignment. In addition to the two approaches described above, we
also varied the height-to-width ratio of the microgrooves, the surface modification of
the stamp and the substrate, and the synthetic conditions during solidification of the
silica framework.

When stamps with microgrooves of a height-to-width ratio of approximately 1:2 (ca.
1.5 µm high and 3.0 µm wide) were used in the stamping approach without further
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Figure 3.4: Microgrooves and silica mesopore patterns. (a) Microgrooves in the PDMS
stamp (scale bar is 1 µm). (b,c) Mesoporous silica pattern, produced by the “stamping
approach” (scale bars are 5 µm and 500 nm, respectively). In (c), the top surface of
the silica bar is indicated by the arrow. (d) Maximum projection through 500 individual
frames of a movie recorded with a single-molecule fluorescence microscopy setup at 2.5 fps
taken from sample 3, indicating the orientation of the mesochannels (false-colored in blue;
white lines indicate the direction of the microgrooves; scale bar is 5 µm; see also movie
M4 on the Supplementary CD).

modification of the stamp or the substrate, we found that the mesopores inside the
structure tend to align perpendicular to the long axis of the channel (Figure 3.4).
This finding is somewhat surprising since according to Aksay et al. the formation of
end-caps in self-assembled micelle cylinders is unfavored due to their high free energy
of formation.37

As the original goal was to obtain long, well-aligned mesochannels (preferably longer
than the microgroove width), we investigated the influence of different synthesis pa-
rameters in order to favor mesopore alignment along the long axis of the microgrooves.
Endo et al. showed that in silicon trenches with hydrophobic side walls the mesochan-
nels of SBA-15 films tend to align perpendicular to the long axis of the trenches,35

while in trenches with hydrophilic side walls a parallel alignment was favored. Ad-
ditionally, it was known from dip-coating experiments conducted by Okubo et al.42

that shear forces can also influence the alignment of the mesochannels favoring pore
directionality parallel to the direction of flow (i.e., the dipping direction in their ex-
periments).
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Figure 3.5: Maximum projection indicating the orientation of the mesochannels in
(a) a low height-to-width ratio channel (approximately 1:20; sample 2; rotated by 90°
for clarity) and (b) a higher height-to-width ratio channel (approximately 1:6; sample
4) (false-colored in blue; both scale bars are 5 µm; see also movies M3 and M5 on the
Supplementary CD).

With this in mind, we investigated the capillary flow approach, which can provide
shear forces during filling of the microgrooves in the stamp, in combination with differ-
ent modifications of the surface properties of stamp and substrate regarding their hy-
drophilicity and hydrophobicity. The surface properties of the stamp and the substrate
can be varied independently. Modification of the stamp influences the solid/liquid in-
terface at three side walls of the resulting microgrooves, while modification of the sub-
strate influences one solid/liquid interface. Modification of the interfacial properties
can indeed strongly influence the alignment of the mesoporous channels. Of the four
possible combinations for surface functionalization of the stamp/substrate pair (i.e.,
hydrophilic/hydrophilic, hydrophilic/hydrophobic, hydrophobic/hydrophilic, and hy-
drophobic/hydrophobic), best results (meaning preferential alignment of mesochannels
parallel to the microgrooves) were achieved by using substrates rendered hydropho-
bic with PFOTS and stamps rendered hydrophilic by exposure to oxygen plasma and
subsequent incubation in an acidic aqueous solution of TEOS. Using this combination,
very well aligned mesopores could be obtained in narrow microgrooves (typically with
a height of 1.5 µm and a width of 10 – 15 µm, i.e., a height-to-width ratio smaller than
1:7 to 1:10) in 60 – 80% of the cases. In some cases, parallel alignment could also be
observed in extremely low height-to-width ratio grooves with a height of approximately
1.5 µm and a width of ca. 30 µm, that is, a ratio of 1:20 (Figure 3.5).

The parallel alignment usually extends over several millimeters from the ends into
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Figure 3.6: Maximum projection taken from sample 2, indicating the orientation of
the mesochannels in a focal plane (a) close to the substrate and (b) higher above the
substrate (false-colored in blue; both scale bars are 5 µm; see also movie M6 on the
Supplementary CD).

the interior of the microgroove, and under favorable circumstances, the entire resulting
silica bar of 1 – 2 cm length showed alignment of the mesopores. The end regions differ
from the middle region mainly in the following aspects. First, the capillary flow in
these regions is stronger, indicated by the fact that the movement of the meniscus and
hence the filling of the microgrooves occurs quite fast in the beginning (right after the
droplet of the precursor solution was added to the open end of the stamp) but then
rapidly slows down. Second, the supply with fresh reactants from excess solution that
has not filled the microgrooves is better in these regions. Third, the evaporation rate
of the solvent in these regions is different from the middle region since evaporation
can occur easier through the open ends of the PDMS stamps.

Interestingly, in some cases, the pore directionality changed abruptly within one
channel depending on the height above the substrate (i.e., it changed within different
focal planes of the microscope). While close to the substrate, an alignment parallel
to the microgrooves could be observed, the orientation changed to a perpendicular
alignment at higher positions (Figure 3.6).

We believe that this might be due to the fact that the silica patterns show a concave
rather than a flat surface (see Figure 3.4.c and Figure 3.7), and the alignment could
follow this concave curvature. Similar observations were made by Endo et al. for dip-
coated films in silicon microtrenches, and the authors attributed the effect to shear
flow during solvent evaporation.35

We also observed that mesopore alignment parallel to the microgrooves can be
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Figure 3.7: AFM Image and line profile from a silica bar showing its concave surface
(sample 5); shown is one-half of the bar’s cross section.

achieved in higher microgrooves (4 – 8 µm height) by employing the “capillary flow
approach” in combination with a hydrophobic (i.e., untreated) PDMS stamp and a
hydrophilic substrate. This is interesting for the possible removal of the stamp by
controlling the adhesion with the silica bar. In these experiments, we obtained results
comparable to the ones shown above regarding mesopore orientation and correlation
length when the samples are first incubated in a saturated atmosphere of ethanol at
about 22 ◦C for 21 h and then additionally 24 h at ambient conditions (Figure 3.8).
The saturated ethanol atmosphere slows down the evaporation rate of the solvent and
hence the solidification of the silica matrix. However, after these aging times, the
structures were found to be sufficiently stable to withstand mechanical stress (such
as the stamp removal or SEM preparation) and further treatment such as extraction,
and hence the solidification process, was considered to be complete after these times.

To determine the structure of the mesoporous silica in the microgrooves, small-
angle X-ray scattering (SAXS) experiments and cross-sectional high-resolution scan-
ning electron microscopy (HR-SEM) were performed (Figure 3.9). Both provide evi-
dence for hexagonally arranged mesopores lying in a plane parallel to the substrate.
The cross-sectional HR-SEM images (cleaved perpendicular to the microgroove di-
rection) also indicate the well-ordered state of the mesopores along the long axis of a
microgroove. The elliptical shape of the mesopores is typical because of the anisotropic
shrinkage in mesoporous silica films during drying. Image analysis of the HR-SEM
data gives a mean mesopore width of 6 – 8 nm and a height of 5 – 7 nm and a pore-to-
pore distance of 12 – 16 nm horizontally and 9 – 13 nm diagonally, which is in line with
the d spacing of the XRD (100) peak of ca. 7.5 nm.

Samples prepared in the way explained above (i.e., samples 6 – 9) were also sub-
jected to a more detailed analysis using single-molecule fluorescence microscopy. We
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Figure 3.8: Maximum projection taken from sample 6, indicating the orientation of the
mesochannels in silica bars of different widths prepared as described above (false-colored
in blue; both scale bars are 5 µm; see also movies M7 and M8 on the Supplementary
CD).

obtained high spatial resolution for the pathways of single molecules inside the meso-
pores and thus could analyze the individual channel structures in much more detail.
Furthermore, we could gain dynamic information about the diffusion of the molecules
in such structures. The main driving force for molecular movement in these channel
systems is Brownian motion, while biased motion due to concentration or structural
gradients cannot be fully excluded.

In order to follow the pathway of single molecules with much higher accuracy, the dye
concentrations were reduced even further than in the experiments performed before.
A direct consequence of such low dye concentrations is the much better separation of
the pathways of the single molecules from each other, as shown in Figure 3.10.a.
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Figure 3.9: Structural analysis of the mesopore system of sample 7. (a) XRD pattern
and (b,c) cross-sectional HR-SEM images (cleaved perpendicular to the long axis of a
silicon bar) of mesoporous silica produced as described above. Scale bars are (b) 50 nm
and (c) 20 nm. The inset in (a) schematically illustrates the dimensions mentioned in
the text.
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Figure 3.10: Maximum projection and trajectories of single molecules taken from sam-
ple 8. (a) Maximum projection of the individual frames of a movie recorded with a fluo-
rescence microscope at a frame rate of 2.5 fps, revealing the pathways of single molecules
in the mesoporous structure. The mesopores lie in a plane parallel to the substrate and
show a preferential alignment on a macroscopic length scale (scale bar is 5 µm; see also
movie M9 on the Supplementary CD). (b) Trajectories of all tracked single molecules in
(a) in the mesoporous silica structure. Scale bar is 5 µm.

Furthermore, such low concentrations increase the signal-to-noise ratio because of
less background. Figure 3.10.a shows the high contrast for the traces of 10 single
molecules that can be obtained under such experimental conditions. The traces of 6 of
these molecules were analyzed in greater detail and show a striking parallel alignment,
thus indicating the high order of the silica channels at a large scale. Furthermore, the
traces show different lengths whereby the trajectory of molecule no. 4 with 27 µm is one
of the longest observed in our experiments. However, besides these well-ordered traces,
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some molecules diffuse in a random manner. These molecules are presumably at the
surface of the sample where no guidance by the channel structure exists. Such behavior
has been observed in previous studies53 and is of no further interest here (movie M9
on the Supplementary CD shows the movement of the molecules in Figure 3.10.a in
time lapse (10x)).

The pathway of a single molecule in Figure 3.10.a was obtained by single-particle
tracking, that is, the position of the molecule was determined in each of the 1000
frames of the movie. In each frame, the position can be analyzed by simulating
the point spread function of the fluorescent spot with a two-dimensional Gaussian.
The positioning accuracy depends on the signal-to-noise ratio and is typically in the
range of 6 – 8 nm in our experiments (see also Figure 3.11.b). The resulting trajec-
tories are shown in Figure 3.10.b for the corresponding pathways of the molecules in
Figure 3.10.a. These trajectories permit a detailed analysis of the movement of the
molecules in the channels and give further information about the structure of these
channels. As an example, we concentrated on the trajectory no. 1 in Figure 3.10.
This trajectory is enlarged in Figure 3.11.a and extends about 4 µm in the channel
direction, which is chosen as the x-direction. In y-direction, however, it varies its
width, being broad in the top region and thinning out toward the bottom region. This
suggests that the molecule may not only travel up and down in a single channel but,
in addition, may switch between neighboring channels through defects in the channel
walls.

In order to analyze this in more detail, we determined the distribution of the posi-
tioning accuracy for this trajectory, which is depicted in Figure 3.11.b. The histogram
shows that the most likely positioning accuracy is 6 – 8 nm. This value is clearly smaller
than the horizontal pore-to-pore distance (12 – 16 nm; see also Figure 3.9) and hence
allows us to localize the dye molecule and distinguish its position from the position in
a neighboring channel.

To analyze a possible switching of molecule no. 1 between adjacent channels, the y-
axis was enlarged into the nanometer range while keeping the x-axis in the µm range.
The plot of the trajectory in this axis system is shown in Figure 3.11.c. It clearly
indicates four different distinguishable regions in the y direction marked with four
different colors. From this x-y plot of the trajectory, the two separate graphs x(t)
and y(t) can be obtained, shown in Figure 3.11.d,e. They provide the movement of
the molecule as a function of time separated in x and y direction.73 From the graph
y(t) in Figure 3.11.e, it is obvious that the molecule jumps in the y direction in four
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Figure 3.11: Detailed analysis of a trajectory in space and time. (a) Trajectory of
molecule no. 1 of the sample depicted in Figure 3.10 (sample 8) with its x-axis parallel
to the pore direction, scale bar is 5 µm. (b) Histogram of the positioning accuracy for this
trajectory; the most likely positioning accuracy is 6 – 8 nm. (c) Trajectory of molecule
no. 1 with the y-axis in the nanometer range and the x-axis in the um range for better
clarity. (d,e) Projection of x and y coordinates as a function of time for the single As-
TDI molecule no. 1 shows diffusion of the molecule in at least four distinct neighboring
pores (marked with black, red, blue, and green), while the molecule moves back and
forth in each pore. Histograms of the y lateral coordinate (bottom left) for the four
different time intervals with their Gaussian fits (black, 42.8± 1.0 nm; red, 24.6± 0.7 nm;
blue, 0.0± 0.7 nm; green, 7.5± 0.2 nm). (f) A possible pathway of the single molecule,
switching between neighboring channels.
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consecutive steps. These distributions can be fitted by four Gaussian curves with a
maximum at 42.8 nm (black), 24.6 nm (red), 0.0 nm (blue), and 7.5 nm (green). The
distances of these jumps can be correlated to jumps between adjacent channels. The
corresponding channel structure in the z-y plane is shown in Figure 3.11.f. With this
figure, the jumps of the molecule from region 1 (black) to region 4 (green) can be
clearly interpreted as switches between adjacent channels. So the molecule starts in
channel 1 and then jumps after 31.6 s through an adjacent channel to channel 2 where
it then moves for further 93.9 s. Then it jumps again through an adjacent channel
into channel 3 and stays there for an additional 39.2 s to finally jump into channel
4. For this pathway in y the jump widths correlate quite well with a horizontal
mesochannel spacing of approximately 13 nm, which is in line with HR-SEM images
shown in Figure 3.9. However, we cannot distinguish the ± direction of the jumps in
z. Therefore, the jumps in the -z direction could also occur in +z or vice versa. From
Figure 3.11.f, it is obvious that the jumps from 1 to 2 and 2 to 3 have to occur in
larger defects since they include at least two adjacent channels.

Additional information can be obtained from the graph x(t) in Figure 3.11.d. This
plot shows that the molecule diffuses up and down within a range of approximately
1.5 µm in the first 165 s. The most striking pattern of this part of the trajectory is
that the molecule frequently hits the same point at the upper and lower part in the
x direction, indicating that there exist two blockades. Thus, the molecule is limited
in its pathway along the channel direction by two dead ends. Interestingly, these
dead ends seem to be nearly at the same position in x for the first two channels and
may change somewhat for the third channel. When the molecule finally switches into
channel 4 after 165 s, it finds a pathway that extends further in the x direction for
more than 2.5 µm. So the molecule reaches the full extension of the trajectory in the
x direction not in one channel but by switching into neighboring channels. A similar
picture is obtained by the analysis of the other trajectories shown in Figure 3.10 (data
not shown).

In summary, a molecule in such a mesoporous system mainly moves up and down
along a single channel that may be blocked by imperfections. However, the molecule
eventually finds a defect in the side wall which allows it to switch into a neighboring
channel. There it can find its way further along the channel. The impact of imperfec-
tions that may block the pathway of molecules may be balanced by the defects in the
side walls, allowing the molecule to circumvent dead ends. Thus, the molecule seems
to move in a maze with channels oriented along one direction including some small
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Figure 3.12: Statistical analysis of 70 molecular trajectories. (a) Mean square displace-
ments (MSD) versus time of 70 single-molecule trajectories (As-TDI). (b) Histogram of
the mean diffusion coefficient 〈D〉 = 1.21× 105 nm2 s−1 extracted from the linear part of
the individual MSD plots for 70 As-TDI molecules.

openings to the side and blockades within the channels. This shows the real structure
of the mesoporous system including its most relevant defects.

In addition to the structural details discussed above, our experiments reveal the
dynamic properties of single molecules in such guest–host systems.54 For this purpose,
a statistical analysis based on the mean-square displacements (MSDs) as a function of
time was performed for about 70 single-molecule trajectories for As-TDI. The resulting
MSDs are plotted versus time ∆t in Figure 3.12.a.

The MSD graphs are approximately linear for at least the first 10 points (2 orders
of magnitude in time) as expected for normal diffusion (Brownian motion). Therefore,
it is possible to extract a diffusion coefficient using the relationship between MSD and
time for a random walk in one dimension, as the molecules diffuse inside the highly
oriented, parallel channels:

MSD = 〈D(t)〉 = 2Dt , (3.1)

where D is the diffusion coefficient. Most of the MSD plots are not perfectly linear for
higher values of “∆t” but are slightly curved in the upper regime. This is a further
indication of the presence of a confined diffusion, which is consistent with the presence
of “dead ends” in the structure as discussed above.

The distribution of the diffusion coefficients for the 70 trajectories is shown in
Figure 3.12.b. It resembles a Gaussian curve with a mean diffusion coefficient of
1.21× 105 nm2 s−1, where the linear parts of the MSDs were fitted with a minor de-
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Figure 3.13: Histogram showing the length of the trajectories of 70 molecules within
400 s. The geometric mean and the multiplicative standard deviation of the fitted log-
normal distribution (red line) are 9.0 x/ 1.6 µm.201

viation of ±2× 103 nm2 s−1. The diffusion coefficient of our samples is about 6 times
higher for As-TDI than in other comparable known systems, such as Brij-56.54 This
can be mainly explained by the larger diameter of the pores used in this work (obtained
with Pluronic F127 (Ø 6 – 8 nm) compared to Brij-56 (Ø 4 – 5 nm)). In addition, the
different interactions between TDI/Brij-56 and TDI/F127 may influence the diffusion
coefficient. Furthermore, the width of the distribution shows the heterogeneity of
the mesoporous material; that is, it describes the large variation of the interactions
between the molecules and their surroundings inside the channels.

The length of the accessible pores can be related to the resulting trajectories as
discussed above.52,53 Seventy molecules were observed, each for 1000 frames, which
corresponds to an observation time of 400 s. In this time, the molecules can move
up and down in the channels and switch between them. In order to characterize
the possibility of a molecule to diffuse along the channel direction in such a time, a
statistical plot of the lengths of the trajectories is given in Figure 3.13. The broad
distribution of the histogram in Figure 3.13 shows again the large heterogeneity of
the system and was fitted with a log-normal function. The geometric mean and the
multiplicative standard deviation of this log-normal distribution are 9.0 x/ 1.6 µm.201

The results discussed so far demonstrate how the quality of the mesoporous struc-
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ture can be assessed directly from as-synthesized samples (i.e., the dye molecules are
diffusing inside the template-filled mesopores, and the PDMS stamp is not (necessar-
ily) removed from the structures). For many applications, however, freely accessible
mesopores that are not filled with a template are desired. The most common way
to remove the template inside the pores is to calcine the material, typically at 400 –
500 ◦C. However, if the quality of the template-free structures is to be investigated by
single-molecule fluorescence microscopy similar to the procedure shown above, calcina-
tion of the silica material is not an option since it usually results in a high background
fluorescence that makes it impossible to identify single fluorophores. We found that
this can be avoided by first extracting the template by refluxing in ethanol for 90min
before calcination. The resulting template-free mesoporous silica films can then again
be loaded with various guest molecules. In order to examine the nature of the structure
after this treatment, we loaded a fluorophore into the channels by submerging the films
in an ethanolic solution of the dye at a concentration of approximately 10−10 – 10−11 M
for a few hours under mild agitation, followed by rinsing in ethanol. During the in-
cubation in the ethanolic dye solution, the fluorophores can enter the mesoporous
network through open mesopores or defects in the structure. However, without a
lubricant phase (like the template), the single dye molecules inside the mesoporous
channels appear immobile because of strong interactions with active silanol groups at
the walls of the channels (at least at the time scales we typically use for observation,
i.e., a few minutes). In order to enable dye movement inside the pores, an atmosphere
of an organic solvent such as ethanol or chloroform (good solvents for As-TDI) is re-
quired, which results in the formation of a lubricant-like phase inside the pores. In the
presence of such a solvent atmosphere, dye molecules inside the pores usually move
much faster and also tend to photobleach more rapidly than in unextracted samples.
However, it is still possible to follow the movement of single dye molecules and thus
obtain the corresponding trajectories indicating the pathways in the mesoporous silica
network, as explained above (Figure 3.14). These trajectories indicate that there still
is a preferential direction of diffusion; however, by comparing the trajectories to those
shown in Figure 3.10, it is obvious that there are more defects in the silica network
after this treatment.
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Figure 3.14: Trajectories of single fluorescent dye molecules reloaded into extracted
mesoporous silica thin films and exposed to ethanol vapor. Trajectories in sample 9
(a,d) and sample 10 (b,c,e,f) are shown with an axis aspect ratio of 1 in (a-c) and a
magnification of the y-axes for the same trajectories in (d-f). All axes are in µm. See also
movie M10 (a,d) and M11 (b,c,e,f) on the Supplementary CD. The positioning accuracy
in these samples (blue (a,d), black (b,e), and red (c,f)) is plotted in the histogram below
(g).

3.4 Conclusion

In this study, we have demonstrated that well-defined macroscopic alignment of Pluronic
F127-templated, large-pore mesochannels in mesoporous silica can be achieved by con-
finement in PDMS microgrooves. The influence of various experimental conditions
including the way the channels are filled, the surface modification at the solid/liquid
interfaces, and the aspect ratio of the microgrooves were investigated. Furthermore,
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we found that the alignment of the mesochannels can change abruptly from parallel
to perpendicular depending on the height within the microgrooves.

We also show how single-molecule fluorescence microscopy can be used to directly
assess the mesopore structure of the as-synthesized silica thin films, how a maximum
projection can give a global overview on the pore structure, how it can give deeper in-
sights into the real microscopic structure of the mesoporous silica framework, and how
it can help us to gain dynamic information about the diffusion of guest molecules inside
these compounds. The spatial accuracy in these experiments is high enough to ob-
serve movements of the dye molecules between individual channels in the mesoporous
silica. This high resolution allows us to observe details of long-distance movement of
the molecules: in order to travel the very large distances in these highly ordered struc-
tures, the molecules circumvent defects by moving to neighboring channels. Finally,
we illustrate how solvent-extracted samples can be investigated by this technique and
how the defect concentration increases as a result of template removal.

3.5 Experimental Part

If not stated otherwise, all chemicals were used as received. Absolute ethanol, tetra-
ethylorthosilicate (TEOS), and Pluronic F127 were purchased from Sigma-Aldrich Co.
HCl (1M) was purchased from AppliChem GmbH. Standard glass coverslips (#1, 22
x 22 mm) were purchased from Gerhard Menzel, Glasbearbeitungswerk GmbH & Co.
KG. Hellmanex cleaning solution was purchased from Hellma GmbH & Co. KG.
PDMS and PDMS curing agent were purchased from Dow Corning Co. 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (PFOTS) was purchased from abcr GmbH & Co. KG.
Aqueous ammonium hydroxide solution (25%) was purchased from VWR Interna-
tional GmbH.

Exposure to oxygen plasma was carried out with a Femto Plasma System from Die-
ner Electronic typically operated at a power of 50W and an oxygen flow of 4 – 5 sccm.
Atomic force microscopy (AFM) images were recorded with a Nanoink NScriptor DPN
System in close contact mode. One-dimensional X-ray diffraction (XRD) patterns
were obtained with a Bruker D8 Discover X-ray diffractometer using Cu Kα radiation.
Scanning electron microscopy (SEM) and high-resolution scanning electron microscopy
(HR-SEM) images were obtained with a JEOL JSM6500F scanning electron micro-
scope equipped with a field-emission gun, typically operated at an acceleration voltage
of 4 kV and 10 kV and a working distance of 10mm and 7mm for SEM and HR-SEM,
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respectively. Single-molecule fluorescence images of the as-synthesized samples with
the PDMS stamp still in place were recorded with a wide-field setup, using an Eclipse
TE200 (Nikon) epi-fluorescence microscope with a high numerical aperture (NA) oil-
immersion objective (Nikon Plan Apo, 100x, NA = 1.40). The fluorescent dye N-
(2,6-diisopropylphenyl)-N’-octylterrylene-3,4,11,12-tetracarboxdiimide (called As-TDI
in this work; for the chemical structure, see Figure 3.10 and Reference 202) with a
high photostability and excellent quantum yield were incorporated into the material
in single-molecule concentrations (10−10 – 10−11 mol L−1). The dye was kindly pro-
vided by the research group of Prof. Klaus Müllen (Max-Planck-Institute for Polymer
Research, Mainz, Germany).

The molecules were excited at 633 nm with a He-Ne gas laser (Coherent, 75mW
maximum at 632.8 nm) with an intensity of 0.3 kWcm−2. Their fluorescence was de-
tected with a back-illuminated electron multiplying charge-coupled device (EM-CCD)
camera in frame transfer mode (Andor iXon DV897). Incident laser light was blocked
by a dichroic mirror (640 nm cutoff, AHF) and a band-pass filter (730/140 AHF).
One pixel on the camera chip corresponds to 154 nm on the sample. The individual
molecule patterns were fitted by a Gaussian function

f(x, y, A, w) = A · e−(x−x0w ) · e−( y−y0w ) ,

where A and w are the amplitude and the width of the Gaussian curve, respectively.
The method was described in detail in previous studies.53,70,71 The resulting positions
can be combined frame by frame to form molecular trajectories as described in the
text.

The EISA precursor solution was prepared following a procedure from Okubo et al.42

with slight modifications. First, 700 µL of Millipore water and 100 µL of HCl (1M)
were mixed with 4.4 g of ethanol (abs.) and 1.0 g of tetraethylorthosilicate (TEOS)
and stirred at 65 ◦C for 1 h in a sealed polypropylene beaker. At the same time, 475mg
of Pluronic F127 was mixed with 4.4 g of ethanol and stirred at room temperature for
1 h. Then, the surfactant solution was added to the silica solution, and the result-
ing clear liquid of molar composition 1.00 : 7.37× 10−3 : 39.8 : 2.19× 10−2 : 9.27

(TEOS/F127/ethanol/HCl/water) was stirred for another 2 – 4 h at room tempera-
ture. PDMS stamps were fabricated by replica molding from photolithographically
patterned masters using standard techniques. The final thickness of the stamps
was typically about 1.0 – 1.5mm. The substrates were cleaned by submerging them
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in a water/Hellmanex solution at 60 ◦C for 1 h, followed by ultrasonic agitation for
3min and rinsing with DI water. For further surface modification, the cleaned sub-
strates were treated by submersion in piranha solution for 1 h or by exposing them
to oxygen plasma for 15min. When hydrophilic substrates were desired, the sub-
strates were directly used after this treatment. For hydrophobic substrates, the
activated glass coverslips were placed in a desiccator alongside a Petri dish with
1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOTS), the pressure was reduced until
the boiling pressure of the silane was reached at ambient temperature (approximately
7× 10−2 mbar), and the substrates were incubated in the resulting silane atmosphere
for 3 – 4 h. When hydrophobic stamps were desired, the PDMS replica molds were used
without further modifications because PDMS is intrinsically hydrophobic. To render
the PDMS hydrophilic, it was exposed to oxygen plasma for 90 s and then submerged
in an aqueous solution of TEOS (3mM) and HCl (96mM) for 2 h. It is well-known
that functionalized trialkoxy- and trichlorosilanes can be grafted to reactive surface
hydroxyl groups from the liquid or the gas phase.203,204

In some cases, extraction of the template was achieved by refluxing the samples
in ethanol (abs.) for 90min after they had been subjected to an NH3 atmosphere
obtained by incubating the samples in a closed container next to a Petri dish containing
an ammonium hydroxide solution (25% in water) at room temperature for 10 – 15min
(to promote silica condensation). Subsequently, the samples were calcined in air by
first heating at 60 ◦C for 90min (ramp: 1 ◦Cmin−1), then at 160 ◦C for 90min (ramp:
1 ◦Cmin−1), and finally at 400 ◦C for 4 h (ramp: 1 ◦Cmin−1).

An overview of the different samples discussed in this work including precise treat-
ment and synthesis conditions can be found in Table 3.1.
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Table 3.1: Overview of the samples discussed in the text1

Sample Code Microgroove
heigt [µm]

Surface Properties of
PDMS Stamp

Surface Properties of
Glass Substrate

Microgroove Filling
Method

Ageing Conditions Post Treatment

1 2 Hydrophilic Hydrophobic Capillary Flow 48h at RT and amb. hum. None
2 2 Hydrophilic Hydrophobic Capillary Flow 48h at RT and amb. hum. None
3 2 Hydrophobic Neutral (untreated) Stamping 48h at RT and amb. hum. None
4 2 Hydrophilic Hydrophobic Capillary Flow 48h at RT and amb. hum. None
5 2 Hydrophilic Hydrophobic Capillary Flow 48h at RT and amb. hum. Removal of PDMS Stamp
6 4-8 Hydrophobic Hydrophilic Capillary Flow 21h at RT and sat. EtOH

atm. and 24h at RT and
amb. hum.

None

7 4-8 Hydrophobic Hydrophilic Capillary Flow 21h at RT and sat. EtOH
atm. and 24h at RT and
amb. hum.

Removal of PDMS Stamp
and standard SEM cross-
section preparation

8 4-8 Hydrophobic Hydrophilic Capillary Flow 21h at RT and sat. EtOH
atm. and 24h at RT and
amb. hum.

None

9 4-8 Hydrophobic Hydrophilic Capillary Flow 21h at RT and sat. EtOH
atm. and 24h at RT and
amb. hum.

Removal of PDMS Stamp,
incubation in NH3-atm., Ex-
traction in EtOH (reflux),
calcination in air

10 4-8 Hydrophobic Hydrophilic Capillary Flow 21h at RT and sat. EtOH
atm. and 24h at RT and
amb. hum.

Removal of PDMS Stamp,
incubation in NH3-atm., Ex-
traction in EtOH (reflux),
calcination in air

1See the experimental part for further details on the entries of the table; rt = room temperature (typically 22 – 25 ◦C); amb. hum. = ambient
humidity (typically 30 – 60%); atm. = atmosphere
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Electrophoresis of Single Dye Mole-

cules in Highly Oriented Mesoporous Si-

lica Channels

This chapter is based on a manuscript of an article by B. Rühle, M. Davies, K.
Müllen, T. Bein, and C. Bräuchle, which is currently in preparation.

4.1 Abstract

In this paper we show for the first time the controlled movement of single molecules
in highly oriented, template-filled mesoporous silica thin films under the influence of
an electric field. Moreover, we propose a model for the structure of the host and
for single molecule diffusion of charged and uncharged species. The velocity of the

91
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charged molecules increases with increasing electric field strength and could therefore
be directly influenced by an external stimulus. By applying an electric field diagonally
to the aligned pores, we could observe that the molecules which were located in the
mesopores showed a directed movement along the mesoporous silica channels, whereas
molecules next to, but outside of the structure followed the electric field lines. In
addition, we show the application of the mesoporous host material for separation of
differently charged molecules.

4.2 Introduction

Electrophoresis and electrochemical sensing are important tools in biochemistry and
biology and are commonly used for separation and detection of various biomolecules.
The separation and detection result from the different mobility of these molecules de-
pending on their size, charge and conformation as well as their interaction with the
host material. Extending these concepts to mesoporous silica host systems could be
very beneficial due to the enormous structural and functional versatility of these sys-
tems. Although there are several examples in which modified mesoporous silica is used
for separation and as an electrode coating material for electrochemical sensing,205–208

little is known about the detailed behavior and interactions of the guest species inside
the mesoporous silica host channels on a single molecule basis.

In this work, we investigated mesoporous silica thin films with a highly ordered
mesoporous structure in order to gain deeper insights into the triggered movement
under the influence of an electric field, pure diffusional behavior and the interactions
of charged guests inside the porous silica host. This is, to the best of our knowledge,
the first time a direct observation of the movement of charged guest species in meso-
porous silica hosts is described and analyzed. This analysis was carried out using
single molecule microscopy, which allows for a detailed investigation of the diffusional
pathways and the triggered movement of uncharged and charged dye molecules un-
der the influence of an electric field and gives deeper insights into the interaction of
the guest molecules with their porous host and with the electric field. Moreover, a
separation of differently charged molecules inside the host structure could be directly
observed on a single molecule basis.

We have recently demonstrated that well-defined macroscopic alignment of large-
pore mesochannels (diameter about 9 nm) in mesoporous silica can be achieved by
confinement in poly(dimethylsiloxane) microgrooves. The detailed synthesis and anal-
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ysis of these systems was published elsewhere43 and is therefore described only briefly
here (see Section 4.5). In this work we demonstrate the feasibility of electrophoresis
experiments in such highly oriented silica channels. For our investigations, differently
charged fluorescent dye molecules were incorporated into mesoporous silica channels
in single molecule concentrations (10−10 – 10−11 M) and directly influenced by an ex-
ternally applied electric field. We also carried out investigations with uncharged ter-
rylenediimide (TDI) dyes to ensure the integrity of the mesoporous structure under
the experimental conditions, i.e., the presence of strong electric fields.

By determining the position of the molecules in each frame of a movie recorded with
a wide-field fluorescence microscope and overlaying the individual frames of the movie,
the pathway of the molecules can be depicted. Specifically, each pixel in the overlay
assumes the maximum value of the corresponding pixels in the individual frames that
was reached during the recording time. The final overlay consists only of the brightest
pixels of the movie. We call this procedure a “maximum projection” (see also Rühle et
al.43). This method gives a global overview of the pore alignment. In addition, single
molecule tracking allowed for a more detailed structural and dynamic analysis of the
guest molecule movement.

4.3 Results and Discussion

In order to verify the mesopore alignment of the porous host material, we used un-
charged guest molecules (Dip-TDI, As-TDI and Sw-TDI, chemical structures see Fig-
ure 4.1) in a preliminary experiment. The movies recorded with our wide-field mi-
croscope (see movie M1, movie M2 and movie M3 on the Supplementary CD) clearly
show a structured movement of the molecules parallel to the pore direction of the
silica channels. The maximum projections of the individual frames of the movies di-
rectly depict the pathways of the molecules and thus the macroscopic alignment of
the mesoporous channels (Figure 4.1.a,b,c). Single molecule trajectories reveal the
structure of the channels in even more detail, showing defects and dead ends present
in the porous system (Figure 4.1.d,e,f). By analyzing the trajectories of the molecules
in space and time one can even observe the switching of guest molecules from one
channel to another channel through defects in the silica walls, as also discussed in our
previous report.43

By incorporating charged dye molecules into the same samples we observed that
uncharged molecules show structured movement along the well aligned mesochannels,
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Figure 4.1: Maximum projection of several consecutive wide-field images indicating
the alignment of the mesoporous silica channels. (a) Dip-TDI (N,N’-bis(2,6-diisopro-
pylphenyl)terrylene-3,4,11,12-tetracarboxdiimide), (b) As-TDI (N-(2,6-diisopropylphe-
nyl)-N’-octylterrylene-3,4,11,12-tetracarboxdiimide) and (c) Sw-TDI (N,N’-(pentadecan-
8-yl)terrylene-3,4,11,12-tetracarboxdiimide) molecules were incorporated as fluorescent
guest dyes into the mesopores during the synthesis in order to gain information about
pore directionality. Exemplary single molecule trajectories of (d) DIP-TDI, (e) As-TDI
and (f) Sw-TDI reveal the structure and alignment of the mesopores.

while charged molecules took totally different, more random diffusional pathways. We
mixed uncharged As-TDI molecules with charged Qu81 molecules (chemical structure
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shown in Figure 4.2.a) and incorporated them into the same sample. Qu81 was excited
with a 532 nm diode Laser in order to be able to spectrally separate its fluorescence
signal from the signal of As-TDI molecules which were excited with a He-Ne-Laser
(633 nm), and we detected both fluorescence signals simultaneously in different chan-
nels. Channel 1 shows the fluorescence signal of Qu81 molecules and Channel 2 shows
the signal of As-TDI molecules. The uncharged molecules (As-TDI) showed struc-
tured movement up and down (see movie M4 on the Supplementary CD and also
maximum projection in Figure 4.2.b) while the charged molecules (Qu81) moved more
randomly (see movie M5 on the Supplementary CD and also maximum projection in
Figure 4.2.a). By switching on the electric field (1200Vcm−1) we could observe a
directed movement of the charged Qu81 molecules before photobleaching (movie M6
on the Supplementary CD). As expected, the diffusional movement of the uncharged
As-TDI molecules was not affected by the electric field. They continued moving in a
structured way exactly as they did without the electric field. We consider this a strong
indication that the highly ordered sample structure is maintained under the influence
of a (strong) electric field and that the rather unstructured movement of the charged
dyes is due to other effects than the destruction of the ordered mesoporous structure
(see also discussion below).

In a further experiment, we introduced charged Atto633 molecules and uncharged
As-TDI molecules into the same sample. Both dyes were excited with a 633 nm He-
Ne Laser and detected in the same channel. We detected two different species. Both
could be clearly distinguished due to their physical properties. The species that moved
randomly was bleaching faster and since it is known that Atto dyes are not as photo-
stable as TDI dyes,209 we assigned these signals to Atto633 molecules. The molecules
which moved in a structured way showed good photostability and could therefore be
identified as As-TDI molecules (see movie M7 on the Supplementary CD). Figure 4.3.a
shows the maximum projection of all frames of the movie M7 (Supplementary CD)
recorded with our fluorescence microscope, revealing the pathways of both species of
single molecules in the mesoporous structure. A maximum projection of the last 100
frames of the same movie M7 reveals the pathway of only one species (As-TDI) which
shows structured movement (Figure 4.3.b), while all unstructured Atto633 molecules
have already been photo-bleached.

In order to compare the patterns of movement of both dyes, exemplary trajectories
of each dye are plotted in Figure 4.3.c. As-TDI molecules (red trajectories in Fig-
ure 4.3.c) move up and down in y-direction (which is the direction of the mesoporous



96
Chapter 4 Electrophoresis of Single Dye Molecules in Highly Oriented

Mesoporous Silica Channels

N

N

O O

O O

O

O

O

O

N+ N+

N+ N+

H3C

H3C CH3

CH3

I-

I-

I-

I-

a) b)

Qu81 AsTDI

Channel 1 Channel 2

~
2.

2 
nm

~2.5 nm

N

O

O

N

O

O

~3.2 nm

~
0

.9
 n

m

Figure 4.2: Maximum projection of the individual frames of a movie recorded with
a fluorescence microscope at a frame rate of 2.5 frames per second (fps), revealing the
pathways of (a) Qu81 and (b) As-TDI molecules.

silica channels) in a structured way, while Atto633 molecules (green trajectories in
Figure 4.3.c) move rather randomly, having a greater propagation in x-direction and
lacking the preferential movement in y-direction.

In order to address the question why charged dye molecules showed a different
pattern of movement than uncharged dyes, we tested various charged dyes (Qu81,
Atto633, Atto532, Ws-TDI, KP160) to rule out that the random movement inside the
porous host was due to the chemical nature of the respective dye. However, all of
the charged dyes that were investigated showed the same behavior in the material.
We believe that this phenomenon can be explained by assuming the following model
of the host–guest system (see Figure 4.4). For the synthesis of the mesoporous sil-
ica channels we used the triblock-copolymer Pluronic F127 in an evaporation-induced
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Figure 4.3: Maximum projection and trajectories of As-TDI and Atto633. (a) Maxi-
mum projection of the individual frames of a movie recorded with a fluorescence micro-
scope at a frame rate of 2.5 fps, revealing the pathways of two different species of single
molecules (Atto633 and As-TDI) in the mesoporous structure. (b) Maximum projec-
tion after photobleaching revealing only one species (As-TDI), which shows structured
movement. (c) Direct comparison of exemplary trajectories of As-TDI (red) and Atto633
(green). As-TDI molecules show structured, aligned pathways while Atto633 molecules
feature an unstructured, random movement.

self-assembly (EISA) approach. This template creates mesopores by forming cylin-
drical micelles in the polar solvent mixture with a diameter of about 9 nm, with the
micelles featuring a hydrophobic interior and a hydrophilic exterior. The hydrophilic
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Figure 4.4: Model of the guest–host system.

ends of the template protrude into the silica walls and can cause intrawall poros-
ity.210–212 The existence of such intrawall pores was already described in the literature
for Pluronic-templated mesoporous silica and has been studied by sorption measure-
ments and electron microscopy of nanomolded platinum replicas.213–218 In unextracted
(i.e. template-filled) mesoporous silica films, we assume that these outer parts of the
micellar template structure are preferred by hydrophilic, charged molecules whereas
hydrophobic, uncharged molecules prefer the hydrophobic core of the micelles from
where they cannot access the defects in the pore wall. This could be a possible expla-
nation why uncharged molecules move in a structured way inside the channels, while
charged molecules moving in close proximity to the pore wall can access defects and
switch to other channels.

As a further proof of this model and in order to further assure that the charged
molecules are moving inside the pores of the mesoporous silica structure despite their
rather random movement patterns, we prepared a sample containing only Atto633 in a
single dye molecule concentration and applied an electric field diagonally to the aligned
pores (movie M8 on the Supplementary CD). We could observe that the molecules
which were located in the mesopores showed a directed movement along the meso-
porous silica channels whereas molecules next to, but outside of the structure followed
the electric field lines. The maximum projection of the individual frames of movie
M8 is depicted in Figure 4.5.a. We also observed molecules next to the silica struc-
ture changing their direction abruptly when slipping into the mesoporous structure
(see exemplary trajectory 3 in Figure 4.5.b) and also slipping out of it (see exem-
plary trajectory 1 in Figure 4.5.b). This is possible because of numerous defects in
the silica walls as explained above. Moreover, the experiment demonstrates that the
molecules are guided by the mesoporous silica channels (see exemplary trajectory 2 in
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Figure 4.5: Electrophoresis of Atto633 molecules in a diagonal electric field. (a) Max-
imum projection of the individual frames of a movie recorded with a fluorescence mi-
croscope revealing the pathway of Atto633 molecules influenced by a diagonal electric
field. Molecules inside the mesoporous structure are guided by the aligned mesopore
channels, whereas molecules next to the microgroove follow the electric field lines. The
yellow arrow indicates the direction of movement of the molecules inside the mesopores.
(b) Exemplary trajectories of Atto633.

Figure 4.5.b) aligned in y-direction. The trajectories of the charged dye molecules are
again not as straight as in the case of uncharged dye molecules, as explained above in
the guest–host model (Figure 4.4).

We then investigated the influence of the electric field strength on the average veloc-
ity of single Atto633 dye molecules. For this purpose the electric field was applied along
the channel direction. At the beginning, the electric field was adjusted to 1800Vcm−1

and then reduced stepwise to 100Vcm−1. The velocity of the molecules decreases
with decreasing electric field strength and could therefore be directly influenced by
the electric field acting as an external stimulus. Figure 4.6 shows the maximum pro-
jection of the individual frames of movie M9 (see Supplementary CD) revealing the
pathway of Atto633 molecules pulled along the silica channels. By averaging the po-
sitions (pixels converted to distance) versus time of at least five individual molecules
for each electric field strength, the dependence of the average velocity on the electric
field strength could be calculated (Figure 4.6.b). The error bars show the standard
deviations of the averages. A linear trend can be seen for the increase of the average
velocities with the electric field strength. From the slope we can calculate the mobility
(b = 5× 10−8 cm2 V−1 s−1) of the Atto633 molecules in the silica host.

To demonstrate the possibility of electrophoretic separation, we incorporated WS-
TDI (negatively charged, molecular structure see Figure 4.7) and KP160 (positively
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Figure 4.6: Maximum projection and average velocity. (a) Maximum projection of
the individual frames of a movie recorded with a fluorescence microscope revealing the
pathway of Atto633 molecules pulled along the silica channels by an electric field. The
white arrow indicates the direction of movement of the molecules inside the mesopores.
(b) Plot of the average velocity of Atto633 molecules versus electric field strength in-
creasing from 100 to 1800Vcm−1. A linear fit (y = a + bx) with a = 6× 10−6 cm s−1

and b = 5× 10−8 cm2V−1 s−1 is shown in red.

charged, molecular structure see Figure 4.7) into the same sample. Again, we detect
both fluorescence signals simultaneously in different channels. Channel 1 shows the
fluorescence signal of KP160 molecules (see maximum projection in Figure 4.7.a and
movie M10 on the Supplementary CD) moving in the opposite direction as WS-TDI
molecules in Channel 2 (see maximum projection in Figure 4.7.b and movie M10
on the Supplementary CD). By switching the electric field on and off, the directed
movement of the molecules could be controlled. Thus we demonstrated the feasibility
of separating differently charged molecules in a porous silica host.

4.4 Conclusion

In this study we have demonstrated the controlled movement of single molecules in
highly oriented, template-filled mesoporous silica thin films under the influence of an
electric field. Single molecule trajectories directly reveal the mesoporous structure
of the silica thin films with their defects and dead ends. By incorporating various
uncharged dyes into the mesochannels we observed structured movement along the
well-defined large-pore mesochannels in y-direction, while charged molecules took to-
tally different, more random diffusional pathways and showed a greater propagation
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in x-direction. Based on these observations we presented a host–guest model which
explains the different pathways of the molecules in such mesoporous materials.

Furthermore, the influence of the electric field strength on charged molecules was
investigated. The velocity of the charged molecules increased monotonically with
increasing electric field strength, were the slope of the plot is the mobility of the guest
molecule inside the host. By applying a diagonal electric field we could even observe
molecules switching into the mesoporous structure, guided by the well aligned pores
and also switching out of the mesoporous material through defects in the silica walls.
Finally, we illustrate the controlled separation of differently charged molecules in the
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template-filled mesoporous silica thin films which can be directly observed with our
single molecule fluorescence wide-field microscope.

4.5 Experimental Part

Single molecule fluorescence images were recorded with a wide-field setup, using an
Eclipse TE200 (Nikon) epi-fluorescence microscope with a high numerical aperture
(NA) oil-immersion objective (Nikon Plan Apo x100, NA = 1.40). The fluorescent un-
charged dyes N-(2,6-diisopropylphenyl)-N’-octylterrylene-3,4:11,12-tetracarboxdiimide
(called As-TDI in this work and Reference 202), N,N’-bis(2,6-diisopropylphenyl)-ter-
rylene-3,4:11,12-tetracarboxdiimide (called Dip-TDI in this work) and N,N’-bis(pen-
tadecan-8-yl)-terrylene-3,4:11,12-tetracarboxdiimide (called Sw-TDI in this work) (for
their chemical structures see Figure 4.1) with a high photostability and excellent quan-
tum yield and the charged fluorescent dyes N,N’-bis(2,6-diisopropylphenyl)-1,6,7,12-
tetra-(1-methyl-3-(4-phenoxy)-pyridinium)-perylene-3,4:9,10-tetracarboxdiimide tetra-
iodide (called Qu81 in this work; chemical structure in Figure 4.2 and synthesized as
described in Reference 219), N,N’-bis(2,6-diisopropylphenyl)-1,6,7,12-tetra-(1-methyl-
pyridinium-3-oxy)-perylene-3,4:9,10-tetracarboxdiimide tetramethanesulfonate (called
KP160 in this work and synthesized as described in Reference 220) and N,N’-bis(2,6-di-
isopropylphenyl)-1,6,9,14-tetra-(4-sulfonylphenoxy)-terrylene-3,4:11,12-tetracarboxdi-
imide (called Ws-TDI in this work and synthesized as described in Reference 221)
(chemical structures in Figure 4.4) were incorporated into the material in single
molecule concentrations (10−10 – 10−11 M).

The molecules were either excited at 633 nm with a He-Ne gas laser (Coherent,
75mW maximum at 632.8 nm) with an intensity of 0.3 kWcm−2 or at 532 nm with
a diode pumped solid-state laser (Cobolt Samba TM Laser) with an intensity of
0.05 kWcm−2. Their fluorescence was detected with a back-illuminated electron multi-
plying charge-coupled device (EM-CCD) camera in frame transfer mode (Andor iXon
DV897, 512x512 pixels). Incident laser light was blocked by a dichroic mirror (dual
line beam splitter 532/633, AHF Analysentechnik) and by band-pass filters (675/250
and 560/40 for Channel 1 and 730/140 for Channel 2, AHF Analysentechnik). One
pixel on the camera chip corresponds to 154 nm on the sample. The movement of the
single molecules was detected in dependence of an electric field. In this study, electric
field strengths up to 1800 V/cm were used. Single molecule tracking was done by
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fitting the fluorescence spot by a 2D-Gaussian function:

f(x, y, A, w) = Ae−(x−x0w )
2

e−( y−y0w )
2

,

where A and w are the amplitude and the width of the Gaussian curve, to the point-
spread function of the signals recorded with a back-illuminated EM-CCD camera. The
method was described in detail in previous studies.53,70,71 The resulting positions can
be combined frame by frame to form molecular trajectories.

The mesoporous silica thin films were prepared as described in our previous work.43

Briefly, 700 µL of Milli-Q water and 100 µL of aqueous HCl (1M) were diluted in
4.40mL of absolute ethanol. Then, 1.00mL of tetraethylorthosilicate (TEOS) were
added and the solution was stirred (≈ 400 rpm) at 65 ◦C for 1 h. Simultaneously,
a mixture of 475mg of Pluronic F127 in 4.40mL of Ethanol was stirred at room
temperature for 1 h. Then, this solution was poured slowly into the ethanolic TEOS
solution, and the resulting clear solution was stirred at room temperature for 2 h.
Afterwards, the solution was used to infiltrate the voids of a PDMS-stamp that was
brought into close contact with a plasma-treated standard glass cover slip and aged
at room temperature for 21 h in a saturated ethanolic atmosphere and for 24 – 48 h
under ambient conditions.

Electrodes for applying the electric field were either obtained by depositing a thin
silver film (typically 100 nm) with a gap of the desired width (typically 1 – 5mm) on
the glass coverslips by a sputter-coating process using a shadow mask, or they were
made by cutting the structure to the desired width after the ageing process (typically
1 – 5mm) with a razor blade and applying a conductive silver paste to both sides of the
remaining structure forming two pads for connection to the high voltage generator.
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A Chemiluminescent Metal–Organic

Framework

This chapter is based on a manuscript of an article by B. Rühle, S. Wuttke, F. M.
Hinterholzinger, P. Roy, A. Godt, and T. Bein, which is currently in preparation.
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5.1 Introduction

The great interest in metal–organic frameworks (MOFs) is a consequence of the si-
multaneous occurrence of important characteristics in a single material. MOFs are
crystalline solids that are connected by strong metal-ligand interactions, which can
confer permanent porosity to the material, i.e., it is possible to remove the solvent
and impurity molecules completely without structural collapse. The pore size, shape,
and dimensionality of the MOF pore system as well as its local chemical environment
can be easily controlled by the judicious selection of the building blocks (metal and or-
ganic linkers) and their connection.116,222 This ability of tailoring the pore functionality
and with it the scaffold has been used to integrate different functionalities for different
purposes such as incorporation of catalysts for various catalytic reactions,151,152 tuning
the pore radii and surface area for gas storage or separation,148,223 synthesis of MOFs
with contrast agents for magnetic resonance imaging diagnostics,153 or the synthesis
of luminescent MOFs for applications as fluorescent sensors.154,155

Luminescence as a transduction mechanism has many advantages that can be sum-
marized in the following way: measurements are usually very sensitive, easily per-
formed, and they can offer high spatial resolution with even single molecule visualiza-
tion as well as high temporal resolution. Therefore, luminescence is frequently used
as a reporter mode for the design of a chemosensor. In this context, fluorescence is
by far the most widely investigated type of luminescence. However, to the best of the
author’s knowledge, no MOF featuring chemiluminescence has been reported so far.
Luminescence is defined as the emission of electromagnetic radiation when an electron
in an excited state of an atom or molecule returns to its ground state energy level.
In chemiluminescence the excitation of the electron is induced by a chemical reaction
rather than by absorption of photons, as it is the case for fluorescence. A distinct
advantage in comparison to fluorescence spectroscopy is the absence of external light
sources, which means that the analytically relevant emission can be measured against
a completely dark background, resulting in a potentially higher sensitivity with this
transducer concept.

To implement chemiluminescence into a MOF structure, we chose 9,10-diphenylanthracene
for the incorporation into a MOF scaffold because it exhibits intense chemilumines-
cence elicited by the reaction between oxalic acid esters and hydrogen peroxide in the
presence of a base.224 It is important that the MOF remains stable under the condi-
tions of chemiluminescence, in this case stable against a mixture of hydrogen peroxide
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Figure 5.1: PXRD patterns of the UiO-68(anthracene) before (blue) and after (green)
exposure to the conditions of the chemiluminescence reaction, and the simulated PXRD
pattern of UiO-68 (black)

and sodium salicylate as well as the compounds formed in situ to bring about chemi-
luminescence. Several studies have demonstrated that Zr-based MOF structures are
chemically quite robust.225–228 In order to design a MOF with diphenylanthracene
moieties being part of the linker, we chose the UiO-66 topology. The framework of
UiO-66 consists of Zr6O4(OH)4(CO2)12 clusters, where each one connected with twelve
other clusters by a dicarboxylate liniker.225,226

5.2 Results and Discussion

The UiO-68(anthracene) was synthesized under solvothermal synthesis conditions from
4,4’-(anthracene-9,10-diyl)dibenzoic acid and ZrCl4 in DMF and H2O at 120 ◦C for
24 h. The reaction conditions were found via high-throughput screening of the effects
of various molar ratios of starting materials, various concentrations, different solvent
ratios, and of the addition of benzoic acid. It turned out in this case that the addition of
benzoic acid, the modulator used for the syntheses of UiO-66, UiO-67, UiO-68(NH2)226

and the structurally closely related PIZOFs229 was not needed, which simplifies the
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Figure 5.2: Thermogravimetric analysis of UiO-68(anthracene) in flowing air with a
heating rate of 1Kmin−1 and a flow rate 25mLmin−1

.

purification of the MOF.

X-ray diffraction analysis confirmed that the solid is isostructural (isoreticular) to
UiO-68 and that UiO-68(anthracene) was obtained in a purely crystalline form (Fig-
ure 5.1). Thermogravimetric analysis (TGA) showed two significant weight loss steps
(Figure 5.2). The first endothermic step with a mass loss of 6% in the range between
25 ◦C and 420 ◦C is attributed to the evaporation of solvent. The second weight loss
of 67% between 420 ◦C and 530 ◦C is due to the decomposition of the organic link-
ers. Thus, this MOF exhibits an exceptional thermal stability in comparison to other
MOFs, especially when considering the mesoporous nature of this MOF (the UiO-68
structure features mesopores of 2.7 nm with large windows of 1.0 nm, as described in
Reference 226). Often a mesoporous MOF structure leads to poor thermal stability.
Moreover, the measured BET surface area of about 1349m2 g−1 is so far the highest
reported surface area of a UiO-68 structure (Figure 5.2).

One of the most common and efficient ways to excite chemiluminescence of diphe-
nylanthracene is an energy transfer to the diphenylanthracene moiety,230–233 result-
ing from the reaction of oxalic acid esters, such as bis(2,4,6-trichlorophenyl)oxalate
(TCPO), with hydrogen peroxide as depicted in a simplified manner in Figure 5.4. In
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fact, the detailed mechanism of the energy transfer might be more involved, including
the formation of an encounter complex between an intermediate (e.g., dioxetandione)
and the diphenylanthracene moiety, followed by radical formation via single electron
transfers, thus rendering the whole process a chemically initiated electron exchange
luminescence.230–232
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Figure 5.4: Simplified representation of the assumed mechanism leading to the elec-
tronic excitation and subsequent chemiluminescence of 9,10-diphenylanthracene through
reaction with 1,2-dioxetan-3,4-dione formed in situ.232 The asterisk indicates an elec-
tronically excited state.
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Figure 5.5: (a) Chemiluminescence spectra of UiO-68(anthracene) in a mixture of
dimethyl and dibutylphthalate at different points in time. (b) Development of the fluo-
rescence intensity at λmax = 436 nm over time.

When performing the chemiluminescence reaction we followed a published proce-
dure234 with slight modifications (see Section 5.4 for details). The reaction was carried
out in a mixture of dimethyl and dibutylphthalate in the presence of a small amount of
a weak base such as sodium salicylate. Presumably, the base assists in the formation of
the proposed 1,2-dioxetan-3,4-dione through deprotonation of the intermediate oxalic
peroxyacid.233 Figure 5.5 shows the strong chemiluminescence observed when mixing
the MOF with the components mentioned above. The chemiluminescence was mon-
itored over time with a photoluminescence setup. It reached its emission maximum
after approximately 10min (Figure 5.5).

To ensure that the observed luminescence is indeed emitted from the metal–organic
framework and does not result from linker molecules in the solution as a result of
framework decomposition, we carried out the following experiments. We subjected
the UiO-68(anthracene) to the reagents and conditions of the chemiluminescence re-
action, isolated the solid material from the dispersion, and characterized the material
by X-ray diffraction. The PXRD pattern (Figure 5.1) clearly indicates that the crys-
talline structure of the framework was maintained even after exposing the MOF to
the conditions during the chemiluminescence reaction. Furthermore, we used optical
microscopy in order to identify the source of luminescence. When observing MOF
particles sitting at the bottom of a container with a fluorescence microscope (without
using excitation light) upon addition of a solution of bis(2,4,6-trichlorophenyl)oxalat
(TCPO) and a solution of hydrogen peroxide and sodium salicylate, strong lumi-
nescence originating from the MOF crystallites was seen, whereas the background
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Figure 5.6: (a-c) Images taken from movie M1, showing the luminescence 0min
(a), 14min (b), and 28min (c) following addition of a solution of bis(2,4,6-
trichlorophenyl)oxalate (TCPO) in dibutylphthalate and a solution of hydrogen per-
oxide and sodium salicylate in dimethylphthalate and tert-butanol to particles of UiO-
68(anthracene) sitting at the bottom of a vessel. (d) Graph showing the mean integrated
intensities of the two regions of interest (ROIs) highlighted in (a-c) and in movie M1
(see Supplementary CD). ROI 1 contains the MOF crystallite, ROI 2 contains only
background.

luminescence did not show a significant increase. This is shown by the development
of the mean integrated intensities within two equally sized rectangular regions of in-
terest (ROIs) over time, one containing a MOF crystallite (ROI 1) and one containing
only background (ROI 2) (Figure 5.6 and movie M1 on the Supplementary CD). If
the framework had decomposed, free linker molecules should have diffused into the
surrounding solution and would have caused an increase in background luminescence.

5.3 Conclusion

In conclusion, the synthesis of the novel MOF UiO-68(anthracene) was developed via
a high-throughput approach. In contrast to the structurally related UiO-68(NH2) and
PIZOFs, no modulation agent is necessary to obtain a highly crystalline material.
Nitrogen sorption analysis demonstrates the high porosity of this MOF, and thermo-
gravimetry points to exceptional thermal stability. Strikingly, UiO-68(anthracene),
a Zr-based MOF with 4,4’-(anthracene-9,10-diyl)dibenzoate as the linker and the
topology of UiO-66, shows strong chemiluminescence once exposed to a solution of
bis(2,4,6-trichlorophenyl)oxalate, hydrogen peroxide and sodium salicylate. During
the chemiluminescence reaction the structure of UiO-68(anthracene) persists. To the
best of our knowledge, this is the first ever MOF structure showing the phenomenon
of chemiluminescence.
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5.4 Experimental Part

5.4.1 Methods and characterization

Powder X-ray diffraction (PXRD) measurements were performed using a Bruker D8
diffractometer (Cu-Kα1 = 1.5406Å; Cu-Kα2 = 1.5444Å) in theta-theta geometry
equipped with a Lynx-Eye detector. The powder samples were measured between 2°
and 45° two theta, with a step size of 0.05° two theta.

Chemiluminescence was monitored using a PTI fluorescence spectrometer featuring
a PTI 814 photomultiplier detector, a PTI MD5020 motor driver, and a Quantum
Northwest TC 125 sample holder. No excitation light was used since the samples emit
light. The band-pass of the detector was set to 2 nm, and each 30 s an emission spec-
trum was recorded from 350 nm to 550 nm at a step width of 1 nm and an integration
time of 0.1 s per step.

Microscopy images were recorded using a Nikon Eclipse Ti-U inverted microscope
equipped with a Nikon Plan Fluor 10x/0.30 objective and an Andor iXon+ DU897-
BV back-illuminated electron multiplying charge-coupled device (EM-CCD) camera
in kinetic mode with an exposure time of 2 s and a kinetic cycle time of 5 s. 1 pixel
on the detector corresponds to 1.57 µm. The detector was cooled to −80 ◦C during
measurements. No excitation light was used.

FTIR measurements were performed in transmission mode on a Bruker Equinox 55s
between 4000 and 400 cm−1 at a resolution of 4 cm−1.

Nitrogen sorption measurements were performed on a Quantachrome Instruments
Autosorb at 77K. The sample was heated to 393K for 12 h prior to sorption studies.
Pore sizes and pore volumes were calculated using a NLDFT equilibrium model of N2

on silica, based on the adsorption isotherm. The BET surface area was calculated over
the range of 0.05 – 0.20 p/p0. The pore volume was calculated based on the uptake
(cm3/g) at a relative pressure of 0.30 p/p0.

Thermogravimetric analyses of the bulk samples were performed on a Netzsch STA
440 C TG/DSC with a heating rate of 1Kmin−1 in a stream of synthetic air at about
25mLmin−1.

5.4.2 Chemicals

Zirconiumtetrachloride (99.9%, Aldrich), N,N-dimethylformamide (DMF; 99.8%, Aldrich),
bis(2,4,6-trichlorophenyl)oxalate (TCPO; 98%, TCI), dimethyl phthalate (99%, Aldrich),
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dibutyl phthalate (99%, Aldrich), hydrogen peroxide (30%; Merck), tert-butanol
(99.7%, Aldrich), and sodium salicylate (99.5%, Aldrich) were used as received.

5.4.3 Synthesis of 4,4’-(Anthracene-9,10-diyl)dibenzoic acid

The synthesis of 4,4’-(Anthracene-9,10-diyl)dibenzoic acid was performed in the group
of Prof. Adelheid Godt at the University of Bielefeld.

5.4.4 Synthesis of UiO-68(anthracene)

The synthesis was performed in a high throughput (HT) parallel reactor with 24
wells, each containing the same reaction mixture. 4,4’-(Anthracene-9,10-diyl)dibenzoic
acid (16.9mg, 40 µmol), zirconium tetrachloride (9.3mg, 40 µmol), water (1.1 µL,
61.1 µmol) and DMF (1mL) were added to each well. The HT parallel reactor con-
taining the reaction mixture was heated to 200 ◦C for 21 h. After cooling to room
temperature the precipitate was isolated. It was washed three times with DMF and
then three times with dichloromethane and was finally dried at reduced pressure.

5.4.5 Chemiluminescence experiments

For carrying out the chemiluminescence experiments, we followed a published pro-
cedure with slight modifications.234 UiO-68(anthracene) (1mg) was suspended in a
solution of bis(2,4,6-trichlorophenyl)oxalate (TCPO) (30mg, 66.8 µmol) in dibutyl ph-
thalate (1mL) using vortex shaking and brief sonification. In another vessel, a solution
of tert-butanol (3.55mL, 37.8mmol), aqueous H2O2 (30%; 3.00mL, 38.1mmol), and
sodium salicylate (1.80mg, 11.25 µmol) in dimethyl phthalate (13.45mL) was prepared
and stirred at room temperature for 5min at 500 rpm. Then, more sodium salicylate
(1.80mg, 11.25 µmol) was added and the solution was stirred at room temperature
for another 5min at 500 rpm. To start the chemiluminescence reaction, equal volumes
(1mL each) of both solutions were combined.

For testing the stability of UiO-68(anthracene) during the chemiluminescence ex-
periment the two solutions were prepared as described above, however 5mg of UiO-
68(anthracene) were used. The two solutions were combined and the resulting mixture
was stirred for 10min at room temperature. The solid was isolated by centrifugation
(5min at 14 000 rpm (16 873 rcf)), washed three times with dichloromethane (15mL),
dried with a stream of nitrogen, and finally subjected to X-ray diffraction analysis.
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For the chemiluminescence experiment monitored with optical microscopy the two
solutions were prepared as described above, however without adding the UiO-68(anthracene).
Both solutions were centrifuged at 14 000 rpm (16 873 rcf) for 4min in an Eppendorf
tabletop centrifuge (Model No. 5418) to remove any particulate matter from the so-
lutions. MOF crystallites were spread out at the bottom of one microwell of an 8-well
Lab-Tek II Chambered #1.5 German Coverglass System (NUNC, 155409 - 8 Cham-
ber). The two solutions were mixed at a volume ratio of 1:1, and this mixture (400 µL)
was added to the MOF crystallites in the microwell.
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Highly Sensitive and Selective Fluoride

Detection in Water through Fluoro-

phore Release from a Metal–Organic

Framework

This chapter is based on the article “Highly sensitive and selective fluoride detection
in water through fluorophore release from a metal–organic framework” by B. Rühle,
F. M. Hinterholzinger, S. Wuttke, K. Karaghiosoff, and T. Bein, which has been
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submitted and is currently being reviewed.

6.1 Abstract

The detection, differentiation and visualization of compounds such as gases, liquids
or ions are key challenges for the design of selective optical chemosensors. Optical
chemical sensors employ a transduction mechanism that converts a specific analyte
recognition event into an optical signal. Here we report a novel concept for fluoride
ion sensing where a porous crystalline framework serves as a host for a fluorescent
reporter molecule. The detection is based on the decomposition of the host scaffold
which induces the release of the fluorescent dye molecule. Specifically, the hybrid
composite of the metal–organic framework NH2-MIL-101(Al) and fluorescein acting
as reporter shows an exceptional turn-on fluorescence in aqueous fluoride-containing
solutions. Using this novel strategy, the optical detection of fluoride is extremely
sensitive and highly selective in the presence of many other anions.

6.2 Introduction

Over the past decades a great deal of attention has been devoted to the discovery of
new analytical methods for the reliable detection of target species.235–238 The real-
time monitoring of fluoride ion concentration in aqueous and physiological media as
well as its quantitative determination across a large concentration range is of vital
importance for various environmental and health-care issues as well as in industrial
and scientific applications.239–242 Several strategies have been reported on fluoride
detection using recognition-transduction schemes based on the optical read-out of a
luminescent or colorimetric signal. Examples include molecular recognition protocols
using boron-based anion receptors239,240,243–245, or mesoporous silica host materials246

that are equipped with a reporter molecule to monitor either luminescence quenching
or turn-on processes, whereas recently a sensitive colorimetric fluoride sensor based
on supramolecular interactions such as charge or electron transfer, respectively, was
described.247 However, most of the molecule-based analytical methods suffer from in-
terference with other anions or are incompatible with aqueous media, which greatly
limits the scope of their use.248,249 Here we demonstrate how the analyte-induced
degradation of a hybrid host material with embedded reporter molecules can be effi-
ciently used as an extremely sensitive signal transduction mode (Figure 6.1). It is thus
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Figure 6.1: Schematic illustration of the recognition-transduction scheme by metal-
anion complexation-induced decomposition of a MOF framework. The MOF scaffold
with covalently entrapped reporter molecules serves as a non-emissive host–guest material
for the detection of analyte species. The recognition is realized as a competitive metal-
anion complexation in an aqueous analyte-containing environment. The degradation
process leads directly to the turn-on of the fluorescence of the reporter molecules, which
is correlated with the fluoride ion concentration.

anticipated that our new recognition-transduction mechanism contributes to the de-
velopment of optically encoded chemosensors and hence for the sensitive visualization
of specific host–guest interactions.

Metal–organic frameworks (MOFs), also known as porous coordination polymers
(PCPs),116,222,250 have attracted great interest in the last decade as a new class of
highly porous materials ideally suited for applications in gas adsorption, separation
processes147,251,252 and chemical sensing.155,253,254 The underlying modular concept of
combining inorganic metal-clusters and organic linker molecules allows for the tar-
geted design of three-dimensional crystalline molecular skeletons with defined pore
dimensions, uniform pore shapes and versatile functionalities.

Our strategy for visualizing the recognition of a target ion requires the implementa-
tion of a fluorescent reporter molecule into the confined crystalline environment of a
hybrid host material. As a consequence of the confinement of the reporter molecules
within the three-dimensional host, almost complete fluorescence quenching is observed.
However, the selective trapping of fluoride ions from aqueous analytes directly corre-
lates with an intense turn-on fluorescence signal that can easily be monitored by fluo-
rescence spectroscopy. More specifically, the turn-on of fluorescence that is triggered
by the controlled decomposition of the host material exhibits great advantages over
luminescence quenching methods reported for luminescent MOFs.253,255 The turn-on
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fluorescence is an extremely sensitive technique, having the capability to detect even
single molecules in solution and has great potential for the highly sensitive monitor-
ing of the fluoride ion concentration in different media. Although there are several
reports dealing with the intrinsic luminescence of MOFs and its use in chemical sens-
ing163,253,256, none of these optical detection schemes tolerates aqueous environments
and simultaneously shows turn-on fluorescence response triggered by the highly selec-
tive capture of fluoride ions.

Here we report on highly selective and extremely sensitive fluoride sensors based
on an amino-functionalized metal–organic framework designated NH2-MIL-101(Al)257

that covalently binds fluorescein 5(6)-isothiocyanate (FITC) as fluorescent reporter
molecule. We demonstrate an unprecedented methodology for the detection of fluo-
ride ions in aqueous solutions that is based on the decomposition of the MOF and
provides an intense turn-on switching response induced by the release of the quenched
reporter molecules. The intact crystalline MOF material with embedded fluorescein
dyes itself is non-fluorescent and selectively binds fluoride ions from water. The cap-
ture of fluoride ions results in the formation of different aluminum complexes, which
induces the structural decomposition of the MOF host. The detection mechanism
after infiltrating the MOF with an aqueous fluoride-containing analyte solution is re-
vealed by 19F and 27Al-NMR titration experiments. To the best of our knowledge,
the fluorescein-labeled MOF composite material is the first example of a MOF-based
fluoride sensor system which tolerates aqueous environments, exhibits high selectivity
versus other anions and covers a broad range of anion concentrations. We anticipate
that the general concept of creating a fluorescence output by the controlled release of
quenched fluorescence dye molecules from a porous host can be extended to other an-
alyte detection schemes, thus adding to the toolbox for the development of advanced
optical chemosensors and the understanding of signal transduction schemes.

6.3 Results and Discussion

Recently, the group of F. Kapteijn reported on the amino-functionalized analogue of a
large-pore metal–organic framework, designated NH2-MIL-101(Al)257. The aluminum-
based MOF scaffold with implemented amino-functionality represents an ideal candi-
date for the post-synthetic dye-labeling that was performed by exposing the porous
host to FITC at room temperature. Powder X-ray diffraction (PXRD) measurements
of the as-synthesized MOF material, as well as the post-synthetically fluorescein-
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Figure 6.2: Background-corrected X-ray diffraction patterns (left) and raw data (right)
of as-synthesized NH2-MIL-101(Al) (red) as well as post-synthetically fluorescein labeled
NH2-MIL-101(Al) bulk material (blue) compared to simulated data (black).

labeled host are in good agreement with simulated data indicating that the crystalline
structure remains intact upon dye-labeling (Figure 6.2).

Scanning electron microscope measurements (SEM) additionally confirm that the
crystal morphology of the host MOF does not change significantly after being post-
synthetically modified with fluorescein dye molecules (Figure 6.3).

After dye loading, a significant decrease of the specific surface area from 2315m2 g−1

to 698m2 g−1 as well as a reduction of the pore volume of the host material is revealed
by physisorption experiments. This indicates a successful introduction of FITC into
the porous structure of the host (Figure 6.4).

Thermogravimetric analysis and differential scanning calorimetry demonstrate the
removal of residual molecules trapped within the pores as well as the decomposition
of the framework at higher temperatures.

Infrared and Raman spectroscopy show the presence of a strong characteristic ab-
sorption band corresponding to the isothiocyanate group of free FITC, whereas no such
absorption band is observed after fluorescein is incorporated into the host framework
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Figure 6.3: Scanning electron microscopy (SEM) images of a polycrystalline bulk NH2-
MIL-101(Al) powder sample. (A,B) after FITC labeling. (C,D) before FITC labeling.

(Figures 6.7 and 6.8).
Fluorescence spectroscopy shows that the fluorescence intensity of the fluorescein

guests drops significantly (almost to the background level, see Figure 6.9) once they
are incorporated into the framework. We believe that this is caused by the well-known
concentration- or self-quenching-effect of fluorescent dyes like fluorescein258,259, or by
interactions of fluorescein either with aromatic groups of the linker molecules, the
metal centers, or the amino groups inside the MOF. Inspired by this observation, we
developed the novel MOF-based fluoride sensing concept using the selective release of
the fluorescent dye: since the framework is not connected by strong covalent bonds, it
can be broken up under mild conditions by other, more strongly coordinating ligands
for the respective metal. While this “instability” can certainly be a disadvantage in
certain applications, it is of key importance for the working principle of the fluoride
sensor and the new sensing pathway presented in this work: upon replacing the MOF-
linker molecules by other ligands, the fluorescent guest is released into the solution
where its fluorescence is dequenched and a strong increase in the fluorescence signal can
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Figure 6.4: Physisorption measurement performed with nitrogen at 77K for bulk NH2-
MIL-101(Al) (top) and for NH2-MIL-101(Al)-FITC (bottom) showing the characteristic
shape of the isotherm, the specific surface area (BET/Langmuir), the pore volume and
the calculated pore-size distribution (NLDFT).

be detected. Due to the fact that the degradation of the framework is based on different
affinities of the metal ions constituting the MOF towards linker and analyte molecules,
this pathway has the potential of being highly selective and tailorable by choosing
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Figure 6.5: Thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) of bulk NH2-MIL-101(Al) (top) and NH2-MIL-101(Al)-FITC (bottom) illustrating
the removal of residual molecules trapped within the pores as well as the decomposition
of the framework.

suitable MOFs (i.e. metal/linker combinations) for the respective target analytes. The
fact that the release of the fluorescent dye results in a fluorescence increase rather than
a quenching or loss of color contributes to the high sensitivity of this approach. Both
the high selectivity based on strong interactions of aluminum with fluoride ions260 and
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Figure 6.6: IR spectrum of bulk NH2-MIL-101(Al).

the high sensitivity based on the fluorescence dequenching are demonstrated in the
following for NH2-MIL-101(Al)-FITC.

The remarkable selectivity of the sensor is demonstrated by fluorescence titrations
of NH2-MIL-101(Al)-FITC with sodium salt solutions of different anions, which show
that there is virtually no interference by other halides (see Figure 6.10). The strongest
interference among the anions tested in this work is caused by sodium bicarbonate,
which can be expected to mimic the coordination chemistry of the linker molecules, i.e.
coordination of aluminum via carboxylate groups. Interestingly, sodium acetate shows
only very weak interference, although it also exhibits a carboxylate group. The absence
of strong acetate interference also proves that the recorded fluorescence increase does
not simply depend on an increase of the pH, since the basicity of acetate is higher
than that of fluoride (pKA(CH3COOH) ≈ 4.75 vs. pKA(HF) ≈ 3.45)188. However, the
fluorescence signal is much stronger after fluoride addition than after acetate addition,
indicating that the fluorescence increase is triggered by coordination of fluoride to
aluminum metal centers rather than by a rise of the pH.

Additionally, more detailed information about the different fluoride species in solu-
tion as well as mechanistic insights into the dissolution process were gained by perform-
ing NMR titration experiments, which prove that the framework is indeed dissolved
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Figure 6.7: IR spectra (top: full spectrum, bottom: zoom-in) of bulk fluorescein-5(6)
isothiocyanate (red), NH2-MIL-101(Al) (black) as well as of NH2-MIL-101(Al)-FITC
(blue) illustrating the absence of the isothiocyanate absorption band after the post-
synthetic dye modification of the MOF structure.

by coordination of fluoride to aluminum ions from the framework.

Figure 6.11.a shows the 19F NMR spectra after sequential additions of NaF to NH2-
MIL-101(Al)-FITC in water. The data demonstrate how the number of fluoride ions
binding to aluminum increases with increasing fluoride concentration. The peaks
of the aluminum complexes with high fluoride content (i.e. more than four fluoride
atoms) cannot be observed here, most probably because they are too broad. Similar
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Figure 6.8: Raman spectra (top: full spectrum, bottom: zoom-in) of bulk fluorescein-
5(6) isothiocyanate (red), NH2-MIL-101(Al) (black) as well as of NH2-MIL-101(Al)-FITC
(blue) illustrating the absence of the isothiocyanate absorption band after the post-
synthetic dye modification of the MOF structure.

observations were made by Sur et al.261 and by Bodor et al.262. Sur et al. attribute the
line broadening mainly to a two-site exchange between free fluoride ions and fluoroalu-
minum complexes, although scalar relaxation mechanisms are also discussed. Bodor
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Figure 6.9: Fluorescence spectroscopy data. (a) Excitation and emission spectra of
NH2-MIL-101(Al)-FITC before fluoride addition. (b) Excitation and emission spectra
of NH2-MIL-101(Al)-FITC after fluoride addition. (c) Excitation and emission spectra
of 2-amino terephthalic acid, representing the linker molecule in NH2-MIL-101(Al). (d)
Comparison of fluorescence titrations of NH2-MIL-101(Al)-FITC and unlabeled NH2-
MIL-101(Al) (error bars indicate the deviation of two individual measurements with
different MOF and titration stock solutions; for a more detailed description of experi-
mental details, data analysis, and raw spectral data see section 6.5). Insets in (a) and
(b), Photographs of the MOF stock solution before (a) and after (b) fluoride addition.

et al. also attribute the broadening to fluoride exchange; however, the authors also
briefly mention precipitation and the formation of mixed aluminum hydroxo species
as possible causes.

Going deeper into the exact nature of the aluminum fluoride species that are formed
is beyond the scope of this work, but our NMR titration experiments clearly show that
differently coordinated molecular aluminum fluoride species are formed upon fluoride
addition to a dispersion of the MOF in water. In agreement with the literature,
we found complexes with one and two fluoride atoms bound to aluminum at low
fluoride concentrations. With increasing fluoride concentration, aluminum species
that are coordinated by more and more fluoride ions are formed, while the amount
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Figure 6.10: Sensor selectivity data obtained from fluorescence titrations with different
salt solutions. (a) Data obtained from fluorescence titrations of NH2-MIL-101(Al)-FITC
with sodium salts of different anions. Error bars indicate the deviation of two individual
measurements with different MOF and titration stock solutions. (b) Ratio of slopes
obtained by fitting a line through the origin to the data in (a). For a more detailed
description of experimental details, data analysis, and raw spectral data see Section 6.5.

of aluminum species with lower fluoride amounts decreases. Interestingly, the amount
of “free” fluoride (i.e. fluoride ions that are not coordinating a metal ion) observed
at δ ≈ −119.2 ppm is very low at the beginning, and after the corresponding peak
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Figure 6.11: 19F and 27Al NMR titration of NH2-MIL-101(Al)-FITC. a, 19F NMR. b,
27Al NMR. The broad signal in the 27Al NMR between δ ≈ 50 ppm and δ ≈ 110 ppm
arises from aluminum atoms from the NMR probe head or the NMR glass tube (see
Figure 6.14). The concentration of fluoride was adjusted to the values given in the
figure. The peak assignments are based on references.261,262 For a detailed description
of experimental parameters, FID processing and raw spectral data see Section 6.5 and
Figure 6.14.
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Figure 6.12: Fluorescence titration curves. The data show fluorescence titrations of
NH2-MIL-101(Al)-FITC with two titration solutions of different concentration. Error
bars indicate the deviation of two individual measurements with different MOF and
titration stock solutions. For a more detailed description of experimental details, data
analysis, and raw spectral data see section 6.5 and Figure 10.4.

starts to develop at about 1000 µM, it stays at a low level. We propose the following
detection mechanism: aluminum fluoride complexes and linker molecules (together
with the fluorescent dye) are liberated from the framework into the solution via a
displacement of linker molecules by fluoride ions. This is also backed up by the 27Al
NMR spectra (see Figure 6.11.b), which feature a broad peak at δ ≈ 4 ppm that can be
assigned to [AlFx(H2O)(6-x)]

(3-x).257 Before fluoride addition, no signals can be observed
in the 27Al NMR, indicating that there is no appreciable amount of aluminum present
in the solution at the beginning. Only after addition of fluoride, aluminum fluoride
complexes can be found in solution. This indicates that the aluminum source is really
the MOF and that the fluoride complexes that can be observed by NMR are indeed
formed by a degradation of the metal–organic framework.

In addition to the remarkable selectivity of NH2-MIL-101(Al)-FITC towards fluo-
ride, we could also demonstrate a very high sensitivity covering a broad range of
fluoride ion concentrations from approximately 15 µg up to at least 1600 µg of fluoride
per 1L of water, or 15 to 1600 ppb. (see Figure 6.12).
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We believe that the main reason for the high sensitivity is the efficient quenching and
dequenching of fluorescein fluorescence upon incorporation into and liberation from
the host framework, respectively. The slight deviation from linear behavior at low
fluoride concentration (which can be better seen in a non-double-logarithmic plot, as
for example in Figure 6.1.d) is attributed to the initial coordination of fluoride ions to
trace amounts of free aluminum precursor still present in the porous framework or from
coordination to unsaturated metal centers inside the MOF. Both effects do not lead
to a replacement of linker molecules by fluoride and hence the amount of fluorescein
that is released into the solution is lower than expected. Once all these metal ions are
coordinated by fluoride, further addition of fluoride results in linker displacement and
liberation of fluorescein into the solution and the concomitant fluorescence dequench-
ing discussed above. Assuming a homogeneous distribution of fluorescein throughout
the framework, the fluorescence signal should hence increase linearly with fluoride con-
centration, until the framework is more or less completely dissolved, at which point
the fluorescence signal should level off. However, that point was not reached in the
titrations shown here.

6.4 Conclusion

In this study we have introduced a new signal transduction scheme in the field of
MOFs, which is based on the efficient quenching of fluorescent guests upon incorpora-
tion into the porous framework and the subsequent dequenching upon analyte-specific
degradation of the host material. This new sensing concept was illustrated with the
dye-loaded MOF NH2-MIL-101(Al), thus introducing a highly sensitive and selective
fluoride sensor that is compatible with aqueous analyte solutions. Deeper insights into
the transduction mechanism were gained by 19F and 27Al NMR titration studies, re-
vealing that the porous host framework is indeed dissolved upon fluoride ion addition
due to competing coordination of fluoride to metal centers inside the metal organic
framework. We believe that the high sensitivity of the system is controlled by the
coordination chemistry and the different affinities of the metal ions inside the frame-
work towards linker molecules, fluoride ions, and other interfering ions. Fluorescence
titration experiments were used to quantitatively show the remarkable selectivity and
sensitivity of our fluoride sensor. We attribute the high sensitivity to the fact that a
turn-on fluorescence signal rather than a color- or fluorescence-quenching based sig-
nal transduction scheme is used. All in all, the sensitivity of the sensor presented



130
Chapter 6 Highly Sensitive and Selective Fluoride Detection in Water

through Fluorophore Release from a Metal–Organic Framework

in this work is far better than that of the commonly used optical fluoride detection
methods in aqueous solution according to data presented by the World Health Organi-
zation (WHO) and the American Public Health Association,263,264 namely the sodium-
2-(parasulfophenylazo)-dihydroxy-3,6-napthalene disulfonate (SPADNS) method and
the complexone method. These references give a fluoride detection range of 0.1 to
1.4mgL−1 for the SPADNS method and a range of 0.05 to 2.0mgL−1 for the com-
plexone method, at comparable anion selectivity. In our work, we have demonstrated
a detection range from 0.015mgL−1 up to at least 1.6mgL−1.

We believe that the general concept of releasing fluorescent guest molecules from
MOFs can be extended to other combinations of analytes and metal coordination
environments, thus adding to the growing toolbox of optical chemosensors.

6.5 Experimental Part

6.5.1 Methods and Characterization

Powder X-ray diffraction (PXRD) measurements were performed using a Bruker D8
diffractometer (Cu-Kα1 = 1.5406Å; Cu-Kα2 = 1.5444Å) in theta-theta geometry
equipped with a Lynx-Eye detector. The powder samples were measured between
2° and 45° two theta, with a step-size of 0.05° two theta.

Scanning electron microscopy (SEM) images were recorded with a JEOL JSM-6500F
microscope equipped with a field emission gun, operated at an acceleration voltage of
5 kV and a working distance of 10mm. Prior to measurements a thin gold layer (purity:
99.95%) was deposited on the samples using an Oerlikon Leybold Vacuum UNIVEX
350 sputter coater system operated at a base pressure of 1× 10−6 mbar, an Argon
pressure of 1× 10−2 mbar, a power of 25W and a sputtering time of 5min.

Fluorescence titrations were carried out using a Hamilton Microlab 500 semiauto-
matic precision liquid processor with a Hamilton 1705TLLX 50 µL syringe connected
to a PTI fluorescence spectrometer featuring a PTI 814 photomultiplier detector, a
PTI MD5020 motor driver, a Quantum Northwest TC 125 sample holder, and an
Ushio UXL-75XE Xenon short arc lamp in a PTI A-1010B arc lamp housing driven
by a PTI LPS-220B lamp power supply.

FTIR measurements were performed in transmission mode on a Bruker Equinox 55s
between 4000 cm−1 and 400 cm−1 and a resolution of 4 cm−1.

Raman spectra were recorded using a Bruker FRA106/S FT Raman module at-
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tached to a Bruker Equinox 55s FTIR spectrometer and a Coherent Compass 1064-
500N Nd:YAG laser. Measurements were performed with a laser power of 100mW at
a wavelength of 1064 nm.

Nitrogen sorption measurements were performed on a Quantachrome Instruments
Autosorb at 77K. Sample outgassing was performed for 12 h at 393K. Pore size and
pore volume were calculated by a NLDFT equilibrium model of N2 on silica, based
on the adsorption branch of the isotherms. BET surface area was calculated over the
range of partial pressure between 0.05 – 0.20 p/p0. The pore volume was calculated
based on the uptake (cm3 g−1) at a relative pressure of 0.30 p/p0.

Thermogravimetric analyses of the bulk samples were performed on a Netzsch STA
440 C TG/DSC with a heating rate of 1Kmin−1 in a stream of synthetic air at about
25mLmin−1.

Dynamic light scattering (DLS) was performed on a Malvern Zetasizer-Nano in-
strument equipped with a 4mW He-Ne laser (633 nm) and an avalanche photodiode
detector.

NMR spectra were recorded on a Jeol EX 400 or a Jeol Eclipse 400 instrument at
room temperature and at a frequency of 376.17MHz with 2048 scans for 19F NMR
and 104.17MHz with 4096 scans for 27Al NMR.

6.5.2 Chemicals

Aluminum(III) chloride hexahydrate (99.9%, Aldrich), 2-amino terephthalic acid (99%,
Aldrich), N,N-dimethylformamide (99.8%, Aldrich), fluorescein 5(6)-isothiocyanate
(90%, Aldrich, FITC), sodium fluoride (99%, Grüssing), sodium chloride (99.8%,
Aldrich), sodium bromide (99%, Fluka), sodium iodide (99%, VWR), sodium bicar-
bonate (99.5%, Fluka), disodium sulfate (99%, Grüssing), sodium acetate trihydrate
(99.5%, Merck), sodium nitrate (98%, Applichem) as well as all solvents are commer-
cially available and were used as received without further purification. Millipore water
(> 18MΩ cm−1) was used for 19F and 27Al NMR, for fluorescence titrations and for
the preparation of stock solutions.

6.5.3 Synthesis of NH2-MIL-101(Al)

The solvothermal synthesis of NH2-MIL-101(Al) was carried out according to a slightly
modified literature synthesis.257 In a 50mL glass reactor, aluminum(III) chloride hex-
ahydrate (0.51 g, 2.11mmol, 1.0 eq.) and 2-amino terephthalic acid (0.56 g, 3.09mmol,
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1.5 eq.) were dissolved in 30mL N,N-dimethylformamide (DMF) in an ultrasonic bath.
The sealed glass reactor was kept for 72 h in a preheated oven at 403K. The resulting
yellow powder was filtered under vacuum and washed with acetone. To remove organic
species trapped within the pores, the samples were extracted in boiling methanol for
8 h and stored at 373K.

6.5.4 Synthesis of NH2-MIL-101(Al)-FITC

For dye labeling experiments, fluorescein 5(6)-isothiocyanate (FITC; 15.0mg,
0.0385mmol) was dissolved in absolute ethanol (50mL). NH2-MIL-101(Al) (100mg,
0.157mmol) was added to the ethanolic dye solution and left for 48 h on an orbital
shaker. NH2-MIL-101(Al)-FITC was filtered and repeatedly washed with ethanol and
deionized water.

6.5.5 Fluorescence titrations of NH2-MIL-101(Al)-FITC

For fluorescence titration measurements, a stock solution of NH2-MIL-101(Al)-FITC
in water with a mass concentration of 1mgmL−1 was freshly prepared and sonicated
very briefly (a few seconds) in an ultrasonic bath to obtain a homogeneous suspension
of the MOF in water with a hydrodynamic particle size of approximately 300 nm as
determined by dynamic light scattering (see Figure 6.13). Then, 100 µL of this stock
solution was diluted in 2900 µL of water (resulting in a total volume of 3mL and a
final mass concentration of 33 µgmL−1) in a quartz glass cuvette and stirred magnet-
ically at room temperature. While stirring, the fluorescence emission was monitored
continuously at 520 nm every second, using an excitation wavelength of 485 nm and
an integration time of 1 s. The band-pass for excitation and emission was 4 nm. When
the solution was equilibrated and the fluorescence signal did not change any more
over time (typically after 20 – 40min), a sodium fluoride solution (freshly prepared by
dissolving an appropriate amount of NaF in water) was dispensed stepwise in por-
tions of 2.5 µL from a 50 µL syringe into the fluorescence cuvette. After each step,
the fluorescence was monitored for 4min using the same parameters as above (see
Figure 6.14).

Titrations with other salt solutions and with the unlabeled MOF were performed
accordingly, using 4.8mM stock solutions of the corresponding salts and a MOF mass
concentration of 33 µgmL−1.

For data analysis, the mean fluorescence signal was calculated for each salt addition
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Figure 6.13: Dynamic light scattering (DLS) measurement of a suspension of the
labeled MOF in water (33 µgmL−1), indicating a mean hydrodynamic size of the particles
of approximately 300 nm.

step from the last 60 seconds of the 4 minutes measurement interval (typically, the
change in fluorescence signal was negligible 10 to 180 seconds after salt addition),
the background fluorescence (i.e. the fluorescence signal before fluoride addition) was
subtracted, the values were normalized to the starting intensity, and then plotted
against the anion concentration in the cuvette. Dilution of the solution due to volume
changes caused by the addition of the salt solutions was neglected (the total volume
change was 2% max.). Errors were calculated from the deviation of two individual
measurements made with different MOF and salt stock solutions. Lines through the
origin were fitted using a standard linear regression model.

6.5.6 NMR titrations of NH2-MIL-101(Al)-FITC

For 19F and 27Al NMR titrations, a stock solution of NH2-MIL-101(Al)-FITC in H2O
with a mass concentration of 1.2mgmL−1 was prepared. Then, 0, 40, 80, 120, 160,
200, 240, 280, 320, 360 and 400 µL of freshly prepared aqueous NaF stock solutions
(7.43mM) was added to 400 µL of the MOF stock solution in an 1.5mL Eppendorf
cup, and the total volume was adjusted to 800 µL with H2O. The resulting solutions
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Figure 6.14: 27Al NMR spectra before background correction.

were mixed by shaking on a vortexer and by sonication in an ultrasonic bath and
subsequently transferred to an NMR tube.

19F and 27Al NMR spectra were recorded at room temperature at 376.17MHz and
104.17MHz and with 2048 and 4096 scans, respectively. The FIDs were processed
using zero filling, phase correction and Gauss- and exponential window functions prior
to FFT. In the case of 27Al NMR spectra, the background was subtracted for each
spectrum individually by using the Whittaker smoother algorithm as implemented in
MestReNova v5.2.5. For uncorrected spectra, see Figure 6.14.
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Hierarchically Patterned Thin Silica

Films

7.1 Abstract

Different methods for producing hierarchically structured thin silica films are pre-
sented. Such films could provide a platform for investigation of different movement
modes of macromolecules inside constrained geometries and could also prove benefi-
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cial for miniaturization of macromolecule separation via the entropic barrier trans-
port mechanism. In order to produce the patterned films, a combination of various
top-down and bottom-up strategies was combined, including soft templating, hard
templating, soft lithography and photolithography. The properties of the resulting
structures are compared and their advantages and disadvantages are discussed.

7.2 Introduction

The motion of macromolecules in confined spaces plays an important role in many pro-
cesses, ranging from chromatographic separation techniques to molecular pore com-
plexes inside cells. There are three main mechanisms that describe the mode of motion
of a macromolecule in a constraining medium, namely sieving, reptation, and entropic
barrier transport. In sieving, the macromolecule is treated as a rigid sphere and is
assigned a fixed radius. Pores or constrictions within the medium that are smaller
than this radius exclude the macromolecules from taking certain pathways, hence lim-
iting the amount of transversable paths for larger molecules and leading to a slower
diffusion rate.265 In the reptation model, a (linear) macromolecule is described as
being enveloped by a virtual tube, undergoing snake-like movement in the confining
medium.266,267 The third mechanism, entropic barrier transport,268,269 takes into ac-
count that a flexible macromolecule has to adopt a certain conformation in order to be
able to fit through constrictions inside the medium. This limitation of the amount of
accessible conformations of the macromolecule leads to a loss in entropy.270 Hence, the
entropic barriers that arise from spatial constraints within the medium cause macro-
molecules to stay preferably in less constricting environments, where their entropy is
higher.271–273

In this ongoing research project, hierarchically structured silica thin films featuring
well-defined structures that introduce porosity at different length scales were inves-
tigated. These could provide means to study the different modes of macromolecular
motion, especially the entropic barrier transport, on a single molecule basis. Such
a model system could not only greatly enhance our understanding of these complex
processes, but could provide a platform for efficient macromolecule separation on the
nanoscale. In order to achieve the hierarchical structuring, various top-down and
bottom-up strategies were combined, including soft templating, hard templating, soft
lithography and photolithography.
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7.3 Results and Discussion

In order to be able to implement a platform for studying the entropic barrier trans-
port of macromolecules in thin silica films, a hierarchical structure was designed that
features periodically arranged large voids imposing little conformational constraints,
interconnected by a network of pores with smaller windows imposing large conforma-
tional constraints. The large voids were introduced into the thin silica film through
posts or pillars (approximately 1 µm in diameter and separated by approximately 1 µm)
with a soft lithography or a photolithography process. The porosity within the porous
silica thin films providing areas with large conformational constraints was introduced
either by soft templating using the triblock copolymer Pluronic F127 or through hard
templating using poly(methylmethacrylate) (PMMA) spheres.

7.3.1 Photolithography combined with soft templating

In this first example, a hexagonal pillar pattern was produced photolithographically
on a substrate (see Figure 7.1.a,b), and the pillars defined the areas of the large voids.
The pillars were produced using microscope projection lithography.194 In this tech-
nique, a shadow mask is inserted into the field stop position of a standard inverted
microscope and the microscope objective is used to reproduce the pattern of the mask
in a photoresist layer on the sample (see also Section 2.11.2). Next, a mesoporous silica
precursor solution was spin-coated onto the substrate, yielding mesoporous silica thin
films via the evaporation-induced self-assembly (EISA) process19 (see Figure 7.1.c,d).
The triblock copolymer Pluronic F127 was used as the structure directing agent to
introduce mesoporosity, resulting in a cubic structure with mesopores of about 10 nm
in diameter.274 Lift-off of the photoresist pillars in dimethyl sulfoxide (DMSO) or N-
methyl-2-pyrrolidone (NMP) at 60 ◦C, followed by extraction of the Pluronic template
via refluxing in an acidified solution of ethanol and subsequent tempering at elevated
temperatures yields the desired hierarchically structured thin silica films (see Fig-
ure 7.1.e,f). Further functionalization of the films can be achieved by post-synthetic
grafting through refluxing the films in toluene in the presence of a functionalized
alkyltrialkoxysilane.

An image reversal photoresist was used in negative mode for producing the photore-
sist pillar patterns, and the processing conditions (exposure time, IR-bake, develop-
ment time, hard-bake) were optimized to make the resist durable enough to withstand
the ethanolic solvent during spin coating of the mesoporous silica precursor solution,
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Figure 7.1: Scanning electron microscopy images of the three stages for creating hier-
archically patterned thin silica films using photolithography and soft templating. The
images show photoresist pillars (a,b) before and (c,d) after deposition of the thin silica
film, and (e,f) the final structure after resist lift-off. In (f), the mesoporous structure of
the silica can be seen.

while still being removable at later points in time. However, even very small amounts
of photoresist residues that remain on the substrate after resist lift-off impede single
molecule microscopy measurements due to highly fluorescent compounds in the resist.
Hence, a different approach was investigated in which the large voids are introduced by
a soft lithography process, avoiding the use of fluorescent components for structuring
the thin silica films.

7.3.2 Soft lithography combined with soft templating

For using soft lithography, a master was prepared by MPL using the same hexagonal
pattern as above. However, since the pattern is inverted in the PDMS replica molding
step, this time cylindrical “holes” rather than pillars were desired. This was achieved by
using the same photolithography process as above, but without the image reversal step
(i.e., the resist was used in positive mode). After development, a photoresist layer with
cylindrical holes is obtained, which will result in PDMS pillars after the replica molding
process. The IR photoresist remains photoactive after development, and exposing it
to a high dose of UV light and subsequently subjecting it to a hard-bake step causes
further cross-linking of the resist and makes it more durable. Poly(dimethylsiloxane)
(PDMS) stamps were produced from this master in a standard PDMS replica molding
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Figure 7.2: (a) Scanning electron microscopy images of the PDMS stamp used for soft
lithography and (b) the resulting hierarchically structured thin silica film.

process. Note that the PDMS stamps feature pillars now, due to the inversion of the
structure (see Figure 7.2.a). Subsequently, the same EISA precursor solution that was
used in the previous approach was drop-casted on a substrate and the PDMS stamp
was carefully applied on top, resulting in the pattern transfer (see Figure 7.2.b).

7.3.3 Soft lithography combined with hard templating

Since the maximum pore size and also the window size between the pores in a cubic
mesoporous silica thin film obtained from soft templating is somewhat limited, a hard
templating approach with PMMA spheres was also pursued. In this approach, PMMA
beads of a defined size are mixed into the EISA precursor solution prior to drop-casting
on the substrate and applying the PDMS stamp. After solidification, the PMMA
spheres can be extracted by refluxing in tetrahydrofuran (THF) and acetone to give
the final structures (see Figure 7.3).

7.3.4 Comparison of structures obtained from soft lithography

and from photolithography

One important aspect that favors soft lithography over photolithography in this project
is the fact that strongly fluorescent compounds in the resist that remain on the sub-
strate after resist lift-off can impede single molecule fluorescence microscopy measure-
ments, as already briefly mentioned above. The soft lithography process is also easier,
cheaper, and faster, since it does not involve so many individual steps. Moreover,
thin films that were prepared via photolithographic patterning show a rim around the
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Figure 7.3: Scanning electron microscopy images of a hierarchically structured thin
silica film obtained by soft lithography and hard templating.

cylindrical voids (see Figure 7.4 (top)), presumably due to wetting of the photoresist
pillars by the EISA precursor solution, whereas the PDMS pillars are not well wetted
and hence no rim appears in samples obtained via soft lithography (see Figure 7.4
(bottom)). However, on larger scales the photolithographically patterned films are
more uniform, while films patterned by soft lithography occasionally show defects due
to a deformation or collapse of the PDMS pillars caused by forces during the patterning
process.

Figure 7.4: AFM images and line profiles of thin films patterned by photolithography
(top) and soft lithography (bottom).
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7.4 Conclusion and Outlook

We introduced different methods for producing hierarchically structured thin silica
films featuring structures at different length scales (from the nanometer to the mi-
crometer range) and compared the properties of the resulting patterns. While pho-
tolithography has the advantage of yielding more uniform patterns, soft lithography
using PDMS stamps is in general quicker, easier, and more cost-efficient. Moreover,
soft lithography circumvents the problem of highly fluorescent residues that remain
on the substrate after lift-off of a photoresist, hence making the process compatible
with single molecule fluorescent microscopy studies. Using a colloidal hard templating
approach with PMMA spheres instead of a soft templating with block copolymers
allows for an extension of the pore sizes beyond 20 nm.

In future projects, the pore sizes and window openings of the mesopores can be
systematically varied and tailored to the macromolecules of interest by using PMMA
spheres of different sizes. Depending on the studied macromolecules, different func-
tionalizations of the silica walls could be necessary, such as a functionalization with
amino, cyano or phenyl groups in order to ensure DNA mobility inside the pores.47,48

In the end, macromolecules of various sizes can be included into the structure, and
their movement modes can be analyzed by single molecule fluorescence microscopy.
Moreover, a separation of macromolecules of different sizes due to the entropic barrier
transport mechanism could be envisioned.

7.5 Experimental Part

7.5.1 Methods and characterization

Exposure to oxygen plasma was carried out with a Femto Plasma System from Diener
Electronic typically operated at a power of 50W and an oxygen flow of 4 – 5 sccm.
Atomic force microscopy (AFM) images were recorded with a Nanoink NScriptor
DPN System in close contact mode. Scanning electron microscopy (SEM) images
were obtained with a JEOL JSM6500F scanning electron microscope equipped with a
field-emission gun, typically operated at an acceleration voltage of 4 kV and a work-
ing distance of 5 – 10mm. Microscope projection lithography (MPL) was carried out
using a Nikon Eclipse Ti-U inverted microscope with a Nikon Intensilight C-HGFI
fluorescence lamp and a Nikon Plan APO 60x/1.20 water immersion objective. Yel-
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low light for avoiding exposure during focusing was obtained by switching a 500 nm
LWP edge barrier filter into the light path. For exposure, this filter was replaced by
a Brightline HC 370/36 band-pass excitation filter, and the light was reflected onto
the sample with a 80R/20T UV/Vis (300 – 700 nm) beam splitter. Exposure times
were controlled manually via a shutter on the Intensilight C-HGFI light source. High-
resolution prints (25 400 dpi) of transparency masks were obtained from KOENEN
GmbH HighTech Screens and inserted into the field stop position of the microscope
during MPL. The aperture was adjusted to maximize the contrast of the projected
image (approximately 90% closed). PDMS stamps were fabricated by replica mold-
ing from photolithographically patterned masters using standard techniques. The
synthesis of the PMMA spheres was carried out by B. Mandlmeier and is described
elsewhere.275,276

7.5.2 Chemicals

If not stated otherwise, all chemicals were used as received. Acetone, absolute ethanol,
dry toluene, dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP), hexamethyl-
disilazane (HMDS), tetraethylorthosilicate (TEOS), and Pluronic F127 were purchased
from Sigma-Aldrich Co. HCl (1M) was purchased from AppliChem GmbH. Stan-
dard glass coverslips (#1, 22 x 22mm2) were purchased from Gerhard Menzel, Glas-
bearbeitungswerk GmbH & Co. KG. Hellmanex cleaning solution was purchased
from Hellma GmbH & Co. KG. PDMS and PDMS curing agent were purchased
from Dow Corning Co. 1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOTS) was pur-
chased from abcr GmbH & Co. KG. Aqueous ammonium hydroxide solution (25%)
was purchased from VWR International GmbH. AZ5214E image reversal photoresist
and MIF726 developer were purchased from MicroChemicals GmbH.

7.5.3 Lithographic patterning

In a typical MPL process, glass coverslips were cleaned with isopropanol in an ultra-
sonic bath for 15min, rinsed with DI water, submerged in a water/Hellmanex solution
(100:1 v/v) at 60 ◦C for 1 h, followed by ultrasonic agitation for 3min, rinsing with DI
water and blowing dry with compressed air. The dried substrates were heated on a
hot plate at 200 ◦C for 15min to desorb water from the hydrophilic glass surface that
can cause adhesion problems of the photoresist. In some cases, an adhesion-promoter
(HMDS) was spin-coated onto the substrates prior to resist deposition. Then, 250 µL
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of AZ5214E was spin-coated onto the substrates at 6000 rpm for 33 s, using a ramp of
2000 rpm s−1. This resulted in a final photoresist thickness of approximately 1.1 µm.
Subsequently, the resist was soft-baked on a hot plate at 110 – 115 ◦C for 50 s. Expo-
sure times with a 60x objective were about 6 – 8 s, using a ND16 filter to attenuate
the light intensity. When the resist was used in negative mode, an image reversal
bake was carried out after the exposure by heating the substrate at 110 – 115 ◦C for
120 s on a hot plate, followed by a 5min flood exposure (2.5min from each side of
the transparent substrate) with a 2x4W Herolab UV lamp at a distance of approxi-
mately 1 – 2 cm. The resist was subsequently developed for 90 s in a MIF726 developer
bath under static conditions, rinsed with DI water, and blown dry with compressed
air. When the resist was used in positive mode (i.e., for the production of PDMS
masters), it was subjected to a 5min flood exposure with a 2x4W Herolab UV lamp
after the development step. The samples were then hard-baked in an oven for 30min
at 155 ◦C. When HMDS was applied as adhesion promoter before resist deposition,
it was removed after the hard-bake step by exposure to an oxygen plasma for 3min.
The processing parameters are also summarized in Tables 10.6 and 10.7.

7.5.4 Thin film deposition

The EISA precursor solution was prepared by dissolving 0.6 g of Pluronic F127 in
10.0 g of ethanol and adding 500 µL of DI water and 100 µL of HCl (1M). The re-
sulting solution was stirred for 1min at 500 rpm at room temperature, and then 1.0 g
of TEOS was added and the solution was aged under constant stirring (500 rpm) at
room temperature for 1.5 h. For the experiments involving PMMA spheres, 400 µL of
the aged solution was mixed with 600 µL of a suspension of PMMA spheres in water
(6.7wt. %). In the experiments involving photolithography, the precursor solution was
spin coated onto the patterned, hard-baked samples (30 s at 2000 rpm), while in the
experiments involving soft lithography, the solution was drop-casted on a substrate
treated with oxygen plasma for 15min, followed by careful application of the PDMS
stamps using only gravity and without any further external pressure. The deposited
solution was left to solidify under ambient conditions for 1 – 2 days, followed by incu-
bation in a saturated NH3 atmosphere, obtained by incubating the samples in a closed
container next to a Petri dish containing an ammonium hydroxide solution (25% in
water). For photolithographically patterned substrates, the photoresist was subse-
quently removed by heating the substrates to 60 ◦C in dimethyl sulfoxide (DMSO)
or N-methyl-2-pyrrolidone (NMP) for 15min, followed by an ultrasonic treatment for
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5min. The substrates were then rinsed immediately with acetone, isopropanol, and wa-
ter, and blown dry with compressed air. For substrates produced by soft lithography,
the PDMS stamps were carefully removed before incubation in the NH3 atmosphere.

7.5.5 Extraction and further treatment

Solvent extraction of Pluronic F127 was achieved by refluxing the substrates in an
acidified ethanolic solution (ethanol/HCl(conc.) = 90:10 v/v) for 1.5 h. For samples
including PMMA spheres, the PMMA was dissolved by refluxing in tetrahydrofurane
(THF) or acetone for 8 h, followed by rinsing with acetone, isopropanol, and water
and drying in a stream of compressed air. The samples were then heated in an oven
for 1.5 h at 60 ◦C (ramp: 1 ◦Cmin−1), 1.5 h at 160 ◦C (ramp: 1 ◦Cmin−1), and 4.0 h at
200 ◦C (ramp: 1 ◦Cmin−1).

For grafting functional groups onto the silica, the samples were heated for 1 h at
115 ◦C in vacuo (approximately 1mbar), flushed with nitrogen, refluxed for 3 h in
an 8mM solution of the respective alkyltriethoxysilane in dry toluene under an inert
atmosphere of dry nitrogen, rinsed with ethanol, and blown dry with compressed air.
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Creating Patterns of Multifunctional

Mesoporous Silica Nanoparticles

8.1 Abstract

We describe different methods for creating patterns of lipid bilayer-coated multifunc-
tional mesoporous silica nanoparticles on gold and glass substrates. Providing the
possibility to anchor different ligands or peptides to the membrane, such patterns are
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of interest for studying cell–receptor interactions or for specific, spatial control of cell
behavior. The patterning is achieved by endowing the nanoparticles with functional
groups through anchoring of functionalized lipids to the supported lipid bilayer mem-
brane and binding them to patterned substrates of complementary functionality. In
this context, biocompatible reactions that can be carried out under mild conditions
are investigated for the attachment of the nanoparticles to the surface, namely an
EDC/NHS mediated amide bond formation, a Michael addition of thiols to maleimide
groups, and the binding of thiols to gold.

8.2 Introduction

Mesoporous silica nanoparticles are promising candidates for controlling cell functions
via the delivery of bioactive components due to their well-defined nanoscale porosity
and their efficient uptake into cells. Moreover, site-selective surface modification can
introduce a large variety of functionalities to the inner core and the outer shell of
the nanoparticles, thereby specifically affecting host–guest-interactions, diffusion and
release of guest molecules, and cell-surface interaction and recognition. Endowing
nanoparticles with specific binding elements and creating patterns of these multifunc-
tional nanoparticles could provide deeper insights into cell–receptor interactions and
enable us to control cell behavior in a spatially controlled way. One very interesting
aspect in this context would be the incorporation of signaling molecules that can influ-
ence cell adhesion, migration and differentiation into a supported lipid bilayer (SLB)
membrane that is created around the multifunctional mesoporous nanoparticles.

In this ongoing research project, we discuss different ways to create patterns of
mesoporous silica nanoparticles carrying a supported lipid bilayer (SLB@MSN) on
glass or gold substrates. In order to do so, different functional groups are incorporated
into the SLB that allow for specific binding to patterns of complementary chemical
functionality created on the substrates. Since the particles still carry the SLB after
the patterning, integration of various membrane bound or transmembrane proteins
prior to or after the pattern creation could be envisioned, providing a platform for
studying the interaction of these highly complex systems with cells or using them to
specifically influence cell behavior.
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Figure 8.1: Schematic representation of the synthesis steps for creating fluorescently
labeled SLB@MSN core–shell silica nanoparticles carrying functional groups in the SLB.

8.3 Results and Discussion

8.3.1 Preparation of mesoporous silica nanoparticles carrying a

supported lipid bilayer membrane

Core–shell mesoporous silica nanoparticles carrying thiol groups in the core and amino
groups in the outer shell (denoted MSN-SHcore-NH2 shell) were used throughout this
work. Such particles can be synthesized via a delayed co-condensation approach, as
described in literature.112,113,277 The site-selective, “orthogonal” functionalization of
the MSN allows for the specific binding of different compounds either to the inside
or the outside of the particles. We attached a fluorescent label (Atto633) carrying
a maleimide group specifically to the inside of the particles via a Michael addition
of the maleimide group to the thiol groups in the core. Next, we constructed a sup-
ported lipid bilayer consisting of DOTAP (1,2-dioleyl-3-trimethylammoniumpropane)
and DOPC (1,2-dioleyl-sn-glycero-phosphocholine) around the particles through a one-
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Figure 8.2: (a) Lateral force microscopy (LFM) image of a glass surface patterned
with a stripe pattern of methyl and carboxyl terminated alkyl chains. (b,c) Fluorescence
microscopy image of the pattern after covalently binding fluorescently labeled, amino-
functionalized SLB@MSN to the carboxyl functionalized areas via EDC/NHS mediated
amide bond formation.

step solvent exchange route.114 Functional groups for specific binding to patterned
substrates were incorporated into the supported lipid bilayer by letting DSPE lipids
(1,2-distearoyl-sn-glycero-phosphoethanolamine) that carry different functional groups
(denoted DSPE-PEG-X, where PEG denotes a poly(ethylene glycol) spacer to pro-
vide flexibility during the binding to the substrates and X indicates the functional
group) diffuse into the membrane . The binding modes for creating nanoparticle pat-
terns on substrates investigated in this work include bond formation between amino
and carboxylic acid groups, between thiol and maleimide groups, and between thiol
groups and gold. DSPE-PEG-SH was synthesized from DSPE-PEG-NH2 using Traut’s
reagent (2-Iminothiolane). The whole process that gives functionalized, fluorescently
labeled SLB@MSN core–shell silica nanoparticles carrying different functional groups
anchored to the SLB is summarized schematically for the synthesis of DSPE-PEG-
SH@SLB@MSN-SHcore-NH2 shell in Figure 8.1.

8.3.2 Creating patterns through amide bond formation

In this approach, a glass coverslip was patterned with a stripe pattern of silanes car-
rying carboxyl groups, which can react with amino groups incorporated into the SLB
of nanoparticles through an EDC/NHS (1-Ethyl-3-(3-dimethylaminopropyl)carbodi-
imide/N-Hydroxysuccinimide) mediated amide bond formation under mild conditions.
The stripe pattern was prepared through microcontact printing (µCP) of hexadecyl-
trichlorosilane (HDTCS) or perfluoroctyltrichlorosilane (PFOTS) on plasma-treated
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Figure 8.3: (a) Lateral force microscopy (LFM) image of a glass surface patterned
with a stripe pattern of methyl and thiol terminated alkyl chains. (b,c) Fluorescence
microscopy image of the pattern after covalently binding fluorescently labeled, maleimide-
functionalized SLB@MSN to the thiol functionalized areas via a Michael addition.

glass coverslips. This resulted in passivated areas on the glass that prevent unspecific
particle adsorption and binding during the EDC/NHS coupling step. Next, the unpas-
sivated regions on the glass were reacted with 10-undecenyltrichlorosilane (UDTCS)
to introduce a terminal C=C double bond to the glass surface, that can then be
oxidatively cleaved to a carboxyl group through reaction with a mixture of sodium
permanganate and sodium periodate.278 The whole process results in a pattern of al-
ternating stripes that are either passivated by hexadecyl or perfluoroctyl groups or
that feature reactive carboxyl groups (Figure 8.2.a). The patterned substrates are
then incubated in a dispersion of SLB@MSN with amino groups anchored to the SLB
in the presence of EDC and NHS, which catalyze the amide bond formation between
the carboxylic acid groups on the substrate and the amino groups on the nanoparti-
cles. The passivated areas do not exhibit reactivity towards the amino groups even
in the presence of EDC/NHS. After rinsing with water, the majority of unspecifically
adsorbed particles is washed away, and only covalently attached particles remain on
the substrate, revealing the stripe pattern (Figure 8.2.b,c).

8.3.3 Creating patterns through thiol–maleimide binding

Another binding mode that is often used in combination with biological samples due
to the mild reaction conditions is a bond formation via a Michael addition between
thiol groups and maleimide groups. The procedure for obtaining the pattern is sim-
ilar to the one described in the previous section. First, some areas on a glass sub-
strate are passivated by µCP with HDTCS or PFOTCS, followed by grafting of (3-
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mercaptopropyl)triethoxysilane (MPTES) to the unpassivated regions of the substrate
(Figure 8.3.a). Subsequent incubation in a dispersion of maleimide functionalized
SLB@MSN results in a covalent binding of the maleimide group to the thiol groups on
the surface, while no reaction occurs between the maleimide group and the passivated
areas. The stripe pattern is again visualized by fluorescence microscopy, showing the
position of fluorescently labeled SLB@MSN after rinsing off unbound nanoparticles
(Figure 8.3.b,c).

8.3.4 Creating patterns through thiol–gold binding

A well-established method for creating patterns of self-assembled monolayers is the
selective deposition of thiols on gold.196 Here, two approaches were pursued. In the first
approach, some areas on a gold substrate were again passivated through µCP of HDT,
followed by the selective binding of thiol-functionalized SLB@MSN to the bare gold
regions. In another approach, an alkanethiol SAM was used to create a pattern on the
gold substrate that subsequently acts as an etch resist to a ferro-/ferricyanide etchant
that selectively removes the unpatterned gold regions,279 exposing the underlying glass
substrate or titanium adhesion layer. Since the interaction of thiols with gold should
be much stronger than the interaction of thiols with glass or titanium, this approach
could in principle also provide means for a selective deposition of thiol-functionalized
particles to the remaining gold regions.

Passivation with alkanethiols

In this approach, µCP with hexadecanethiol (HDT) was used to selectively passivate
certain areas on a gold substrate, leaving a bare gold surface in the unpatterned re-
gions. Subsequent incubation in a dispersion of thiol-functionalized SLB@MSN leads
to a selective deposition of the particles on the bare gold regions, due to the strong
thiol–gold interaction. Figure 8.4 shows electron microscopy and fluorescence mi-
croscopy images of the resulting patterns.

Selective etching

The last approach described here does not rely on a passivation of certain areas on
the substrate to prevent particle adsorption, but rather introduces areas of different
affinities towards the functional group anchored to the SLB of the nanoparticles by
exposing different materials on the substrate. This is done by selective etching of
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Figure 8.4: Scanning electron microscopy images (a,b) and fluorescence microscopy
images (c,d) of a pattern of fluorescently labeled, thiol-functionalized SLB@MSN binding
selectively to unpassivated areas of a gold substrate.

certain areas of a thin gold layer deposited on a glass substrate, resulting in either gold
or glass (respectively titanium from a thin adhesion layer required for the deposition
of gold on glass) being exposed to thiol-functionalized SLB@MSN.

It is known from literature that alkanethiol SAMs can act as etch resists for a
ferro-/ferricyanide etchant.279 Two different possibilities for creating SAM etch resist
patterns on gold were investigated, either by using µCP to deposit hexadecanethiol
(HDT) on the gold substrate (Figure 8.5.a,b), or by using dip-pen nanolithography
(DPN) to create patterns of 16-mercaptohexadecanoic acid (MHDA; Figure 8.5.c,d).
In DPN, an AFM tip is inked with a solution of the molecule to be deposited on the
substrate (here MHDA), and brought into contact with the substrate surface for a
defined time. This results in a transfer of the molecules from the tip to the surface
and a spontaneous SAM formation in the contact region. Subsequent exposure of the
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Figure 8.5: (a) Atomic force microscopy (AFM) phase image of a patterned SAM pre-
pared by µCP of hexadecanethiol on gold. (b) AFM topography image after etching with
a ferro-/ferricyanide etchant. (c) Lateral force microscopy (LFM) image of a patterned
SAM prepared by dip-pen nanolithography(DPN) of 16-mercaptohexadecanoic acid on
gold. (d) AFM topography image after etching with a ferro-/ferricyanide etchant.

substrates to a ferro-/ferricyanide etchant results in selective etching of the regions that
are not protected by the SAM. Subsequently, the SAM can be removed by exposure
to an oxygen plasma, resulting in a pattern of bare gold surfaces on a glass substrate.
Note however that this approach also introduces a topographic contrast.

8.4 Conclusion and Outlook

Various ways to produce patterns of multifunctional mesoporous silica nanoparticles
carrying a supported lipid bilayer on different substrates were discussed. For linking
the particles to the surface, we focused on binding modes that are compatible with
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biomolecules such as lipids and proteins, namely an EDC/NHS mediated amide bond
formation, a Michael addition of thiols to maleimide groups, or binding of thiols to
gold. All these reactions can be carried out in aqueous solutions at room temperature
and neutral pH. In order to achieve binding, patterns exhibiting different functionality
(carboxyl groups, thiol groups, bare gold atoms) were created on the substrates and
reacted with complementary functional groups (amine groups, maleimide groups, thiol
groups) that are anchored to the SLB of the nanoparticles via a PEG linker that is
attached to a DSPE lipid.

In future projects, membrane-bound or transmembrane proteins such as ephrin
could be reconstituted into the supported lipid bilayer of multifunctional mesoporous
silica nanoparticles, e.g., via cell-free expression. The patterns of the multifunctional
mesoporous silica nanoparticles carrying different ligands in their lipid membranes
could serve as a platform for studying cell–receptor interactions or for a spatially
controlled, specific influence of cell behavior.

8.5 Experimental Part

8.5.1 Methods and characterization

Atomic force microscopy (AFM) and dip pen nanolithography (DPN) were carried out
with a Nanoink NScriptor DPN System. Before each DPN process, the dependence of
the spot size on the dwell time was determined experimentally. DPN was carried out
by dipping DPN single pens into a 2.5 – 5.0mM solution of 16-mercaptohexadecanoic
acid (MHDA) in acetonitrile and blowing them dry with a stream of dry nitrogen.
Then, hexagonal dot patterns designed with the InkCAD software were written on the
gold substrates. Typically, dot spacings were 1 µm and dot diameters were between 100
and 500 nm. Scanning electron microscopy (SEM) images were obtained with a JEOL
JSM6500F scanning electron microscope equipped with a field-emission gun, typically
operated at an acceleration voltage of 4 kV and a working distance of 5 – 10mm. Ex-
posure to oxygen plasma was carried out with a Femto Plasma System from Diener
Electronic typically operated at a power of 50W and an oxygen flow of 4 – 5 sccm.
Thin metal film deposition was done with an Oerlikon Leybold Vacuum UNIVEX 350
sputter coater/evaporation system. Fluorescence microscopy images were recorded
with a Nikon Eclipse Ti-U inverted microscope equipped with a Melles-Griot 10mW
He-Ne laser, using a Nikon Plan Fluor 10x/0.30 objective, a Nikon Cy-5 filter cube,
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and an AndoriXon+ DU897-BV back-illuminated electron multiplying charge-coupled
device (EM-CCD) camera, cooled to −80 ◦C during measurements. PDMS stamps
were fabricated by replica molding from photolithographically patterned masters us-
ing standard techniques.

8.5.2 Chemicals

If not stated otherwise, all chemicals were used as received. Octadecyltrichlorosilane
(ODTCS), tetraethyl orthosilicate (TEOS), triethanolamine (TEA), cetyltrimethylam-
monium chloride (CTAC), 16-mercaptohexadecanoic acid (MHDA), 1-hexadecanethiol
(HDT), (3-mercaptopropyl)-triethoxysilane (MPTES), (3-aminopropyl)-triethoxysilane
(APTES), 2-iminothiolane hydrochloride (Traut’s reagent), N-(3-Dimethylaminopro-
pyl)-N-ethylcarbodiimide (EDC), N-Hydroxysulfosuccinimide sodium salt (NHS), hex-
ane, ethanol, acetone, acetonitrile, dimethyl formamide (DMF), and dry toluene were
purchased from Sigma-Aldrich Co. Standard glass coverslips (#1, 22 x 22mm2) were
purchased from Gerhard Menzel, Glasbearbeitungswerk GmbH & Co. KG. Hell-
manex cleaning solution was purchased from Hellma GmbH & Co. KG. PDMS and
PDMS curing agent were purchased from Dow Corning Co. 1H,1H,2H,2H-perfluoroc-
tyltrichlorosilane (PFOTS) and 10-undecenyltrichlorosilane (UDTCS) were purchased
from abcr GmbH & Co. KG. DOTAP (1,2-dioleyl-3-trimethylammoniumpropane),
DOPC (1,2-dioleyl-sn-glycero-phosphocholine), DSPE-PEG(2000)-Maleimide (DSPE
= 1,2-distearoyl-sn-glycero-phosphoethanolamine), and DSPE-PEG(2000)-NH2 were
purchased from Avanti Polar Lipids, Inc.

8.5.3 Preparation of fluorescently labeled core-shell

mesoporous silica nanoparticles

MSN-SHcore-NH2 shell were provided by Christian Argyo. The nanoparticles were syn-
thesized via the delayed co-condensation approach as described elsewhere.112,113,277

In brief, 14.3 g of triethanolamine (TEA; 95mmol), 1.75mL of tetraethyl orthosil-
icate (TEOS; 1.63 g, 7.82mmol), and 20.0 µL of (3-mercaptopropyl)-triethoxysilane
(MPTES; 19.7mg, 82.8 µmol) were heated to 90 ◦C without stirring in a 100mL
polypropylene reactor. After 20min a solution of 2.14mL of cetyltrimethylammonium
chloride (CTAC; 25%, 1.83mmol) in 21.7mL bi-distilled water (21.7 g, 1.21mol), pre-
heated to 60 ◦C, was added to the polypropylene beaker and the resulting mixture
was stirred at 600 rpm for 30min. Then, 20.4 µL of (3-aminopropyl)-triethoxysilane
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(APTES; 21.5mg, 92.2 µmol) mixed with 20.5 µL of TEOS (19.2mg, 92.2 µmol) were
added and the resulting solution was stirred at 600 rpm over night. After addition of
100mL of ethanol, the nanoparticles were separated by centrifugation at 19 000 rpm
(43 146 rcf) for 20min and redispersed in ethanol. The CTAC template was extracted
from the nanoparticles by heating the latter in 100mL of an ethanolic solution con-
taining 2 g of ammonium nitrate under reflux at 90 ◦C for 45 minutes, followed by
45min under reflux in 100mL of a mixture of ethanol and concentrated hydrochloric
acid (90:10 v/v). The nanoparticles were purified by centrifugation and washed with
ethanol after each extraction step.

The labeling with the Atto-633 fluorescent dye was done by stirring 500 µL of
an ethanolic MSN solution (containing approximately 10mgmL−1 of MSN-SHcore-
NH2 shell) with 15 µL of a solution of Atto-633-Maleimide in DMF (2mgmL−1) over
night, followed by five washing steps in ethanol via centrifugation (14 000 rpm, 16 873 rcf,
4min). After washing, no fluorescence could be observed in the supernatant solution.
The fluorescently labeled particles were then redispersed in 500 µL of ethanol and this
stock solution was stored in the dark.

8.5.4 Preparation of the functionalized supported lipid bilayers

The SLB was constructed around fluorescently labeled MSN-SHcore-NH2 shell via a sol-
vent exchange route, as previously reported.114 In brief, nanoparticles were separated
from 100 µL of the ethanolic stock solution (containing approximately 10mgmL−1 of
nanoparticles) by centrifugation (14 000 rpm, 16 873 rcf, 4min), and immediately redis-
persed in a mixture of 30 µL of DOTAP (3.6mM in H2O/EtOH = 60:40 v/v) and 70 µL
of DOPC (3.6mM in H2O/EtOH = 60:40 v/v) by brief ultrasonic agitation. Then,
800 µL of bi-distilled water was added to form the supported lipid bilayer. Functional
groups were anchored to the lipid membrane by letting functionalized DSPE lipids
diffuse into the SLB. To do so, 3.5 µL of DSPE-PEG-NH2 (3.6mM in H2O/EtOH =
60:40 v/v) or DSPE-PEG-Maleimide (3.6mM in EtOH), or 103.5 µL of DSPE-PEG-
SH (122 µM in H2O/EtOH = 100:3.5 v/v) were added to the solution, and the resulting
mixture was kept under static conditions for 1 h in the dark.

DSPE-PEG-SH was synthesized from DSPE-PEG-NH2 using Traut’s reagent (2-
iminothiolane hydrochloride). 1mg of 2-iminothiolane hydrochloride was added to a
solution of 3.5 µL of DSPE-PEG-NH2 (3.6mM in EtOH) in 100 µL bi-distilled water
and stirred for 1 h at room temperature in the dark at 500 rpm.
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8.5.5 Preparation of gold-coated glass substrates

Prior to metal deposition, the substrates were cleaned for 15min in acetone, 15min
in isopropanol, and 15min in an aqueous Hellmanex solution (1:100 v/v) under ultra-
sonic agitation, followed by rinsing with bi-distilled water and plasma-cleaning in an
oxygen plasma for 15min. Then, a titanium adhesion layer and a thin film of gold
(purity: 99.95%) were deposited on the substrates either by sputter coating or by
thermal evaporation. For sputter coating, a base pressure of 1× 10−6 mbar, an Argon
pressure of 5× 10−3 mbar, a power of 70W and a sputtering time of 15min was used
for the titanium layer and an Argon pressure of 1× 10−2 mbar, a power of 25W and
a sputtering time of 20min for the gold layer, resulting in an approximately 100 nm
thick layer of gold on a 10 nm layer of titanium. For thermal evaporation, titanium
was deposited at a rate of 0.5 nm s−1 to a final thickness of 10 nm, and gold was de-
posited at a rate of 1 nm s−1 to a final thickness of 100 nm. Rates and thicknesses were
monitored using a quartz crystal microbalance (QCM) chip.

8.5.6 Creating patterns through amide bond formation

First, glass substrates were subjected to an oxygen plasma treatment for 15min to
enhance the surface reactivity through the creation of hydroxyl groups. Then, patterns
of ODTCS or PFOTS were created on the substrate through microcontact printing
by applying a 5mM hexanic solution of the respective alkyltrichlorosilane to a PDMS
stamp with a cotton swab, followed by drying in a stream of dry nitrogen for 45 s
and bringing the stamp into conformal contact with the substrate for 30min. Next,
the unpatterned regions of the glass substrate were functionalized with UDTCS by
incubation in a 10mM hexanic solution of the silane for 1 h at room temperature.
Then, the substrates were rinsed with toluene and ethanol, and the double bonds of
the UDTCS were cleaved oxidatively to carboxyl groups by incubation in a solution
containing 2mg of KMnO4 and 84mg of NaIO4 in 20mL of H2O.278

For the EDC/NHS mediated coupling of SLB@MSN-SHcore-NH2 shell functionalized
with DSPE-PEG-NH2 to the surface, the oxidized substrates were incubated in a
solution of 1 µL of EDC in 700 µL of bi-distilled water under constant shaking for
5min. Then, 0.5 – 1mg of NHS was added, again followed by a shaking period of 5min.
Lastly, 70 µL of the particle solution was added and the substrates were incubated in
this solution for 4 – 48 h.
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8.5.7 Creating patterns through thiol–maleimide binding

First, glass substrates were subjected to an oxygen plasma treatment for 15min to en-
hance the surface reactivity through the creation of hydroxyl groups. Then, patterns
of ODTCS or PFOTS were created on the substrate through microcontact printing
by applying a 5mM hexanic solution of the respective alkyltrichlorosilane to a PDMS
stamp with a cotton swab, followed by drying in a stream of dry nitrogen for 45 s
and bringing the stamp into conformal contact with the substrate for 30min. Next,
the unpatterned regions of the glass substrate were functionalized with MPTES by
refluxing in an 8mM solution of MPTES in toluene for 4 – 8 h under an inert atmo-
sphere of dry nitrogen, followed by rinsing in toluene and ethanol and blowing dry
with compressed air.

For coupling of SLB@MSN-SHcore-NH2 shell functionalized with DSPE-PEG-Mal to
the surface, the substrates were incubated in a solution of 70 µL of the particles in
700 µL of bi-distilled water for 4 – 48 h.

8.5.8 Creating patterns through thiol–gold binding

First, gold substrates were selectively passivated through microcontact printing by
applying a 2.5 – 10mM ethanolic solution of HDT to a PDMS stamp with a cotton
swab, followed by drying in a stream of dry nitrogen for 45 s and bringing the stamp
into conformal contact with the substrate for 10 s. Then, the substrates were rinsed
with ethanol, blown dry with compressed air and incubated in a solution of 70 µL of
SLB@MSN-SHcore-NH2 shell functionalized with DSPE-PEG-SH in 700 µL of H2O for
4 – 48 h.

8.5.9 Selective gold etching

Prior to etching, patterns were created on a gold surface either through microcontact
printing with HDT or through DPN with MHDA, as described above. Then, the
patterned substrates were incubated in the etching solution containing 1.12 g of KOH,
316.2mg of Na2S2O3, 65.9mg of K3[Fe(CN)6], and 8.4mg of K4[Fe(CN)6]·3H2O in
20ml of bi-distilled H2O for 20 – 50min,279 followed by rinsing with water and blowing
dry with compressed air.
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Conclusion and Outlook

In this work, porous host systems and their interactions with various guests were
investigated. In Chapters 3, 4, 7, and 8, mesoporous silica was used as the host
system, and patterning played an important role. In Chapters 5 and 6, metal–organic
frameworks served as the porous hosts.

In Chapter 3, we showed how micromolding in capillaries (MIMIC) could be used
to introduce a preferential direction on a substrate that can trigger in-plane meso-
pore alignment in mesoporous silica thin films on a macroscopic length scale. In this
approach, an EISA precursor solution was filled into channels defined by a PDMS
polymeric stamp. We investigated the influence of various experimental conditions on
the mesopore alignment, including the way the channels were filled, the surface mod-
ification at the solid/liquid interfaces, and the aspect ratio of the microgrooves. We
also found that the mesopore directionality can change abruptly from an alignment
parallel to the microgrooves to a perpendicular alignment, depending on the height
within the silica film. Furthermore, it was demonstrated how single-molecule fluores-
cence microscopy studies can be used to directly assess the mesopore structure of the
as-synthesized samples. We used a “maximum projection” to gain a quick overview
of the pore structure, while an in-depth evaluation of single molecule trajectories was
used to obtain deeper insights into the real nanoscale structure of the porous system as
well as to extract dynamical information about the diffusion of guest molecules inside
the host structure. In future projects, it might be interesting to extend this approach
and use it for achieving pore alignment with other templates or even other materials
than silica, such as periodic mesoporous organosilica or ordered mesoporous carbon.

In Chapter 4, the approach was further extended and charged species were incor-

159



160 Chapter 9 Conclusion and Outlook

porated into the host structure. We could demonstrate that the movement of sin-
gle molecules inside a highly-oriented, template-filled mesoporous silica host could
be directly controlled under the influence of externally applied electric fields. While
uncharged dyes showed very structured diffusional movement inside the aligned meso-
pores, charged guests took different, more random diffusional pathways. Based on
these observations we presented a host–guest model which explained the different
pathways of the molecules in such mesoporous materials. We also investigated the
influence of the strength of the electric field on the charged molecules and found
that their velocity increased monotonically with increasing field strength. Finally, we
demonstrated the controlled separation of oppositely charged molecules inside the thin
silica films on a single-molecule level. In the future, it could be interesting to introduce
macromolecules or biomolecules such as oligonucleotides or small proteins into these
structures and analyze the effects of spatially confined electrophoresis on these species.

In Chapter 5, we demonstrated the synthesis of UiO-68(anthracene), a Zr-based
MOF with a diphenylanthracene-based linker, that exhibited strong chemilumines-
cence upon subjecting the compound to a solution of bis(2,4,6-trichlorophenyl)oxalate,
hydrogen peroxide and sodium salicylate. No modulation agent had to be added during
synthesis to obtain a highly crystalline material, as opposed to other related Zr-based
structures. A high BET surface area indicated an open porous system. The MOF
was shown to be stable in air up to 400 ◦C. We also investigated the stability of
the MOF during the chemiluminescence reaction by means of XRD and luminescence
microscopy and could demonstrate that the structure of the MOF persisted under
these conditions. Further research could aim at implementing chemiluminescence as
a read-out transducer concept for the detection of specific analytes.

In Chapter 6, a new signal transduction scheme in the field of metal–organic frame-
works was introduced, which was based on the efficient quenching of fluorescent guests
upon incorporation into a MOF and the subsequent dequenching upon analyte-specific
degradation of the host material. This new signal transduction concept was used to
implement a novel fluoride detection system in aqueous solution. We used fluores-
cence titrations to demonstrate that the sensitivity towards fluoride exceeded the ones
of commonly used optical fluoride detection methods in aqueous solution with compa-
rable anion selectivity. We believe that the high sensitivity of the system is due to the
fact that a turn-on fluorescence signal rather than a color- or fluorescence-quenching
based signal transduction scheme was used, while the high selectivity of the system
was attributed to a competitive coordination and different affinities of linker molecules,
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fluoride ions, and other interfering ions to the aluminum metal ions in the framework.
This was also backed up by 19F and 27Al NMR titration studies that revealed that the
porous host framework is indeed degraded upon fluoride ion addition due to competing
coordination of fluoride to metal centers inside the metal organic framework. It can
be imagined that in future applications this new sensing concept could be extended
and other specific metal-analyte interactions besides aluminum and fluoride could be
used for selective and sensitive analyte detection.

In Chapter 7, different ways to obtain hierarchically patterned thin silica films hav-
ing periodic structural features at different length scales were investigated and their
properties were compared. While photolithography had the advantage of yielding more
uniform patterns, soft lithography using PDMS stamps was in general quicker, easier,
and more cost-efficient. Moreover, soft lithography circumvented the problem of highly
fluorescent residues that remained on the substrate after lift-off of a photoresist, hence
making the process compatible with single molecule fluorescence microscopy studies.
Using a colloidal hard templating approach with PMMA spheres instead of a soft tem-
plating with block copolymers allowed for an extension of the pore sizes beyond 20 nm.
In the future, differently sized PMMA spheres could be used to vary pore widths and
aperture sizes. Then, macromolecules of different sizes could be included into these
structures, their movement modes could be analyzed, and a size dependent separation
due to the entropic barrier transport mechanism could be investigated.

In Chapter 8, we discussed various ways to produce patterns of multifunctional
mesoporous silica nanoparticles carrying a supported lipid bilayer on different sub-
strates. In this context, biocompatible binding modes (i.e., reactions that can be
carried out at room temperature and at a neutral pH) were investigated, such as an
EDC/NHS mediated amide bond formation, a Michael addition of thiols to maleimide
groups, or the binding of thiols to gold. Particle functionalization was achieved by an-
choring a DSPE lipid carrying a PEG spacer and a functional group (such as an amine
group, a maleimide group, or a thiol group) to the supported lipid bilayer and subse-
quently binding them to patterned substrates exhibiting complementary functionality
(i.e., carboxyl groups, thiol groups, or bare gold atoms). In future research projects,
membrane-bound or transmembrane proteins such as ephrine could be reconstituted
into the supported lipid bilayer of the multifunctional mesoporous silica nanoparticles,
e.g., via cell-free expression. This system could then be used to study cell–receptor
interactions or for a spatially controlled, specific influence of cell behavior.

In summary, porous host systems and their interaction with various guest molecules
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are of great importance for a large variety of applications. A precise knowledge of
the host structure, means to understand and control the host–guest interactions, and
the ability to create patterns of the host systems are important to provide material
scientists with the possibility to use these versatile materials in a variety of future
applications, ranging from novel analyte detection methods to controlling molecular
motion or even cell behavior.







Chapter 10

Appendix

10.1 Implementation of the Program “Flow

Controller”

10.1.1 Description and Purpose

In order to automate the measurements that were performed for collecting the re-
flectance spectra data for the Bragg stacks investigated in Reference 168, two pro-
grams were written in Visual Basic .NET (using Microsoft Visual Basic 2010 Express)
that control the flow controller setup (program “Flow Controller”, see Supplementary
CD) and the ellipsometer measurement software (program “Bot”, see section 10.2 and
Supplementary CD), respectively. Both programs communicate with each other over
the network using the TCP/IP protocol, which enables the triggered change of flow
parameters before the respective measurements and hence allows for synchronization
of measurements and flow values. Moreover, a program was written for Wolfram Math-
ematica 7 that carries out a semi-automatic analysis and processing of the obtained
data (see section 10.3 and Supplementary CD). The measurement automation greatly
simplified data collection during time-consuming measurements (several hours) and
made measurement routines with long equilibration times and small flow value incre-
ments easily possible. An overview of the individual components and their interactions
used for automated data collection is given in Figure 10.1.
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Figure 10.1: Individual components and their interactions used for automated data
collection. The “bottom layer” was newly implemented for this project.

10.1.2 Graphical User Interface

The Graphical User Interface (GUI) of the program “Flow Controller” is shown in Fig-
ure 10.2. The GUI consists of four main parts. The top part is mainly for monitoring
purposes and shows the flow values of the individual flow controllers and the temper-
ature of the controlled evaporation mixer (CEM) in real time. The temperature for
the CEM can be set with the control for the temperature setpoint, and the polling
interval (time between updates of the flow and temperature values shown on the GUI)
can be set with the control for the polling time.

The second part of the GUI contains a list box giving the channel, serial number and
type of the individual flow controllers and of the CEM connected to the flow controller
setup. The measurement type can be set by the radio buttons on the right. There
are two different modes. In the first mode, the program acts as a server, accepting
incoming client connections. Once a connection is established, the program awaits
network messages containing the channel number and the new setpoint value for the
device which uses this channel. For more details on the format of these messages, see
section 10.1.3. The program also displays the current IP address assigned to the main
network card which is used for network communication and allows for customization
of the port number. In the second mode, the flow values are not set via network
messages from another computer, but can rather be entered in the program itself. In
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Figure 10.2: Screenshot of the Graphical User Interface (GUI) of the program “Flow
Controller”.

this case, no synchronization with other devices is possible. If this mode is chosen,
the flow values are taken from the table that can be found in the third part of the
program.

The table contains one column for each flow controller with the desired flow value
(in percent) for this device, and one column for the time that should pass until the flow
values contained in the next row are processed. The controls to the left enable a quick
and easy setup of simple flow routines by filling the table with incrementing flow values
and a constant time value for the flow controllers that are chosen by the checkboxes.
Empty flow value cells will be taken as zero. If a cell is left empty, but the cell above
it contains a value, the same value will be used for this cell. Moreover, copy&paste
functionality for copying to and pasting from Microsoft Excel was implemented for
the table, allowing the user to write and save more complex flow routines in Microsoft
Excel and reuse them with this program.
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The bottom part contains status messages, e.g., about requests made over the net-
work, but also about warnings and errors. Finally, there are two buttons that start
or abort the execution of the program. In “Network Mode”, the “Start” button is
unavailable since the program constantly listens for flow and temperature values over
the network socket and simply processes them as soon as they arrive. In the other
mode, pressing the “Start” button will start processing the data given in the table.

10.1.3 Implementation

The program contains the two public classes Form1 and backgroundWorker, with their
methods mainly running in two individual threads. The class Form1 handles all user
interactions, the GUI, and the communication with the flow controllers in its thread,
while the backgroundWorker class is used for receiving and sending network messages
asynchronously. Separating the GUI thread from the network communication thread
helps keeping the GUI responsive while waiting for incoming network messages. An
overview of all the methods, types and parameters used by these two classes can be
found in Tables 10.1 and 10.2 at the end of this section.

For communication with the flow controllers and the CEM, the program uses “Dy-
namic Data Exchange” (DDE), which is an interprocess communication technology
used in Microsoft Windows. However, since DDE is no longer supported in Visu-
alBasic .NET,280 calls to unmanaged Windows Application Programming Interface
(WinAPI) code were necessary for DDE conversation. A documentation of DDE and
the WinAPI constants, parameters, and functions can be found online.281 In brief, in
order to use DDE communication, the client application first has to connect to a server
application by using the WinAPI function DdeInitialize. In the present case, the
DDE server functionality is implemented by the proprietary software “FlowDDE” pro-
vided by the manufacturer of the flow controller setup (the program “Flow Controller”
was developed for “FlowDDE v4.58”). Once connected, the server can provide infor-
mation contained in groups known as “topic”, and each topic can have several pieces of
data as “items”. In order to address the topics and items, a string handle is needed that
can be obtained by calling the WinAPI function DdeCreateStringHandle. To read
or write data, conversation handles to the topics are required that can be obtained
by calling the WinAPI function DdeConnect. Once these handles are not needed any-
more, they should be freed by a call to the WinAPI function DdeFreeStringHandle

(this is not done automatically by the .NET garbage collector since they were obtained
from calls to unmanaged code). Similarly, at the end of the DDE conversation the
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client should be disconnected by a call to the WinAPI function DdeUninitialize.
The WinAPI function DdeClientTransaction is used to read or write data. For
reading data, the conversation handle of the topic, the string handle of the item, and
the XTYP_REQUEST flag (along with some other parameters) have to be passed to the
DdeClientTransaction WinAPI function. In return, a data handle is obtained that
can be used to retrieve a pointer to the data with the DdeAccessData WinAPI func-
tion. Once the data was processed, it should be unaccessed and the data handle should
be freed by calling the WinAPI functions DdeUnaccessData and DdeFreeDataHandle,
respectively (calling DdeUnaccessData alone will not destroy the data handle, while
calling DdeFreeDataHandle alone will not unaccess the data). For writing data, the
XTYP_POKE flag has to be used instead of the XTYP_REQUEST flag when making the call
to the DdeClientTransaction function.

A documentation of the parameters for DDE communication can be obtained from
the manufacturer.282 The implementation of the “Flow Controller” program differs
from the information given in the manual (Doc. no.: 9.17.027Q Date: 26-09-2011) in
the following points: According to the documentation, the setpoint values are supposed
to be of type Unsigned Integer. However, sending directly an Unsigned Integer

value or a pointer to a variable of Unsigned Integer type holding the desired setpoint
value via the WinAPI function DdeClientTransaction was not successful. On the
other hand, when passing a pointer to the first element of an ASCII-encoded, zero-
terminated Byte Array representation of the desired Integer value to the WinAPI
function, the setpoint was changed as expected, hence this implementation was used.
Similarly, according to the documentation, when reading the current flow or tempera-
ture values an Unsigned Integer value is given. However the data seems again rather
to be in an ASCII-encoded, zero-terminated Byte Array representation, and the value
that is obtained from a call to the DdeClientTransaction and the DdeAccessData

methods appears to be a pointer to the first element of this array. Using this pointer to
read successively from memory until the Null Character is encountered and parsing
the obtained data to an Integer value gave the correct values.

The network messages that are received and processed by this application are ex-
pected to be of the following format:

ChannelNumber;Value[;DISCONNECT]$

A semicolon is used as the delimiter character for separating the individual parts of
the message, while the Dollar sign is used to indicate the end of the message. No extra
characters are allowed in the message. The last part of the message (DISCONNECT) is
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optional, hence a valid message can consist of two or three parts. If only a channel
number and a value are given, the program tries to process these values and – if
successful – sends the string OK$ back to the client application. If the changes were
not successful, an error string is sent back to the client. If the optional argument
DISCONNECT is given, the server application processes the data, but does not send an
acknowledgment back to the client. Instead, it disconnects the client and awaits new
client connections.

In combination with the “Bot” program used for automated ellipsometer measure-
ments (see section 10.2), the DISCONNECT argument is not used, so that the client
program knows exactly whether and when the flow values are changed and can then
react accordingly. However, when using simpler ways to interact with the server appli-
cation (e.g., via a vbscript written for the Bruker D8 measurement software to measure
in situ XRD in a flow cell connected to the flow controller setup), it can be easier and
less cumbersome to simply dispatch a message with the desired flow value over the
network without worrying about receiving and processing further network messages,
and in this case the optional DISCONNECT argument can be used. The individual ac-
tions of the server application can still be reconstructed from the logs contained in its
status window, and in the case of errors or incoherent data, the measurement can be
repeated manually.

The first argument of the network message (channel number) should be a single
integer without leading zeros, while the second argument (value) should be a decimal
number (also without leading zeros). For convenience, the values in the message can
be given directly as % (in the case the indicated channel belongs to a flow controller)
or in ◦C (in the case the indicated channel belongs to the CEM), and the program
automatically converts them to the format expected from “FlowDDE”, i.e., values
between 0 and 32000 with 0 corresponding to a flow of 0% and 32000 corresponding
to 100% if the addressed device is a flow controller, respectively 0 corresponding to
0 ◦C (the minimum temperature) and 32000 corresponding to 200 ◦C (the maximum
temperature) if the addressed device is a CEM. For example, if channel 1 belongs to a
flow controller and channel 2 belongs to the CEM, the network message 1;25$ would
indicate that the flow setpoint of the flow controller on channel 1 should be changed
to 25% and a successful change should be acknowledged by the server application,
while the message 2;90;DISCONNECT$ would indicate that the temperature of the
CEM connected to channel 2 should be changed to 90 ◦C and that the client wishes to
disconnect immediately without further network messages being sent back to it.
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Table 10.1: Overview of the methods of class Form1. Parameters for the methods are given under the method name in italic,
indented by · · · · · · .

Name Modifier Type1/Return Value Description

DDECallbackDelegate Private UInt32 Delegate for the DDECallback function that processes DDE transactions sent
by the system. The method is not really used in this project since the
CBF_SKIP_ALLNOTIFICATIONS flag is set when initializing DDE communication (how-
ever, a pointer to this (empty) method is still required during initialization).

· · · · · · wType Local UInt32 Type of the current transaction. This parameter consists of a combination of trans-
action class flags and transaction type flags.

· · · · · · wFmt Local UInt32 Format in which data is sent or received.
· · · · · · hConv Local IntPtr A handle to the conversation associated with the current transaction.
· · · · · · hszTopic Local IntPtr A handle to a string. The meaning of this parameter depends on the type of the

current transaction.
· · · · · · hszItem Local IntPtr A handle to a string. The meaning of this parameter depends on the type of the

current transaction.
· · · · · · hData Local IntPtr A handle to DDE data. The meaning of this parameter depends on the type of the

current transaction.
· · · · · · lData1 Local UIntPtr Transaction-specific data.
· · · · · · lData2 Local UIntPtr Transaction-specific data.
Form1_Load Private Void Method executed when the program starts. In this method, the GUI controls and

global variables are initialized, the DDE communication is set up, and the type
and the serial- and channel-numbers of the connected flow controllers and CEM are
queried.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
Form1_FormClosing Private Void Method executed when the program exits. Some garbage disposal and uninitializa-

tion is done here.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
Button_Start_Click Public Void Method executed when pressing the “Start” Button. Disables GUI controls, parses

the values from the table and starts the timer for executing the flow changes.
· · · · · · sender Local System.Object Object calling the method.

Continued on next page. . .

1System.Windows.Forms Namespace is included in Object Types.
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Name Modifier Type/Return Value Description

· · · · · · e Local System.EventArgs Event arguments for the method call.
Button_Cancel_Click Private Void Method executed when pressing the “Cancel” Button. Requests abort of the back-

groundWorker thread, stops the timer, disconnects network connections, and re-
enables GUI controls.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
Button_FillTable_Click Private Void Method executed when pressing the “Fill Table” Button. Fills the table according

to the data and options specified by the controls on the left.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
Timer_Writing_Tick Private Void Method executed when the “Writing Timer” raises a “Tick” event. This occurs when

the time specified in the last column of the table is expired. The method sets the
new flow values or disables the timer if all rows of the table were processed.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
Timer_Polling_Tick Private Void Method executed when the “Polling Timer” raises a “Tick” event. This occurs when

the specified polling time is expired. The method retrieves the current values of the
flow controllers and the CEM and displays them on the GUI.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
myEventHandler_ThreadAborted Private Void Method executed when the backgroundWorker thread exited and raised the user-

defined threadAborted event. This method disconnects network connections, and
re-enables GUI controls.

myEventHandler_dataReceived Private Void Method executed when the receiveData method of the backgroundWorker thread re-
ceived data over the network and raised the user-defined dataReceived event. This
method parses the incoming network message, performs a sanity check, determines
the type of the request, and attempts to change the flow and temperature values
accordingly. If successful and requested, the method sends an acknowledgment back
to the sender over the network.

· · · · · · msg Local String The network message that was received.
acceptTcpClientCallback Public Void Callback function for receiving asynchronous calls after client-connection requests to

the server socket. Handles and processes these requests and establishes a connection
to the client.

· · · · · · ar Local IAsyncResult Argument containing the results of the asynchronous call.

Continued on next page. . .
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Name Modifier Type/Return Value Description

DDECallback Private Long Function that processes DDE transactions sent by the system. The method is not
really used in this project since the CBF_SKIP_ALLNOTIFICATIONS flag is set when
initializing DDE communication (however, a pointer to this (empty) method is still
required during initialization). Returns 0 for all calls of this function.

· · · · · · wType Local UInt32 Type of the current transaction. This parameter consists of a combination of trans-
action class flags and transaction type flags. In this project, a combination of the
flags CBF_SKIP_ALLNOTIFICATIONS and APPCMD_CLIENTONLY is used for initialization.

· · · · · · wFmt Local UInt32 Format in which data is sent or received.
· · · · · · hConv Local IntPtr A handle to the conversation associated with the current transaction.
· · · · · · hszTopic Local IntPtr A handle to a string. The meaning of this parameter depends on the type of the

current transaction.
· · · · · · hszItem Local IntPtr A handle to a string. The meaning of this parameter depends on the type of the

current transaction.
· · · · · · hData Local IntPtr A handle to DDE data. The meaning of this parameter depends on the type of the

current transaction.
· · · · · · lData1 Local UIntPtr Transaction-specific data.
· · · · · · lData2 Local UIntPtr Transaction-specific data.
changeValue Private Boolean Method for changing the value of the device connected to the given channel to a

given setpoint. This method converts the given setpoints (% for flow controllers and
◦C for the CEM) to internally used values (0 to 32000) and sends the values to the
respective flow controller or CEM channel via DDE. If the DDE call is successful,
the method returns TRUE, otherwise, it returns FALSE.

· · · · · · channelNumber Local Integer Channel number of the device whose value should be changed.
· · · · · · value Local Decimal New setpoint value.
DDEStart Private Boolean This method initializes DDE conversation, creates string handles for the DDE server

and the DDE topics and uses these to connect the DDE topics to the DDE server,
retrieving a conversation handle that is necessary to write to and read from the
topics. If these operations are successful, the method returns TRUE, otherwise, it
returns FALSE.

DDEEnd Private Boolean Method executed when ending the DDE connection. If desired it switches off the
flow controllers and the CEM, and does some garbage disposal for the unmanaged
code, i.e., it frees the string handles, disconnects the DDE topics and uninitializes
the DDE conversation.

Continued on next page. . .
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DDEWrite Private UInt32 Method executed when changing the setpoint of a flow controller or the CEM. This
method converts the new setpoint values into an ASCII-encoded, zero-terminated
byte array and uses the WinAPI function DdeClientTransaction to send an
XTYP_POKE request to the device identified by its channel number, passing a pointer
to the first element of the newly created byte array. If the transaction is successful,
the return value is a variable that contains the result of the transaction, otherwise,
the return value is 0.

· · · · · · newValue Local UInt32 New setpoint value.
· · · · · · channelNumber Local Integer Channel number of the device whose value should be changed.
· · · · · · timeout Local UInt32 Optional timeout of the DDE transaction (default value is 1000msec).
DDEReadValue Private Double Method executed for reading the current value from a flow controller or the

CEM. This method uses the WinAPI function DdeClientTransaction to send an
XTYP_REQUEST request to the device identified by its channel number, receiving a
data handle in return. By using the WinAPI function DdeAccessData, this data
handle is used to retrieve a pointer to the first element of a zero-terminated byte
array containing the requested data and the necessary buffer size. Starting from the
address specified by the pointer, data is read successively from memory until the
null character is read. The result is parsed to an integer and converted from inter-
nally used values (0 to 32000) to the appropriate units (% for flow controllers and
◦C for the CEM). If the execution is successful, the method returns this number,
otherwise, it returns -32000.

· · · · · · channelNumber Local Integer Channel number of the device whose value should be read.
· · · · · · timeout Local UInt32 Optional timeout of the DDE transaction (default value is 5000msec).
DDEReadSerial Private String Method executed for reading the serial numbers of the flow controllers and the

CEM. This method uses the WinAPI function DdeClientTransaction to send an
XTYP_REQUEST request to the device identified by its channel number, receiving a
data handle in return. By using the WinAPI function DdeAccessData, this data
handle is used to retrieve a pointer to the first element of a zero-terminated byte
array containing the requested data and the necessary buffer size. Starting from
the address specified by the pointer, data is read successively from memory until
the null character is read. If the execution is successful, the method returns a string
containing the serial number, otherwise, the string ERR is returned.

· · · · · · channelNumber Local Integer Channel number of the device whose serial number should be read.
· · · · · · timeout Local UInt32 Optional timeout of the DDE transaction (default value is 1000msec).

Continued on next page. . .
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Name Modifier Type/Return Value Description

incrementPtr Private IntPtr Returns a pointer that is incremented by 4 (32-bit OS) or 8 (64-bit OS). If the
method fails, it returns 0.

· · · · · · ptr Local IntPtr Pointer that should be incremented.
fillEmptyCells Private Integer Method that parses the table of flow values and attempts to fill cells that were left

empty by the user. If the method succeeds, it returns an integer defining the index
of the last row containing data in the table, otherwise it returns 0.

· · · · · · checkForEmptyTimeColumn Local Boolean Optional Boolean Flag that determines whether the method should also check for
empty cells in the “Time” column of the table (default value is TRUE).

DDEWrite_Del Delegate UInt32 Delegate for the DDEWrite method. This is necessary to execute the DDE con-
versations from the same thread that created them since DDE does not support
cross-thread referencing.

· · · · · · [newValue] Local UInt32 The new setpoint value that is passed to the DDEWrite method
· · · · · · [channelNumber] Local Integer The channel number that is passed to the DDEWrite method.
· · · · · · [timeout] Local UInt32 The timeout value that is passed to the DDEWrite method.
DDEWrite_Delegate Private UInt32 This method does the actual invocation of the delegate in the thread that created

the DDE conversation handles. It returns the return value of the DDEWrite method.
· · · · · · [newValue] Local UInt32 The new setpoint value that is passed to the DDEWrite method
· · · · · · [channelNumber] Local Integer The channel number that is passed to the DDEWrite method.
· · · · · · [timeout] Local UInt32 The timeout value that is passed to the DDEWrite method.
DDEReadValue_Del Delegate Double Delegate for the “DDEReadValue” method. This is necessary to execute the DDE

conversations from the same thread that created them since DDE does not support
cross-thread referencing.

· · · · · · [channelNumber] Local Integer The channel number that is passed to the DDEReadValue method.
· · · · · · [timeout] Local UInt32 The timeout value that is passed to the DDEReadValue method.
DDEReadValue_Delegate Private Double This method does the actual invocation of the delegate in the thread that created

the DDE conversation handles. It returns the return value of the DDEReadValue
method.

· · · · · · [channelNumber] Local Integer The channel number that is passed to the DDEReadValue method.
· · · · · · [timeout] Local UInt32 The timeout value that is passed to the DDEReadValue method.
DDEReadSerial_Del Delegate String Delegate for the “DDEReadSerial” method. This is necessary to execute the DDE

conversations from the same thread that created them since DDE does not support
cross-thread referencing.

· · · · · · [channelNumber] Local Integer The channel number that is passed to the DDEReadSerial method.
· · · · · · [timeout] Local UInt32 The timeout value that is passed to the DDEReadSerial method.

Continued on next page. . .
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DDEReadSerial_Delegate Private String This method does the actual invocation of the delegate in the thread that created
the DDE conversation handles. It returns the return value of the DDEReadSerial
method.

· · · · · · [channelNumber] Local Integer The channel number that is passed to the DDEReadSerial method.
· · · · · · [timeout] Local UInt32 The timeout value that is passed to the DDEReadSerial method.
SetButtonState_Delegate Delegate Void Delegate to set the enable property of the Button control on the GUI. This is

necessary for thread-safe enabling or disabling of the control from a thread other
than the GUI thread that created the control.

· · · · · · [Button] Local Button Button control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
SetButtonState_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.
· · · · · · [Button] Local Button Button control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
SetProgressBarValue_Delegate Delegate Void Delegate to set the value property of the ProgressBar control on the GUI. This is

necessary for thread-safe enabling or disabling of the control from a thread other
than the GUI thread that created the control.

· · · · · · [ProgressBar] Local ProgressBar ProgressBar control on the GUI whose value property should be changed.
· · · · · · [value] Local Decimal Value the value property should be changed to.
SetProgressBarValue_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.
· · · · · · [ProgressBar] Local ProgressBar ProgressBar control on the GUI whose enable property should be changed.
· · · · · · [value] Local Decimal Value the value property should be changed to.
SetNumericUpDownState_Delegate Delegate Void Delegate to set the enable property of the NumericUpDown control on the GUI.

This is necessary for changing the value displayed by the ProgressBar control in a
thread-safe way from a thread other than the GUI thread that created the control.

· · · · · · [NumericUpDown] Local NumericUpDown NumericUpDown control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
SetNumericUpDownState_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.
· · · · · · [NumericUpDown] Local NumericUpDown NumericUpDown control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.

Continued on next page. . .
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Name Modifier Type/Return Value Description

SetListBoxState_Delegate Delegate Void Delegate to set the enable property of the ListBox control on the GUI. This is
necessary for thread-safe enabling or disabling of the control from a thread other
than the GUI thread that created the control.

· · · · · · [ListBox] Local ListBox ListBox control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
SetListBoxState_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.
· · · · · · [ListBox] Local ListBox ListBox control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
SetTextboxState_Delegate Delegate Void Delegate to set the enable property of the TextBox control on the GUI. This is

necessary for thread-safe enabling or disabling of the control from a thread other
than the GUI thread that created the control.

· · · · · · [Textbox] Local TextBox TextBox control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
SetTextboxState_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.
· · · · · · [Textbox] Local TextBox TextBox control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
SetGroupBoxState_Delegate Delegate Void Delegate to set the enable property of the GroupBox control on the GUI. This is

necessary for thread-safe enabling or disabling of the control from a thread other
than the GUI thread that created the control.

· · · · · · [GroupBox] Local GroupBox GroupBox control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
SetGroupBoxState_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.
· · · · · · [GroupBox] Local GroupBox GroupBox control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
SetTextboxText_Delegate Delegate Void Delegate to set the text property of the TextBox control on the GUI. This is

necessary for changing the text of the TextBox control in a thread-safe way from a
thread other than the GUI thread that created the control.

· · · · · · [Textbox] Local TextBox TextBox control on the GUI whose text property should be changed.
· · · · · · [text] Local String String the text property should be changed to.
SetTextboxText_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.

Continued on next page. . .
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· · · · · · [Textbox] Local TextBox TextBox control on the GUI whose text property should be changed.
· · · · · · [text] Local String String the text property should be changed to.
SetLabelText_Delegate Delegate Void Delegate to set the text property of the Label control on the GUI. This is necessary

for changing the text of the Label control in a thread-safe way from a thread other
than the GUI thread that created the control.

· · · · · · [Label] Local Label Label control on the GUI whose text property should be changed.
· · · · · · [text] Local String String the text property should be changed to.
SetLabelText_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.
· · · · · · [Label] Local Label Label control on the GUI whose text property should be changed.
· · · · · · [text] Local String String the text property should be changed to.
SetTimerState_Delegate Delegate Void Delegate to set the enable property of the Timer control on the GUI. This is

necessary for thread-safe enabling or disabling of the control from a thread other
than the GUI thread that created the control.

· · · · · · [Timer] Local Timer Timer control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
SetTimerState_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.
· · · · · · [Timer] Local Timer Timer control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
setTimerState Private Void Method to set the enable property of the Timer control on the GUI.
· · · · · · [Timer] Local Timer Timer control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
NumericUpDown_PollTime_ValueChanged Private Void Method executed when the ValueChanged event of the control is raised. The method

changes the interval of the polling timer to the value entered in the GUI.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
NumericUpDown_Temperature_ValueChanged Private Void Method executed when the ValueChanged event of the control is raised. The method

changes the temperature of the CEM to the value entered in the GUI.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
NumericUpDown_Port_ValueChanged Private Void Method executed when the ValueChanged event of the control is raised. The method

changes the port number for incoming network connections to the value entered in
the GUI.

Continued on next page. . .
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· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
RadioButton_Network_CheckedChanged Private Void Method executed when the CheckedChanged event of the control is raised. The

method switches between the mode in which the program waits for network mes-
sages to change the flow and the mode in which the program uses the flow values
from the table.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
TextBox_Status_TextChanged Private Void Method executed when the TextChanged event of the control is raised. When new

messages are displayed in the TextBox, the method scrolls the Textbox to the last
line to show the latest messages.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
DataGridView_CellValidating Private Void Method executed when the CellValidating event of the control is raised. The

method performs a sanity check of the value entered in the cells of the DataGridView
control and produces a warning if the data is incorrect.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local DataGridViewCell

ValidatingEventArgs
Event arguments for the method call.

DataGridView_KeyDown Private Void Method executed when the KeyDown event of the control is raised, i.e., when a key is
pressed while the control has the focus. The method checks for the key combination
Crtl+v, i.e., pasting of data. It parses the data from the clipboard and tries to fill
the cells of the DataGridView with it. This enables copy&paste functionality from
Microsoft Excel.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
DataGridView_RowsAdded Private Void Method executed when the RowsAdded event of the control is raised. When a new

row is added, this method helps adopting the values from the previous row.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
DataGridView_Leave Private Void Method executed when the Leave event of the control is raised. The method calls

the fillEmptyCells method when the control loses the focus.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
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Table 10.2: Overview of the methods of class backgroundWorker. Parameters for the methods are given under the method name
in italic, indented by · · · · · · .

Name Modifier Type/Return Value Description

receiveData Public Void The method continuously checks for incoming data over the net-
work socket until an abort request is made. It is the entry point
for the backgroundWorker thread.

receive Public String Wrapper method for reading data from the network socket. The
return value is a String representation of the received network
message without delimiter characters.

send Public Void This method sends the specified message (with an appended de-
limiter character) over the network to the connected client.

· · · · · · msg Local String The message that should be sent.
isClientConnected Public Boolean The method checks whether a client is connected to the network

socket. If there is a connection, it returns TRUE, otherwise, it
returns FALSE.
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10.2 Implementation of the Program “Bot”

10.2.1 Description and Purpose

The program “Bot” was written to make automatic data collection with the ellipsome-
ter possible. It interacts with the program “Flow Controller” described in section 10.1,
which enables the triggered change of flow parameters before ellipsometric measure-
ments (see also Figure 10.1). Since the ellipsometer hardware is rather complex and
a documentation of the interface to the hardware does not seem to be publically
available, a work-around for measurement automatization was chosen. Instead of
developing a program from scratch that interacts with the hardware directly (as it
was done for the flow controllers, see section 10.1), a bot program was implemented
which controls the proprietary measurement software provided by the manufacturer
(“WVASE”) via emulated keystrokes. While this approach has the advantage of being
relatively easy to implement and hence resulted in a short development time, there
are some inherent drawbacks to this method, which will be discussed in more detail
in section 10.2.3. Besides for conducting R&T scans, the “Bot” software also uses the
“WVASE” program to export the data from the proprietary file format to a human-
readable form (ASCII text), which can then be processed by a program written for
Wolfram Mathematica 7, as briefly described in section 10.3.

10.2.2 Graphical User Interface

The Graphical User Interface (GUI) of the program “Bot” is shown in Figure 10.3.
The GUI consists of three main parts. In the top part, the measurement mode can be
chosen and the most commonly used parameters for the measurement can be set up.
The second part allows for customizing more advanced settings. However, typically
no changes to these values are required for standard measurements. The third part
gives information about the progress and measurement time and has two buttons for
starting and stopping the program.

The first option lets the user define the file name and path (the button “Browse” can
be used to open a dialog and browse through the directories on the PC’s hard disk).
The filename should include a complete path description, but no file extension (the
extension will be appended by the program automatically, depending on whether the
raw data is saved (.dat) or the data is exported in ASCII format (.txt)). During the
measurements, an underscore followed by an automatically incremented counter will
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Figure 10.3: Screenshot of the Graphical User Interface (GUI) of the program “Bot”.

be appended to the filename. When the “Synchronized Mode” is used, a description
of the carrier gas flow and the sorptive flow will also be included in the filename.
Next, the user can choose the measurement mode. There are two measurement modes
available, an “Unsynchronized Mode” and a “Synchronized Mode”. In the “Unsynchro-
nized Mode”, the software will simply perform R&T scans a given number of times
without communication with another device. The available options for this mode are
the number of measurements that should be performed and the time assigned to each
measurement. For example, with the default parameters shown in Figure 10.3, one
measurement would be performed and the time assigned to this measurement is 9 s.
The measurement time includes the time necessary to perform all the operations and
code execution plus a waiting time after all operations are completed to achieve the
desired measurement intervals. In the example shown in Figure 10.3, the program
estimates this waiting time to be 20msec (as can be seen in the bottom part of the
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GUI), i.e., the pure measurement time is 8.980 seconds. If a measurement was desired
every 10 seconds or every minute, the actual measurement time would still be 8.980
seconds, but the program would automatically prolong the waiting time after the last
operation to 1.020 seconds or 51.020 seconds, respectively. The last option available in
this mode is to use a countdown with an optical and acoustic feedback before starting
the first measurement, which allows for a manual synchronization with the start of
another process (however, no further synchronization is carried out at later points in
time).

The second mode, “Synchronized Mode”, uses network messages to communicate
with the flow controller setup. This makes it possible to request a certain flow value
before the ellipsometric measurement is made and ensures that the measurement is
only carried out after the flow setpoint was changed successfully. There are more
options available for this mode than for the “Unsynchronized Mode”, such as the pos-
sibility to enter the IP address of the PC that runs the server application (i.e., the
program “Flow Controller”) and the port number that is used for network communica-
tion. Moreover, the channel number of the flow controller with the desired sorptive can
be selected, the temperature of the CEM can be set (the CEM is hard-coded to be on
channel 2, but this can easily be changed in the source code by altering the number of
a public constant class member of the class Form1), and the channel number and flow
value of the flow controller providing the carrier gas can be entered. The flow values
of the sorptive flow controller, the time for a single measurement, and the number
of measurements that should be performed at this flow setting can be entered in the
table on the GUI. There are also controls that allow for the fast setup of simple, com-
monly used flow routines by filling the table with incrementing carrier flow values of a
defined step size while using constant values for the number of measurements and the
measurement time. Moreover, copy&paste functionality from and to Microsoft Excel
was implemented for the table, making it possible to write and save more complex flow
routines in Excel and reuse them at later points in time with this software. The last
option available for this mode is the possibility to have the program set the setpoint
of the flow controllers and the CEM to 0 after the last measurement was carried out.

In the “Advanced Settings” section of the program, some less commonly used param-
eters can be adjusted, mainly affecting the waiting times. Usually, these timings are
long enough so that the “WVASE” software has enough time to react to the keystrokes
sent by the “Bot” application. However, if measurements with a very high time res-
olution are required or if the waiting times turn out to be insufficient, they can be
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adjusted here. Details on when the different waiting times are used during execution
are given in Table 10.3. The textbox for the application name that can also be found
in this section allows changing the name of the application the keys are sent to. In
almost all cases this will be V.A.S.E for Windows, the default entry in this field. The
string entered here has to correspond exactly to the name that is given in the taskbar
for the application, otherwise the WinAPI function FindWindow will not be able to
retrieve the correct window handle and hence the focus cannot be set to the right
window. One case that makes it necessary to change this field is when an environment
is loaded in the “WVASE” software. In this case, the title of the “WVASE” program
changes to include the name of the environment, and hence this field has also to be
adjusted to match the new title.

The bottom part of the GUI contains information about the estimated measurement
time and the overall progress, as well as the buttons to start and stop execution of the
program.

10.2.3 Implementation

The program contains the two public classes Form1 and backgroundWorker. Again,
the methods of the two classes run mainly in separate threads for keeping the GUI
thread responsive during waiting times of the backgroundWorker thread. The class
Form1 provides methods for user interaction, controlling the GUI, and network com-
munication, while the backgroundWorker thread contains methods for controlling
the “WVASE” software, changing the focus of the active window, and emulating
keystrokes. An overview of all the methods, types and parameters used by these
two classes can be found in Tables 10.4 and 10.5 at the end of this section.

As already briefly described above, the “Bot” program controls the ellipsometer
hardware by emulating user interaction, i.e., by sending keystrokes to the measure-
ment software “WVASE” that is provided by the manufacturer. While this approach
is rather simple to implement since nothing has to be known about hardware- or
interface-specific commands (all the communication with the hardware is done by the
software that was written by the manufacturer for this purpose), it has some inher-
ent drawbacks. Most importantly, the whole interaction of the “Bot” program with
the “WVASE” software is completely asynchronous, without any callbacks or feedback
indicating the status of the operations requested by the “Bot” software through the
keystrokes. This means that after requesting a certain operation from the “WVASE”
software, an artificial waiting time (typically a few hundred milliseconds) had to be
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implemented in the “Bot” application before the next command is issued, and the
bot program simply has to rely on the fact that this waiting time was sufficient for
the “WVASE” software to process the command and being ready to accept the next
command (for a detailed list of the keystrokes that are sent, the waiting times after
these commands, and a description of the issued commands, see Table 10.3). If the
“WVASE” application is not ready yet or an error or unexpected event occurs, request-
ing the next command can result in uncontrolled or unintended operations. This is
why great care has to be taken when choosing the waiting times and why it is very
important to ensure that the “WVASE” software is configured correctly and that it
is in the right state to accept the first command before starting the execution of the
“Bot” program.

Another issue with the current implementation of the “Bot” software is the fact that
for emulating the keystrokes, the WinAPI function keybd_event was used (a docu-
mentation of this method can be found online283). This method simply emulates a
keyboard keystroke, i.e., the keystroke is sent to the application which currently has
the keyboard focus. The “Bot” application tries to make sure that the right window has
the keyboard focus before it starts sending the keys. In order to do so, the handle to
the “WVASE” software is obtained from a call to the WinAPI function FindWindow284,
and this handle is passed to the WinAPI function SetForegroundWindow285, or – if
it is iconic (as determined by the WinAPI function IsIconic286) – to the WinAPI
function ShowWindow287 in order to set the keyboard focus to the correct application.
If the focus of the window changes after this check was carried out (for example during
emulated keystroke events), this can again result in unexpected behavior. However,
since the main purpose of the “Bot” program is to perform automated measurements
without the need for a user to be present and interact with the software, and since the
PC that is running the program is exclusively used for ellipsometric measurements,
this was not considered an important problem. Moreover, if this turns out to be prob-
lematic, it could probably be circumvented by using calls to the more powerful but
more complex WinAPI function SendMessage288 without the need for major modi-
fications of the source code. SendMessage is able to send keystrokes to applications
that do not have the keyboard focus. However, the exact names of the child windows
and components of the “WVASE” software have to be known in order to retrieve their
handles and address them with SendMessage.
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Table 10.3: Overview of the keystrokes sent to the “WVASE” software, the commands they trigger, and the waiting times after
execution.

Emulated Keystroke Waiting Time2 Description

Alt + W 3 Opens the “Window” menu.
H 2 Selects “Hardware Window” from the “Window” menu.
Alt + A 3 Opens the “Acquire Data” menu.
R 2 Selects “R&T Scan” from the “Acquire Data” menu.
Return 2 + 3 Confirms the dialog asking whether the existing data should be replaced.
Arrow-Key Down (2x) 2 (2x) Selects the option “Data only, using previous baseline”.
Return 2 + 4 Starts the R&T Scan.
Return 2 Confirms the dialog asking whether the data should be saved.
<Filename> 1 (Nx) Types in the filename chosen by the user (waiting time depends on the number of characters in the filename).
Return 2 (3x) Confirms the saving dialog.
Return 2 (2x) Closes the dialog asking for a comment.
Alt + W 3 Opens the “Window” menu.
R 2 Selects “Graph Window” from the “Window” menu.
Alt + F 3 Opens the “File” menu.
O 2 Selects the submenu “Output data points to textfile” from the “File” menu.
5 2 + 3 Selects “Curves in Columns, Single X-Column, With Headers” from the “Output data points to textfile” submenu.
<Filename> 1 (Nx) Types in the filename chosen by the user (waiting time depends on the number of characters in the filename).
Return 2 (2x) Confirms the saving dialog.

Table 10.4: Overview of the methods of class Form1. Parameters for the methods are given under the method name in italic,
indented by · · · · · · .

Name Modifier Type4/Return Value Description

Form1_Load Private Void Method executed when the program starts. In this method, the GUI controls and
global variables are initialized.

Continued on next page. . .

3The numbers in this column correspond to the following values given on the GUI: 1 = Delay When Typing, 2 = Delay Between Keystrokes,
3 = Delay Between Commands, 4 = R&T Scan Time.

4System.Windows.Forms Namespace is included in Object Types.
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· · · · · · sender Local Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
Start_Click Private Void Method executed when pressing the “Start” Button. Disables GUI controls, checks

whether the filenames generated during measurements are valid, initializes the back-
groundWorker thread, and starts the timer for executing the measurements. Ad-
ditionally, in “Synchronized Mode”, the data from the flow table is parsed and the
temperature of the CEM and the flow of the flow controller providing the carrier gas
are set by sending a message over the network to the “Flow Controller” program.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
Button_Abort_Click Public Void Method executed when pressing the “Abort” Button. Stops the measurement timer,

re-enables the GUI controls, and does some clean-up.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
Button_Browse_Click Private Void Method executed when pressing the “Browse” Button. Opens a dialog that lets the

user define the path and filename of the files generated during measurements.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
Button_FillTable_Click Private Void Method executed when pressing the “Fill Table” Button. Fills the table according

to the data and options specified by the controls over the table.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
MeasurementTimer_Tick Private Void Method executed when the “Measurement Timer” raises a Tick event. Sets up the

parameters and the backgroundWorker thread for a new measurement. Addition-
ally, in “Synchronized Mode”, it is checked whether the flow needs to be changed
and if so, a request is made by sending a message over the network to the “Flow
Controller” program.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
Timer1_Tick Private Void Method executed when the “Countdown Timer” raises a Tick event. In “Unsynchro-

nized Mode”, there is the option to have a countdown providing optical and acoustic
feedback before starting the first measurement. This is done by this method.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.

Continued on next page. . .
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sendMessage Private Void This method sends the specified message (with an appended delimiter character)
over the network to the server application and awaits an acknowledgment message.

· · · · · · msg Local String The message that should be sent.
receiveMessage Private String Wrapper method for reading data from the network socket. The return value is a

String representation of the received network message without delimiter characters.
isClientConnected Public Boolean The method checks whether a client is connected to the network socket. If there is

a connection, it returns TRUE, otherwise, it returns FALSE.
getFlowSettings Private Boolean Parses data and performs a sanity check of the values entered in the cells of the

DataGridView control and produces a warning if the data is incorrect. If the method
succeeds, it returns TRUE, otherwise, it returns FALSE.

complete Private Void Re-enables the GUI controls and does some clean-up.
updateTimeLabels Private Void Updates the labels on the GUI giving the approximate measurement time.
· · · · · · setRepeatTime Local Boolean Optional value that indicates whether the minimal measurement time that can be

chosen in the GUI should be set to the time that was estimated from the method
(default value is TRUE).

getEstimatedMeasurementTime Private Double Does the actual estimation of the measurement time based on the values entered
in the GUI and returns it.

initializeThread Private Void Creates a new thread and sets up the public class members.
isValidFileName Private Boolean Checks whether the filename chosen by the user is valid, and whether files of the

names that will be generated during the measurement already exist.
myEventHandler_ThreadAborted Private Void Method executed when the backgroundWorker thread exited and raised the user-

defined threadAborted event. This method stops the measurement timer, attempts
to set the sorptive flow, the carrier gas flow, and the temperature of the CEM to
0, and re-enables some GUI controls.

myEventHandler_ProgressChanged Private Void Method executed when the backgroundWorker thread completed a measurement
and raised the user-defined ProgressChanged event. This method changes the GUI
to reflect the current progress of the measurements.

· · · · · · curNumber Local Long Number of the current measurement.
· · · · · · maxNumber Local Long Total number of measurements.
DataGridView_CellValidating Private Void Method executed when the CellValidating event of the control is raised. The

method performs a sanity check of the value entered in the cells of the DataGridView
control and produces a warning if the data is incorrect.

· · · · · · sender Local Object Object calling the method.

Continued on next page. . .
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· · · · · · e Local DataGridViewCell
ValidatingEventArgs

Event arguments for the method call.

DataGridView_KeyDown Private Void Method executed when the KeyDown event of the control is raised, i.e., when a key is
pressed while the control has the focus. The method checks for the key combination
Crtl+v, i.e., pasting of data. It parses the data from the clipboard and tries to fill
the cells of the DataGridView with it. This enables copy&paste functionality from
Microsoft Excel.

· · · · · · sender Local Object Object calling the method.
· · · · · · e Local KeyEventArgs Event arguments for the method call.
TextBox_Filename_TextChanged Private Void Method executed when the TextChanged event of the control is raised. The method

forces a recalculation of the estimated measurement time.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
TextBox_IPAddress_Validating Private Void Method executed when the Validating event of the control is raised. The method

performs a sanity check on the entered IP address and produces a warning if the
address is invalid.

· · · · · · sender Local Object Object calling the method.
· · · · · · e Local System.ComponentModel.

CancelEventArgs
Event arguments for the method call.

NumericUpDown_RepeatTime_ValueChanged Private Void Method executed when the ValueChanged event of the control is raised. The method
forces a recalculation of the estimated measurement time.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
NumericUpDown_FlowTime_ValueChanged Private Void Method executed when the ValueChanged event of the control is raised. The method

forces a recalculation of the estimated measurement time.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
NumericUpDown_MaxNumber_ValueChanged Private Void Method executed when the ValueChanged event of the control is raised. The method

forces a recalculation of the estimated measurement time.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
NumericUpDown_KeyDelay_ValueChanged Private Void Method executed when the ValueChanged event of the control is raised. The method

forces a recalculation of the estimated measurement time.
· · · · · · sender Local System.Object Object calling the method.

Continued on next page. . .
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· · · · · · e Local System.EventArgs Event arguments for the method call.
NumericUpDown_CommandDelay_
ValueChanged

Private Void Method executed when the ValueChanged event of the control is raised. The method
forces a recalculation of the estimated measurement time.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
NumericUpDown_MeasurementTime_
ValueChanged

Private Void Method executed when the ValueChanged event of the control is raised. The method
forces a recalculation of the estimated measurement time.

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
NumericUpDown_Overhead_ValueChanged Private Void Method executed when the ValueChanged event of the control is raised. The method

forces a recalculation of the estimated measurement time.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
NumericUpDown_TypingDelay_ValueChanged Private Void Method executed when the ValueChanged event of the control is raised. The method

forces a recalculation of the estimated measurement time.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
CheckBox_Countdown_CheckedChanged Private Void Method executed when the ValueChanged event of the control is raised. The method

sets up the label that displays the countdown.
· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
RadioButton_UnsynchronizedMode_
CheckedChanged

Private Void Method executed when the CheckedChanged event of the control is raised. The
method closes the network socket in case the “Unsynchronized Mode” is selected

· · · · · · sender Local System.Object Object calling the method.
· · · · · · e Local System.EventArgs Event arguments for the method call.
SetGroupBoxState_Delegate Delegate Void Delegate to set the enable property of the GroupBox control on the GUI. This is

necessary for thread-safe enabling or disabling of the control from a thread other
than the GUI thread that created the control.

· · · · · · [GroupBox] Local GroupBox GroupBox control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
SetGroupBoxState_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.
· · · · · · [GroupBox] Local GroupBox GroupBox control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.

Continued on next page. . .
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SetButtonState_Delegate Delegate Void Delegate to set the enable property of the Button control on the GUI. This is
necessary for thread-safe enabling or disabling of the control from a thread other
than the GUI thread that created the control.

· · · · · · [Button] Local Button Button control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
SetButtonState_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.
· · · · · · [Button] Local Button Button control on the GUI whose enable property should be changed.
· · · · · · [value] Local Boolean Value the enable property should be changed to.
SetLabelText_Delegate Delegate Void Delegate to set the text property of the Label control on the GUI. This is necessary

for changing the text of the Label control in a thread-safe way from a thread other
than the GUI thread that created the control.

· · · · · · [Label] Local Label Label control on the GUI whose text property should be changed.
· · · · · · [text] Local String String the text property should be changed to.
SetLabelText_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.
· · · · · · [Label] Local Label Label control on the GUI whose text property should be changed.
· · · · · · [text] Local String String the text property should be changed to.
SetProgressBarValue_Delegate Delegate Void Delegate to set the value property of the ProgressBar control on the GUI. This is

necessary for thread-safe enabling or disabling of the control from a thread other
than the GUI thread that created the control.

· · · · · · [ProgressBar] Local ProgressBar ProgressBar control on the GUI whose value property should be changed.
· · · · · · [value] Local Decimal Value the value property should be changed to.
SetProgressBarValue_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.
· · · · · · [ProgressBar] Local ProgressBar ProgressBar control on the GUI whose enable property should be changed.
· · · · · · [value] Local Decimal Value the value property should be changed to.
SetFormText_Delegate Delegate Void Delegate to set the text property of the Form control. This is necessary for changing

the title of the Form control in a thread-safe way from a thread other than the GUI
thread that created the control.

· · · · · · [Form] Local Form Form control whose text property should be changed.
· · · · · · [text] Local String String the text property should be changed to.
SetFormText_ThreadSafe Private Void This method does the actual invocation of the delegate in the thread that created

the GUI controls.

Continued on next page. . .
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· · · · · · [Form] Local Form Form control whose text property should be changed.
· · · · · · [text] Local String String the text property should be changed to.

Table 10.5: Overview of the methods of class “backgroundWorker”. Parameters for the methods are given under the method
name in italic, indented by · · · · · · .

Name Modifier Type/Return Value Description

startBot Public Boolean This method checks whether the right window has the focus (and
if not, it attempts to change the focus), and then executes the list
of commands given in Table 10.3. This method is the entry point
for the backgroundWorker thread.

pressKey Private Void Wrapper method for emulating a keystroke.
· · · · · · keyCode Local String KeyCode of the key for which the keystroke should be emulated.
· · · · · · shift Local Boolean Optional value indicating whether the Shift key should be pressed

together with the indicated key (used for emulating capital let-
ters). Default value is FALSE.

· · · · · · useShortKeyDelay Local Boolean Optional value indicating how long the application should wait af-
ter the keystroke for the target program to process the keystroke.
Default value is FALSE.

pressKeyAndAlt Private Void Wrapper method for emulating a keystroke when a key is pressed
together with the Alt key.

· · · · · · keyCode Local String KeyCode of the key for which the keystroke should be emulated.
writeFileName Private Void This method parses the filename entered in the GUI and emulates

keystrokes for each individual character of the string.
trySetForegroundWindow Public Boolean This method tries to set the focus to the “WVASE” program.
· · · · · · windowName Local String Title of the window that should receive the focus.
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10.3 Data Analysis with Mathematica

10.3.1 Description and Implementation

The data collected from the R&T scans was further analyzed using a self-written
Mathematica script, mainly for finding the positions of the stop band maxima. Those
were needed for constructing the isotherms in which the stop band position was plotted
against the partial pressure at which the measurement was performed. To find the
maximum of the stop bands, the stop band of interest was fitted with the following
empirical function:

y = c0 + c1 · exp

−

√√√√( 1

x
− 1

c2

c3

)2

c4 ,

where x and y correspond to the measured wavelength and intensity, and c0 to c4 are
the fitting parameters. c0 represents a constant offset, c1 an amplitude value, c2 the
position of the stop band maximum, c3 a measure for the width of the stop band, and
c4 an empirical exponent for varying the stop band shape. The function was chosen
because for c4 = 2, it resembles a Gaussian when plotting the data as a function of
energy E instead of as a function of wavelength λ (since E = hc

λ
⇒ E ∝ 1

λ
), with the

fitting parameter c2 corresponding directly to the position of the stop band maximum.
Taking the squareroot of the argument squared before raising it to the power of c4 was
done to prevent the expression from becoming negative (and hence the argument of
the exponential function possibly becoming imaginary when raising the negative value
to a non-integer power) which causes the fitting algorithm to fail.

In brief, the Mathematica script first reads the data from the human-readable text
files exported during ellipsometric measurements and transposes it to bring it into the
right input format. It then searches for the beginning and the end of the stop band by
looking for local minima and initializes the fitting parameters (for the first flow value,
the user has to input some starting values, for all the following flow values, the param-
eters obtained from the last fit are taken and used as the starting point for the new fit).
After that, it performs the fit using the Mathematica function “NonlinearModelFit”
and calculates the standard errors of the fitting parameters, the root-mean-square de-
viation of the fitted data from the experimental data, and the x- and y-position of the
maximum and exports them to a text file. It also plots the experimental data, the
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fitting function, and the stop band position into a graph and exports it as an image
file.

10.4 Photolithography Processing Parameters

The tables in this section summarize the processing parameters for the photolithogra-
phy steps used in this work. Table 10.6 lists the shifts due to chromatic aberration of
different objectives that were used. These shifts were determined experimentally by
focusing a pattern onto a substrate using yellow light produced by a 500 nm LWP edge
barrier filter, subsequently replacing the filter by a Brightline HC 370/36 band-pass
excitation filter, adjusting the focus again, and recording the difference in the focal
position as indicated by the scale on the focusing knob of the microscope.

Table 10.7 gives detailed experimental processing conditions for different photore-
sists and photolithographic methods used in this work.

Table 10.6: Overview of the corrections of the focal shift due to chromatic aberration
when changing from yellow light to UV light.

Objective Correction [scale units]

Plan Fluor 10x/0.30 +60
Plan APO 40x/0.95 -3
Plan APO 60x/1.20 Water ±0
Plan APO VC 100x/1.40 Oil ±0

10.5 Raw Data of Fluorescence Titration

Experiments

Figure 10.4 contains the raw data of the fluorescence titration experiments that were
used to construct the graphs in Figures 6.9, 6.10, 6.11.d, and 6.12, as explained in
Section 6.5.5.
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Table 10.7: Overview of the processing conditions for various photoresists used in this work.

Processing Step
“Standard” Photolithography Microscope Projection Lithography

S1818 (pos.) AZ5214E (pos.) AZ5214E (IR) SU8-10 (neg.) AZ5214E (pos.) AZ5214E (IR) nLof2070 (neg.)
Spin-Speed5 2000 rpm 2000 rpm; 7000 rpm 2000 rpm; 7000 rpm 1000 – 2000 rpm 6000 rpm 6000 rpm 500 rpm; 4000 rpm
Spin Time 40 s 30 s; 6 s 30 s; 6 s 30 s 33 s 33 s 10 s; 40 s
Ramp 2 2; 1 2; 1 2 3 3 1; 1
Thickness 2.5µm 2.5µm 2.5 µm 8.4µm-5.8µm 1.1 µm 1.1µm 6.5 µm
Pre-Bake6 15min at 90 ◦C (O) 90 s at 90 ◦C (HP) 90 s at 90 ◦C (HP) 150 s at 90 ◦C (HP) 50 s at 110 ◦C (HP) 50 s at 110 ◦C (HP) 55 s at 110 ◦C (HP)
Exposure [s]7 8 s 2 s 2 s 16 – 18 s 10x (ND2): 6 – 8 s 10x (ND2): 6 – 8 s 10x (ND2): 6 – 8 s

40x (ND16): 6 – 8 s 40x (ND16): 6 – 8 s 40x (ND16): 6 – 8 s
60x (ND16): 6 – 8 s 60x (ND16): 6 – 8 s 60x (ND16): 6 – 8 s
100x (ND16): 5 – 7 s 100x (ND16): 5 – 7 s 100x (ND16): 5 – 7 s

Post-Exposure/IR
Bake

n.a. n.a. 30 s at 130 ◦C (HP) 4min at 95 ◦C (HP) n.a. 120 s at 110 ◦C (HP) 60 s at 110 ◦C (HP)

Flood Exposure8 n.a. n.a. 30 s n.a. > 5min n.a. n.a.
Developer9 AZ351B AZ351B (1:5) AZ351B (1:4) SU-8 Developer MIF726 MIF726 MIF726
Development Time 35 s 45 s 45 s 45 s 90 s 90 s 120 – 180 s
Hard Bake n.a. n.a. 3h at 120 ◦C (O) 25min at 220 ◦C (O) n.a. 4 h at 130 ◦C (O) 4h at 170 ◦C (O)

5When glass was used as the substrate, it was heated to 180 ◦C for 15min prior to applying the resist in order to evaporate adsorbed water that
can otherwise cause adhesion problems. In some cases, an adhesion promoter (hexamethyldisilazane, HMDS) was used that renders the surface
more hydrophobic and thereby also helps with adhesion of the resist on hydrophilic substrates.

6O = Oven, HP = Hotplate
7For “Standard” photolithography, exposure times are given for a SUSS MicroTec MJB3 mask aligner. For Microscope Projection Lithography,
exposure times are given for different objectives and ND filters as indicated. The aperture opening was adjusted to maximize the contrast
(about 90% closed). As a rule of thumb, the ND value of the employed filter combination needs to be 8x higher when using a fully opened
aperture (however, fully opening the aperture results in a poorer contrast and hence in a stronger exposure of masked regions).

8Flood exposure was done with a HeroLab 2x4W handheld UV lamp using 235 nm and 355 nm UV light, positioned about 1 – 2 cm above the
substrates. In the case of transparent substrates, the substrate was turned over after half the time and illuminated from the backside as well.

9Dilutions are given in brackets as developer:water (v/v)
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Figure 10.4: Raw fluorescence spectra. Shown are time-based fluorescence measure-
ments (Ex: 485 nm, Em: 520 nm). For better visualization, a different color was chosen
for each 4 minutes interval after a salt addition step of 2.5 µL, and the individual steps
are separated by a time gap of 12 s (corresponding to the approximate time for dispensing
2.5 µL of salt solution from the syringe). Fluorescence titration curves were constructed
from these data sets by taking the average value of the last 60 points for each salt addition
step and plotting this value against the salt concentration in the cuvette, as described
in Section 6.5.5. The concentration value in brackets in the titles denotes the concen-
tration of the respective titration solution. For each salt, two spectra (measurement and
reproduction) are shown.
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10.6 Contents of the Supplementary CD

The following table lists the contents of the Supplementary CD that accompanies the
printed version of this thesis.

Table 10.8: Contents of the Supplementary CD.
Path Item Description

\ Dissertation.pdf This Document
\Chapter3 M1.mov Movie recorded with a fluorescence microscope at a frame rate

of 2.5 fps taken from sample 1 (false-colored in blue; scale bar is
5 µm; see also Figure 3.1 and Table 3.1)

\Chapter3 M2.mov Movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps taken from sample 1 (false-colored in blue; scale bar is
5 µm; see also Figure 3.1 and Table 3.1)

\Chapter3 M3.mov Movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps taken from sample 2 (false-colored in blue; scale bar is
5 µm; see also Figures 3.2 and 3.5 and Table 3.1)

\Chapter3 M4.mov Movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps taken from sample 3 (false-colored in blue; scale bar is
5 µm; see also Figure 3.4 and Table 3.1)

\Chapter3 M5.mov Movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps taken from sample 4 (false-colored in blue; scale bar is
5 µm; see also Figure 3.5 and Table 3.1)

\Chapter3 M6.mov Movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps taken from sample 2 (false-colored in blue; scale bar is
5 µm; see also Figure 3.6 and Table 3.1)

\Chapter3 M7.mov Movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps taken from sample 6 (false-colored in blue; scale bar is
5 µm; see also Figure 3.8 and Table 3.1)

\Chapter3 M8.mov Movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps taken from sample 6 (false-colored in blue; scale bar is
5 µm; see also Figure 3.8 and Table 3.1)

\Chapter3 M9.mov Movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps taken from sample 8 (false-colored in blue; scale bar is
5 µm; see also Figure 3.10 and Table 3.1)

\Chapter3 M10.mov Movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps taken from sample 9 (false-colored in blue; scale bar is
5 µm; see also Figure 3.14 and Table 3.1)

\Chapter3 M11.mov Movie recorded with a fluorescence microscope at a frame rate of
2.5 fps taken from sample 10 (false-colored in blue; scale bar is
5 µm; see also Figure 3.14 and Table 3.1)

\Chapter4 M1.mov Movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps (false-colored in blue; scale bar is 5µm; see also Fig-
ure 4.1.a)

\Chapter4 M2.mov Movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps (false-colored in blue; scale bar is 5µm; see also Fig-
ure 4.1.b)

\Chapter4 M3.mov Movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps (false-colored in blue; scale bar is 5µm; see also Fig-
ure 4.1.c)

Continued on next page. . .
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Path Item Description

\Chapter4 M4.mov Movie recorded with a fluorescence microscope at a frame rate
of 2.5 fps (false-colored in blue; scale bar is 5µm; see also Fig-
ure 4.2.b)

\Chapter4 M5.mov Movie recorded with a fluorescence microscope at a frame rate of
2.5 fps (scale bar is 5µm; see also Figure 4.2.a)

\Chapter4 M6.mov Movie recorded with a fluorescence microscope at a frame rate of
2.5 fps (scale bar is 5µm)

\Chapter4 M7.mov Movie recorded with a fluorescence microscope at a frame rate of
2.5 fps (false-colored in blue; scale bar is 5µm; see also Figure 4.3)

\Chapter4 M8.mov Movie recorded with a fluorescence microscope at a frame rate of
2.5 fps (false-colored in blue; scale bar is 5µm; see also Figure 4.5)

\Chapter4 M9.mov Movie recorded with a fluorescence microscope at a frame rate of
2.5 fps (false-colored in blue; scale bar is 5µm; see also Figure 4.6)

\Chapter4 M10.mov Movie recorded with a fluorescence microscope at a frame rate of
2.5 fps (scale bar is 5µm; see also Figure 4.7.a)

\Chapter6 M1.mov Movie recorded with a fluorescence microscope at a frame rate
of 0.2 fps (false-colored in blue; scale bar is 125µm; see also Fig-
ure 5.6)

\Chapter11 Bot.txt Source code of the “Bot” program (written in Visual Basic .NET;
see also Section 10.2)

\Chapter11 FlowController.txt Source code of the “FlowController” program (written in Visual
Basic .NET; see also Section 10.1)

\Chapter11 MathematicaScript.txt Source Code of the Mathematica script for R&T scan data anal-
ysis (written for Wolfram Mathematica 7; see also Section 10.3)

\Chapter11 Photomasks.txt Source code of the Java program for generating gerber files of the
photomask layouts (written for Java 6)

\Chapter11 FlowController Project files of the “FlowController” program (compilable with
Microsoft Visual Basic 2010 Express; see also Section 10.1)

\Chapter11 Bot Project files of the “Bot” program (compilable with Microsoft Vi-
sual Basic 2010 Express; see also Section 10.2)







Publications and Presentations

Publications

C. L. McMullin, B. Rühle, M. Besora, A. G. Orpen, J. N. Harvey, N. Fey, “Com-
putational study of (PBu3)-Bu-t as ligand in the palladium-catalysed amination of
phenylbromide with morpholine”, J. Mol. Catal. A Chem., 2010, 324 (1-2), 48-55.

B. Rühle‡, M.Davies‡, T. Lebold, C. Bräuchle, T. Bein, “Highly Oriented Mesoporous
Silica Channels Synthesized in Microgrooves and Visualized with Single-Molecule Dif-
fusion”, ACS Nano, 2012, 6 (3), 1948-1960.

F. M. Hinterholzinger‡, A. Ranft‡, J. M. Feckl, B. Rühle, T. Bein, B. V. Lotsch, “One-
dimensional Metal–organic Framework Photonic Crystals Used as Platforms for Vapor
Sorption”, J. Mater. Chem., 2012, 22, 10356-10362.

B. Rühle‡, F. M. Hinterholzinger‡, S. Wuttke, K. Karaghiosoff, T. Bein, “Highly sen-
sitive and selective fluoride detection in water through fluorophore release from a
metal–organic framework”, submitted.

B. Rühle‡, M. Davies‡, T. Bein, C. Bräuchle, “Fluorescence Microscopy Studies of
Porous Silica Compounds”, accepted for publication in Zeitschrift für Naturforschung B.

B. Rühle‡, S. Wuttke‡, F. M. Hinterholzinger, P. Roy, A. Godt, T. Bein, “Chemilumi-
nescence in an Anthracene Based Metal–organic Framework”, in preparation.

B. Rühle‡, M. Davies‡, T. Lebold, T. Bein, C. Bräuchle, “Electrophoresis of Single Dye
Molecules in Highly Oriented Mesoporous Silica Channels”, in preparation.

‡ These authors contributed equally to the work.
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Presentations

B. Rühle, T. Lebold, A. Zürner, C. Bräuchle, T. Bein, Poster presentation at the 22nd

German Zeolite Conference, Munich (Germany), 2010

B. Rühle, T. Lebold, M. Davies, A. Zürner, C. Bräuchle, T. Bein, Poster presentation
at the 16th International Zeolite Conference joint with the 7th International Mesostruc-
tured Materials Symposium, Sorrento (Italy), 2010

B. Rühle, M. Davies, C. Bräuchle, T. Bein, Poster presentation at the 4th Annual
Symposium on Nanobiotechnology, Munich (Germany), 2010

M. Davies, B. Rühle, T. Bein, C. Bräuchle, Poster presentation at the 23rd German
Zeolite Conference, Erlangen (Germany), 2011

B. Rühle, M. Davies, C. Bräuchle, T. Bein, Poster presentation at the conference on
Nanomaterials for Biomedical Technologies, Frankfurt (Germany), 2012

F. M. Hinterholzinger, A. Ranft, J. M. Feckl, B. Rühle, B. V. Lotsch, T. Bein, Oral
presentation at the 2012 MRS Spring Meeting & Exhibit, San Francisco (CA, USA),
2012

F. M. Hinterholzinger, B. Rühle, S. Wuttke, K. Karaghiosoff, T. Bein, Oral presen-
tation at the 3rd International Conference on Metal–Organic Frameworks and Open
Framework Compounds, Edinburgh (UK), 2012

A. Ranft, F. M. Hinterholzinger, J. Feckl, B. Rühle, T. Bein, B. V. Lotsch, Oral pre-
sentation at the 3rd International Conference on Metal–Organic Frameworks and Open
Framework Compounds, Edinburgh (UK), 2012

B. Rühle, M. Davies, C. Bräuchle, T. Bein, Poster presentation at the 6th Annual
Symposium on Nanobiotechnology, Kyoto (Japan), 2012

A. Schmidt, S. Niedermayer, C. Argyo, B. Rühle, V. Weiss, S. Mackowiak, C. von
Schirnding, C. Bräuchle, T. Bein, Poster presentation at the joint SFB1032 and NIM
meeting, Hohenkammer (Germany), 2013

B. Rühle, M. Davies, C. Bräuchle, T. Bein, Short oral presentation and poster pre-
sentation at the NIM Winterschool, Kirchberg (Austria), 2013
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